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Abstract
Michael Vincent O. Laurio
INTEGRATING VIBRATORY MEMBRANE-BASED WATER RECOVERY
SYSTEMS FOR SUSTAINABLE FOOD AND BEVERAGE PRODUCTION
2020-2021
C. Stewart Slater, Ph.D.
Doctor of Philosophy
A vibratory nanofiltration (NF) system was investigated for the preconcentration

of coffee extracts for soluble coffee production. The simulated coffee extracts studied
contained mostly suspended and colloidal organic components that, although were
effectively rejected by the NF membrane (>99% turbidity rejection), affected the
vibratory NF performance. The vibratory NF operation improved permeate flux, rejection
efficiencies, and reduced flux decline from those observed in crossflow (CF) operation.
Further, the effects of applied transmembrane pressure (TMP) and vibrational frequency
(F) at corresponding displacement (d) were investigated and modeled. A semi-empirical
resistance-in-series model was employed to characterize the mass transfer mechanism,
osmotic pressure effects, and fouling resistances that affected the vibratory NF
performance. Response surface methodology (RSM), in conjunction with a Box-Behnken
experimental design, was also employed to develop statistical models and determine
optimal operating conditions (TMP = 3.79 MPa, F =54.7 Hz, d = 3.18 cm). Lastly,
scale-up design, economic, and environmental assessment for a 3% feed coffee extract
corresponded to a 7-module i84 VSEP filtration system recovering 3.79 x 10° L of
reusable water per day, a capital cost of $2,100,000 with estimated annual savings of

$481,900 per year, a payback period of 10 years, and a potential to reduce the

environmental emissions of the process by approximately 40%.
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Chapter 1

Introduction

1.1 Background of the Study

Membrane processes are gaining importance in shaping food and beverage
industries towards sustainable production. Common among these are conventional
crossflow (CF) pressure-driven membrane processes (PDMPs) like microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) that can selectively
separate suspended, colloidal, and dissolved components in many food and beverage
process streams [1]. These processes operate under mild conditions that also mitigate the
effect on food product quality and minimizes operating costs. This advantage makes
them suitable in many food applications like microbial removal from alcohol
fermentation broths [2], [3], fractionation of dairy products [4], [5], recovery of high-
value organic food compounds, and other macromolecules via porous MF and UF
membranes [6], [7]; wastewater reclamation from dairy effluents [8], [9], and
concentration of syrups [10] via RO membranes; and vegetable oil processing [11]-[13],
fruit juice and wine purification [14]-[16], fractionation of dairy products [17], [18],
extraction and concentration of sugar solutions [19], [20] via NF membranes.
Downstream, these membrane operations increase the potential to reclaim reusable water
and recover important food components from process waste streams [21], [22].

One of the potential applications of membrane separation is in the soluble coffee
industry, where membrane-based water recovery can potentially address the effects of the
production steps on product quality, wastewater generation, and energy consumption.

The soluble coffee process is considered water- and energy-intensive, as it consumes

1
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large amounts of water to extract coffee components from roasted ground beans into
coffee extract solutions; and uses high energy phase-change operations to remove the
water to produce the dried powdered soluble coffee product. Essentially, all the water
used in coffee extraction and removed from the evaporation and dehydration end up as
wastewater that requires treatment. At the end of the process, this is equivalent to about
7.5 of water is used per kilogram of soluble coffee powder [23]. In addition, thermal
dewatering operations have several disadvantages associated with the product quality and
sustainability index of the soluble coffee industry. During the process, thermal
operations degrade the flavor and aroma of soluble coffee by about 70% of that of
conventionally roasted coffee due to the losses in phenolic compounds and generation of
Maillard reaction byproducts [24]. As such, developments in the soluble coffee industry
have, so far, focused on configuring thermal dewatering operations by operating at lower
boiling temperatures (vacuum evaporation), or in the absence of heat (freeze
dehydration); integrating coffee aroma recovery routes [25]-[27]; and by employing
chemical enrichment methods in improving the quality of instant coffee [24]. However,
while product quality is essential in soluble coffee production, the process continues to
rely on energy-intensive phase-change separations in its thermal dewatering operations
[23]. Currently, the industry shares the highest energy footprint (~15 MJ kg* soluble
coffee) among powdered food and beverage products, with thermal dewatering
operations contributing to a considerable fraction of energy consumption [28].
Membrane processes, NF in particular, is a low-energy alternative suitable for
water removal and recovery operations in food and beverage processes. The membrane

process has been investigated in the concentration of apple and pear juices [29], sea
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buckthorn tea [14], red wine [16], lactic acid whey [18], and alternative sweeteners [30].
When integrated into the soluble coffee process, NF can potentially positively impact
sustainable processing. The membrane process has been studied on soluble coffee waste
streams for caffeine recovery from spent coffee grounds [7] and decaffeination. [31]. As
an alternative to thermal evaporation, NF has also been regarded as an attractive
alternative in concentrating coffee extracts prior to spray- or freeze-drying [32], [33].
When integrated as an alternative or supplement to thermal evaporation, membrane
processes offer an energy reduction of up to about 30% [10]. However, like most
membrane operations, NF is susceptible to concentration polarization and membrane
fouling, i.e., the accumulation of solute deposits on or near the membrane surface,
resulting in decreased flow through rates and rejection of components [32]. In particular,
initial studies on coffee extract concentration using CF NF were observed to have low
and unstable permeate fluxes with considerable flux decline, limiting the final coffee
extract concentrations to 35% wt/wt [32]. Like most food and beverage streams, coffee
extracts are complex streams that contain a variety of foulants — organic, biological, and
colloidal solids — that, under poor operating conditions, such as low feed CF velocities,
high feed concentrations, etc., cause flux to drastically decline irreversibly, increase
operating costs, and reduce membrane lifetime. And while conventional crossflow (CF)
configuration can be improved by increasing CF velocities to prevent concentration
polarization, membrane fouling may only be alleviated to a limited extent [34], [35].
Overall, when poorly managed, membrane fouling makes NF and other membrane

operations inefficient and economically unattractive.
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Novel dynamic filtration systems are among the approaches that substantially
improve the performance of CF operation by generating surface shear rates at magnitudes
substantially larger than those generated in conventional CF systems [8], [35]-[38]. By
employing mechanical motion on the membrane support, surface shear rates effectively
enhance permeate fluxes while keeping inlet flows and transmembrane pressures (TMP)
to a minimum, thus, conserving energy during the operation [38]. The Vibratory Shear-
Enhanced Process (VSEP) (New Logic Research, Inc., Minden, NV, USA) is one of the
dynamic membrane systems that employ torsional oscillations at resonant frequencies of
up to 60 Hz [39]. The oscillatory vibrations impart high membrane surface shear rates
(20,000 s to 160,000 s!) that overcome those generated from crossflow velocities (<
30,000 s?) [40] and considerably reduce membrane fouling [2], [41]. On the other hand,
while mechanical vibration at increasing resonant frequencies increase the power
consumption of the system by about 2 to 10 times of the pump power requirement, the
flux enhancement from higher membrane surface shear rates makes the specific energy
demand per volume of permeate recovered more economical than that of CF operation by
about 18% [42]. This mechanism is energy-efficient in improving permeate fluxes and
separation efficiencies [43], making operating and maintenance costs less expensive [44]
than CF operation. In addition, the high-flux operation provides a smaller process design,
which positively impacts on lowering investment costs [43]. Further, in terms of design,
its space-efficient vertical module design allows scale-up systems to handle larger
processing volumes [39]. Among its successes over CF filtration in food, beverages, and
drinking water production include the concentration of milk proteins and dairy

wastewater treatment [5], [45], clarification and yeast recovery of alcoholic beverages
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[2], [3], and water treatment from high salt seawater and freshwater sources [46]-[49].
Overall, when employed for coffee extract preconcentration, the vibratory membrane
process can further the potential of membrane-based water recovery alternatives in the

soluble coffee process.

1.2 Motivation of the Study

The initiative to propose water recovery options for the soluble coffee industry
started with investigations on soluble coffee wastewater reclamation, proposed by
Wisniewski et al. [50]-[53]. Accordingly, recovering about 378,500 L of water per day
for reuse in the factory cooling tower reduces operating costs for feed water consumption
and wastewater treatment and discharge by about 22.5% and impacts 27.8% emission
reduction from the current process [51]. A dynamic membrane-based preconcentration of
coffee extract to supplement thermal evaporation, explored in this dissertation, is another
attractive option that may advance the potential of making the soluble coffee process
greener through water reuse, energy reduction, and wastewater minimization. In contrast
with thermal evaporation and drying, membrane-based water removal minimizes the
damage or loss in the quality of food products [54], [55]. Membrane processes also
consume less energy and operating costs as the separation of water is not driven by a
phase-change mechanism [10]. More importantly, commercial membranes developed to
date have high rejection efficiencies that allow the recovery of water that may be
qualified for direct reuse in ancillary plant operations, reducing freshwater consumption
and wastewater generation [51], [56]. Base case calculations detailed in Chapter 4

estimate a potential energy reduction of 4.87 x 10’ MJ from steam consumption alone
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when a membrane-based water recovery system is integrated upstream to partially
replace thermal evaporation.

However, CF filtration studies on coffee extract filtration observed a strong
influence of membrane fouling that limits its implementation [32]. By employing
vibratory shear enhancement, this dissertation intends to alleviate fouling and investigate
the extent to which the membrane operation can be used for both water recovery and
coffee constituent concentration. Currently, there are no studies related to vibratory
filtration applications in coffee extract preconcentration. However, soluble coffee
wastewater reclamation by vibratory NF indicates a potential flux enhancement of about
4.5 times than that of CF operation [52]. Nonetheless, coffee extracts have considerably
higher solids concentration that may affect the vibratory operation to a greater extent than
those of process waste streams. Although parallel experimental studies strongly suggest
the process fit for this application, the effectiveness of the dynamic vibratory filtration
system is still dictated by various membrane separation mechanisms. Such mechanisms
may differ greatly between process streams in terms of constituents involved,
concentration levels, and the variety of operating constraints that limit process
application. Thus, a parametric investigation of the vibratory membrane performance on
coffee extract preconcentration is still necessary to establish the suitable operating
conditions, like the applied TMP, feed concentration, vibratory settings, etc., as detailed
in Chapter 5.

Apart from experimental work, understanding the multiple factors affecting
membrane separation can certainly help develop predictive models and incorporate

parameters for more realistic scenarios. Preferably, a detailed numerical solution based
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on the governing momentum and solute mass balance equations with pertinent boundary
conditions may be used to model membrane processes [57]. However, this method can
be difficult for design purposes due to certain inherent complexities and rigorous
computational requirements. More importantly, the unique dynamic nature of the
vibratory membrane system impacts more complex fluid flow and mass transport
analyses that likely challenges conventional approaches for evaluating the interplay of
vibration with other operating factors in predicting performance. Thus, a very limited
number of mathematical modeling studies for vibratory membrane systems have been
reported to date [58]-[60]. While so far, no universally accepted model exists for
describing conventional and dynamic membrane systems, alternative modeling
approaches may be employed. One approach proposed in this study (Chapter 6)
simultaneously correlated the performance of the vibratory membrane system with
osmotic pressure effects, concentration polarization, and fouling resistance. Another
approach was employed with the aid of experimental design and statistical analyses by
response surface methodology (RSM), as discussed in Chapter 7. In place of detailed
parametric studies, RSM is a useful tool not only for correlating a variety of operating
factors with membrane performance, but also for process optimization. One way or
another, the models developed in this dissertation can be useful in managing membrane
fouling in vibratory systems and optimizing and developing alternative approaches for its
scale-up. Overall, these alternative techniques can be implemented to promote
membrane integration to broader food and beverage sectors, likewise to other industries

of significance.
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While experimental studies serve to determine the operational aspect of the
membrane operation in coffee extract preconcentration, factors beyond parametric
evaluation should also be equally considered [51], [61]. For instance, despite flux and
separation enhancement, the dynamic operating nature of the vibratory membrane system
can impose additional maintenance and higher capital costs [43]. In addition, although
the benefits from using the system as a nonthermal dewatering alternative and as a water
recovery route present environmental merits, the extent by which the operation can be
integrated into the soluble coffee process should balance its economic metrics. This
limited information on the environmental and economic impacts of system design
prevents the translation of parallel studies on complex systems such as coffee extracts
[51]. As a crucial element in sustainable food and beverage production, this dissertation
evaluated the potential of integrating the process into soluble coffee production by
comparing it with a base case scenario. Chapter 8 demonstrates the benefits and
limitations of the vibratory NF process by using laboratory-scale filtration experiments to
establish scale-up parameters and operating conditions as bases for economic and

environmental assessment.

1.3 Objectives

The general objective of the study is to assess the viability of vibratory
nanofiltration as a supplementary operation to thermal evaporation in preconcentrating
coffee extracts for soluble coffee production and develop predictive models for its

performance. Specifically, this dissertation aims to:
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Evaluate a base case scenario for soluble coffee production in terms of mass and
energy flows, operating cost, and environmental emissions;

Assess the performance of crossflow and vibratory nanofiltration operations in
concentrating coffee extracts;

Determine the effects of operating conditions such as feed coffee extract
concentration, applied TMP, and vibratory amplitude on nanofiltration performance;
Develop model equations in terms of operating conditions that could predict
nanofiltration performance, and mass transfer mechanisms occurring in crossflow and
vibratory membrane operations;

Determine scale-up parameters for the design and operation of a commercial scale
vibratory nanofiltration system; and

Perform a techno-economic and environmental assessment of water recovery from an
alternative membrane-based coffee extract preconcentration scenario in comparison

with current operations.

www.manaraa.com



Chapter 2

Literature Review

This Chapter details the background information in establishing the role of
membrane processes in improving the sustainability index of food and beverage
industries, particularly the soluble coffee industry. Likewise, in proposing a membrane-
based preconcentration, water recovery alternative, this section introduces the role of
water usage and water removal in food and beverage production and its implications in
energy consumption and wastewater generation. The soluble coffee industry is a water-
and energy-intensive process due to the large consumption of water for coffee extraction,
which is essentially completely removed via thermal evaporation and freeze- or spray-
drying to produce the dried soluble coffee powdered product. In turn, the water removed
from the coffee extract ends up as wastewater that requires treatment. The use of
membrane technology is gaining importance not only in the water and wastewater
treatment industry, but also in food and beverage production. Membrane processes offer
several advantages over conventional thermal dewatering methods. It operates under
mild operating conditions of temperature and pressure, therefore preserving the
functional properties of heat-sensitive food products. As a competitive process,
understanding the membrane selection criteria, separation mechanism, and the influence
of operating conditions on the performance of the membrane operation is fundamental.
However, despite their potential, membrane processes are commonly challenged by
concentration polarization and membrane fouling. While several approaches can help
minimize membrane fouling, dynamic membrane systems like the vibratory shear-

enhanced filtration system investigated in this study are among the most effective. This
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chapter discusses how module vibrations generate membrane surface shear rates that are
considerably higher than those of conventional membrane systems and how these
enhance flow-through rates and alleviate membrane fouling. Finally, beyond the
improvement in performance from vibratory membrane operations, this Chapter also
discusses the various implications of the scaled-up operation, especially when integrated
into a process. When integrated into plant operations, it is essential to assess the impacts
of the process intensification from a life cycle analytical perspective. Thus, background
information on the conduct of life cycle assessment is provided towards the end of this

Chapter.

2.1 Water Removal in Food and Beverage Production

Water is essential in food and beverage production. In processing, it is used in
cleaning, heat exchange, and flow operations; and as a food and beverage component that
initiates various chemical, biological, and enzymatic reactions [62]. Water also has an
important role in the quality of food, dictating its longevity and stability that make them
available in any part of the world. Dewatering operations do not only serve for this
purpose in the food and beverage industry, but fundamentally address the following
tasks: size and volume reduction, separation and concentration of food components, and
food preservation. In this light, apart from adding water to food and beverages, water
removal operations or “dewatering” have become one of the essential stages in food and
beverage production. Among several dewatered products, the powdered food and
beverage industry is one of the major industries utilizing various dewatering operations.
Many food products in the market are found in powdered forms such as milk and cheese,

instant tea and coffee, fruit and vegetable juices, wheat flour, ground garlic, and other
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powdered premixes used as food flavoring. From granular products to fine powdered
products, this industry grows tremendously and continually draws off large volumes of

water through various dewatering methods.

Figure 1

Generalized Process Flow for Powdered Food and Beverage Production

Raw material (e.g., tea leaves, sugarcane, raw
milk, fruit, cocoa beans, coffee beans)

Pretreating agents Pretreatmgnt _and Impurities
Standardization
(e.g. water)
Extracting agents ’ Spent solids
(e.g. water or water-
rich solutions)
Evaporation Water & volatile
organics
Dehydration Water & volatile
organics

Powdered product

(e.g. dried tea powders, sugar crystals, dairy powders of milk,
whey, or cheese, chocolate powders, instant coffee powders)

Figure 1 shows a typical process flow for producing powdered food and
beverages. In general, the raw materials undergo a series of treatments such as

standardization and extraction, heat treatment, and evaporative concentration. Also, the
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water that is used in stages of pretreatment, purification, extraction, etc., is also removed
completely in the last stages. Most food and beverage powder industries rely on spray or
freeze dehydration to remove significant amounts of moisture and water.

One important advantage of water removal is on the separation and concentration
of food components. Extraction or separation of food components is fundamental for the
preparation of ingredients, removal of food impurities, and for the retrieval of high-value
compounds, such as essential oils and enzymes [63]. Water in food and beverage
production is not only accounted to the water used in the various processing stages, but
also in the water content of food. In addition to this, water is used as cleaning agent to
remove contaminating materials such as crop residues, soil, or excess fluids; and, in
extracting food components such as juice and coffee extracts end up diluting the product.
Because of this, dewatering operations are considered common to any food and beverage
industry. For example, bulk of the operations in sugar refining are centered on the
removal of the water content of the sugar cane juice until the sugar concentration is high
enough for solid crystals to form. Similarly, powdered, and concentrated juice extracts,
milk, and dairy products, as well as coffee also rely largely on dewatering operations to
meet food quality standards.

The water removed from food and beverage products contributes to the reduction
of post-processing costs through size and volume reduction. Dried goods such as
tomatoes, raisins, mangoes, fish, and beef, as well as powdered products such as milk,
spices, sugar, tea leaves, and coffee lose significant amounts of weight from the removal
of water content. The mass of dried tomatoes, for example, is only about 5% of the

weight of raw tomatoes after removing most of its water content. Mangoes, on the other
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hand, contain 83% water and is reduced to 10 to 15% before they are exported to
different countries. In addition, the shrinkage resulting from the drying of these goods
contribute to volume reduction, which results to lesser storage cost. Powdered beverages
present more convenience in handling and packaging than those in liquid form because
they are easier to contain. Without dewatering, we can say that majority of the cost of
packaging, storage, handling, and transportation of these goods may be attributed to their
water content alone.

Among the three, perhaps prolonging the shelter life of food and beverages is the
most important reason and advantage in dewatering food and beverage products to make
them accessible for consumers not only locally, but even for those away from site of
production. Though water plays a significant role on the texture, appearance, and flavor
of fruits, vegetables, meat, and other products; water also catalyzes the deterioration of
quality of food and food products. Moisture increases the potency of food spoilage
through chemical, enzymatic, and microbial pathways [64]. These reactions decrease the
quality of food and also pose risks of food-borne diseases coming from microorganisms
such as molds, yeasts, lactic acid bacteria, Salmonella, Clostridium botulinum, E. coli,

etc. [65]. However, food spoilage is not solely dictated by moisture as shown in Table 1.
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Table 1

Typical Water Content of Some Foods and their Shelf Life

Food Water Shelf life Food Water Shelf life
(%) (week) (%) (week)

Cucumber 95-96 1 Hard cheese 30 -50 6
Tomatoes 93-95 1 White bread 34 1
Cabbage 90-92 3 Jam 30-35 52
Orange juice 86 — 88 2 Honey 15-23 104
Apples 85— 87 8 Wheat 10-13 32
Cow milk 86 — 87 1 Nuts 4-7 24
Eggs, whole 74 3 Dried onion 4-5 52
Chicken, 68 — 72 3 days Milk powder 3-4 52
broiled

Raw fish 60 — 65 1 day Canola oil 0.1 104

Note: Adapted from Tucker [65]

Most high moisture foods such as fruits, vegetables, juices, and fresh milk
deteriorate more easily than honey, wheat, nuts, and powdered milk, thus, showing the
relevance of the physical water content of food with shelf life in this context. However,
the relation between these two criteria does not mathematically show an inverse
proportion. For example, between honey and wheat, it can be observed that honey
containing 23% water is perfectly stable than the latter despite having half as high water.
The same goes with jam preservatives and powdered milk, which have the same shelf
lives despite the observable difference in water content. For intermediate-to-high
moisture products, cabbage, despite of having 92% moisture, has longer shelf life than
broiled chicken. Cow’s milk deteriorates faster than orange juice despite having equal
water contents. Relative to the water content of foods, studies have found that

preservation is more accurately controlled by the food’s water activity, shown in Table 2.
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Table 2

Typical Water Activities of Selected Food and Food Products

Water Activity Products
>0.95 Fresh fruits and vegetables, milk, meat, fish
0.90-0.95 Semi-hard cheeses, salted fish, bread
0.85-0.90 Hard cheese, sausage, butter
0.80-0.85 Concentrated fruit juices, jelly, moist pet food
0.70-0.80 Jams and preserves, prunes, dry cheeses, legumes
0.50-0.70 Raisins, honey, grains
0.40-0.50 Almonds
0.20- 0.40 Non-fat milk powder
<0.2 Crackers, roasted ground coffee, sugar

Note: Adapted from Berk [64]

Water activity is a measure of the percentage of free water available for microbial
processes, chemical reactions, or enzyme activity. It is measured as the ratio between the
water vapor pressure of food and the vapor pressure of pure water at the same
temperature [64], [65]. Under ambient conditions where the food moisture is in
equilibrium with air, water activity is also called as equilibrium relative humidity [66].
Solute-water interactions, as well as the pH and temperature of the food also affect the
parameter [66]. As temperature increases, water-solute interactions in food become
lower that increases the water activity, while the pH dictates the type of microorganisms
that thrive on the food material. The ability of micro-organisms to grow on food reduces
with decreased water activity. Bacterial growth does not occur at water activity levels
below 0.9; for the growth of molds and yeasts, the water activity is between 0.8 and 0.9;
and enzymatic reactions require water activity levels of 0.85 or higher. In this light, food
and beverage products undergo various water removal operations to maintain a water

activity of 0.8 or less to prolong their shelf life.
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2.1.1 Water Removal Methods in Food and Beverage Production

Water removal operations are fundamental in food and beverage production.
These operations may be attained using mechanical operations where water removal is
done by physical means; or by thermal operations where water in the food product
undergo phase change by thermo-physical factors. Between the two approaches, thermal
operations are conventionally practiced in food and beverage production due to the extent
of water removal that enable food industries to produce highly concentrated or essentially
dried food products. Table 3 lists the common water removal methods used in food and

beverage production, as discussed herein.

Table 3

Common Thermal Water Removal Operations in Food and Beverage Production

Water
Food/Beverage
Removal Remarks Products
Method
Evaporation - partial removal of water by boiling Concentrated liquid
liquid food products products, e.qg., fruit
- relatively expensive and requires large juice, condensed milk,
area for operations coffee; vegetable
- may result in thermal damage to product pastes, seasonings, and
quality, and losses in volatile flavor and  sauces; jams and
aroma components marmalades
Drying - complete removal of water from food Dried fruits, vegetables,
products and meat products; salt,
bouillon cubes
Freeze- - removal of water at relatively low Powdered beverages,
dehydration temperatures e.g., milk, fruit juice,
- achieves extremely low water activity instant coffee;
for food preservation granulated flavor
- highly expensive enhancers
17
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2.1.1.1 Evaporation. Evaporation uses heat to partially remove water and other
volatile components from bulk liquid foods like milk, fruit and vegetable juices and sugar
solutions by boiling off water vapor. This operation is performed in virtue of
preservation, size and volume reduction, but most commonly to pre-concentrate food
prior to succeeding stages of food processes. For example, in crystallization, a portion of
water is removed until the product reaches super-saturated concentration of solute. After
which, the super-saturated solution is cooled down until solid crystals of solute are
formed. In the coffee process discussed herein, evaporators are used to pre-concentrate
coffee extracts from percolators before they are finally dried by spray- or freeze-drying.
As a pretreatment operation, evaporation withdraws the largest volume of water among
the dewatering operations at about a hundred tons of water per hour [63], [64], [67].

As an industrial operation, evaporation consists of three functional sections: a heat
exchanger to transfer heat from a hot fluid, commonly steam, to the food extract; an
evaporator section where water from the food extract is converted to vapor; and vapor
separator where water vapor leaves and passes off to a condenser or other equipment
[65]. A large factor considered in the design of evaporators is dictated by the latent heat
of vaporization, i.e., the amount of heat needed by water in a solution for it to be
converted into vapor phase. In its simplest sense, evaporation can be done under
atmospheric conditions and at standard boiling point in an open pan. However, the
increase in concentration of solids during evaporation tend to increase the boiling point of
water; and the stagnant films generated from viscous flow further aggravates the heat
requirement and economy of the operation. Attention to the design and operation of the

equipment, as well as careful planning of energy use are employed to substantially
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improve the economics of evaporation. One effective approach is by multi-stage
evaporation where the vapor is reused as heating medium for succeeding stages [65].
Thermocompression of vapor in which water vapor from a single-effect is adiabatically
compressed and reused as heating agent, has also improved the energy efficiency of the
operation by up to 90% [64]. Different types of evaporators have also been designed for

various total solids concentrations, as shown in Table 4.

Table 4

Typical Total Solids Concentrations for Various Types of Evaporators

Total Solids Inlet Total Solids Outlet
Evaporator Type

(% wiw) (% wiw)
Vacuum pans 60 - 70 80 - 85
Shell and tube, multistage
Rising film 5-25 40-75
Falling film 5-25 40-75
Plates, multistage 5-25 40-75
Wiped/thin film 40 - 50 70 - 90
Centrifugal thin film 5-25 40 - 60

Note: Adapted from Santonja, et al. [68]

Evaporators vary as shell and tube, plate, or thin-film types. Shell and tube
evaporators consist of a vessel or shell that contains a bundle of tubes, where a thin film
of feed liquor is introduced, while being heated by steam supplied at the shell side of the
evaporator. This type of evaporator is suitable for moderately viscous fluids or for heat-
sensitive streams such as dairy products, syrups, fruit juices, and can achieve a desired
concentration of up to 40 - 75% solids by weight. These are also suitable for large-scale
production, with limited floor space requirement. On the other hand, plate evaporators

consist of evenly space plates in which thin film of feed liquor and steam are introduced
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alternately. Climbing films, falling films, or a combination of both are employed to meet
the production rate and the desired degree of concentration. Unlike shell-and-tube
evaporators, plate evaporators have higher heat transfer coefficients and are suitable for
heat-sensitive foods of higher viscosity (0.3 - 0.4 N s m?), e.g., yeast extract, coffee
extract, milk, whey protein, pectin and gelatin concentrates, high-solids corn syrups,
liquid egg, fruit juice concentrates, and meat extracts [64]. They can also be used as final
evaporators for pre-concentrated feeds such as fruit purees and vegetable oils. Lastly,
wiped-film evaporators are designed with high-speed rotors or agitators to keep the film
thickness between 0.25 mm to 1.25 mm while being heated through a jacket of steam or
hot oil. The thin film promotes higher heat transfer rates than the latter evaporator types,
while the agitation also prevents the feed from burning onto the hot surface. Thinner
films (~ 0.1 mm) are also produced in centrifugal evaporators, in which the liquor is fed
from a central pipe to the undersides of rotating hollow cones [65]. These thin-film
evaporators are suitable in handling highly viscous (~ 20 N s m2) and heat-sensitive
fluids that are susceptible to foaming, e.g., fruit pulps, tomato paste, honey, cocoa, coffee,

and dairy products.

2.1.1.2 Drying. Another dewatering method in the food and beverage industry is
drying. In this operation, water is removed by evaporation from a solid or liquid food,
with the purpose of obtaining a solid product of sufficiently low water content. Drying is
also one of the most effective preservation methods because it reduces the water content,
hence water activity of food to a level well below the threshold for microbial growth. In

this operation, pre-heated air commonly acts as the drying medium, employed by
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convection, conduction on heated surfaces, or by alternative heating methods through

radiation or dielectric heating, as listed in Table 5.

Table 5

Typical Drying Methods Used in Food and Beverage Production

Operating Initial Final
Drying Method Temperature  Moisture  Moisture Food Applications
0 (%) (%)
Solar drying - - - Fish, tomatoes, raisins,
apricots
Contact drying
Roller drum - - - Gelatin, potato powder,
drying infant foods, corn syrup
Vacuum - - - Chocolate crumb, juices,
drying meat extract, fruit pieces,
vegetable extracts
Hot air drying
Bin drying 40 - 45 10-15 3-6 Vegetables
Tray drying 60 - 80 15-20  Fruits and vegetables
Belt drying 50 - 60 10-15 Breakfast cereals, biscuits
Trough 50 - 60 15-20 Peas, diced fruits and
drying vegetables
Rotary dryers - - - Sugar, cocoa beans, nuts
Fluidized bed 50 - 140
drying 50-70 ~25% 12 - 15% Cereal grains and oil seeds
Sugar production, peas,
sliced/diced fruits and
vegetables, extruded foods,
powders
Pneumatic - Free - Gravy powder, potato
drying moisture powder, soup powder, flour
Spray drying 40 - 250 40 - 60 0.4
130 - 240 Powdered milk
<60 Herbs production
40 - 80 Decaffeinated coffee
250 Instant coffee

Note: Adapted from Berk [64]
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Simplest among the drying methods, are solar or sun drying and contact drying.
Solar drying is the oldest method that dehydrates food products by direct solar radiation.
This method is commonly applied to fish in most tropical regions, but is also practiced on
fruits such as raisins, and tomatoes. Contact drying is a food dehydration method that
uses conduction to transfer heat using drums or rollers. Though simple, these methods
are characterized by the high drying time and heat transfer areas that limit them on small-
scale operations. Larger scale food and beverage industries rely on hot air drying, in
which, air is indirectly preheated via fin tube heat exchangers, or directly using
combustion gases into the dryer. In this operation, hot air is blown into the drying
chamber in four modes: parallel or co-current, counter-current, center-exhaust, and
crossflow. This method is suitable for coarse-to-fine sized solid foods, but may also be
employed to dehydrate liquid beverages into powdered form [65]. In one configuration,
pre-heated air pass through food materials contained in meshed bins, trays, troughs, or
belt conveyors. These dryers are often used in coarse products such as fruits and
vegetables, breakfast cereals, and biscuits.

Agitation and fluidization increase the drying rate especially for small-to-fine
food products by use of rotating drums, fluidized beds, and pneumatic dryers [69].
Rotary drum dryers consist of cylindrical shells that rotate at 4 to 5 rpm while the heated
air and food is fed to the unit. The rotation improves drying by exposing higher surface
areas, resulting in lower drying time. Grains, flours, cocoa beans, sugar, and salt crystals
are among the food materials dried in rotary dryer. On the other hand, in fluidized bed
dryers, pre-heated air is blown through a bed of food material at high velocities, causing

them to be suspended or fluidized. This type of drying method is highly suitable for
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small, particulate foods (about 20 um to 10 mm in diameter) such as grains, herbs, peas,
beans, coffee, sugar, yeast, desiccated coconut, extruded foods, and tea. Fine food
particles such as flour and grains may also be dried in pneumatic systems (or pneumatic
dryers) that employ a stream of hot, dry air. Overall, the products subjected in these
systems are found to dry rapidly because of the efficient heat and mass transfer, thus
making this method highly suitable for large-scale drying applications.

Powdered beverages formed from liquid beverages and food extracts, e.g., milk,
fruit juices, coffee, etc., are produced via spray drying. Solutions or slurries go through
an atomizers or spray nozzles that disperse the fluid into small droplets. The atomizers
are pressure nozzles operating at 700 kPa to 2000 kPa with fluid velocities ranging from
50 m s to 200 m s before they are released into large drying chambers [69]. The
sudden change in volume between the nozzle and the drying chamber results to the
dispersion of small droplets at about 10 pum to 200 um in diameter. At this size, the
effective surface area for heat and mass transfer increases, thus drying the food at
significantly faster rates, hence short drying time (1 s to 30 s) that reduces thermal
damages on food even at 250 °C to 300 °C [67], [69]. Thus, spray dryers are highly
suitable for heat-sensitive food components or high-value ingredients that are unstable or
volatile during thermal processing. These products include flavors, lipids, carotenoids,

and nutritive products such as probiotics, anti-oxidants, and bioactive products [70].

2.1.1.3 Freeze Dehydration. Freeze dehydration, or freeze drying, is the
removal of water via sublimation from a frozen material under high vacuum. This
operation involves three stages: pre-freezing the food in a chamber under vacuum (about

611.73 Pa and 0.01 °C); primary drying through the sublimation ice crystals leaving the
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food dry; and secondary drying of residual moisture via desorption [54]. In the absence
of heat, this drying and preservation method is widely applied to heat-sensitive biological
materials. In the food industry, freeze drying is employed to concentrate aroma-rich
liquid beverages, including fruit juices, coffee, tea, and selected alcoholic beverages [65].
Due to the low-temperature operation, thermal damages and losses of volatile aroma are
completely avoided. This advantage makes freeze dehydration competitive over thermal
approaches like evaporation and drying, with food applications ranging from coarse to
fine food materials, and from highly viscous to dilute food solutions as well. However,
among water removal operations, freeze drying is the most expensive in terms of capital
and operating costs associated to the energy requirement. Freeze drying methods require
twice as much the energy used in conventional drying method that increases costs by four
to eight times. As a result, currently, it is only feasible in the case of high added-value
products and whenever the superior quality of the product justifies the higher production

cost [65].

2.1.2 Thermal Losses from Conventional Water Removal Operations

Dewatering operations are indispensable in any food industry because of their
importance in food product quality in terms of concentration, preservation, and handling.
However, most of the dewatering methods commonly employ heat, which can contribute
to thermal damage and loss of food components. Physical and chemical changes on the
appearance, composition, and taste of food products from Maillard browning, pigment
losses, loss of fresh taste, and protein denaturation, have been reported to affect food
quality [65]. In addition to thermal damage is the loss of volatile flavor components that

affect the aroma, fragrance, or essence of the food product. For example, the aroma of
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coffee is completely lost after 15% of water from coffee extracts is evaporated [69]. The
same goes with grapes, plums, peaches, apricots, strawberries that lose significant
amounts of volatile aroma and flavor when about 50% to 80% of the juice is evaporated.
Hot air drying, on the other hand, result to food shrinkage, poor rehydration, and
unfavorable effects on color, texture, flavor, and most importantly, nutritive value are still
likely to occur [71]. These effects become more significant at higher concentrations, thus
presenting a huge disadvantage of evaporation in food processes. Though thermal
damage may be drastically reduced by operating at low temperature and under vacuum,
this approach results in longer residence times and larger heat transfer areas. While
freeze-drying has been found to be an alternative in removing water without the risks of
thermal damages, its application is only limited to high-value food and biological
products due to its relatively higher costs. At present, 85% of food industries still rely on
convective drying methods, and all these industries rely on evaporation as pre-

concentration method [72].

2.1.3 Energy Consumption of Conventional Water Removal Operations

The energy consumption of evaporation, drying, and freeze dehydration is
arguably one of the factors that influence food and beverage processes. In 2007, the U.S.
Environmental Protection Agency reported that the food and beverage industry is fifth
among the top industrial consumers with 59% of usage associated to energy-intensive
process heating and drying operations [28], [73]. As shown in Figure 2, more than half
of the energy consumption in food industries are those required by manufacturing
processes. Boilers, which are used to generate steam for supplying process heat to

different unit operations such as sterilization, pasteurization, evaporation, and
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dehydration share about one third of the total energy consumption of food industries [28].
Cold operations such as freezing consume 16% of energy used in food processes, while

only 12% is consumed by motor drives related to mechanical operations.

Figure 2

Energy Consumption of End Users in the Food Industry

= Process heat

= Refrigeration

= Motor drives

= HVAC and lighting
= Others

Note: Adapted from Compton et al. [73]

Despite the limited data on the fraction of energy consumed by dewatering
operations in food and beverage production, thermal removal of water by phase change has
always been regarded as energy intensive. Apart from the sensible heat required to increase
the temperature of the food, additional heat is also required to overcome the latent heat of
water for it to undergo phase change from liquid to vapor phase [69]. This explains why
thermal dewatering operations considerably consumes larger energy than electro-motors

and pumps.
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Apart from the heat requirements, the energy efficiency of these operations also
dictate the overall energy consumption of water removal. For example, the energy

efficiency of drying can be as low as 40% as shown in Table 6.

Table 6

Energy Efficiency of Industrial Dryers

Energy Efficiency

Dryer Type (%)
Tray, batch 85
Tunnel 35-40
Spray 50 - 56
Conveyor 40 - 60
Fluidized bed, standard 40 - 80
Drum 85
Rotary 75-90
Vacuum Rotary <70
Freeze <10

Note: Adapted from Vaishampayan & Costa [74]

As shown, for spray drying which is commonly used in powdered food
production, with only 50% - 56% energy efficiency, 44% of the heat supplied ends up as
waste heat [69], [74]. For freeze dryers, 90% of energy supplied ends up as waste heat.
Drying alone has been found to consume 20% - 25% of the energy used by the food
processing industry or 10% - 25% of the energy used in all industries in developed
countries, and 8% of global consumption [75]. With an approximated energy
requirement of 8,110 kJ per kilogram of water evaporated, the energy consumption for
drying is significantly higher than the heat of evaporation of water at standard
temperature and pressure, which is only at 2,500 kJ kg [76]. As a result, pre-

concentration steps usually precede dehydration processes to partially remove water from
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wet food by evaporation until it reaches a concentration at which drying operation is
economical.

As a preconcentration step, evaporation has lower energy consumption per
volume of water removed. A single effect evaporator has an estimated energy
requirement ranging from 2,600 kJ kg™ to 3,100 kJ kg* water removed but with the
consideration of multiple effect evaporation and vapor recompression, the energy
requirement averages to 2,700 kJ kg and can further be reduced to 260 kJ kg™ to 310 kJ
kg with additional capital cost consideration [77]. However, in general, the volume of
water removed via evaporation is greater than that of drying. Also, the additional water
that is used in several stages of processing like cleaning, pretreatment, or as extracting
agent increase the volume of water to be dewatered in a later stage. In wet milling of
corn, for example, the evaporation of steepwater, i.e., water from extraction of starch,
gluten, and other components, consumes approximately 18% of energy, while the
combined energy used in dewatering and drying of starch consumes 30% [78]. In sugar
production, the pretreatment stages of cleaning and extraction dilutes the sugar content of
the juice to as low as 7% which is then concentrated to 60% prior to crystallization. After
sugar crystals are obtained, additional water is used to separate it from impurities before
it is further dried down to a moisture of 0.5 to 2%. At around 430 kJ/kg cane processed,
evaporation alone consumes approximately 24% of energy in sugar milling [79]. For
dairy and feed powders that utilize vacuum evaporation and spray drying, energy
requirements ranging between 6,000 to 20,000 kJ kg* of product has been reported [80].
These findings show that even at a lower energy consumption, given the volume of water

evaporated, this operation is still considered energy intensive.
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In gaining an insight on how thermal dewatering operations impact energy
consumption in food production, Figure 3 compares the energy used in dried and

concentrated food products against those that did not undergo dewatering.

Figure 3

Energy Requirement of Selected Dried Food Products and Concentrated Beverages
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As shown in the Figure, the energy consumed in drying and concentrating food and
beverage products may range from about 2,000 to more than 10,000 kJ kg™ depending on
the type of product [28]. Dried fish, for example, has the lowest energy consumption of
about 2,077 kJ kg of product but is twice the energy consumed in vacuum-packed

refrigerated fish products. Higher difference is observed between unconcentrated juice
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(900 kJ kg!) and tomato juice (4,789 kJ kg?), which is concentrated by means of
evaporation. The energy requirement of condensed milk (1,936 kJ kg?) is almost four
times higher than that of energy required to process sterilized milk (524 kJ kg™), while
producing milk powders significantly require up to 9,385 kJ kg product. Highest among
these products is spray-dried coffee which consumes about 15,675 kJ kg™ soluble coffee,
which is more than seven times higher than that consumed in roasted coffee production.
As will be discussed in the succeeding section, the higher energy demand in soluble coffee
production over coffee roasting is attributed to the thermal steps of extracting coffee extract
components and removal of water by evaporation and spray- or freeze-dehydration steps.
Overall, water removal is a challenge in the food and beverage industry. Currently
most of the common methods of removing water from food and beverages rely on thermal
operations, however, these methods entail disadvantages that deteriorates the quality of the
final product, as well as the energy efficiency of the food industry. While several
modifications have been considered in improving the evaporation and drying of products,
most developments, if not costly, are more complex and may still need more research. It
is for these reasons that alternative methods to thermal dewatering are being studied and
developed. Among the technologies that have potential and are gaining popularity are

membrane separation processes, as discussed in the succeeding sections of this study.

2.2 Soluble Coffee Production

Coffee is an important commodity and probably is commonly present in every
household, or food establishment nowadays. It is one of the most widespread
commaodities that is consumed by millions of people on a daily basis. One of the reasons

for its demand is its dietary benefits from antioxidants that are claimed to boost the
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immune system, help prevent cancer, enhance cardiovascular health, etc. [81], [82].
Further, coffee is a popular beverage consumed daily by people for its caffeine value, a
stimulant that helps in maintaining alertness and help prevent the onset of tiredness.
These several claimed benefits help make coffee the second most traded commodity
worldwide, next to oil. With about 145 million bags or 10 million tons of coffee
produced yearly, this industry has a global income of about $ 68.5 billion with a total
consumer spending of $74.2 billion [83]. Despite this overwhelming demand, the
commaodity is exported globally as it is only ideally grown in the tropical regions,
otherwise known as the “coffee belt”. The coffee belt consists of countries along the
equator including Central and South America, Southeast Asia, Africa and Arabia, and
Australia. The top exporters of green coffee, Colombia exports about 22.8% of green
coffee, followed by Brazil that exports 22.4% [84]. In Asia, the top producers of green
coffee are Vietnam and Indonesia that shares 10.3% and 6.4% of the global production,
respectively [84].

The soluble coffee industry contributes to making coffee available to consumers
outside the coffee belt region, and further, globally. Soluble coffee, or “instant” coffee is
a green coffee derivative that was processed by brewing coffee beans using hot water,
and then dehydrating the coffee extract into powders or granules. As a powdered
beverage, instant coffee products are a convenient way to reconstitute the coffee
beverage, along with its benefits, in a form that can be easily prepared by dissolving in
water. In addition, the ways of distribution of instant coffee beverage products are
numerous, ranging from large, family packages to small, one-dose sachets. Recent

studies also show that fortification with nutritive components is highly compatible with
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the reconstitution properties of instant coffee products that further promotes their health
benefits [81]. As a result of these advantages, about 15% of the global production of
green coffee is shared by the instant coffee industry. This large production allocation
equates to about $10.4 billion annual income that is also projected to grow by 5%

annually.

2.2.1 Soluble Coffee Process

The added health benefits and commercial convenience from soluble coffee
products result in its high demand worldwide that drives agricultural production and the
soluble coffee industry. In meeting the global demand for soluble coffee products,
dewatering operations play an important role in the manufacturing process. The process
has four important stages, roasting and grinding, extraction, preconcentration and
dehydration [85], as schematically presented in Figure 4. The process starts with the
green coffee beans that have been processed after harvest for pulping, hulling, and
sorting. The sorted green coffee beans are initially roasted to develop the flavor and
aroma of the coffee product. To further release the components influencing the flavor
and aroma of the coffee product, the roasted coffee beans are ground into smaller size.
This method not only make the surface area of the coffee grounds, but also pretreats them
by making soluble solids and volatile substances available for extraction. The ground
beans are then processed in percolation batteries where water at 175 °C and under
pressure, is passed in several cycles to extract soluble coffee compounds. This step
yields coffee extracts with solids concentrations of about 15% to 25% by weight. The

coffee extract is then separated from the spent coffee grounds for water removal.
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Figure 4

Simplified Soluble Coffee Process Flow Chart
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Water removal operations consists of two steps: (a) preconcentration by

evaporation and (b) final dehydration by freeze- or spray drying. In the preconcentration

step, the extract passes through vacuum evaporators at 50 °C and 7.3 kPa [23] to obtain a
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more concentrated coffee extract with around 40% to 60% solids by weight [54], [86].
The goal of this step is to reduce the time and energy needed for final dehydration. As a
thermal operation, a fraction of the volatile compounds is either lost thermally by
evaporation or from Maillard reaction byproducts [24]. These losses can include
caffeine, phenolic compounds, chlorogenic acids, and other essential compounds that
attribute the appearance, aroma, and taste of coffee [54], [55]. These components are
reintroduced in the latter stages of the process to produce the desirable flavor profile [24],
[81]. The concentrated coffee extract, then, undergoes final dehydration.

In the final step, two methods of drying are commonly employed by soluble
coffee industries: spray drying or freeze drying. Solutions or slurries go through an
atomizers or spray nozzles that disperse the fluid into small droplets that facilitates high
drying rates, typically resulting in short drying time (1 - 30 s) with reduced thermal
damages on food even at 250 - 300 °C [67], [69]. On the other hand, freeze dehydration,
or freeze drying, is employed under vacuum at about 611.73 Pa and 0.01 °C to facilitate
the removal of moisture from the concentrated coffee extract slurry [54]. In contrast to
thermal evaporation, both dehydration methods employ low to freezing temperatures that
help reduce deterioration of flavor and aroma. The final product after this step are
essentially dried powders at about 2.5% moisture that prevents microbial activity and

spoilage [87].

2.2.2 Water and Energy Footprint of Soluble Coffee Production
The extensive water and energy use in the manufacture of instant coffee is
especially interesting because instant coffee powder finished products contain no water at

all. As with any food and beverage process, the water consumed in instant coffee
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manufacture is directed to various ancillary plant operations such as cooling, steam
production, equipment operations, intermediate production steps, and cleaning and
sterilization. But, apart from these applications, a large volume of the water used in the
process also goes to percolation columns used in extracting the essential components
from the coffee grounds. The mass ratio of coffee grounds to water processed in the
extraction step is roughly 1:3 [85]. At the end of the process, this is equivalent to about
7.5 kg of water is used per kilogram of soluble coffee powder [23].

Apart from its water consumption, the soluble coffee process is also considered
energy-intensive due to the different thermal operations that are employed in the process.
As discussed in the previous sections, the soluble coffee production is composed of four
important thermal stages: roasting, extraction, concentration, and dehydration. Okada, et
al. [23], investigated on the energy consumption and energy efficiencies of these stages in

a spray-dried coffee production plant, as shown in Table 7.

Table 7

Consumption and Efficiency of Energy Usage in Spray-Dried Coffee Production

Conservable

Energy Energy
Energy Use Consumption Efficiency EneLrgS)l/sZ;om
(kJ kg instant coffee) (%) (%)
Overall Energy Usage
Thermal operations 51,400 56.34 69.5
Electricity 2,720
Unit Operations
Coffee roasting 3,720 67.20 46.2
Extraction 8,500 22.12 72.4
Concentration 7,450 82.70 89.0
Spray drying 21,100 36.90 68.0

Note: Adapted from Okada, et al. [23]
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As can be seen from the Table, the consumption of energy by thermal operations
was much higher than electricity by about 18 times. In the first stage, the energy used for
roasting and grinding green coffee beans was found to be the lowest energy consumption
in the production process at about 3,720 kJ kg instant coffee. On the other hand, the
energy used in coffee extraction comes from heating water to 110 °C and was reported to
consume 8,500 kJ kg instant coffee, while that consumed in pre-concentration of coffee
extract by triple-stage vacuum evaporation at 55 °C and 50 mmHg was at 7,450 kJ kg
instant coffee. The highest energy consumption among the four stages is spray-drying
which uses more than 50% of total energy for thermal operations. In the absence of
energy conservation measures, it is also shown that not all the energy supplied in soluble
coffee production is efficiently used in each stage. In coffee roasting, for example,
energy losses have been reported for heat discarded in the air during the processes. On
the other hand, the highest energy loss is in coffee extraction because of its low energy
efficiency of about 22%, and the residual heat from the steam condensate and spent
coffee grounds is not recovered. Next to this, one of the thermal operations with the
lowest energy efficiency is spray drying (only about 37%) with energy losses from steam
condensate and residual heat discarded in air. The energy efficiency of vacuum
evaporation is seen to be improved by employing multi-stage operation. With the use of
triple-effect evaporator, the energy efficiency of this pre-concentration step was highest
at about 89%.

Conservation measures have been proposed to potentially recover 69.5% of
energy losses obtained from these operations. This can be obtained by recovering steam

condensates from boiler operations. However, despite the high energy efficiency of the

36

www.manaraa.com



pre-concentration step, the vapors from the evaporator may be condensed but will still
have an acidic pH of 3.7. Because of the low pH, the water cannot be used directly in
boilers or in other ancillary plant operations, thus generating wastewater that requires
treatment before reuse or disposal [50], [52]. This generation further increases the water
footprint of the industry. A typical soluble coffee spent wastewater is characterized by
low pH, with dark color, influenced by the presence of highly organic components in
dissolved and suspended or colloidal forms. Wastewaters such as these are commonly
treated to meet municipal sewage treatment requirements, or industrial effluent standards
for disposal, while 70% of which is reused as agricultural fertilizer or irrigation source
[88]. However, conventional wastewater treatment systems, though efficient, may still
not be an effective management approach considering the large volume of wastewater
that is processed downstream and disposed to the environment. Also, residual pollutants
from excess spent wastewaters used as fertilizer and irrigation water tend to accumulate

in the environment through surface run off.

2.3 Process Intensification via Membrane Processes

Over the past three decades, membrane separation processes has gained
importance in different fields of application such as, food processing, water purification,
seawater desalination, and wastewater treatment and reuse [89]. Membranes are semi-
permeable materials that act as barriers to selectively separate phases of particulates,
colloidal, and dissolved materials in fluids. As shown in Figure 5, membranes restrict the
transport of fluid components, thereby, producing a permeate stream that has less
concentration of the rejected components. The rejected components, on the other hand,

are collected from a more concentrated stream, commonly designated as the retentate.
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Figure 5

Simplified Schematic Illustration of Membrane Separation.
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Simplest among these processes are pressure-driven membrane processes
(PDMPs). These include microfiltration (MF), ultrafiltration (UF), nanofiltration (NF),
and reverse osmosis (RO) that are categorized based on the pore size of the membranes
used in the operations and applied operating pressures as shown in Table 8. While there
may be an overlap in the nominal size ranges depending on the literature source, the
Table below presents a typical range of those values. The mechanism of membrane
separation has the same principle as that of conventional filtration. The difference,
however, is that while conventional filtration is suitable in separating visible, and coarse
particles (> 0.1 mm), membrane filtration is more suitable in separating finer particulates
that may be present as microorganisms, suspended and colloidal solids, and dissolved
organics and inorganics (salts) [90]. Particulates are commonly separated in MF where
pore size ranges from 0.05 pum to 0.1 pum, while molecular separation is commonly
employed by UF membranes with pore diameters ranging between 5 nm and 0.05 pm.
Narrower pore-sized membranes offer higher rejection of smaller components such as

solutes, and salts. NF membranes have mean pore size of approximately 1 to 5 nm that is
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able to reject molecules with molecular weight below 2,000 Da. RO membranes, are

dense membranes that can reject molecular weights below 100 Da.

Table 8

Typical Pore Size and Transmembrane Pressure for Various Membrane Types

. Molecular Weight Transmembrane
Membrane Type Pore Size Cut-off Pressure
(um) (Da) (MPa)
Microfiltration 0.05-0.1 > 100,000 <0.3
Ultrafiltration 0.005-0.05 2,000 — 150,000 0.3-0.7
Nanofiltration 0.001 - 0.005 100 - 2,000 0.7-3.0
Reverse Osmosis <0.001 <100 1.0-7.6

Note: Adapted from Berk [91]

Hydraulic pressure generally serves as the driving force for flow across
membranes in PDMPs; whereas the degree and selectivity of rejection depends on the
permeability of the filter medium used. The permeate flux of a solvent, commonly water,
(Jv) through the membrane varies proportionally with the transmembrane pressure or
TMP, i.e., the pressure drop (AP) across the feed and permeate sides of the membrane,
and the hydraulic permeability (Aw) of the membrane. The membrane hydraulic
permeability is a constant parameter dictated by membrane structure and its interaction

with water. This relationship is mathematically shown in Equation 1.

J, = A, AP (1)

Porous membranes like MF and UF commonly have higher hydraulic
permeabilities and are operated under low TMPs. However, non-porous membranes like

NF and RO have relatively lower hydraulic permeabilities and must be operated at larger
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TMPs. In addition, the small molecular size and concentration of components rejected in
dense membranes such as these exert osmotic pressure difference across the membrane

(Ar) that further decrease the TMP across the membrane, as shown in Equation 2.

J, = A, (AP — An) 2

Membranes provide an attractive separation process because of the low operating
costs and energy requirements, the high product quality and yields, and the minimal
amounts of chemical additives. Overall, the simplicity of the process as well as the
effectiveness of various membrane types to separate streams opens opportunities for a
wide range of industrial application. In addition, membrane systems do not require high
temperatures for operation, allowing temperature sensitive materials to be processed with
this type of separation. These industries include chemical, pharmaceutical, water supply,

wastewater treatment, and the focused of this study, the food and beverage industry.

2.3.1 Membrane Separation in Food and Beverage Production

The use of membrane technology as a processing and separation method has been
well-known in water and wastewater treatment applications. However, as an efficient
separation method offering several advantages over conventional separation operations
such as in water removal, it is recently gaining importance in other industrial
applications. In food and beverage production, membrane technologies have been found
as potential alternatives for the clarification of cloudy fluids such as vegetable oils as
alternative to centrifugation and sedimentation, preservation by removal of
microorganisms as alternative to sterilization or addition of preservatives, pre-

concentration of beverages as alternative to evaporation, and purification of drinking
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water as alternative to distillation [44], [92]. As an alternative to thermal evaporation,
membrane filtration operates under mild operating conditions of temperature and
pressure, thus conserving the functional properties of heat-sensitive food products. As a
competitive process, membrane separation is known to have high separation efficiency,
and makes use of simple equipment that is easy to scale-up without the necessity for
additional processing steps [93].

The proper selection of membrane is among the important operating consideration
in membrane operations as membranes differ in specifications including pore size,
selectivity, operational limits, etc. A size selectivity chart for food and beverage
applications of various pressure-driven membrane processes is presented in Figure 6. On
the other hand, a list of various food and beverage industries employing membrane

processes is shown in Table 9.

Figure 6

Approximate Pore Sizes and Selectivity of Membrane Processes

Soluble protein Milk fat globules Visible particulates
[ ] I
Hydrated salts Viruses Bacteria Yeasts
Water Sugars Casein micelles
I -NF [ 1] N

1.E-10 1.E-08 1.E-06 1.E-04 1.E-02
Approximate size range (m)

Note: Adapted from Dewettinck & Le [44]
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The earliest food applications of membrane filtration were intended for the
separation of ultrafine particles that can be found the processing of dairy products such as
cheese, whey, and milk. UF and MF membranes were used to fractionate skimmed milk
into whey protein and casein micelles in cheese production, and separation of fat globules
from milk, thus were considered as a more practical clarification method than
sedimentation [44]. A wide range of microorganisms can also be effectively removed
using UF and MF membranes. This microbial removal method has been termed as cold
sterilization, an alternative preservation method that does not employ heat and the
addition of preservatives [92]. This method became the basis for other applications such
as in recovering yeast from beer after fermentation, and the clarification of wine, juices
from fruits and vegetables, sugarcane juice, and aqueous soy extracts, along with the
removal of microbial contaminants. These membranes are permeable to water and other
liquid and dissolved components such as salts, sugars and based on this, MF and UF may
be employed in dewatering or concentrating food slurries containing suspensions.

Most dissolved components, and liquids such as water, are processed using NF
and RO membranes. RO was first developed in the objective of purifying water without
undergoing thermal processes. Water desalination by RO produces ultrapure water from
seawater with above 99% salt rejection, and today, this process provides 1% of the
world’s drinking water [89]. NF is a more novel process in producing water-rich
permeate, but compared to RO, this membrane technology is semi-permeable to certain
solutes [94]. Despite this, NF operates at relatively lower pressure than RO, thus making

it a low-cost water and wastewater treatment alternative. Overall, the efficiencies of both
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membrane types in producing water-rich streams expands the applications of RO and NF

in food and beverage industries, as summarized in Table 9.

Table 9

Membrane Separation Technologies Applied in Food and Beverage Production

Industry Technology Applications

Dairy MF Cold pasteurization of milk and cheese products
Fractionation of skimmed milk to micellar casein and
serum proteins

Separation of fat globules from whole milk
Bacteria and fat removal from cheese brine

UF Concentration of cheese whey and derivatives

NF Desalination and lactose removal from milk
Pre-concentration of milk

Electrodialysis Desalination and lactose removal

RO Pre-concentration of milk and other dairy liquids
Brewery MF Clarification and recovery of beer from yeast
Removal of microorganisms prior to bottling
RO Purification of brewing water
Dialysis Alcohol removal from fermented beer
Wine MF Clarification of wine

NFand RO  Concentration of sugar content from grapes extract
Concentration of wine components such as alcohol
Electrodialysis  Tartaric acid stabilization, removal of potassium and

calcium ions
Fruits & MF and UF  Juice clarification and microbial removal
vegetable ~ MFand RO  Fruit juice concentration
juices NF Removal of fertilizer nitrates and nitrites
Electrodialysis Deacidification of sour fruit juices
Sugar MF and UF  Clarification of sugarcane juice, and effluent
NF Concentration of sugar syrups
RO Pre-concentration prior to crystallization
Soy MF Clarification and removal of microorganisms
UF Concentration of agueous soy extracts
NF Partial desalination

Note: Adapted from Cassano [92]; Dewettinck & Le [44]
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In the context of energy consumption, membrane separation has relatively low

energy consumption compared to other water removal processes as shown in Table 10.

Table 10

Energy Consumption of Industrial Water Removal Operations

Energy Required for Water Removal

Method or equipment (kJ kg'* of water removed)

Membrane filtration 50— 150
Osmotic dehydration 200 - 500
Evaporation, single effect 2,600
Evaporation, double effect 1,300
Spray dryer 4,000 - 6,000
Drum dryer 5,000
Tunnel dryer 4,000
Freeze dryer Up to 100,000

Note: Adapted from Vaishampayan & Costa [74]

In general, this non-thermal water removal method is about 10% to almost 100%
less energy intensive [95]. Since the operation is based on the use of permselective barriers
under a given TMP, the mechanism of separation is induced by the solubilization (in the
case of RO and NF) and diffusion (in the cases of RO, NF, UF, and MF) of specific feed
components without the consideration of phase change. Thus, in contrast with thermal
dewatering methods, the energy consumption of membrane separation methods is lower
because of the absence of heating and phase change requirements. With the current
available technology, however, membrane separation has limited applicability to replace
convective- and freeze-dehydration. Nevertheless, as a pre-concentration alternative, the
reduction in energy consumption is still highly favorable considering the volume of water
removed in thermal evaporation.
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2.3.2 Membrane-Based Preconcentration of Coffee Extracts

Thermal dewatering operations in soluble coffee production have several
disadvantages associated with the loss of product quality and low sustainability index.
Particularly during the evaporation of coffee extracts, the thermal conditions considerably
degrade the flavor and aroma of soluble coffee by about 70% of that of conventionally
roasted coffee due to the losses in phenolic compounds and generation of Maillard
reaction byproducts [24]. Thus, developments in the soluble coffee industry have, so far,
focused on configuring thermal dewatering operations at lower boiling temperatures
(vacuum evaporation), or in the absence of heat (freeze dehydration); integrating coffee
aroma recovery routes [25]-[27]; and employing chemical enrichment methods in
improving the quality of instant coffee [24]. However, while product quality is essential
in soluble coffee production, the process continues to rely on energy-intensive phase-
change separations in its thermal dewatering operations [23]. The industry currently
shares the highest energy footprint (~ 15.7 MJ kg* soluble coffee) among powdered food
and beverage products [28]. Thermal dewatering operations contribute to a considerable
fraction of the energy used in the process. Also, a large volume of water used in the
extraction step ends up as wastewater that requires treatment before disposal, a large
portion of which is withdrawn from evaporators. From a sustainability standpoint, these
increase not only the operating cost of the process, but also result in a large water- and
energy footprint of the soluble coffee industry.

The use of membrane as an alternative to, or in combination with evaporation
could potentially address several disadvantages of the thermal operation. In particular,

NF, as a low-energy alternative to RO, is suitable for water removal operations, while
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efficiently rejecting colloidal and dissolved solids, such as organics solutes, more than
those achieved by UF. This allows the recovery of water reusable for plant operations
that not only reduces the need for fresh water in the process, but also the amount of
wastewater generated. When integrated as an alternative to evaporation, the membrane
process also offer an energy reduction of about 30% [10]. Because of these benefits, NF
has been investigated in the concentration of food and beverages including apple and pear
juices [29], sea buckthorn tea [14], red wine [16], lactic acid whey [18], and alternative
sweeteners [30].

Despite its potential, only few studies have investigated the integration of NF and
other membrane technologies in the soluble coffee process. NF has been studied mostly
on waste streams for caffeine recovery from spent coffee grounds [7], decaffeination [31],
and as a water reclamation option for soluble coffee wastewater [50], [52]. Vincze and
Vatai [33] first proposed the nanofiltration (NF) of coffee extract as a low energy
preconcentration alternative to evaporation prior to the final dehydration step without
significant losses in quality, e.g., caffeine content. With an initial total solids
concentration of about 14 g L™ the highest flux of about 50 L m2 h'* was obtained at
42°C under a pressure 20 bar, and a corresponding solids rejection of 98.75%. The final
concentration of the coffee extract was increased from 14 g L™ to 45 g L; however, this
final concentration was still low. Pan, et al. [32] further added that coffee extracts could
be theoretically concentrated up to 39% wt/wt via crossflow (CF) NF, while producing a
water-rich permeate stream. While this concentration is still considered low for
commercial operation, these studies presented that NF can potentially supplement

evaporation in preconcentrating coffee extracts if membrane fouling can be minimized.
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2.3.3 Membrane Fouling in Conventional Filtration Systems

Despite the potential of membrane separation in food and beverage production,
most membrane processes are susceptible to membrane fouling. Over time, in their
prolonged use, membrane surfaces accumulate different types of contaminants or foulants
that negatively impacts the effective permeability of the membrane. Membrane fouling is
common in conventional filtration systems such as dead-end (DE), and crossflow (CF)

membrane filtration systems, shown in Figure 7.

Figure 7

Conventional Filtration Flow Configuration: (a) Dead-End Filtration and (b) Crossflow
Filtration

Perpendicular flow Tangential flow

Dead-End Filtration Crossflow Filtration

In DE filtration, the feed flows perpendicular to the membrane surface. This
allows the permeation of components through the membrane as the fluid is forced
towards the membrane at a certain TMP. However, it is because of this flow
configuration that foulants accumulate on the membrane surface and form a cake layer
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that eventually reduces the filtration performance and cause permeate flux to drop at a
much faster rate. Moreover, the foulants forced perpendicularly towards the membrane
surface cause stronger fouling that, even after membrane cleaning, can reduce the
permeation ability of the membrane. CF filtration improves the performance of
membrane filtration and reduces membrane fouling as the feed flows tangentially over
the membrane. In this manner, the tangential flow imparts shear on the membrane
surface, sweeping the foulants off the membrane surface. Increasing the CF velocity of
the feed enhances the permeate flux., at the expense of energy from the pump driving the
flow.

Even so, conventional CF membrane filtration systems are still susceptible to
membrane fouling. An illustration of this phenomenon in CF operation is shown in
Figure 8. Membrane fouling is inevitable even with increased feed velocity in CF
filtration systems as it is caused not only by the nature of constituents found in the feed
that can serve as foulants, but also by several factors including the operating conditions
of the membrane system that tend to polarize high concentrations of solutes on the
membrane surface. Thus, under poor operating conditions, such as low feed CF
velocities, high feed concentrations, and even exceedingly high operating pressures,
membrane fouling often leads to the decline of throughput rates and rejection efficiencies
as foulants continue to accumulate on the membrane surface causing the formation of a

concentrated gel layer, or worst, irreversibly block membrane pores [48].
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Figure 8

Simplified Ilustration of Membrane Fouling as a Result of an Increased Solids
Concentration Near the Membrane Surface during Conventional Crossflow Filtration.
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Food and beverage process streams, unlike water supply and wastewater streams,
are more concentrated and contain a highly complex variety of foulants — organic,
biological, and colloidal solids. Thus, food and beverage streams are highly viscous that
tend to limit fluid velocities on the membrane surface and result in concentration
polarization. In concentrating milk proteins, for example, concentration polarization lead
to non-Newtonian flow behavior near the membrane surface as surface concentrations
increase viscosities exponentially [5]. For coffee extract preconcentration, these foulants
may be organic components like caffeine (4.5% to 5.1%), lipids (1.5% to 1.6%),
chlorogenic acids (5.2% to 7.4%), saccharides (7.2% to 11.7%), proteins (16.0% to
21.0%), and humic acids (15%) [96]; mineral components (9 to 10%) [97] and other
soluble, colloidal, and suspended components. In concentrating coffee extracts, Pan, et
al. [32] reported a flux decline of about 80% of the initial permeate flux after six hours of

operation, and a limiting maximum concentration of coffee extracts under conventional
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crossflow NF up to approximately 35% to 39% wt/wt. Also, as the feed coffee extract
becomes more concentrated, fouling becomes more prominent and uncontrollable that
increased CF velocities and high operating pressure would increase the operating cost of
the process [52]. This drawback can result in increased energy consumption, system
downtime, higher membrane area requirement, increased capital costs, and maintenance
expenses [98] that limits the application of NF as a dewatering alternative in the soluble

coffee process.

2.3.4 Shear-Enhanced Dynamic Filtration Systems

Overall, membrane fouling makes NF and other membrane operations inefficient
and economically unattractive. Thus, efforts have been made to overcome or alleviate
the negative impacts of fouling in membrane systems. Membrane cleaning has been
common to most membrane-based industries as part of regular maintenance operations to
extend the usage of membranes. Chemical and enzymatic solutions degrade membrane
foulants and restore the original permeability of membranes [99] However, this approach
is only effective at a certain extent where fouling is reversible, i.e., foulants are only
adsorbed on the surface. Irreversibly fouled membranes, where complete pore blockage
is observed, will continually degrade in performance even with regular cleaning.
Additionally, the cleaning regiments increase the operating costs, and may pose a concern
with product contamination, due to their introduction into the system.

The hydrodynamic flow in membrane systems is an important aspect in managing
fouling and in optimizing the operation. In doing so, the generation of local shear zones
on the membrane surface has been found to be effective in preventing foulants from

accumulating on the membrane surface [35]. As stated earlier, increasing CF velocities is
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one approach applied to induce local shear zones on the membrane surface. However,
this approach enhances flow and prevents membrane fouling only at a limited extent [34],
[35]. Also, the energy consumed by the pump increases drastically with the turbulent
flow of the feed. Dynamic filtration systems (Figure 9), on the other hand, generate

surface shear rates at magnitudes substantially larger than conventional CF systems [8],

[35]-[38].

Figure 9

Dynamic Shear-Enhanced Filtration
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Approximately, maximum membrane surface shear rates under dynamic
membrane systems can reach up to 160,000 s, whereas high CF velocities from
conventional membrane operations can only approach surface shear rates of up to about
30,000 s [40]. Shear rates are effectively enhanced by employing mechanical motion on
the membrane support, while keeping inlet flows and TMPs to a minimum and

conserving energy during the operation [38].The mechanical movements are imparted via
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rotating disk, impeller, or cylinder; or with the membrane module oscillating or vibrating.
Jaffrin [37], [43] reviewed various types of dynamic shear-enhanced filtration systems.
Among these systems are Couette flow type rotating cylindrical membranes that were
first commercialized for blood plasma separation. However, since the system has only
been used in the medical field, its application was only limited to small scale application,
rather than in an industrial setting [43]. On the contrary, rotating multi-disk filtration
systems have been employed in yeast suspensions, oil/water emulsions, mineral
suspensions, and fermentation broths [43]. These systems consist of circular membrane
disk modules mounted on a shaft that rotates at certain speed. The rotation imparts about
120,000 s at a maximum speed of 3,450 rpm. On the other hand, oscillating membrane
systems consist of a membrane module that are mounted on a torsional shaft that spins
back-and-forth at resonant frequencies of about 60 Hz. These are also considered as
vibratory membrane systems based on the azimuthal oscillations of the membrane
module. Such systems consist of a stack of circular membranes, or cylindrical hollow
fiber membranes that have been investigated for water treatment [100], volatile organic
compounds removal from spent surfactant solutions [101], and yeast recovery [2].

In food and beverage production, both rotating filtration and vibratory filtration
systems were found effective in various dairy processing applications. Particularly
dynamic filtration was used to recover proteins from casein micelle, and in the
fractionation of milk proteins [5], [41], [102]. In soy milk processing, dynamic UF was
investigated to concentrate soy trypsin inhibitors to enrich soy milk [103]. Vibrating and
rotating filtration systems were also used to clarify rough or cloudy raw liquors like

freshly brewed beer [3] and raw fermented wine [104]. Overall, these systems
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substantially improve the permeate flux of membrane filtration by generating surface
shear rates that are considerably higher than those imparted by crossflow velocities.
Also, with less foulants accumulating on the membrane surface, shear enhancement
favorably improves membrane selectivity, and rejection efficiencies. However, it should
be noted that these systems have higher costs and may have shorter life spans due to the
moving mechanical parts. In addition, these systems are limited by membrane area as
these are easier to build and maintain. In spite of these limitations, these dynamic

systems are currently being optimized and potential applications are further explored.

2.3.5 Vibration Shear-Enhanced Process

One dynamic filtration system, as studied herein, is the Vibratory Shear-Enhanced
Process (VSEP) by New Logic Research, Inc, shown in Figure 10. The VSEP filtration
system consist of a disk membrane (laboratory-scale), or a stack of circular membranes
(pilot and commercial scale) mounted on a vertical torsion shaft. The shaft spins in
azimuthal oscillations from a vibrating base at resonant frequencies of up to 60 Hz [105].
These torsional oscillations impart high membrane surface shear rates (> 20,000 s1) that
reduces the accumulation of the membrane foulants [106]. However, at the same pump
power requirement, the energy demand of the vibratory membrane system is higher than
CF membrane operation due to the added power requirement from the vibratory motor
[107]. As will be presented in the succeeding sections, this added power requirement can
range from 2 to 10 times the power requirement of pump in conventional non-vibratory
operations. Despite the added energy requirement, the flux enhancement from higher
membrane surface shear rates makes the specific energy demand, i.e. energy required per

volume of permeate recovered, more economical than that of CF operation by up to 18%
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[42]. Thus, the mechanism is considered energy-efficient in improving permeate fluxes
and separation efficiencies [43], making operating and maintenance costs less expensive

[44].

Figure 10

Vibration Shear-Enhanced Process (VSEP): (a) Schematic Diagram of Laboratory-Scale
VSEP Filtration System, and (b) Shear-Enhanced Flow

Permeate

Vibration Shear
Enhanced Process

~ [ 'Membrane pack

—————— Vibratory
Oscillation

i¢¢jquu

Permeate

O O 0

---Torsion spring
J Retentate

(a) (b)
Note: Adapted From New Logic Research, Inc. [39]

FeedT

In terms of design, its space-efficient vertical module design allows scale-up
systems to handle larger processing volumes [39] with a smaller footprint than traditional
horizontally arranged membrane modules. This vertical design makes the membrane
system suitable for process integration where the limited floor space is a common
challenge. Among its successes over CF filtration in food, beverages, and drinking water

production include concentration of milk proteins and dairy wastewater treatment [5],
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[45], clarification and yeast recovery of alcoholic beverages [2], [3], and water treatment

from high salt seawater and freshwater sources [46]-[49].

2.4 Membrane Filtration Principles

Dynamic filtration systems offer an effective approach, not only in improving
conventional filtration systems, but also in alleviating the negative impacts of membrane
fouling. By increasing the shear rates on the membrane surface from the mechanical
movement of the membrane module, dynamic systems such as the VSEP improves the
potential of integrating membrane processes in wider industrial applications, especially in
food and beverage production. To maximize this potential, effective fluid management
becomes a critical aspect in membrane processing. Thus, it is important to understand the
influence of operating factors on the hydrodynamic conditions adjacent to the membrane
surface, or the extent of concentration polarization that has a direct impact on membrane

fouling.

2.4.1 Transmembrane Pressure

Mechanical pressure drives fluids to flow across membranes. However, apart
from the applied pressure, the intrinsic permeability of membranes for solvents like
water, also affects the nature of separation. Most membrane separations are often
dictated by membrane porosity and tortuosity, but other membranes can also be
influenced by their affinity to certain fluids or solutes. For example, NF membranes are
mostly negatively charged and thus, would vary in performance especially in rejecting

charged and uncharged solutes.
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In general, porous membranes exhibit Hagen-Poiseuille relationship, whereby the
solvent is assumed to conform capillary flow through membrane pores, and the pressure
drop across the membrane serves as the driving force for flow. This relation is
mathematically presented in Equation 3.

2
_ €1~ AP

= — 3
8nt Ax ®)

v

A proportionality factor in the capillary flow behavior is determined from the membrane
pore radius (rp), porosity (g), tortuosity factor (t), and fluid viscosity (n). On the other
hand, the driving force (AP/AX) is the pressure drop along the membrane thickness. In the
absence of membrane specifications, the proportionality factor in Equation 3 is analogous
in form with Equation 4 and may be determined experimentally from pure water fluxes

measured at various TMPs.
I AP A
v uR “)

For dense membranes, like NF and RO membranes, the TMP is not only a function of the
measured pressure drop, but also by the osmotic pressure difference exerted by the
solution at the feed and permeate side of the membrane. Further, from Darcy’s law, the
membrane permeability can be interpreted as the function of the intrinsic membrane
resistance (Rm) and the absolute viscosity (p) of the fluid [108]. Using this analogy, the

pressure-driven flow for dense membranes may be expressed as Equation 5.

J,=A,, (AP — An) _{aP—Am) (5)
HRpy,

56

www.manaraa.com



For NF operations discussed herein, Equation 5 is used extensively in the
succeeding sections. From the equation, the osmotic pressure serves as an important
factor affecting the permeate flux and is closely related to concentration polarization.
This colligative property arises from the concentration of solutes in the fluid, and serves
as the threshold pressure in NF and RO systems that must be overcome for solvent
(water) permeation and separation to occur [94]. As a result, NF and RO often require
high-pressure operation to separate solutes from the solution, while the dense structure of
the membrane allows the generation of water-rich permeate. The osmotic pressure is a
function of concentration of solute (Ci), ideal gas constant (R), and absolute temperature
(T). However, the parameter differs among organic solutes and inorganic salts, since the

latter considers the degree of dissociation (ji) of salts, as shown in Equation 6.
T; :ZjiCiRT (6)

On the other hand, the osmotic pressure of organic solutes in a solution is a function of
the solute concentration, ideal gas constant, absolute temperature, and molar mass of the

solution (M), as shown in Equation 7.

=, — 7
T C‘M (7

2.4.2 Mass Transfer Mechanism

2.4.2.1 Concentration Polarization in Crossflow Filtration. At an applied
pressure on the feed side of the membrane, the solute particles from the bulk phase of the

fluid are transferred towards the membrane along with the solvent, commonly water. The
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convection of these components towards the membrane surface result in an increase in
concentration and a laminar boundary layer is developed due to this difference in
concentrations. This phenomenon is commonly known as concentration polarization and

is schematically illustrated in Figure 11.

Figure 11

Schematic Representation of Concentration Polarization in Membrane Separation
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The film layer model is among the well-known concepts that demonstrate how the
extent of concentration polarization is dictated by various mass transfer mechanisms
occurring near the membrane surface [94], [108]. Particularly, convective flow of the
solute towards membrane occurs due to the solvent flux at a given TMP. Simultaneously,
the back-diffusion of solute from the membrane is also observed due to the concentration
gradient between the surface and bulk phase of the fluid. The boundary layer solute mass

balance is shown in Equation 8:
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dc
I, Co = —Dy—

+
dy J v Cp (8)

where C, is the feed solute concentration, Ds is the solute diffusivity, and y is the
perpendicular distance from the membrane surface. This differential form is evaluated
across boundary conditions (fromy =0, C = Cn to y =6, C = Cp), where & is the
thickness of the stagnant film boundary layer. Assuming that the permeate concentration
is considerably negligible relative to the membrane surface and bulk concentrations, a

boundary layer film model is obtained, as shown in Equation 9.

J, = =In— 9)

D, C,
5 Gy

Different parameters that describe concentration polarization may be derived from
the film layer model. The ratio between the concentrations on the membrane surface and
bulk phase of the fluid is also known as the polarization modulus (Cm/Cs). This
parameter indicates the degree of concentration polarization based on the increase in
surface concentration relative to the bulk fluid. In addition, under similar processing
conditions, this parameter varies depending on the type of solutes. Inorganic salts have
moduli less than 2.0, organic macromolecules could have 5 or more, and proteins have
moduli substantially larger than 10 [94]. Apart from the polarization modulus parameter,
solutes also tend to exhibit back-diffusion due to the concentration gradient between the
boundary layer region and the bulk phase of the fluid. This back transport mechanism is
represented by the diffusivity coefficient and a laminar boundary layer. A ratio between
these two parameters gives the mass transfer coefficient for permeate flux. Relatively

low back-diffusion results in a thin boundary layer that facilitates membrane fouling
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[108]. Macromolecules tend to exhibit severe localized surface concentrations that are
common in MF and UF. Accordingly, these PDMPs involve small particles, colloids,
and emulsions with diffusion coefficients are found to be in the order of 10° m? s or
less that typically contributes to considerably low mass transfer coefficients. [108]. On
the other hand, for dense membranes like NF and RO, the solutes retained by the
membrane tend to be considerably small and have high diffusivities in the order of 10
m? st [108]. Due to the relatively higher back-diffusion index, concentration polarization

for NF and RO membranes are likely to be low.

2.4.2.2 Evaluation of Concentration Polarization Parameters. The
concentration polarization phenomenon is a complex mechanism and has been estimated
in membrane filtration studies. Some studies verify the existence of this phenomenon by
direct observation of particle deposition under a microscope [109], [110]. Some studies
also employed analytical approaches to evaluate the hydrodynamic conditions at the
boundary layer region. Kim [111] evaluated this phenomenon by theoretically
calculating the effects of fast crossflow velocity and shear flow on the membrane surface
and the resulting osmotic pressure at the membrane surface to estimate permeate flux
inflection. Elimelech & Bhattacharjee [112], on the other hand, developed a theoretical
model based on the hydrodynamic and thermodynamic conditions existing at equilibrium
at the concentration polarization layer.

Until now, there is no conventional approach in quantifying concentration
polarization in membrane systems. However, among the more straightforward
approaches, uses the film layer model backed with the experimental evaluation of fluxes

and rejection efficiencies of membrane operations at various operating conditions [34].
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The film layer model equation can be expressed into linear form, as shown in Equation
10. From the linear expression, experimental permeate fluxes are plotted at various bulk
concentrations of feed. By linear regression, the mass transfer coefficient can be
evaluated from the slope of the line, while the membrane surface concentration is derived

from the y-intercept of the plot.
J, = = kInCy + kInC,, (10)

On the other hand, for membranes having partial rejection of solutes, the film layer model
equation may then be modified by taking into account the concentration of the permeate,

as shown in Equation 11.

Cm — G,
= kl [
Jy =kinz— c. (11)

In place of the concentration terms, rejection parameters can also be considered to
evaluate the film layer model [34], [113]. Theoretically, a real rejection efficiency (rrear)
can be distinguished from the apparent or observed rejection efficiency (ro) due to the
difference in membrane surface and bulk fluid concentrations. These rejection
parameters can be calculated relative to the membrane surface concentration (Equation

12), and bulk fluid concentrations (Equation 13), respectively.

Cp
Freal = 1 - C_ (12)
m
C
I = _C_z (13)
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By combining Equations 11 to 13, the concentration polarization parameters may then be
evaluated using experimental or observed rejection efficiencies at varying permeate
fluxes. This relationship is shown linearly in Equation 14, where the mass transfer
coefficient can be calculated as the reciprocal value of the slope, while the real rejection

can be derived from the y-intercept.

l—r J, l—r
°=¥+ln real

In (14)

Iy Tieal

2.4.2.3 Sherwood Number Relationship. As a rate-dependent operation,
membrane processes rely on the importance of flux enhancement for an efficient design
and operation of membrane filtration systems. While concentration polarization is
inevitable in membrane separation, this phenomenon is minimized by controlling the
hydrodynamic conditions adjacent to the membrane surface. Thus, understanding the
mass transfer mechanisms in membrane separation play an important role. From the film
layer model, the mass transfer coefficient is related to the design and operation of

membrane systems using the Sherwood number (Sh) relationship, shown in Equation 15.

_k de_ b c dh d
Sh= 5= aRe"Sc (%/L) (15)

where Re is the Reynolds number, Sc the Schmidt number, and a, b, ¢, and d are constant
parameters. The Reynolds number attributes the effective flow diameter, fluid velocity,
and fluid properties such as density and viscosity. On the other hand, the Schmidt

number reflects the diffusion occurring in the membrane system. From this relationship,
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the mass transfer coefficient is seen to be a function of the flow behavior, diffusion
coefficient of the solute, and membrane module shape and dimensions.

The Sherwood number relation is well studied in fluid flow and mass transfer
operations for membrane module design and operation [94], [108]. Different module
geometries have been evaluated to define the Sherwood number constant parameters for

laminar and turbulent flow regimes. These are summarized in Table 11.

Table 11

Sherwood Number Constants for Various Module Geometries and Flow Regimes

Module Flow
Geometry  Regime
Channel Laminar 162 0.33 0.33 0.33 100 < ReScdy/L < 5,000

b C d Remarks

or Tube Fully developed velocity profile
0664 05 05 0.33 Entryregion
Turbulent 0.023 08 033 - Scs<1l
0.023 0.875 025 - 1<Scs<10®
Stirred Laminar 0.285 055 033 - 8x103<Re<32x103
Cell Turbulent 0.044 075 0.33 -  Re = pursc?/|; I'sc = radius of cell

Note: Adapted from Schafer [94]

For crossflow filtration having crossflow velocities following the Sherwood
number relationship, the mass transfer coefficient is found to be a function of surface

shear rates (Yw) and crossflow velocities (u) in the order shown in Equation 16.

k=y,u° (16)

From Equation 16, the exponent (e) is a parameter determined from the flow regime. For

laminar conditions, the exponent is about 0.33, while for turbulent conditions, the
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parameter is between 0.75 to 0.91 [57]. The equation is commonly evaluated
experimentally via the velocity variation method [113], in line with the alternative form

of the film layer model, as shown in Equation 17.

l—r J, l—r
In 2 = +1In real a7)

e
Iy Ywt Tieal

1_r°] at varying values of [ Lie] the surface shear

To

By plotting experimental values of [ln

generated from the crossflow velocities of the fluid can be determined from the reciprocal
value of the slope. On the other hand, the real rejection parameter of the operation can be
derived from the y-intercept of the plot.

Overall, the Sherwood number relation shows the dependence of the mass transfer
coefficient with crossflow velocities. Under uniform module geometry and for similar
fluids, the coefficient varies by an exponent of 0.33 for laminar flows, and by 0.8 for
turbulent flows. This difference shows the strong influence of Reynolds number on the
mass transfer. Turbulent systems favor higher permeate fluxes at the expense of larger
pressure loss in the flow channel, and thus, higher energy requirement. Despite this,
membrane systems dealing with high solids content often employ turbulence promoters,
such as feed channel spacers, to improve the hydrodynamic conditions of the system [34],
[94]. Not only do these improve the permeate flux of the membrane operation, but this
approach is also one of the control strategies to reduce membrane fouling, as discussed in

the succeeding section.
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2.4.3 Membrane Fouling

The performance of membrane operations is diminished by concentration
polarization, and results in the decline of permeate flux until a steady state condition is
attained. The polarization phenomenon is commonly a result of surface fouling by
suspended and colloidal solids or by foulants that are larger than the pore size of the
membrane or that do not interact with the membrane [34]. This type of fouling is
reversible via change in operating conditions, or by membrane cleaning methods such as
backflushing, chemical cleaning [99], [114]. On the other hand, foulants that adhere
strongly to the membrane surface by clogging the pores, deposition of a gel layer, or by
adsorption result in irreversible fouling [115]. This type of fouling may manifest over the
prolonged use of the membrane where a continuous flux decline is observed. Even with
membrane cleaning, irreversibly fouled membranes will have a lower hydraulic

permeability compared to that of a clean membrane.

2.4.3.1 Resistance-in-Series Model. Membrane fouling is a very complex
phenomenon that considerably varies with several parameters. Thus, this condition has
been reviewed extensively in literature [98], [116]-[119], to propose control strategies
[120]-[122]. For PDMPs, the Resistance-in-Series Model theoretically quantifies fouling
and how it affects the permeate flux of the membrane operation. Accordingly, membrane
fouling imparts resistance to flow that results in low permeate fluxes in membrane
operations. This concept expresses the permeate flux as a function of the TMP and the

total resistances (Rtotal) across the membrane. This concept is shown in Equation 18.

L_ AP AP AP
Y MRtotal M(Rm+Rf) [ Z Ri

(18)
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For a fouled membrane, the total resistance constitutes to the sum of the fouling
resistances (Rf) and the clean membrane resistance (Rm). In membrane filtration studies,
the individual fouling resistances (Ri) include those influenced by concentration
polarization, osmotic pressure effects, adsorption, gel formation, internal pore fouling,
and cake formation [98], [119]. These fouling resistances can also be characterized as
reversible and irreversible fouling resistances by comparing the membrane permeability
after a series of membrane cleaning steps. A typical protocol used to experimentally
assess membrane fouling is shown in Figure 12.

Initially, the membrane resistance can be evaluated using pure water filtration
studies at different TMPs and by accounting for the absolute viscosity of the permeating
liquid. For NF and RO operations used for recovering high-purity water, this viscosity is
commonly assumed as the absolute viscosity of water. As the membrane is used for
processing various solutions, permeate fluxes (Jv) are observed to be lower than that of
pure water flux (Jw), owing to the contribution of solutes osmotic pressure and
concentration polarization phenomenon. Under prolonged operation, permeate fluxes
continually decline, leading to fluxes that are considerably lower than the initial permeate
fluxes due to membrane fouling (Jr). Reversible fouling can be experimentally evaluated
by measuring the permeate flux after physical cleaning by backflushing (Jrev). On the
other hand, irreversible fouling can be assessed from the permeate flux after chemical
cleaning steps (Jrirev). Some typical chemical cleaning agents include bases such as
sodium hypochlorite (NaOCI) and sodium hydroxide (NaOH) or acids such as nitric acid

(HNO3) [99]. Nonetheless, despite the use of chemicals for cleaning the membrane, an
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irreversibly fouled membrane exhibits permeate fluxes that are lower than the pure water

flux of the membrane operation.

Figure 12

Steps in Evaluating Membrane Fouling
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2.4.3.2 Fouling Types, Mechanisms, and Control Strategies. Membrane
fouling can be attributed to different types of foulants present in process streams that may
be characterized as organic, inorganic, and biological in nature. These foulants vary in
physicochemical and biological properties that influence various membrane fouling
mechanisms that affect the filtration operation. Organic foulants are macromolecules that
constitute natural organic matter , proteins and polysaccharides and are commonly
present in freshwater sources, and in food and beverage process streams, and wastewaters
[47], [124]-[127]. Organic fouling occurs in membranes throughout the filtration

operation and may be attributed from the adsorption of organic solutes on the membrane
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surface, pore blocking, and formation of gel or cake layer [122]. These fouling
mechanisms are attributed to the deposition of a thin organic cake layer or gel layer on
the membrane surface, as a result of the supersaturated conditions at the boundary layer
[128], [129]. On the other hand, inorganic fouling is attributed to the precipitation of
salts on the membrane surface, otherwise known as scaling [98], [116], [130]. This type
of fouling normally occurs towards the end of filtration operation [94] either by
crystallization or particle deposition of salts and minerals, e.g. CaSO4 and CaCQOg, on the
membrane surface [98], [118]. Lastly, biological fouling, or biofouling, occur from the
accumulation and growth microorganisms on the membrane surface and is commonly
considered as a severe type of fouling in membrane systems [122]. For organic streams
contaminated with microorganisms such as in membrane bioreactors, concentration
polarization of organic solutes on membrane surface generates metabolic precursors for
microbial growth [131]. This growth results in the formation of a biofilm layer that
eventually leads to irreversible fouling. Overall, membrane fouling not only decreases
the mass transfer rate of membrane operations, but it also leads to higher operating costs,
higher energy requirement, reduced membrane lifetime, and increased cleaning
frequency. Due to these adverse effects on operation and economics, several membrane
fouling control strategies have been reviewed in literature and are continually being
developed to optimize membrane operations [122]. These strategies include feed and

membrane modification, effective design, and efficient operation, as shown in Figure 13.
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Figure 13

Various Fouling Control Strategies and Operational Consequences
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The feed may be pretreated to improve characteristics such as reduce foulant
components, pH, or ionic strength and favor fewer fouling risks. On the other hand,
membrane selection and surface modification can be done to improve membrane
morphology, hydrophilic/hydrophobic properties, and surface charge that affect flux
behavior. On the aspect of design, membrane systems may be incorporated with shear-
enhanced filtration modules, applied field enhancement, or by inclusion of CP drawers to
minimize concentration polarization and membrane fouling. Although effective, this
aspect of fouling control is complex, expensive, and may be limited by area. Lastly,
fouling can also be controlled by optimal operation, hydraulic flushing, and two-phase

flow.

2.4.4 Surface Shear Generation in Vibratory Membrane Separation

The vibrating membrane filtration technology employed in this study uses
mechanical energy to promote periodic oscillatory movements on the membrane module.
These high-speed vibrations, commonly ranging between 50 Hz to 60 Hz, create shear
fields that are considerably large enough to overcome local shear rates generated in
conventional CF filtration. As a result, this dynamic operation allows the maintenance of
permeate fluxes and solute retention without requiring large CF velocities and applied
TMPs. The local membrane shear rates generated from this operation also vary
sinusoidally with time and proportionally to radius [2]. The CF velocities in VSEP is a
function of the transverse velocity (or azimuthal flow) of the fluid in the annular

membrane channel, as shown in Figure 14.

70

www.manaraa.com



Figure 14

Schematic Representation of L-101 VSEP membrane module: (a) Assembly, Flow and
Vibration; and (b) Membrane Dimensions
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Rosenblat [132] characterized this transverse velocity (V) of fluid flowing
between parallel oscillating disks as a function of radius (Ri), oscillation frequency (F),
amplitude of angular velocity (€2), along the vertical distance along the axial line of

symmetry (h), as shown in Equation 19.

V = R, Qe2iFt (19)

onz=0,h

Further, the displacement resulting from the oscillation of the disks is a function of the
rotational amplitude (0) and the radial position (Ri), and the maximum displacement is

measured at the disk periphery (Rz2), as shown in Equation 20.

d=2R,0 (20)

On the other hand, rotational amplitude is a function of the angular velocity and radius, as

shown in Equation 21.

0= — (21)

Based from Equation 20 and Equation 21, the maximum displacement attributed to the

vibrations of the membrane module can be calculated from Equation 22.

4= 2 22
= F (22)

For the VSEP system used in this study, the channel height was found to be

approximately 3.5 mm, while the vibrational displacement at the membrane module
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periphery can be employed up to 3.18 cm at a corresponding frequency of 54.7 Hz. On
the other hand, the flow regime (Re) in the oscillating module is a function of the fluid
kinematic viscosity (v), channel height (h), and vibrational frequency, as shown in
Equation 23. Thus, for water at 25 °C processed at 54.7 Hz, the resulting flow regime is
turbulent based on the Re at approximately 4,700. This flow regime will remain
relatively high than those generated by high velocity that tend to considerably reduce

with highly viscous fluids [2].

3 2nFh?
o

(23)

Re

Akoum, et al. [2] analyzed the hydrodynamic conditions for the VSEP membrane
module, where the fluid flows azimuthally between two plates oscillating in the same
phase, as opposed to the analysis made by Rosenblat [132]. Accordingly, the local
transverse velocity of the fluid between the disks varies with time and relative vertical

position within the channel (y = z/h), as shown in Equation 24.

V(.0 =rQ Ie- Ly o <2nFt _ /(Re /2)3’)
N ea/(Re/z)(l—y) cos <2nFt _ J (Re /,)(1 — y)>l (24)

On the other hand, the local surface shear rate (Yw) was found to be a function of radial

position and time as shown in Equation 25.

1.5
Y, (1,t) = 2r65+157) [cos(2nFt) — sin(2nFt)] (25)
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As shown in the equations, both equations are also a periodic function of time and the
local shear rate is independent of the vertical distance in the flow channel, while the local
transverse velocity is independent of radial position. Thus, the maximum membrane

surface shear rate (Ywmax) can be calculated when the periodic term
[cos(2nFt) — sin(2nFt)] is approximately 2°°, and at the periphery of the membrane (R2),
as shown in Equation 26.

_ RyORe™

Voo e = - _ 20.5 d(nF) 1.51)-0.5 (26)

Lastly, the mean surface shear rate (Yw mean) iS calculated over a period of oscillation over
the membrane annular area measured from the inner radius (R1) and outer radius (R2).
This relationship is observed to be a function of the maximum shear rate, as shown in
Equation 27.

2'°(R3 - RY)
Yw mean — 37‘[R2 (R% _ R%) Y max

(27)

In the case of the VSEP system, studied herein, the annular flow area corresponds to an

inner radius of 4.7 cm and outer radius of 13.5 cm.

2.5 Life Cycle Assessment

The discussions, so far, stipulate how the inefficiencies in food and beverage
manufacturing are commonly attributed to their water and energy use. Today, the
efficient use of the limited water and energy resources, as well as the minimization of

wastes are among the vital issues central to the food-water-energy nexus for sustainable
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industrial production. The soluble coffee production is among the food and beverage
industries that could benefit from process intensification through the efficient use of
water resources and by strategically integrating alternative water recovery routes. In
particular, the use of membrane-based water recovery alternatives not only positively
impacts the industry through wastewater reclamation [51], but may also further the
potential benefits from water recovery upstream as a coffee extract preconcentration
alternative to thermal evaporation. Such approach, investigated in this study, will not
only promote efficiency in the use of water resources, but may also reduce the high
energy consumption from thermal dewatering operations as well as the minimization of
wastewater generation through water reuse. However, beyond the performance of
membrane processes, aspects such as energy demand, operational limitations, design
capital and operating costs, etc. may have implications that may limit the extent of
process intensification. From this perspective, it is vital to balance both environmental
and economic aspects from a life cycle analytical standpoint.

The International Organization for Standardization [133] defines life cycle
assessment (LCA) as an environmental management tool that deals with the systematic
review or evaluation of the impacts of a product’s complete life cycle, i.e., from
extraction of raw materials to final disposal of the product. LCA measures the transfer of
these impacts from one medium to another and/or from one life cycle to another [134].
The first account of life cycle analysis was in the 1960s when Coca Cola Company
conducted a study on alternative materials for their glass bottle containers, and by the
1990s, this technique has already become a global movement. As an emerging

methodology, LCA provides an understanding of the environmental and economic

75

www.manaraa.com



impacts of a product or service relative to its life cycle, thus may be used as a strategic
tool in process intensification, technological advancement, and for policy or decision

making [135].

2.5.1 Product Life Cycle

LCA is also known as “cradle-to-grave” assessment. This systematic technique
employs an extensive inventory-and-assessment evaluation of the product’s life cycle
stages that include (a) resource extraction, (b) material processing, (c) manufacturing, (d)

assembly, (e) product use, and (f) end-of-life, as shown in Figure 15.

Figure 15
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At every stage, all forms of material, energy, and labor used (inputs) and
produced (outputs) are thoroughly determined. Waste streams are also accounted
including reduction schemes such as recycling, reuse, recovery, and treatment. The entire
life cycle is important since each stage differ in environmental impact in terms of types
and relative significance. For example, it may be important to consider the higher impact
of the accumulation of solid wastes produced from the disposal of packaging materials
compared to the wastes from product manufacturing. In terms of resource utilization,
environmental impacts may be reduced by considering reuse and recycle practices rather
than extraction and disposal, e.g., processing of metals or plastics as raw materials, use of
freshwater for industrial operations, wastewater discharge, etc. The impacts from the
transportation of materials may also be more significant compared to those from other
life cycle stages. Conducting a thorough inventory analysis on these life cycle stages can

facilitate strategic planning to balance environmental protection.

2.5.2 Steps in Life Cycle Assessment

The International Organization for Standardization provides a general procedure
in conducting life cycle assessment. A thorough discussion of this procedure is presented
in 1ISO 14040 and 14044 [133]. In summary, LCA involves the following four distinct
phases: (a) goal and scope definition, (b) inventory analysis, (c) impact assessment, and

(d) interpretation, as presented in Figure 16.
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Figure 16

Life Cycle Assessment Framework
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In the first phase, the goal and scope of the LCA study is defined in terms of the
intended application, the reasons for conducting the study, and its preferred audience.
Scoping involves the determination of the life cycle functions and boundaries of a
production system, allocation procedures, methods for impact assessment, types of data
to be gathered, and the critical review of relevant working assumptions and limitations
for the LCA study. These details set the guidelines on the exact approach employed in
the LCA study, e.g., objectives, reference quantities, unit processes involved, flow
diagrams, and impact categories, and expected outputs. As a prerequisite, the definition
of goal and scope of the LCA study should be sufficient to ensure the credibility of the
study.

Once the goal and scope has been defined, a life cycle inventory (LCI) analysis

shall be conducted through data collection and calculation. The objective of this LCA
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phase is to quantify the relative impacts of the inputs and outputs within the life cycle
boundaries of production system or LCA study. These LCI impacts may include a
summary of the emissions or energy use associated with a material, product, or life cycle
stage. Process flow charts are used to facilitate an LCI analysis. From this, material and
energy balance calculation can be done with the aid of quantitative data, and valid
assumptions and allocations. Mathematical models can also be employed to facilitate the
iteration of material and energy flow in the different life cycle stages of the product.
More importantly, apart from resource utilization and energy requirement, waste by-
product generation and energy inefficiency can also be accounted from life cycle
inventory analysis.

Using the results of inventory analysis, the potential environmental impacts from
life cycle stages are then assessed. Impact assessment is the evaluation of the direct and
indirect, secondary, cumulative, short, medium and long-term, permanent and temporary,
positive and negative effects of a life cycle stage [134], [135]. Impact classification,
characterization, and ranking are among the elements considered in impact assessment.
Overall, the findings from LCI analysis and impact assessment are interpreted to reach
conclusions and recommendations to improve the environmental aspects of a production
system. More importantly, the results from a thorough LCA study can be used to
facilitate product development, strategic planning, public policy, marketing strategies,
and other decision-making processes in industries, government, and non-governmental
organizations.

An example of LCA study can be conducted to determine the potential of an

alternative process to lessen the costs and greenhouse gas emissions associated to a given
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product [135]. Consider, an overview of the phases of LCA study for paper production.
In the first phase, one goal that may be defined is identifying which life cycle stage emits
significant amounts for greenhouse gases. A possible scope for this may be defined by
the type of pulping process, identifying the pulp and paper mill, and the analytical
methods that shall be employed. The method of conducting comparative studies should
also be specified. In the second phase, mathematical models to relate the amount and
composition of gaseous emissions as a function of the amount of various raw materials
used may be developed to facilitate inventory analysis. Correspondingly, in the third and
fourth phases of the study, the level of significance of greenhouse gas pollution from
each life cycle stage can be used to recommend possible actions to significantly address

the problem on greenhouse gas emissions.

2.5.3 Life Cycle Assessment Tools

Despite the systematic approach, it must be emphasized that not all LCA studies
may be considered as the most appropriate environmental management technique, thus
may not be used in all situations. This is due to several limiting assumptions defined in
the conduct of the study, especially for newly developed products or services, e.g., the
use of genetically modified organisms in crop and livestock production. Some of the
limiting assumptions are affected by the nature of defining the scope, models used for
inventory analysis or in impact assessment, cultural differences in relevant global,
regional, and local issues, and lack of spatial and temporal dimensions considered in the
LCA study [133]. Moreover, LCA may not necessarily address the economic and social
aspects of a product. This is the reason why other environmental management

techniques, e.g., risk assessment, environmental performance evaluation, environmental
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auditing, and environmental impact assessment, may also be conducted and integrated in
order to develop a more comprehensive decision process for a particular product or
service.

Overall, while the LCA practice has evolved and extensively applied for process
intensification, and policy making, it still requires a high degree of specialization among
researchers conducting LCA studies. The degree of expertise and knowledgeability of
LCA practitioners in addressing each stage in the life cycle framework are critical in
ensure the usefulness of the results obtained from the assessment. In spite of this
prerequisite, LCA has progressed to accessible for various applications and to a much
wider user base through database management, transparency, and data sharing [134].
Today, LCA tools are increasingly becoming more useful in the field. LCA software
applications such SimaPro by PRé Sustainability and GaBi by Sphera Solutions GmbH
(then PE-international) are among the widely used databased LCA tools in evaluating
product systems [136]. Both software applications have an interface for modeling the
product system, life cycle unit process database, impact assessment database and various
LCA methodologies, and an integrated calculator to estimate life cycle impacts based

from the modeled product system [136].
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Chapter 3

Materials and Methods

3.1 Coffee Extract Filtration Experiments

3.1.1 Preparation of Simulated Coffee Extracts

The fundamental process for soluble coffee manufacturing commonly involves
the removal of water via evaporation and spray- or freeze-drying after the extraction of
water-soluble components from the coffee grounds. Thus, for this study, commercial
spray-dried coffee products (Nescafé® Taster’s Choice®, House Blend) constituted the
simulated coffee extracts. Using this procedure allowed greater consistency in the feed
solutions for the various runs, and minimized the time for solution preparation. Different
feed sample concentrations were prepared by increasing the coffee extract strength from a
product recommended “standard” coffee cup concentration of 8.48 g L. For this
dissertation, feed coffee extract concentrations were varied based on “low-strength”
concentrations (< 5% wt/wt), as opposed to commercially produced coffee extract
concentrations between 10% to 15% wt/wt. This limitation was based on previous coffee
extract concentration studies using conventional CF NF that also used diluted
concentrations of reconstituted coffee extracts [32], [33]. However, unlike the previous
coffee extract NF studies in the literature, no pretreatment of suspended and colloidal
solids was performed in the reconstituted coffee extracts used in this study. All feed
samples were prepared by dissolving the soluble coffee powder in water at approximately
60 °C and were cooled and stored at 4 °C. Fresh coffee extract samples were also

prepared weekly to prevent the effect of biodegradation, while daily monitoring of feed
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characteristics (Coi) was performed. On the other hand, while the characteristics of the
coffee extracts may be made based on the analysis of the specific composition, e.g.,
caffeine, this study focused on how these components affect the membrane performance.
These components were referred to as bulk characteristics that pertain to the suspended,
colloidal, and dissolved organic components. Thus, in place of a compositional analysis,
bulk characterization for the coffee extracts, as well as permeate samples, in this study

constituted turbidity, conductivity, absorbance, pH, and chemical oxygen demand (COD).

3.1.2 Experimental Set-Up and General Procedure

A Series L-101 VSEP filtration system (New Logic Research, Inc., Minden, NV)
was used in the study, as schematically shown in Figure 17. The system has already been
used in previous vibratory membrane filtration studies at Rowan University on water
recovery from bagel production [137], raw cane sugar processing, microalgae dewatering
[138], and soluble coffee wastewater reclamation [51], [52]. As shown, the system
consists of a feed tank, membrane filter housing, a vibratory motor with drive system,
and a control panel for flow, vibration, and temperature. Pressure and flow valves
control the applied TMP and retentate flowrate of the system. The membrane module
makes use of a filter pack, with a circular flat membrane sheet having an area of 0.045
m?. By default, the system conforms a crossflow configuration where the feed flows
tangentially on the membrane surface. For the dynamic operation, a vibratory motor
induces torsional oscillations on the membrane pack at certain vibrational frequency with

corresponding displacement at the periphery of the module.
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Figure 17

Schematic Flow Diagram of Series L-101 VSEP Membrane Filtration System
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The non-vibratory crossflow filtration mode is when the system runs at 0 Hz. On

the other hand, the vibratory configurations can be set up using vibrational frequencies

with corresponding quarter-inch displacements relative to the periphery of the membrane

module periphery. The maximum applicable vibratory displacement of 1.25 inches (3.18

cm) can be set at a vibratory frequency of 54.7 Hz, while the minimum applicable

displacement was 0.25 inch (0.64 cm) at a frequency of 53.3. These conditions were the

operational limitations for the module vibrations studied in the experiments, and the

prolonged filtration operations beyond these settings may damage the vibratory

membrane system. Also, the quarter-inch vibrational displacements were calibrated with
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vibrational frequencies using stroboscopic markers or visual stickers placed on the outer
rim of the membrane housing. As shown in Figure 18, the markers placed at the
periphery of the membrane housing create a visual effect when vibrating. The visual
effect (shown as the grey part of the images) presents the back-and-forth motion of the
membrane module as it vibrates at a certain frequency setting. This visual effect (or blur)
indicates a measurable displacement that varies as the frequency is increased. The
corresponding frequencies calibrated at quarter-inch displacements are shown in the

figure below.

Figure 18

Stroboscopic Displacement Markers at the Membrane Module Periphery and
Corresponding Vibrational Frequencies

0Ocm 0.64 cm 1.28 cm
0 Hz 53.3 Hz 54.1 Hz
1.92 cm 2.54 cm 3.18 cm
54.3 Hz 54.6 Hz 54.7 Hz

ale

The membrane filtration experiments were conducted under full recycle mode,
where the retentate (concentrate) and permeate (filtrate) streams are recirculated back to
the feed tank. These experiments were conducted under different TMPs, vibration
settings, feed temperature, and retentate flow rate for a working volume of 35 L. A new

NF membrane was used for each operating pressure, and feed concentration employed.
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The NF membrane was reused for each set of vibration settings. While no membrane
cleaning was performed in between vibration settings, experiments were employed
starting from the highest vibration setting (54.7 Hz, 3.18 cm) down to non-vibratory
operation (0 Hz, 0 cm). In this manner, any possible concentration polarization occurring
under high-vibration operations will have minimal effect on the performance of low- and
non-vibratory operations. Experiments were conducted for a total filtration time of 1
hour (60 mins) to approach steady-state fluxes. Accordingly, thin film composite
membranes used in this study typically approach stable fluxes within this time period,
and even shorter time periods for vibratory filtration, as presented in the result.
Throughout the filtration time, permeate samples were collected at 5-minute intervals to
monitor permeate fluxes and characteristics. Steady-state parameters, on the other hand,
were sampled at the end of the filtration time and analyzed in duplicate using standard

methods of analysis enumerated in Section 3.1.4.

3.1.3 Calculated Experimental Parameters

3.1.3.1 Permeate Flux. Permeate samples were intermittently obtained and the
measured volume (V) at timed intervals (t) were used to determine the permeate flux for

the corresponding membrane area (A) of the membrane system, using Equation 28.

1dV,
- __FP 28
Y A dt (28)

3.1.3.2 Permeate Flux Adjustment. During filtration runs, the feed pump and
eccentric motor impart mechanical friction that heat up feed and retentate streams. A

cooling coil in the tank was used to regulate feed tank temperature at about 25 + 1 °C. At
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this temperature range, the permeate fluxes varied slightly that needed to be normalized.
The viscosity correction factor (Equation 29) was also used to normalize the permeate
fluxes (J7) to a standard temperature of 25°C (J2sec) using the ratio between water fluxes

at different temperatures (Jwater 1) With that at 25°C (Jwater 25°c).

Ju N
Josec = It (M> (29)

J water

3.1.3.3 Flux Decline. Experiments were conducted for a total filtration time of
60 minutes, and permeate samples were collected at 5-minute intervals to monitor
permeate fluxes and characteristics. The decline in flux throughout the filtration time
was measured based on time profile. The experimental fluxes were fitted according to

the power law model, shown in Equation 30.
J, =T, tP (30)

Using the power law model, the corresponding initial fluxes (Jo) and flux decay rates (b)
at specific operating conditions were then determined. These empirical parameters
served as the basis for calculating the degree of flux decline after 60 minutes of filtration

using Equation 31.

. Jo - JV
Flux decline = 7 % 100 (31)

0

3.1.3.4 Observed Rejection Efficiency. Permeate samples were also
characterized in terms of bulk solute characteristics (Cp,i) for turbidity, conductivity,

absorbance, and chemical oxygen demand (COD). These measurements were compared
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with feed coffee extract characteristics to determine the observed rejection efficiencies

(%ro i), calculated using Equation 32.

Co — C

p.
%roi = :

x 100 (32)
oj
3.1.3.5 Surface Shear Rates. In Section 2.4.4, Akoum et al. [2] mathematically
derived the maximum surface shear rates (yw,max) generated on the membrane surface. To
calculate this parameter, the vibrational displacement (d) and frequency (F) of the
membrane module, and the kinematic viscosity of the fluid (v) are needed, as was shown

earlier in Equations 26 (Section 2.3.5).

=2124(aF)3/2y1/2 (26)

YW max

3.1.4 Determination of Coffee Extract and Permeate Characteristics

3.1.4.1 Analytical Methods. Coffee extracts are complex mixtures of mostly
organic compounds that contribute to its aroma, taste, flavor, and color. Soluble,
suspended, and colloidal components of varying particle sizes and charges may limit
permeate fluxes and rejection efficiencies in membrane filtration operations. Due to the
complex variety of compounds constituting coffee extracts, this dissertation only focused
on bulk characterization of the feed and permeate samples, rather than monitoring the
specific constituents present in the samples. These representative characteristics include
absorbance, turbidity, conductivity, and organic concentration in terms of COD that were
adapted from the membrane-based soluble wastewater reclamation studies performed by

Wisniewski, et al. [50]-[52]. While these bulk characteristics are commonly employed
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for wastewater analyses, these metrics are considered in on-site water reuse standards
observed by different industries [139]. Apart from the interest in assessing the
effectiveness of membrane separation, this study shares a similar objective to assess the
reusability of the permeate in various soluble coffee factory operations. From this
standpoint, the investigation of a reusable permeate qualifies these bulk characteristics as
proxy analyses of the variety of constituents of the feed coffee extracts and of the
permeate recovered from membrane filtration experiments. Standard methods of analysis
[140] were used to characterize the feed, as well as the permeate samples. These methods
are generally comprised of modern analytical techniques that employ spectroscopic and
electrochemical instruments for real-time measurements, rather than wet laboratory

analyses that commonly require several preparation and analytical steps.

3.1.4.2 Color. The color of the feed coffee extracts at different concentrations,
as well that of the permeate obtained from membrane filtration experiments, indicates the
strength of colored constituents that may be present as dissolved, suspended, or colloidal
solids. Coffee extracts are characterized to have a dark brown color that are commonly
attributed to colored organics, such as melanoidins, produced from Maillard browning
and caramelization during the roasting and thermal extraction steps [24]. The intensity of
these colored compounds was determined spectrophotometrically by measuring the
absorbances or the amount of light absorbed by the feed coffee extracts and permeate
samples at maximum wavelength of 640 nm. This wavelength has been found to be
suitable for orange-red colored compounds, generally characteristic of the dark brown
color of coffee extract constituents. Solution absorbances at 640 nm wavelength were

measured using Hach ® DR 1900 Spectrophotometer (Hach Company, Loveland, CO).

89

www.manaraa.com



3.1.4.3 Total Organic Matter. The highly organic nature of the coffee extracts
is also an important consideration not only when assessing membrane separation
performance, but also in assessing the reusability of the permeate recovered. These
organic components include proteins, polysaccharides, lipids, and organic acids that may
be present in varying particle sizes, concentrations, and charges. In place of
compositional analyses of the different organic constituents, this study employed bulk
organic matter characterization method using chemical oxygen demand (COD)
determination. COD is an indirect measurement of the amount of oxygen needed to
oxidize organic matter using strong oxidizing agents such as potassium dichromate or
potassium permanganate [135]. This parameter collectively characterizes all
biodegradable and non-biodegradable organic components that may be present in process
streams. For this study, the total organic matter concentration was measured via Hach
COD analytical method 5220 D. For COD analyses, potassium dichromate solutions in
standard commercially prepared vials (Hach COD reagent vials) were used as reagent.
Feed coffee extracts and permeate samples were diluted, as necessary, according to the
allowable COD concentration range of the reagent vials. High-range (HR) COD vials
allow COD concentrations of up to 1500 mg L from 2-mL samples, while High-range
plus (HR+) COD vials allow COD concentrations of up to 15,000 mg L™ from 0.2-mL
samples. The samples were placed in the reagent vials and were allowed to be thermally
digested or decomposed for two hours using a Hach ® DRB 200 COD Digester (Hach
Company, Loveland, CO). After digestion, the vials were cooled at room temperature.
During this digestion step, chemical oxidation of the organic matter from the samples

takes place and the use of dissolved oxygen for these reactions have a proportional effect
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on the color intensity of the dichromate in the reagent vials. This change in color is
measured as COD concentrations, spectrophotometrically using Hach ® DR 1900
Spectrophotometer (Hach Company, Loveland, CO). After the analysis, dilution factors

were employed in determining actual COD concentrations, as necessary.

3.1.4.4 Solids. Coffee extract components can also be present as dissolved, and
suspended or colloidal solids. The total dissolved solids constitute the dissociated coffee
extract components like chlorogenic acids, caffeine, esters, organic acids, but may also
include mineral ions or inorganic salts upon dissolution in water. These components in
solution exhibit electrical charges that increase with higher coffee extract concentrations.
In this study, the dissolved solids concentration in the feed and permeate samples were
expressed as electrical conductivity using an Oakton CON 510 Series conductivity/TDS
meter (Cole Parmer, Vernon Hills, IL). The conductivity meter works by emitting an
electric charge or current through the electrodes contained in a probe. The probe is
placed in the solution and the electrical charges and resistances of the constituents causes
a voltage drop that can be read by the meter as electrical conductivity (in pS cm™). This
value is representative of the total dissolved solids.

On the other hand, the suspended solids are highly dispersed constituents in the
coffee extract, and may comprise of an array of organic macromolecules or colloidal
particles (clusters of macromolecules) that are invisible to the naked eye due to their
small particle size (> 1um). Some of these components also carry surface charges that
allow them to be highly dispersed in solutions. These surface charges arise from the ions
adsorbed on the surfaces of the suspended matter that may also exhibit an electrical

conductivity. Due to their relatively small size, conventional suspended solids
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gravimetric measurements using 2-um filters make it difficult to distinguish colloidal
suspensions from dissolved constituents. Alternatively, suspended and colloidal solids
exhibit light scattering properties that can be measured in terms of turbidity. Thus, for
this study, the amount of suspended and colloidal solids present in the coffee extracts
were measured as turbidity (in NTU) using a Hach TL 2300 Turbidimeter (Hach
Company, Loveland, CO). The nephelometric method employed in turbidity analysis
compares how light is scattered by a solution sample in comparison to that of a reference
or standard solution. Samples were placed in turbidity vials that are then placed in the
instrument. The instrument has a light source and a detector placed perpendicularly from
it measures the amount of light scattered by the solids in the sample. The amount of light
detected from light scattering defines the concentration of suspended and colloidal solids

in the solution.

3.1.4.5 Calculation of Fluid Properties. For fluid properties such as density
and absolute viscosity, the correlations developed by Telis-Romero, et al. [141], [142]
were used. The density of the coffee extract is related by the density of water at a given

temperature (pw) and mass fraction of water in the solution (Xw), shown in Equation 33.

p=p,(1.47-0.47X,,) (33)

On the other hand, the absolute viscosities of the coffee extracts were extrapolated from
the viscosity data for coffee extracts at different concentrations and temperature, as

shown in Table 12.
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Table 12

Viscosities of Coffee Extracts at Different Concentrations and Temperature

Dynamic Viscosities at T(K)
Xw (107 Pa-s)
295 307 323 337 351 365
0.76 2.810 2.160 1.610 1.300 1.210 0.910
0.82 1.810 1.390 1.040 0.830 0.690 0.580
0.86 1.350 1.040 0.770 0.610 0.510 0.440
0.90 1.000 0.770  0.580 0.460 0.380 0.320
Note: Adapted from Telis-Romero, et al. [141]

3.1.5 Statistical Analysis

Experimental design, statistical analyses, and numerical optimization for this
study were performed with the aid of Design Expert v12 ® (Statease, MN, USA). Model
regression was performed based on various tests on model significance and statistical
soundness, e.g., analyses of variance (o = 0.05), lack-of-fit tests, coefficients of

determination (R-squared), and other statistical diagnostic tools. [143]

3.2 Modified Scale-Up Study

Laboratory-scale membrane filtration experiments were conducted to derive
scale-up parameters that may be used to project the operation of a commercial system to
supplement thermal evaporation in preconcentrating coffee extracts and recovering 3.79 X
10° L reusable permeate per day. Typical scale-up studies involve unsteady-state
filtration experiments in concentrating mode by collecting the permeate in a separate
tank, while recirculating the retentate back to the feed tank [51]. Conventionally, these
experiments required the monitoring of instantaneous permeate fluxes, permeate

concentrations, and rejection, while continuously collecting the permeate to achieve a
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desired final concentration or water recovery. The pooled permeate parameters, on the
other hand, are expressed in terms of average permeate flux and characteristics, that are
plotted with water recovery (%R) to determine scale-up parameters.

However, the conventional concentration study requires continuous filtration runs
that take several hours, or days, especially for heavily concentrated coffee extracts.
Alternatively, a modified scale-up study was employed by relating different feed coffee

extract concentrations (Co) with R from a mass balance standpoint, using Equation 34.

Co,ﬁnal _ 100
Coinitial 100 — %R (34)

Co initial < Co final

In the modified approach conducted in this study, membrane filtration was
performed in recycle mode by recirculating the retentate and permeate streams to the feed
tank. Steady state permeate parameters were determined in duplicate for different feed
coffee extract concentrations. The experimental permeate parameters were then
correlated using the film layer model, similar to those performed for the concentration of
milk proteins via vibratory UF [5]. A detailed procedure of the mathematical modeling
study used for scale-up is presented in Section 8.2.3. From the correlation, modeled
permeate parameters (J, Cp, and %ir, i) were calculated for different R or coffee extract
concentrations. The modeled parameters were referred to as “instantaneous” parameters,
i.e., permeate conditions at the time the permeate exits the filtrate side of the membrane.
On the other hand, the pooled permeate characteristics were calculated as “average”
permeate parameters at corresponding levels of %R (5%, 10%, ..., 95%). The average

permeate fluxes (Javg) Were based on cumulative average of instantaneous fluxes at
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different levels of %R. On the other hand, the average permeate characteristics at
different levels of %R (Cpavgr) Were calculated from the volume-weighted mean based
on the cumulative volume of water recovered at certain %R (Vr,i). In place of measured
cumulative volumes, the cumulative volumes from the modified concentration study were
estimated at given values of R and the “scaled-up” volume of coffee extract processed

(Veoftee) Using Equation 35.

VR = Vcoffee%R (35)

(%R = 5%, 10%, ..., 95%)

From this, Cpavgr Were then calculated from solute mass balance relative to the
cumulative volume of the pooled permeate, as shown in Equation 36. At 0% recovery,

the average permeate concentration and cumulative volume are zero.

(Cpavg R—S) (Vr=)H(Cypr) (VR = Vios)
Vr

(36)

pavg R

The instantaneous and average permeate parameters were then plotted against Co
and R, and average permeate flux, concentrations, and rejection efficiencies were
interpolated for a desired permeate flow rate of 378,500 L d* and a final coffee extract
concentration of 35% (wt/wt). The projected average permeate concentrations and
corresponding rejection efficiencies reflect the reusability of the permeate; while the

average permeate flux was used to derive the design flux scale-up parameter.
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3.3 Techno-Economic and Environmental Assessment

3.3.1 Scale-Up Design Calculations

3.3.1.1 i84 VSEP Filtration System. The average permeate flux at the desired
final coffee extract concentration (35% wt/wt) was multiplied by a design uncertainty (U)

of 0.5 to determine the design flux scale-up parameter (Jdesign), Shown in Equation 37.

Jdesign:JangT (37)

From here, scale-up design of the vibratory membrane system was based on
commercially available VSEP i84 Filtration System from New Logic Research, Inc.
[144], shown Figure 19. The filtration system is the largest among the VSEP i-series
commercial membrane modules [144]. This filtration system was chosen for its
suitability to process large flow rates up to 408,000 L d! and high-strength process
streams [51], [144] such as the simulated coffee extract studied herein. This version of
the commercial VSEP system is a commonly employed industrial system, and design
information for it is readily available. Multiple module filtration systems may also be
employed for larger flow capacities. However, as a licensed commercial system, no
design modifications were considered for this study. As shown in the Figure, each
module consists of several membranes stacked vertically, about 360 to 500 membranes
with area of about 2.78ft? per membrane depending on the module option. Each i84
filtration module has a dimension of 1.2 m (width) x 1.2 m (length) x 4.9 m (height). The
vertical stack design can be rated for indoor or non-extreme outdoor conditions due to the

smaller plant footprint of the system than conventional systems. More importantly, the
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smaller footprint strategically allows the process to be integrated into systems commonly
limited by floor space. A standard system is accompanied with a controls skid for
maintaining operating pressures and temperatures, conductivity and pH measurement,
vibration control [144]. A chemical metering station is also available for membrane
cleaning operations. Lastly, the cost per module of the i84 filtration system is $300,000

[51], [61], and this was used as basis for calculating the capital cost.

Figure 19

Schematic Representation of Single Module i84 VSEP Filtration System

MEMBRANE
MODULE

CONTROL

SKID

CHEMICAL
METERING ——
STATION

ECCENTRIC
MOTOR

Note: Adapted from New Logic Research, Inc. [144]
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The membrane system is available in membrane area options from 92.9 m? to
139.4 m? (1,000 ft? to 1,500 ft?) per module. From the design flux, an optimum
membrane area per module (A) corresponding to the minimum number of modules (N),
hence capital cost, was selected from the commercially available membrane area options
[144]. Equation 38 was used to calculate N based on the permeate flow rate, A, and
Jdesign [145], with adjustments based on an overall system factor (OSF) of 1.5 accounting

design uncertainty [146] and cleaning cycle time.

N B Permeate Rate (OSF) (38)
dule —
moaue (J design) (Amodule)

3.3.1.2 Operating Cost Calculation. The operating costs included the power
requirement from the pump and vibratory motor of the filtration system, the cost of
cleaning chemicals, and membrane replacement expense. The power requirement of the
pump was calculated based on the feed flow rate (Qr) and operating pressure (P) at a
pump efficiency (1) of 0.85, while that of the vibratory motor was based on the number
of modules of the system. Accordingly, each membrane module vibratory motor has a
power requirement of 10 hp [144]. The power requirement of the system is determined
based on Equation 39. On the other hand, the corresponding energy requirement (E) was

calculated based on a daily operating time of 22 hours per day, as shown in Equation 40.

QP
Powersystem: T +(Nm0dulepowervibration) (39)
E = Poweryem (Operating time) (40)
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The cleaning cost was based on the amount of cleaning chemicals consumed. This
operating cost parameter is a function of the volume of cleaner per module (V¢), number
of cleanings (n¢), time between cleanings (tc), concentration of the cleaner (%c), and the
number of modules, as shown in Equation 41. For this system, V¢ is set to 70 gal, tcis

40,320 minutes and %c for all studies is set to 2%, or 0.02.

Vc N

Cleaner consumption = %c ( ) (Nmodule) (41)

C

Lastly, the estimated membrane lifetime for the proposed vibratory NF system is 5 years
that is well within the expected lifetime of polymeric membranes (3 to 5 years) used in
CF filtration systems [147]. All bases for operating costs were adapted from parallel

scale-up studies on vibratory nanofiltration [51].

3.3.2 Economic Assessment

The alternative soluble coffee process integrated with the proposed vibratory NF
system was assessed and compared with the base case through a 10-year profitability
study for the manufacturing plant. For this study, the estimated overall operating costs,
capital cost of the proposed NF system, and projected operating cost savings were
factored in a standard 10-yr cash flow. The 7-year modified accelerated cost recovery
system (MACRS) depreciation method was employed along with tax and interest rates of
21% and 15%, respectively. From the cash flow, economic metrics [148] for the internal
rate of return (IRR), return on investment (ROI), payback time after-tax, net present value

(NPV) after 10 years were then determined.
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The capital or investment cost (Costcapital) for the economic assessment was based
on the number of modules of the 184 Vibratory Filtration System and was reflected as a
negative value for Year 0 in the cash flow. Depreciation cost is annually charged (Dn)
from Years 1 to 10 according to the MACRS depreciation method, shown in Equation 42,
where DF, is the depreciation factor for year n.

_ COStcapitalDFn

42
D, 00 (42)

Thus, at Year n, the depreciated cost or book value of the recovery system corresponds to
its net value after subtracting from the capital cost the accumulated depreciation costs
from Year 1 to n (Equation 43).
n=t
book value = investment — Z D, (43)
n=1
Income was also factored in the cash flow for Years 1 to 10 based on the difference

between the pretax cash flow and Dn, shown in Equation 44.
Income,, = pretax cash flow—D, (44)

The pretax cash flow was based on the annual operating cost savings relative to the
operating cost of the base case and alternative case. For this study, the operating cost
(OC) comprise of those associated with the mass flows (m;) for feedwater usage,
wastewater treatment and discharge, energy consumption (Ei), and the membrane
recovery system (Ri). These quantities were calculated based on mass and energy

balance calculations within the life cycle boundaries, discussed in Chapter 4. In general,
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the operating costs of the base (Ri = 0) and alternative cases were calculated relative to

the unit costs of the process components, as shown in Equation 45.
T w €
ocC - Z (OC;R) + Z (OC;m)+ z (OC,E) (45)

On the other hand, the operating cost savings or pretax cash flow was calculated using

Equation 46.
Savings = OCgc — OCyc (46)

Income tax was also charged for each year at a tax rate of 0.21 and was calculated using
Equation 47.

Income tax = (tax rate) (Income,,_;) 47

Considering all the associated operating costs, savings, and taxes, the cash flow for each

year was calculated using Equation 48.
cash flow = pretax cash flow — tax (48)

The cash flows from Years 1 to 10 served as the basis for calculating the different
economic metrics. An average cash flow was calculated throughout the 10-year
economic assessment period. This average value served as the basis for estimating the
ROI and payback period after-tax of the alternative case. These metrics are calculated

using Equation 49 and Equation 50, respectively.

investment

payback time after tax = (49)

average cash flow
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average cash flow
ROI = Y28 (50)
nvestment

Lastly, the NPV after 10 years and the IRR from the alternative case are calculated using

Equation 51 and Equation 52, respectively.

n=t

NPV= » (cash flow)(1 +1)™" (51)
n=10
0= > (cash flow)(1+i)™" (52)

3.3.3 Environmental Assessment

Unlike LCA studies that evaluate the impacts of extensive changes in processes,
e.g., use of alternative raw materials, chemical agents, fuel sources, new reactive process,
etc., process intensification in this study was only based on integrating water recovery
routes in the soluble coffee process. Thus, other than the membrane-based water
recovery system, all processes considered in the scope of the assessment study were
based on current practices. Consequently, rather than conducting a full-scale LCA study,
only the environmental impacts encompassing the water recovery aspect of the base and
alternative cases were compared. Despite the partial LCA study, all necessary steps for
assessment discussed in Section 2.5.2 were considered in this study.

Similar to operating cost calculations, life cycle emissions (LCES) were estimated
relative to mass and energy flow of the process components defined in the life cycle
boundaries, and their corresponding LCIs. The LClIs, accounting for the corresponding

emissions per unit of each process component, were estimated using SimaPro® v9
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software (Pré Sustainability, Amersfoort, The Netherlands). As will be discussed in
Section 4.2.1, the LClIs defined within the case studies include those of freshwater used in
soluble coffee processing, treatment and disposal of wastewater, steam consumed for
evaporation, and electricity used for pumps, blowers, and motors were determined [51].
LClIs based on raw environmental emissions data obtained from the LCA software were
narrowed down to adequate information. This information was listed in terms air (COs,
CO, CHa, NOy, non-methane volatile organic compounds, particulates, and SO2), water
(volatile organic compounds and other water pollutants), and soil emissions [149]-[151].
Using this information, the LCEs for each scenario were then calculated relative to the

mass and energy flows of the process components based on Equation 53.

Once the LCEs for each scenario (base case (BC) and alternative case (AC)) have been
calculated, the amount of avoided emissions were then estimated by obtaining the

difference between the two cases, as shown in Equation 54.

LCEayoided = LCEpc — LCEAc (54)
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Chapter 4

Base Case Assessment of the Soluble Coffee Process

4.1 Introduction

The developments in the soluble coffee industry have, so far, focused on
configuring thermal dewatering operations by operating at lower boiling temperatures
(vacuum evaporation and drying), or in the absence of heat (freeze dehydration) [23],
[85]; integrating coffee aroma recovery routes [25]-[27]; and employing enrichment
methods to improve the quality of instant coffee [24], [81]. However, while product
quality is essential in soluble coffee production, the process continues to rely on energy-
intensive phase-change separations for water removal. These practices, in turn, increase
the water- and energy footprints of the process due to the large water and energy
consumption, as well as the generation of wastewater. Consequentially, the use of water
resources, energy input from steam generation, and wastewater treatment and discharge
add to the overall costs and environmental emissions that further challenges the
sustainability of the soluble coffee process.

To assess the benefits of process intensification, it is important to establish the
benefits and disadvantages of a proposed process from an economic and environmental
standpoint, relative to the current practices. In this Chapter, a base case scenario for the
soluble coffee process was evaluated in terms of economic and environmental impacts.
A life cycle economic and environmental assessment study was conducted based on the
mass and energy flows involved within the life cycle boundaries considered for this
study. Life cycle inventories, overall operating costs, and environmental emissions were

calculated based on representative production practices. This case study shall serve as a
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basis for comparison of the benefits and limitations of the proposed membrane-integrated

alternative soluble coffee process, discussed in Chapter 8.

4.2 Assessment Procedure

4.2.1 Scope of Base Case Study

This dissertation augments the assessment of potential water recovery routes
designed for the process intensification of the soluble coffee process. As mentioned
earlier, the research into sustainable production of soluble coffee products started with
wastewater reclamation options for the Nestlé USA beverages production facility in
Freehold, New Jersey [51], [52] conducted by Wisniewski, et al. In contrast to the
downstream water recovery alternative, this study evaluated a membrane-based water
recovery alternative that can be used upstream to partially replace thermal evaporation in
preconcentrating coffee extracts. Thus, parallel assumptions on process flows were used
in this case study to assert comparison of potential benefits and limitation of the proposed
alternative with water recovery alternatives studied in the past. Subsequently, the
processes involved were based on conventional approaches and no significant or multiple
process modifications were considered to warrant a full-scale life cycle assessment for
this study. Thus, this study only focused on assessing the process components affected by
the water recovery alternative to establish life cycle inventories, projected environmental
emissions, and operating costs. Particularly, representative flows were established for the

case studies based on Figure 20, which are based on the prior wastewater study values.
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Figure 20

Life Cycle Boundaries for Base Case and Alternative Case Operations Involved in
Soluble Coffee Processing.
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Note: Representative flows based on local soluble coffee plant operation

Process flows for freshwater use, wastewater generation, and energy consumption

of the process affected by the water recovery alternative were considered. As shown in

the Figure, the base case study was limited for a process having a freshwater feed of

about 1.78 million L per day, 454,200 L of which is allocated for ancillary plant

operations like for cooling tower operations per day. About 1.32 million L of water is

directed to percolation columns per day for coffee extraction. Essentially the water fed

for coffee extraction is completely evaporated to produce the dried soluble coffee

powdered product. Thus, 1.32 million L ends up as process wastewater daily that

undergoes on-site treatment. Similar to the soluble coffee wastewater reclamation study,
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the goal was to recover 378,500 L of water per day and reuse this water in ancillary plant
operations, such as the factory cooling tower. For this study, the water recovery route
was placed upstream to supplement thermal evaporation in preconcentrating coffee
extract prior to spray drying. For this purpose, the amount of energy needed to recover
378,500 L of condensate per day from thermal evaporators was quantified based on the
amount of steam needed for the operation. On the other hand, if qualified for reuse, the
recovered water from this step will then reduce the factory feedwater consumption,
wastewater discharge, and associated steam and energy consumption of the base case.
Mass and energy flow from process components such as feedwater, wastewater
generation and discharge, electricity consumption, and steam requirement were then
calculated. These served as the bases to establish the corresponding LCIs, operating
costs (OCs), and life cycle emissions (LCES) of the process components, and further, the
economic and environmental metrics for the proposed alternative process. The calculated
mass and energy flows of the process components, discussed herein, are summarized in

Table 13.

Table 13

Estimated Annual Process Flows Relative to the Base Case Study

Process Component Unit yr? Estimated Flow
Freshwater L 6.51E+08
kg 6.50E+08
Nonhazardous wastewater L 4.84E+08
kg 4.82E+08
Hazardous wastewater kg 5.18E+04
Electricity (pumps) MJ 1.32E+06
Electricity (blowers) MJ 8.00E+06
Steam MJ 4.87E+07
kg 2.84E+07
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4.2.2 Calculation of Base Case Operating Cost
Equation 55 was used to calculate the annual operating cost by accounting for the
annual feedwater (W) consumption, wastewater generation and discharge (WW),

electrical consumption (E), and steam consumption (S).
OCpc = (my c)OCy + (myw c) OCww + (E gc)OCg + (Spc)OCy (59)
On the other hand, the unit costs for water use, steam generation, wastewater discharge,

and electricity usage were based on the local site and are listed in Table 14.

Table 14

Unit Costs for Process Components within the Life Cycle Boundary

Process .

Component Unit  Cost ($) Remarks
Feedwater 1kg 0.00242 Local site cost allocation
Nonhazardous Regulated cost from Ocean County Utilities
Wastewater 1kg 0.001045 Authority, New Jersey
Hazardous 1k 0.88946% Wastewater characterized with BOD and TSS
Wastewater 9 0.84964° exceeding treatment facility thresholds
Electricity 1 MJ 0037 Estimated from energy mix of New Jersey

(available in www.eia.gov/electricity/state/NewJersey)

Steam 1 MJ 0.01463 Based on boiler operations using natural gas
Note: & Surcharge cost per kg BOD disposed

b Surcharge cost per kg TSS disposed

4.2.3 Calculation of Base Case Environmental Emissions
Equation 56 was used to calculate the life cycle emissions of the base case

operation using the LCIs and process flows determined from the process.
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LCEpc = (my gc)LCly + (myw pc) LCIyww + (Epc)LCIE + (S)LCIg (56)

On the other hand, the LClIs for water use, steam generation, wastewater discharge, and
electricity usage were determined with the aid of the LCA software tool and are presented

in Section 4.3.1.

4.3 Results and Discussion

4.3.1 Process Flows and Life Cycle Inventories

4.3.1.1 Feedwater. One of the important components of the soluble coffee
process lies in its freshwater consumption, as it serves as the driving element in the
extraction step. For the base case, an estimated freshwater feed of 1.78 x 108 L d* were
considered for the analysis. Annually, this usage corresponds to about 6.5 x 108 L yr? of
water. Notably, the water used in the manufacturing process undergoes treatment to meet
the public drinking water standards.

The feedwater sourced from on-site wells and municipal water supply for the
manufacturing process was assumed to have undergone pretreatment operations, such as
aeration, filtration, softening, and disinfection to meet the water quality requirement
[152]. Majority of the water used for the manufacturing process is drawn from on-site
wells, while 2% come from municipal water supply. In a parallel study, these treatment
steps were found to correspond to a unit cost of about $ 0.00242 per kg of feed water
[51]. The life cycle inventory (LCI) to produce 1 kg of drinking water from groundwater
sources was also determined as part of the LCE assessment. This information is

presented in Table 15.
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Table 15

Life Cycle Inventory for 1 kg of Drinking Water

. .. Estimated Emissions
Environmental Emission

(kg)

Air Emissions 5.60E-04
CO, 5.55E-04

CO 9.12E-08

CH4 6.09E-07

NOx -
NMVOC 1.90E-08
Particulate 1.72E-06

SO, 6.05E-07

Water Emissions 1.23E-05
VOCs 2.08E-12

Soil Emissions 6.87E-09
Total 5.72E-04

As shown, the majority of the environmental emissions from water treatment are
attributed to air emissions (~ 97.9%), primarily from CO. that constitutes about 97% of the
total emissions. Water emissions, on the other hand contribute about 2.15% of the total

emissions.

4.3.1.2 Wastewater. The water fed to the soluble coffee process ends up as
process waste stream that is pretreated to specified levels of COD, BOD, and suspended
solids prior to treatment in a municipal wastewater treatment facility. In doing so, the
effluent undergoes a series of on-site mechanical, biological, or chemical treatment
processes to meet industrial effluent standards. A typical food and beverage
manufacturing plant, such as the soluble coffee industry, depend largely on aeration to
degrade their highly organic waste streams. The pretreated effluent, otherwise designated

as nonhazardous wastewater (NHWW), is discharged from the processing plant at the
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same volumetric rate as the feed, at 1.32 x 10° L dX. This is equivalent to an annual
NHWW generation of about 4.84 x 108 gal yr*. For the treated process effluent
discharge, a regulated unit cost of about $ 0.001045 per kilogram of effluent is observed
with the Ocean County Utilities Authority, New Jersey. In addition, a maximum
regulated wastewater discharge having 300 mg L' BOD or 300 mg L™ TSS is observed
and treated effluents containing contaminants above these effluent limits are considered
as hazardous wastewater (HWW), paid for by the facility as surcharge costs (about $ 0.89
per kg BOD and $ 0.85 per kg TSS) [51]. The average annual concentrations of BOD
and TSS estimated from a local soluble coffee manufacturing facility were 352 mg L™
and 355 mg L, respectively [153]. Equation 57 estimates the mass flowrate of HWW

discharged by the processing facility annually at about 2.51 x 10° kg yr.

HWW = (BOD + TSS) X NHWWVOlumetric (57)

On the other hand, the LCIs for 1 kg of NHWW and 1 kg of HWW are
summarized in Table 16. In both cases, the majority of the environmental emissions from
water treatment are attributed to air emissions, about 98.9% for NHWW and 97.7% for
HWW. About 99% of the air emissions were also mostly attributed to CO2 emissions.
Air emissions per kilogram of wastewater were higher in NHWW than those of HWW
because of the processes involved in wastewater treatment. On the other hand, due to the
higher pollutant loading, HWW is observed to have higher water emissions per kilogram

of the wastewater, approximately about 2.4% of the total emissions.
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Table 16

Life Cycle Inventory for 1 kg of Nonhazardous and 1 kg Hazardous Wastewaters

Estimated Emissions

Environmental Emissions (kg)
NHWW HWW

Total Air Emissions 2.77E-02 8.10E-02
CO2 2.75E-02 8.05E-02
CO 2.27E-06 6.55E-06
CHa4 2.43E-05 7.05E-05
NOx 5.74E-05 0
NMVOC 7.64E-07 2.22E-06
Particulate 7.55E-07 2.15E-06
SO, 2.76E-05 7.93E-05
Total Water Emissions 3.59E-04 1.98E-03
VOCs 8.88E-11 2.58E-10
Total Soil Emissions 3.04E-07 8.84E-07
Total Emissions 2.80E-02 8.29E-02

4.3.1.3 Steam. An important factor considered in the base case assessment is the
steam consumed for preconcentrating the coffee extracts via evaporation. In estimating
this process component, a triple-effect forward feed vacuum evaporator, shown in Figure
21, was used in the calculations. The evaporator system is similar to the system
evaluated by Okada, et al. [23] for a spray-dried soluble coffee production facility. The
evaporator system operates at 50 °C and 7.3 kPa and the concentrations of the feed coffee
extract and the concentrate are 5% and 35% solids by weight, respectively. A basis of
378,500 L d* of condensate from the water vapor was also considered for the mass and
energy balance calculations, as discussed herein. This is equivalent to 373,972 kg d*! of
water considering the densities of liquid water and water vapor at 50 °C, which are
988.037 kg m and 0.083 kg m3, respectively. Thus, each effect evaporates equal

amounts of water vapor and produces a condensate of about 124,657 kg d* each.
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Figure 21

Triple-Effect Forward Feed Vacuum Evaporator System Base Case Conditions

Water Vapor
Water Vapor Water Vapor p {f } Condensate
124,657 kg/d

Coffee Extract —> —»
K T=50°C
T=50°C P =55 mmHg

P =760 mmHg
Xs=0.05
Steam (S)——+F—¥f ,-5 ; )\ L4 ,.z? \
T =250°C J U J U J
Condensate Condensate Condensate
124,657 kg/d 124,657 kg/d
v
Concentrated
Coffee Extract
(P)
T =50°C

Overall and component mass balance calculations based on the initial and final
concentrations of the coffee extract in the evaporator estimated a feed coffee extract at
the rate of 436,300 kg d; whereas the concentrated coffee extract after evaporation has a
mass flowrate of about 62,328 kg dX. These are equivalent to volumetric flowrates of
442,845 L d* and 55,640 L d, respectively. A reversible adiabatic pump was also
considered for the calculation of shaft work (Ws) needed to reduce the pressure of the
coffee extract from atmospheric pressure (1.01 x 10° Pa) to about 7,300 Pa. Using
Equation 58 an estimated energy requirement of 50,900 kJ d* was calculated for the

vacuum pump to deliver the required pressure of the feed coffee extract.

Wi(Ya)-

m .
p_ (Pout'Pin) :|V(P0ut'Pin)| (58)
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The mass flowrates of the feed coffee extract, concentrated product, and water
vapor were used to calculate the steam requirement for the evaporator system via an
energy balance. In doing so, the enthalpies of the feed (Hr) and product (Hp) streams, as
well as the enthalpy of evaporation (Av) which were used to calculate energy requirement

of the triple-effect evaporator system, (Q) using Equation 59.

Q = mV.aporx;/ + mProductHP - mF.eedHF (59)

The latent heat of evaporation at 50 °C and 55 mmHg was determined using steam table
at approximately 2,587.98 kJ kg [154]. The individual enthalpies of feed and product
were calculated based on empirical correlations for specific heat of coffee extract at given
water content and temperature [142], shown in Equation 60. Accordingly, the specific
heats of the feed coffee extract and concentrated product are 4,041.2 J kg °C* and

3,251.1 J kg °C?, respectively.
J _
Cp, ( Jxe o) = 1439.65 +2633.72Xy + 1.99T (60)

Thus, the overall energy equivalent to 8.90 x 108 kJ d* was needed for the evaporator
system. This is equivalent to 2,400 kJ of heat needed to evaporate one kilogram of water
from the coffee extract that was found to be in reasonable agreement with literature [74].

The multiple effect evaporator with vapor recompression lessens the steam
requirement of the operation since the steam economy (SE,) increases by a factor (n)
equivalent to the number of effects in the evaporator system. A single-effect evaporator
has typical steam economy (SEz1) values between 0.75 and 0.9, while vapor

recompression improves this by about 2 to 3 times [155]. The SE and steam requirement
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of the triple effect evaporator was calculated using Equation 61 with an assumed SE; and

vapor recompression factor (VF) of about 0.8 and 2, respectively.

mV
SE, = n(SE,)VF = —= (61)

steam

A steam requirement equivalent to 77,910 kg d* was determined from the calculations.
This high-pressure steam is supplied at 250 °C and 100 kPa. Thus, the energy relative to
the amount of steam supplied is approximately at 133,500 MJ d*! or at 4.87 x 10" MJ yr?,
The local soluble coffee processing facility produces steam from a boiler using
natural gas as fuel. The industrial cost of natural gas in New Jersey is $ 0.0251 per MWh
[156] Based on a typical boiler efficiency ranging between 80% and 90%, a boiler
efficiency of about 85% was considered for the estimation of the unit cost of steam [146].
Based on this efficiency, the heating rate was calculated to be 0.475 kWh kg™*. The cost
of high-pressure steam was then calculated to be $ 0.01463 kg™*. On the other hand, the
LCI for 1 MJ of high-pressure steam produced using natural gas is summarized in Table
17. The LCI for steam generation was among the highest environmental emissions per
unit of the process component, owing to the use of natural gas as fuel to run boilers.
Combustion of natural gas typically generates greenhouse gas byproducts such as CO>
and equivalents. About 99.3% of the total emissions comprise of air emissions,
approximately 99.9% of which are CO emissions, and about 0.16% are CH4 emissions.
Water emissions constitute to about 0.5% while soil emissions make up about 0.002% of

the total environmental emissions.
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Table 17

Life Cycle Inventory for 1 MJ of Steam

. . Estimated Emissions
Environmental Emissions

(kg)

Total Air Emissions 6.68E-02
CO2 6.68E-02

CO 2.40E-05

CH4 1.06E-04

NOx -
NMVOC 5.68E-07
Particulate 8.05E-07

SOz 2.31E-05

Total Water Emissions 3.24E-04
VOCs 3.63E-09

Total Soil Emissions 1.26E-06
Total Emissions 6.73E-02

4.3.1.4 Electricity. The soluble coffee processing facility uses electricity to run
equipment such as the pumps and blowers to deliver the process streams and pretreat the
wastewater prior to discharge [153]. Within the process boundaries of the base case
study, these included the electrical consumption of pump for the feed water for
extraction, and the pump delivering the coffee extracts to the vacuum evaporators. Three
pumps, two of which are rated at 150 hp and one rated at 75 hp power requirement, were
used to determine the daily operating costs of pumping the water from on-site wells.
Considering the required daily feed water flow rate, pump efficiency of 85%, and
pressure drop of 2 MPa, the electrical requirement was calculated to be 1.3 x 10 MJ yr.
On the other hand, the electrical requirement of the pump delivering the coffee extract to
the vacuum evaporator was estimated to be 18.6 x 10° MJ yr. Lastly, the blowers used
in wastewater pretreatment for aeration also consumes electricity. Accordingly, two

blowers rated at 200 hp power requirement and motor efficiency of 0.85 were considered
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in this step. These blowers operate continuously, resulting to an estimated electrical
consumption of about 8.00 x 106 MJ yr. Overall, these base study components consume
electricity of about 9.32 x 10% MJ yr. Based on a unit cost of $ 0.037 per MJ electrical
energy, the annual operating cost for mechanical equipment considered for the base case
study was found to be $ 344,100 per year.

The LCI for the electricity used in the soluble coffee processing plant was
estimated based on the type of energy used in power plants that supply electricity to the
local grid. Accordingly, the local energy mix of New Jersey to produce the electricity
accounts for coal, natural gas, nuclear energy, and renewable sources [157] as shown in

Figure 22.

Figure 22

Energy Mix of New Jersey, USA in 2019

Renewables Coal
(1.16%) (1.51%)

Total Annual Production:
71,020 GWh

Note: Estimated from energy mix of New Jersey (available in

www.eia.gov/electricity/state/NewJersey)
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Using the local electrical profile, the LCA analysis software accounted for the
relative generation of each fuel type to determine the LCI for 1 MJ of electricity.
Specifically, 0.015 MJ from coal, 0.587 MJ from natural gas, 0.387 MJ from nuclear
power, and 0.012 MJ from biomass. The LCI for 1 MJ of electricity is summarized in

Table 18.

Table 18

Life Cycle Inventory for 1 MJ of Electricity

. . Estimated Emissions
Environmental Emissions

kg

Total Air Emissions 1.13E-01
CO2 1.12E-01

CO 8.10E-05

CHa4 5.97E-04

NOx 8.22E-05
NMVOC 3.50E-05
Particulate 2.23E-05

SO2 1.03E-03

Total Water Emissions 1.70E-02
VOCs 3.90E-08

Total Soil Emissions 1.21E-06
Total Emissions 1.30E-01

Like steam generation, majority of the fuel used to generate electricity is
processed by the combustion of natural gas. As a result, bulk of the environmental
emissions from electricity generation involved gases that are generated from the process.
The LCI for electricity also had the highest impact per unit among the process
components. Accordingly, 86.9% of the total emissions are air emissions and about

99.1% of which are CO», emissions while 0.53% are CH4 emissions. Water emissions
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were also accounted the highest among process components, attributed to 13.1% of the

total environmental emissions.

4.3.2 Base Case Operating Cost

The operating cost for the base case study was calculated relative to the process
flows and unit costs involved in the life cycle boundary. These were presented earlier in
Table 13 and Table 14, respectively. These process components include the feedwater
usage, wastewater treatment and discharge, electricity consumption, and steam
generation. An estimated overall annual operating cost of $ 1,328,000 per year was
estimated for the base case operation. The allocations of the cost from each process

component are presented in Figure 23.

Figure 23

Annual Operating Cost and Process Allocations for the Base Case Study

Feed Water
$22,360 yrt
2%)

Base Case Operating Cost:
$ 1,328,000 yrt
BOD Surcharge
/ $20,622 yr-t

TSS (1%)
ps \_Surcharge
$48,100 yr1  $20,835 yrt

(4%) (2%)
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As shown in the Figure, cost allocations indicate that the primary cost of the base
case study related to the combined cost for wastewater management, i.e., wastewater
aeration or treatment (22%) and wastewater discharge (38%). Second highest cost
among the components is that for the steam fed to thermal evaporators for the
preconcentration of coffee extracts — about $416,500 per year or 31% of the overall cost
of the base case study. Well pumps for feed water and wastewater consume electricity
that account to 4% of the base case operating cost, while surcharges for BOD and TSS
account to about 3% of the base case operating cost.

While the overall cost for the base case study does not necessarily refer to that of
the whole process, but only to the cost affected by the proposed alternative, the relative
costs attributed to each process component provide an insight as to where process
intensification should focus. In this case, cutting down on the consumption of steam
from thermal evaporation, and wastewater treatment using cost-effective water recovery
measures will certainly make the process more economical. However, while the
operating cost reduction positively impacts the alternative case, it is still important to
consider the capital investment required. Thus, in the succeeding sections, a more
thorough assessment was considered to gain an understanding of the benefits and costs of

the proposed alternative process from an economic feasibility standpoint.

4.3.3 Base Case Life Cycle Emissions
The environmental impacts of the base case accounted to the life cycle emissions
associated with the treatment of feedwater, wastewater treatment and discharge, electrical

consumption, and steam consumption of the process. Relative to the mass and energy
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flow of the process components within the life cycle boundaries, as well as the

corresponding LCls, these emissions were calculated and presented in

Table 19 and Figure 24.

Table 19

Annual Life Cycle Emissions Relative Process Flows in the Base Case Study

Emissions  Unit vI\:/:fgr NHWW HWW  Electricity  Steam Total
Alr kg 3.64E+05 1.33E+07 4.20E+03 1.06E+06 3.26E+06 1.80E+07
Emissions
CO2 kg 3.61E+05 1.33E+07 4.17E+03 1.04E+06 3.26E+06 1.79E+07
CO kg 5.93E+01 1.09E+03 3.39E-01 7.54E+02 1.17E+03 3.07E+03
CH. kg 3.96E+02 1.17E+04 3.65E+00 5.56E+03 5.18E+03 2.29E+04
NOx kg 0.00E+00 2.77E+04 O0.00E+00 7.66E+02 0.00E+00 2.84E+04
NMVOC kg 1.24E+01 3.68E+02 1.15E-01 3.26E+02 2.77E+01 7.34E+02
Particulate kg 1.12E+03 3.64E+02 1.11E-01 2.08E+02 3.92E+01 1.73E+03
SO, kg 3.93E+02 1.33E+04 4.11E+00 9.58E+03 1.13E+03 2.44E+04
‘é\’a?er. kg 8.00E+03 1.73E+05 1.03E+02 1.58E+05 1.58E+04 3.55E+05
missions
VOCs kg  1.35E-03 4.28E-02 1.34E-05 3.63E-01 1.77E-01 5.84E-01
Soil
Emissions kg 4.47E+00 1.46E+02 4.58E-02 1.13E+01 6.16E+01 2.24E+02
. T_otal kg 3.72E+05 1.35E+07 4.30E+03 1.22E+06 3.28E+06 1.84E+07
Emissions

The overall LCE of the base case corresponded to an annual emission data of

about 18,400 tons per year. Based on Table 19, a bulk amount (98.3%) of these

emissions is associated to air emissions, more specifically, greenhouse gas emissions.

The air emissions consist of CO2 (99.2%), CO (0.02%), CHa4 (0.13%), NOx (0.16%),

NMVOCs (0.004%), particulates (0.01%), and SO (0.14%). Water emissions constitute

to about 1.97% of the total environmental emissions, while soil emissions were

negligible.
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Figure 24

Annual Life Cycle CO, Emissions and Emission Sources in the Base Case Study

Freshwater
2.03%

Electricity
6.62 %

Base Case Life Cycle
Emissions:
18,400 tons yr?

From Figure 24, it was also interesting to note that 73.48% of these emissions are
associated to the management of the soluble coffee wastewater, since all the water fed to
the process ends up as a waste process stream that was treated prior to discharge. The
generation of steam from boilers associated to the preconcentration coffee extracts has
the second highest environmental impact among the process components at 17.85%. This
shows that apart from the high energy requirement of the operation, thermal evaporation
contributes to greenhouse gases as it relies on natural gas as fuel for boilers. In addition,
considering the amount of coffee extract evaporated (~440,000 L d?), the rated
environmental emissions from steam generation (3,300 tons yr) was still significant and
comparable with those attributed to wastewater generation (13,500 tons yr* for daily
process flow of 1.32 million L d?). Like the analysis on process cost, these base case

LCE data indicates that reducing these process flows through process intensification can
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lead to a greener process. In this case, by proposing an energy-effective coffee extract
preconcentration method to supplement thermal evaporation will reduce emissions from
steam generation. Likewise, if the preconcentration alternative can, at the same time,
directly recover water that can be reused for ancillary plant operations, and the reduction
in wastewater generation will also cut down environmental emissions. Overall,
addressing these two components in the process intensification alternative is important in

making the process more environmentally attractive.
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Chapter 5

Parametric Studies on the Vibratory Nanofiltration of Coffee Extracts
Additional graphs and tabular data of the results for this chapter are presented in
Appendix B. The results presented herein are those essential to summarize the studies

necessary for this dissertation’s discussion.

5.1 Introduction

Membrane processes are gaining importance in shaping food and beverage
industries towards sustainable production [1]. These processes operate under mild
operating conditions that mitigate the effect on food product quality and minimizes
operating costs. Also, when integrated as an alternative to evaporation, membrane
processes offer an energy reduction of about 30% [10]. As with soluble coffee
production, integrated membrane operations may not only reduce the energy
consumption from dewatering operations, but also provides opportunities for reduction in
feedwater consumption through water recovery and reuse. However, at this point,
membrane filtration studies related to soluble coffee production are mostly on waste
streams for caffeine recovery from spent coffee grounds [7], decaffeination [31] and as a
water reclamation option for soluble coffee wastewater [50], [52]. On the other hand,
studies involving coffee extract preconcentration have been limited only to conventional
CF NF where membrane fouling has been found to limit flow through rates and cause
considerable flux decline [32], [33].

The dynamic vibratory membrane system (Vibratory Shear-Enhanced Process
(VSEP) (New Logic Research, Inc., Minden, NV)) introduced in this study is one of the

approaches that can substantially improve the performance of conventional crossflow
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(CF) filtration operations. Torsional oscillations on the membrane module at resonant
frequencies of up to 60 Hz can generate substantially high surface shear rates above
20,000 s that are sufficient to reduce the effects of concentration polarization and
prevent membrane fouling [39]. These systems are especially suitable for food and
beverage process streams that are prone to membrane fouling due to their complex
variety of foulants — organic, biological, and colloidal solids — that, under poor operating
conditions, cause flux to decline irreversibly. In fact, the vibratory filtration system has
successfully improved the concentration of milk proteins and dairy wastewater treatment
[5], [45], clarification and yeast recovery in alcoholic beverages [2], [3], and water
treatment from high salt seawater and freshwater sources [46], [47], [49], [158].

Despite the many applications, the effective operation and maintenance of
vibratory membrane systems largely rely on the characteristics of the stream being
process, making direct comparison among applications difficult due to the complex
nature of coffee extracts. Thus, while the technology can further the application of
membrane filtration on coffee extract preconcentration, a thorough investigation of the
vibratory membrane process is still necessary. This Chapter aims to establish suitable
conditions and evaluate relevant membrane separation mechanisms affecting the
preconcentration of coffee extracts. Membrane screening studies were initially
conducted to determine a membrane with sufficient performance in terms of permeate
flux, water permeability, and rejection efficiency. Parametic studies were also conducted
to assess the performance of the selected membrane under CF and vibratory operations.
Different feed coffee extract concentrations, applied TMPs, and vibratory settings, and

their influence permeate flux, characteristics, and rejection efficiencies were assessed
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based on membrane separation mechanisms like shear generation, osmotic pressure

effects, and concentration polarization.

5.2 Experimental Approach
A laboratory-scale VSEP filtration unit from New Logic Research, Inc., as

described in Section 3.1.2, was used in this study; while simulated coffee extracts of
different concentrations (8.5 g L™ to 42.4 g L) were prepared from reconstituted soluble
coffee product (Nescafé® Taster’s Choice®, House Blend). On a 35-L working volume,
membrane filtration experiments were conducted under recycle mode for 60 mins to
approach steady state conditions. Membrane screening and parametric studies in CF, and
vibratory filtration modes were conducted at selected operating conditions to assess

performance based on permeate flux, permeate quality, and rejection efficiencies.

5.2.1 Membrane Screening

Two sets of membrane screening studies were conducted to determine a suitable
membrane that may be used for the succeeding coffee extract preconcentration studies.
In the first membrane screening study, four membranes were evaluated to compare
between microfiltration (MF, MP0O05), ultrafiltration (UF, PES-5/Tyvek), nanofiltration
(NF, NF-4), and reverse osmosis (RO, LFC-3). The specifications of the membranes and

corresponding operating pressures for this preliminary study are summarized in Table 20.
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Table 20

Membrane Specifications and Operating Pressures of Various Membrane Types Used in
the Initial Screening Study

e . . Membrane Type
Specifications Unit ME UE NE RO
Model MP0O05 PES-5 NF-4 LFC-3
. Nanostone Nanostone .
Manufacturer Nadir Water \Water Hydranautics
Location Goleta, CA Waltham, MA Oceanside, CA
Material Polyether-  Polyether- Polyamide  Polyamide
sulfone sulfone
Nominal pore pHm or
size or MWCO Da 0.05 pum 7,000 Da 225 Da 30 Da
TMP Limits MPa 021-1.03 034-138 0.69-45 1.38-6.9
Operating MPa 1.03 1.38 241 241
pressure

Simulated coffee extract solutions were prepared for a feed concentration of 8.5 g
L. The sample was fed to the filtration system under vibratory mode (F = 54.6 Hz, d =
2.54 cm) for a retentate flowrate at 7.6 L min™. The initial membrane screening
experiments were also conducted at feed temperature of 50 °C to simulate the elevated
temperatures of the coffee extracts after the brewing process and before preconcentration
by thermal evaporation. The four membranes were assessed at selected operating
pressures applicable to each membrane type. A suitable membrane type was selected
based on satisfactory performance in terms of permeate flux, permeate quality (turbidity,
conductivity, and COD), and corresponding rejection efficiencies. In the first membrane
screening study, these performance parameters were balanced with the operating pressure
to obtain a suitable permeate flux and sufficient rejection of undesired solutes to generate
water-rich permeate. This membrane type (later determined as NF membrane) was
further investigated in a second membrane screening study.
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Results from the initial membrane screening study determined that the NF

membrane can satisfactorily fulfill membrane-based preconcentration of coffee extracts

by recovering water-rich permeate intended for reuse in ancillary plant operations. A

second membrane screening study was then performed to further improve the

performance of the NF operation. Four thin film composite (TFC) polyamide NF

membranes (TS80 , TS40, NF270, and NF500) were compared. Table 21 shows the

manufacturer information of the four NF membranes. These membrane specifications

were initially considered for the membrane screening study.

Table 21
Membrane Specifications for Nanofiltration Membranes Used in the Second Screening
Study
Specifications Unit Nanofiltration Membrane
TS80 TS40 NF-270 NF-500
Manufacturer Trisep Trisep Nanostone Nanostone
Microdyn-  Microdyn-
Nadir Nadir
Location Goleta, CA Goleta, CA Waltham, MA Waltham, MA
Membrane TFC TFC TFC TFC
Composition polyamide  polyamide polyamide polyamide
MWCO Da 150 220 240 500
TMP Limits MPa 0.7-45 0.7-45 1.4-34 0.7-45
NaCl Rej % 78.3 45.3 37.0 12.4
MgSOs Rej % 98.0 93.7 94.8 385
Water Flux L m?ht 149 171 161 243

Note: Adapted from membrane catalogue of New Logic Research, Inc.

TFC — thin film composite; MWCO — molecular weight cut-off

TMP — transmembrane pressure
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In addition to membrane characteristics, experimental parameters like membrane
permeability, and NF membrane performance in separating coffee extracts such as
permeate fluxes, permeate characteristics, and rejection efficiencies were also compared.
The initial membrane permeabilities (Aw) of the membranes were assessed by conducting
water tests under CF filtration for different applied pressures or TMPs (measured as the
hydraulic pressure drop of the system, AP) between 1.02 to 3.79 MPa. This criterion
pertains to the capacity of water to permeate through the NF membrane, as a measure of
the initial membrane resistance. Plots between water fluxes (Jw) and TMPs were
generated and fitted based on the linear model for flux-pressure relationship, shown in

Equation 2.

Jo=A,AP )

Accordingly, the linear model intercepts at origin and the membrane permeability can
then be determined from the slope line. In addition to water tests, the different
membranes were also tested on coffee extract samples with feed coffee extract
concentration of 8.48 g L and a temperature of 25 °C. Steady-state filtration
experiments were conducted at 2.41 MPa under CF mode (F =0 Hz, d =0 cm) and
experimental parameters for flux, permeate quality, and rejection efficiencies were
obtained and compared. A suitable membrane based on these criteria was selected and

further investigated for parametric studies.
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5.2.2 Parametric Studies

Using the selected NF membrane, parametric studies were then conducted to
compare the performance of CF and vibratory NF operations under various operating
factors. The simulated coffee extracts were processed under steady state filtration at 25
°C for five different levels of feed concentrations (8.48 gL', <Co<42.49g L"),
operating pressures (1.03 MPa < AP < 3.79 MPa), and vibratory settings (0 Hz < F <54.7
Hz; 0 cm <d < 3.18 cm), as listed in Table 22. Permeate samples were obtained at 5-
minute intervals for the measurement of flux, permeate characteristics, and rejection
efficiencies relative to feed characteristics for a total filtration time of 60 minutes. On the
other hand, steady state parameters (average experimental parameters at t = 55 mins and t
= 60 mins) were plotted against the different operating conditions for parametric

evaluation.

Table 22

Levels of Variation Employed in Parametric Studies

Parameter Unit Levels
Feed Concentration (Co) gLt 8.5 17.0 25.4 33.9 42.4
Operating Pressure (P) 2 MPa 1.03 1.7 2.4 3.1 3.79
Vibratory Settings °
Frequency (F) Hz 0 53.3 54.1 54.6 54.7
Displacement (cm) cm 0 0.64 1.28 2.54 3.18

Note: ?also applied transmembrane pressure (TMP)

b paired settings based on frequency and corresponding displacement
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5.3 Results and Discussion

5.3.1 Simulated Coffee Extract Characteristics

Due to the variety of coffee grounds and different operations involved in soluble
coffee production, the composition of coffee extracts and likewise, instant coffee final
products, vary considerably. Table 23 shows the composition of different coffee products

including instant coffee in dry weight basis.

Table 23

Composition of Various Coffee Products in Weight Percent (% w/w)

Component Arabica Robusta Instant
Green Roasted Green Roasted Coffee
Minerals 3.9-4.2 3.5-4.5 4.0-4.5 4.6-5.0 9-10
Caffeine 0.9-1.2 ~1.0 1.6-2.4 ~2.0 45-5.1
Trigonelline 1.0-1.2 0.5-1.0 0.6-0.75 0.3-0.6 -
Lipids 12.0-18.0 14.5-20.2 9.0-13.0 11.0-16.0 1.5-1.6
Chlorogenic acids 5.5-8.0 1.2-2.3 7.0-10.0 3.9-4.6 5.2-74
Aliphatic acids 1.5-2.0 2.4-3.0 1.5-2.0 2.4-3.0 -
Oligosaccharides 6.0-8.0 0-3.5 5.0-7.0 0-3.5 0.7-5.2
Polysaccharides 50-55 24-39 37-47 - ~6.5
Amino Acids 2.0 0 2.0 0 0
Proteins 11-13 13-15 11-13 13-15 16-21
Others <77 10.5-39.9 <213 50.3-62.8 43.2-56.6

Note: Adapted from Clifford & Wilson [96].

Coffee extract concentrations and composition vary from 15% to 60% depending
on the conditions used in the extraction step [85]. However, while the composition of the
soluble coffee extract from the reconstituted spray-dried coffee product is privileged
information, spray-dried coffee composition has been studied in the past [85], [96], [159].

Commercial instant coffee products have been found to have mineral components like
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Ca, Mg, K, Fe (9.0-10.0%); and organic components such as caffeine (4.5-5.1%), lipids
(1.5-1.6%), chlorogenic acids (5.2-7.4%), saccharides (7.2-11.7%), proteins (16.0-
21.0%), humic acids (15%) and other constituents (28.2-41.6%) [96], [97]. Around 800
types of volatile aromatic compounds are also identified from coffee grounds,
approximately 50-70% of which are in the production of instant coffee [27], [159]. These
components are responsible for the flavor, aroma, dark color, and the biodegradability of
the coffee extract. However, contrary to the notion that coffee extract components
completely dissolve during the extraction step, some components are water-insoluble
contributing to suspended and colloidal constituents (or sediments) that are also
commonly present in instant coffee powders [160]. These insoluble components
constitute about 54.7% of coffee extracts, largely attributed to a polysaccharide identified
as galactomannan (MW =504 g L) [160]. Based on the molecular weight, these
suspended and colloidal components are likely to be rejected by the TS80 membrane
since the NF membrane has a cut-off molecular weight of 150 Da. Overall, the soluble,
suspended, and colloidal components of varying particle sizes and charges also make up
the foulants that may limit the permeate fluxes of membrane filtration operations.
Representative bulk characteristics in terms of suspended and colloidal solids content
(turbidity), dissolved solids (conductivity), colored constituents (absorbance), and
organic content (COD) were considered for this study in place of the specific
components. Table 24 shows the bulk characteristics of the soluble coffee extracts at

different concentrations between 8.5 g L to 42.4 g L.
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Table 24

Characteristics of Simulated Coffee Extracts for Various Concentrations at 25 °C

Characteristics

Unit

Feed Coffee Extract Concentration (g L™?)

8.5 17.0 25.4 33.9 42.4

Bulk Characteristics 2

pH 56+£0.7 49x0.2 47x0.2 45x0.2 4504

Turbidity NTU 410+ 77 1,170 £ 126 1,790 £ 158 2,250 =+ 168 2,520+ 172

Absorbance 12+0.1 2.3+0.2 29+0.1 34+£0.1 3.9x20.2

Conductivity uScm? 1,130 + 68 1,750 + 84 2,620 = 67 3,050 + 88 3,840 £ 91

COD mgL? 8450+684 17,980+1,412 29,180+1,294 37,410+1,634 47,830+ 1,492
Fluid Properties °

Density kg m3 1,000 1,005 1,009 1,012 1,016

Dynamic viscosity 10* Pas 8.95 9.00 9.05 9.10 9.15
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The lowest concentration of 8.5 g L™ from the reconstituted soluble coffee extract
was found to have a turbidity of 410 NTU, conductivity of 1,130 uS cm™, and COD of
8,500 mg L. These bulk concentrations increased linearly with the strength of the
coffee extract mixture and are substantially larger than those present in soluble coffee
wastewaters investigated by Wisniewski, et al. [51], [52] The density and absolute
viscosity of the simulated coffee extracts also increased with concentration. The
characteristics of the simulated coffee extract varied less than those observed from the
soluble coffee wastewater processed by Wisniewski et al. [50]-[53], owing to the
controlled preparation and storage of the simulated samples. However, it should be noted
that the feed coffee extracts used in this study are reconstituted from commercial spray-
dried coffee products that do not necessarily reflect the variability of coffee extracts from
actual operations. It is still important to investigate actual process streams for a more
realistic perspective of the membrane operation. Nonetheless, the simulated samples
used in the study provide a better understanding of the membrane separation mechanisms
under controlled conditions, and that the strength of the components in the simulated
samples represent the various foulants that affect the process. These components make
processing by conventional CF operation challenging, as they cause higher membrane
fouling. Thus, higher surface shear rates may be required to improve the membrane

operations.
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5.3.2 Results of Membrane Screening

5.3.2.1 First Membrane Screening Study. In the first set of membrane
screening, MF, UF, NF, and RO membranes were compared in terms of permeate flux,

characteristics, and corresponding rejection, as shown in Figure 25.

Figure 25

Permeate Flux and Percent Rejections of Different Types of Membrane
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Among the four membranes tested, the highest flux obtained was that of UF at
about 70.1 L m? h, while the lowest was that of RO at about 27.2 L m? h't. A
decreasing trend was also observed from the fluxes of UF, NF, and RO membranes as a
result of the decreasing pore size of the membrane. On the contrary, the MF membrane,
despite having the largest pore size among the four, gave the low permeate flux due to the

relatively low applicable operating pressure employed compared to those of UF, NF, and
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RO. UF, on the other hands, rendered higher permeate flux than NF and RO membranes
as the larger pore size of the UF membrane tend to reduce the pressure drop across the
feed and permeate side of the membrane. In terms of rejection efficiencies, all of the four
membranes rejected above 98% of the turbidity from the feed coffee extract. Despite
having the largest pore size of 0.005 uS cm, the MF membrane was able to reject about
98.2% of the turbidity from the feed coffee extract. This high rejection indicates that a
bulk fraction of the suspended and colloidal solid constituents of the coffee extract are at
least larger than 0.005 puS cm™. On the other hand, the RO membrane was able to reject
100% of the turbidity owing to the dense structure of the membrane that can reject
constituents with molecular weights as low as 30 g mol™ (or 30 Da). In terms of
conductivity rejection, the porous MF and UF membranes had the lowest rejection of
dissolved solids (17% and 45%, respectively) as these constituents are relatively smaller
than their pore size. NF and RO membranes had higher conductivity rejections of 85%
and 98%, respectively. The lower conductivity rejection of the NF membrane was
expected as its cut-off pore size only allows it to reject constituents with molecular
weights of up to as small as 225 Da. In addition, NF membranes can only rejection
multivalent ions unlike RO membranes that can retain even monovalent ionic
constituents. The conductivity rejection of the four membranes also conformed with their
level of COD rejection, indicating the some of the dissolved coffee extract components
that passed through the membranes were organic compounds. Thus, MF and UF
membranes rendered lower COD rejections (59.1% and 80.3%, respectively) than those

of NF and RO membranes (98.1% and 99.8%, respectively).
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Overall, the MF membrane was least suitable for coffee extract preconcentration
since it had the lowest permeate flux and rejection of suspended, colloidal, and dissolved
components. Also, despite having the highest permeate flux, the UF membrane had
insufficient COD rejection that limits the membrane from water recovery operations.
Nonetheless, these results leave MF and UF membranes suitable as a pretreatment option
in sequential membrane filtration systems. However, as this study intended to propose a
single-step water recovery operation, membrane screening was then narrowed down to
NF and RO membranes. The characteristics of the permeate from the different

membranes are shown in Table 25.

Table 25

Permeate Characteristics Obtained from Different Types of Membranes

COD Turbidity Conductivity
Membrane Type (mg LY) (NTU) (1S cm)
Microfiltration (MP0O05) 4,262 6.75 2,680
Ultrafiltration (PES-5/Tyvek) 2,057 1.85 1,750
Nanofiltration (NF-4) 196.5 3.15 483
Reverse Osmosis (LFC-3) 26 ~0 66

The RO and NF membranes employed in the study were effective in producing
water-rich permeate. The RO membrane gave higher conductivity and COD rejection
with permeate quality comparable to potable water as it can practically reject components
as small as 30 Da compared to the cut-off molecular weight of the NF membrane at 225
Da. However, the permeate flux from this operation was lower than that of the NF
membrane. Such low-flowrate operation tends to require larger membrane design areas

that increases the investment cost. On the other hand, while high-pressure operations can
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increase the permeate flux, such conditions demand higher operating costs, making the
RO membrane an impractical option for coffee extract preconcentration. On the contrary,
the permeate flux from the NF membrane was relatively more acceptable and would
reduce the operating cost of the operation. In addition, the NF membrane also rendered
sufficient rejection of turbidity, conductivity, and COD to the level of water quality
necessary for reuse in plant ancillary operations. On this basis, NF was further evaluated

throughout the study.

5.3.2.2 Second Membrane Screening Study. The second membrane screening
aims to identify an NF membrane that will have a more effective permeate flux and
rejection efficiency in comparison to the NF-4 membrane. In the second membrane
screening, four NF membranes were selected based on commercial specifications on
material type, pore size in terms of MWCO, water flux, and standard salt rejection
efficiencies. These NF membranes (TS80, TS40, NF270, and NF500) have MWCOs less
than 500 Da with the TS80 membrane having the smallest cut-off of 150 Da. The
material type of the selected NF membranes is polyamide as recommended in various
food and beverage applications such as the separation of skim milk by RO [8],
clarification of rough beer by MF [6], and the valorization of spent coffee grounds by NF
and RO for the recovery of coffee extract components [7]. The NF membranes are also
operable at applied TMPs up to 3.79 MPa and can also reject dissolved ions to a certain
extent depending on the type of membrane. It should be noted that NF membranes
generally have higher divalent ion rejection than monovalent ion rejection [94], as can be
observed in Table 21. Among the four, the TS80 membrane has a potential to reject most

of these components at about 98.0% multivalent salt rejection, and 78.3% monovalent
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salt rejection. However, it should be noted that the non-specific conductivity

measurement used in this study is only limited on the overall dissolved solids rejection.

Thus, the specific types of ions rejected in the process are not reflected.

Water tests, and coffee extract filtration experiments were also conducted to

provide additional information for screening the most suitable membrane. The results of

these experiments are shown in Figure 26 and Figure 27.

Figure 26

Water Fluxes under Various TMPs at 25°C for Different NF Membranes, and
Corresponding Water Permeabilities
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From Figure 26, the TS80 had the highest water flux among the NF membranes.

It also had the highest water permeability at 4.48 x 10! L m2ht Pa, while that of the

NF270 membrane was the second highest at 3.14 x 10* L m?2ht Pa. The water

permeability of the NF membrane reflects the hydraulic resistance of the membrane as

139

www.manaraa.com



affected by its pore size, effective thickness, and porosity [94]. Thus, a high membrane
permeability is preferable as it directly influences high permeate generation rates for
membrane filtration. As observed in Figure 27, the TS80 generated the highest steady-
state permeate flux at about 20.5 L m™ h't when processing coffee extracts (Co = 8.48 g
L) under CF NF at 2.41 MPa. Next to this are those of NF270 (J = 19.9 L m2 h™Y),
TS40 (J =17.2 L m2h?), and NF500 (J = 11.9 L m? h') that conformed with the
corresponding measured water permeabilities. A high permeate flux is desirable
considering the decline in flux observed in membrane operations [51], [52]. As a rate-
dependent operation, high permeate generation rates also minimize the design area

requirement, and thus, the capital cost of membrane filtration systems [51].

Figure 27

Steady State Permeate Fluxes and Rejection Efficiencies of Various NF Membranes in
Processing Coffee Extracts Under Crossflow Filtration
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The NF membranes were also screened based on their capacity to reject coffee
extract components. In Figure 27, all the NF membranes rejected more than 99% of
colloidal and suspended solids in terms of turbidity but differed in rejecting dissolved
organic components and conductivity. The TS80 membrane had the highest conductivity
and COD rejections at 96.8% and 99.3%, respectively, owing to the fact that it had the
lowest MWCO (150 Da) and the highest salt rejection among the tested membranes.
These metrics preferentially allow the TS80 membrane to retain important coffee extract
components such as caffeine, chlorogenic acids, phenolic compounds, etc., and minimize
losses or trade-offs in product quality [24], [31]. On the other hand, while all membranes
tested have high organic rejection (> 97%), the residual concentrations from the permeate
should meet industrial water reclamation standards set by the U.S. Environmental
Protection Agency, [139] or on-site reuse specifications set by the industry. These water
reuse options include urban reuse, irrigation, industrial operations, groundwater recharge,
and drinking purposes. On the other hand, water reused for ancillary plant operations
include reuse options for cooling towers, feed water for boilers, or as an extractant in
percolation columns. Thus, while the flux of the NF270 membrane was nearly
comparable to that of the TS80 membrane, its lower conductivity rejection of about
85.3% and COD rejection of about 98.0% may hinder the direct reuse of the permeate.
On the other hand, the high organics rejection of the TS80 membrane allows water
recovery with minimal treatment and cost required before reuse. Based on the above

information, the TS80 membrane was selected for further investigation.
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5.3.3 Effect of Filtration Time

The behavior of permeate fluxes throughout the 60-minute filtration time varied
between CF and vibratory NF operations, as shown in Figure 28. The permeate fluxes
under conventional CF NF at 2.41 MPa reduced to about 30% when feed coffee extract
strength was five times the strength of the standard coffee cup concentration of 8.5 g L.
The flux decline after 60 minutes of filtration was also more pronounced under the non-
vibratory operation that further increased with higher feed concentrations. The flux
decline after 60 minutes of operation were 45% and 33% of the initial fluxes (att=0
min) from CF filtration involving 8.5 g L™ and 42.4 g L™ feed concentrations,

respectively.

Figure 28

Nanofiltration Time Profiles from Coffee Extract Nanofiltration Under Crossflow and
Vibratory Operation and Feed Coffee Extract Concentrations
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The flux decline was a result of the stronger concentration polarization arising
from the higher feed and membrane surface concentrations. In addition, the surface shear
generated from conventional CF velocities may not be enough to overcome viscous flows
arising from high membrane surface concentrations. Thus, over time, the viscous layers
build up and form a gel layer that increases the total resistance to flow, limits permeate
flux, and results in poor membrane performance, and uneconomical scaled-up operation
[32], [56].

On the other hand, module vibrations from 53.3 Hz to 54.7 Hz enhanced the
permeate fluxes of CF NF that considerably reduced flux decline. In Figure 28, the
highest permeate fluxes were observed when the vibration was at 54.7 Hz for feed
concentrations at 8.5 g L™ where fluxes only varied from 73.6 L m?h'to 72.7 L m? h'%,
After 60 minutes, the stable fluxes under this condition were 3.6 times higher than the
permeate flux of the non-vibratory operation. Also, the permeate flux at 53.3 Hz for an
8.5 g L-1 feed coffee extract was 3.3 times higher than that of the non-vibratory
operation. Feed concentration still affected the permeate fluxes of the vibratory NF
operations that reduced the permeate fluxes by about 3 times when the feed coffee extract
strength was five times higher. Despite the decrease, stable permeate fluxes under

vibratory NF were still observed within the first 15 minutes of the vibratory operation.
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Figure 29

Appearance of TS80 NF Membranes after Membrane Filtration of Coffee Extracts (Co =
42.4 g LY at 2.41 MPa at Different Vibratory Settings: (a) F = 54.7 Hz, d = 3.18 cm; (b)
F=53.3Hz 0.64cm;and (c) F=0Hz,d=0cm
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Evidence of membrane fouling was noticeable after 60 minutes of membrane
filtrations under CF operation, based on the used membrane images in Figure 29.
Membranes processed under non-vibratory CF configuration had visible coffee-like
coloration, while those used in vibratory operations had less observable change. The
variation of coloration on the membrane surface indicates the strength of concentration
polarization and resulting foulant layer under various conditions. The visible coffee-like
coloration in Figure 29¢ shows that more coffee extract solutes have either adsorbed,
deposited, or formed a gel layer on the membrane surface that added to the flow
resistance. Over time, this added resistance caused the observable flux decline during CF
operation. On the other hand, less solutes have accumulated on the membrane surface for
vibratory operations, as indicated by the lighter appearance of the TS80 NF membranes

after use (Figures 29a and b).

144

www.manaraa.com



5.3.4 Effect of Vibration

The steady state permeate fluxes ranged from 7.7 L m? h t0 106.3 L m? h'!
depending on the operating conditions. Vibratory operations (F = 53.3 Hz at d = 0.64
cm, and F = 54.7 Hz at d = 3.18 cm) enhanced the fluxes by about 2 to 3.6 times higher
than those observed under CF operation, as shown in Figure 30. The highest flux
enhancement was imparted by module vibration at 54.7 Hz (d = 3.18 cm), applied TMP
of 3.79 MPa, and when the feed concentration was lowest at 8.5 g L. This trend was
also observed in the recovery of yeast from suspensions by MF [2], concentration of milk
proteins by UF [5], brackish water purification by RO [49], and in NF studies for soluble
coffee wastewater reclamation [52]. The effectiveness of flux enhancement in the
dynamic vibratory filtration system is dictated by the local shear rates developed on the
membrane surface during operation [2], [102], [107]. Dynamic filtration systems like
that of vibratory membrane systems generate considerably larger surface shear rates than

CF velocities in conventional non-vibratory filtration systems.
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Figure 30

Variation of Permeate Flux with Vibratory Frequency and Displacement Under Various
Applied TMP and Feed Coffee Extract Concentration at T = 25 °C
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Using Equation 26, the calculated maximum surface shear rates generated
between vibrational frequencies of 53.3 Hz and 54.7 Hz ranged from 20,000 s to
106,000 s*. These shear rates are known to correlate with the permeate fluxes of

vibratory filtration under a power-law model, shown in Equation 62.
" (62)

The power-law model assumes that vibratory membrane surface shear rates mainly
govern permeate flux, and in some cases, rejection [49], [161], [162]. In the equation, the
coefficient K reflects the strength of the correlation, while the exponent n measures the
sensitivity of the permeate flux with the variation of surface shear rates [102]. These
empirical constants were obtained from log-linear regression of the linear expression of

the power-law model, shown in Equation 63.

logl, = logK+nlogyWmax (63)

Based on the linear expression, the calculated values of [log Vg ] were plotted against
X

different experimental values of [logJ,]. Figure 31 shows this plot in logarithmic scale
for x- and y-axes. Using linear regression, the empirical parameters, K and n, were then
evaluated at different feed coffee extract concentrations, and applied TMP. The exponent
n was the slope of the linear plot, while the coefficient K was derived from the y-

intercept. These calculated parameters are shown in Table 26.
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Figure 31

Variation of Permeate Flux with Maximum Surface Shear Rate Under Various Applied
Transmembrane Pressure and Feed Coffee Extract Concentration at T = 25 °C
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Table 26

Power Model Parameters from Shear and Permeate Flux Relation at Various Feed
Coffee Extract Concentrations (Co), and Transmembrane Pressure (TMP)

Co

TMP

(LY (MPa) K "
8.5 1.03 16.75 0.034
1.72 10.90 0.132
2.41 5.79 0.220
3.10 5.46 0.240
3.79 6.34 0.240
16.7 1.03 10.85 0.151
1.72 8.19 0.170
2.41 9.25 0.129
3.10 6.34 0.161
3.79 2.22 0.194
254 1.03 14.68 0.039
1.72 8.08 0.111
2.41 4.64 0.174
3.10 4,22 0.207
3.79 1.82 0.293
33.9 1.03 7.51 0.025
1.72 5.06 0.131
2.41 0.93 0.311
3.10 0.24 0.433
3.79 0.15 0.518
42 .4 1.03 9.54 0.023
1.72 11.88 0.011
2.41 3.56 0.160
3.10 9.46 0.070
3.79 13.85 0.048

Zsirai et al. [107] reviewed the impact of mechanically imposed surface shear on

permeate flux in the power-law model based on feed characteristics, membrane pore size,

and operating conditions. Accordingly, the exponent value (n) has some dependence on

feed characteristics and applied TMP regardless of filtration technology used or

membrane material and characteristics. The exponent values increased from 0.03 to 0.24
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when TMP increased from 1.03 MPa to 3.79 MPa for feed concentration of 8.5 g L.
This behavior shows that flux increases more rapidly with surface shear rates at higher
applied TMPs. This trend was also observed up to feed coffee extract concentrations of
33.9g L% Low exponent values under this tend to be associated with the high viscosities
resulting from stronger concentration polarization [107]. On the other hand, the
coefficient K inversely varied with the exponent n. The value of K relates to the
macromolecular content of the feed coffee extract that affect the critical flux. These
components include the suspended and colloidal solids that, as will be discussed in
Section 5.3.7, largely make up the coffee extracts based on the relative rejection
efficiencies of turbidity and COD. An increase in the concentration of these components
lowers the limiting or critical flux of the operation, i.e., a condition wherein the permeate
flux is not significantly affected by flux-enhancing conditions such as TMP and
membrane surface shear [17], [163]. Consequently, conditions with high values of K and
low values of n tend to be invariant with vibratory shear, as was observed when the feed
coffee extract concentration was 42.4 g L, and when the applied TMP was 1.03 MPa.
As a result, the trends relating the empirical constants with system conditions also
become nearly unobservable. This condition limits the power-law model since conditions
other than vibratory shear, e.g., feed solute characteristics, TMP, and the resulting fouling
resistances, surface concentrations, and osmotic pressure, tend to affect the performance
of the vibratory NF operation. Unfortunately, no universal correlation has yet been
developed relating the interactions of these operating conditions in vibratory membrane

filtration.
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While the correlation between TMP, Co, and surface shear rates is not clear even
in literature, an attempt to relate the power law model parameters K and n with permeate
was explored. A correlation between the two parameters was found to be based on the

log-normal relationship of n and K [107], shown in Equation 64.

A —logK
n B (64)

The correlation has been applied to rotary disk filters (RDFs), vibrating disk
filters (VDFs), and vibrating hollow fiber membranes (VHFMSs) as reviewed by Zsirai, et
al. [107], where A and B have been found to be 5.04 and 1.98, respectively. The
correlation has not been tested on oscillatory vibratory membrane systems, such as that
used in this study. In the correlation, A and B are empirical parameters that can be
obtained from the linear plot between [n] and [log K], as shown in Figure 32. From
linear regression, A is equal to the reciprocal value of the slope, while B is the ratio
between the y-intercept and the slope of the line. Based on the results of linear
regression, the correlation between n and K for this study was found to be:

47 —1logK

1.50 (63)

n

When rounded up to the nearest whole number, the correlation obtained from the surface
shear study conforms with those of RDF, VDF, VHFM. However, it should be noted that
the correlation slightly differs for this system since the variation of K and n is influenced

by the type of membrane technology [38].
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Figure 32

Variation of Permeate Flux with Maximum Surface Shear Rate Under Various Applied
Transmembrane Pressure and Feed Coffee Extract Concentration at T = 25 °C.
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Nonetheless, the correlation may still provide an estimate on the order of
permeate flux that may be obtained from vibrations. This estimate can be determined

from Equation 66.

W max

Overall, the power-law model provides a good insight between surface shear rate
and permeate flux relationships. However, the model has limitations especially when
correlating the interaction of vibration with operating factors like feed concentrations and
TMP. This prevents the model from estimating permeate quality and rejection
efficiencies of the vibratory NF operation. Also, the model alone may not be
simultaneously solved with other classical membrane filtration models. For example, the

concentration polarization in the vibratory system may only be assessed for constant
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vibration settings, similar to those employed in the vibratory UF of milk proteins [5] and
in parallel concentration studies of coffee extracts [164]. These limitations strongly
indicate the need for alternative models that show the interplay between the important
operating factors to understand, or even quantify the mechanisms involved in the

vibratory NF operation.

5.3.5 Effect of Pressure

The enhancement of permeate fluxes with the increase in vibrational amplitude
was evident especially with the increase of applied TMPs, as shown in Figure 33.
Maximum values of permeate fluxes were observed when the applied TMP was at 3.79
MPa and for vibrational frequencies at 54.7 Hz (d = 3.18 cm). The TMP serves as the
driving force for permeate flow through membranes, while the surface shear generated by
vibration reduces the accumulation of the solute on the membrane surface. On the other
hand, it can be observed that the effect of pressure on permeate flux was nearly
insignificant under crossflow NF operations (F = 0 Hz, d = 0 cm), over the ranges that
measurements were taken (1.03 MPa to 3.79 MPa). It is likely that the behavior is a
linear relationship for CF operation at very low pressures, but this quickly transitions to a
region that is dominated by the gel layer resistance. No further increase in flux was
observed beyond 1.03 MPa, as the increased surface concentrations become the
controlling factor for flux. The same was also observed in the vibratory NF of skim milk
[165], tannery wastewaters [166], and of soluble coffee wastewater [52].

The improvement in flux presents the positive impact of the interaction between
TMP and vibratory shear in the NF operation. However, the permeate flux decreased

with increasing coffee extract strength and its interaction with TMP limited the extent of
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flux improvement. In Figure 33a, for an 8.5 g L™ feed coffee extract, the permeate fluxes
showed a strong linear relationship with the applied TMP for vibrational frequencies
between 54.1 Hz and 54.7 Hz. The strong linear relationship between flux and TMP
reflects the constant flow resistance of the membrane operation, based on Equation 18.
This behavior also shows that the shear rates induced from vibrations prevented the
build-up of the foulants on the membrane surface. Higher feed concentrations, however,
limit the impact of surface shear rates and decreased the linear relationship between TMP
and permeate fluxes. Inflections from the plots were also observable as the permeate
fluxes decreased with increasing feed coffee extract concentrations. As shown in Figure
33c, despite operating at 3.79 MPa and 54.7 Hz, increasing the feed concentrations up to
five times higher than the standard concentration of 8.5 g L reduced the permeate flux
by about 55.9%, or from 60.1 L m? h™t0 26.5 L m? h'l. These inflections reflect the
increasing flow resistance due to concentration polarization that have also been observed
in the NF of dairy wastewaters [17], and in the UF of soy milk [103]. At the inflection,
the permeate flux slowly ceases to increase despite the increase in TMPs and vibrations,
thus approaching critical flux behavior. At this point, there is also a shift from a
pressure-controlled flux commonly observed at lower pressures, to a mass transfer gel
layer-controlled region at higher pressures [17], [163], [167] This transition was also
observed to have a quicker transition under non-vibratory CF operations, and for higher
feed coffee extract concentrations. From an operational aspect, the critical flux serves as
the threshold flux at which the membrane operations are economical due to the minimal
impact of membrane fouling and reduced need for membrane cleaning and maintenance

[122].
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Figure 33

Variation of Permeate Flux with Applied Transmembrane Pressure Under Different
Vibrational Frequencies and Feed Coffee Extract Concentration at T = 25 °C
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The decrease in permeate fluxes at higher feed coffee extract concentrations can
also be attributed to the increase in osmotic pressure from the accumulation of solutes on
the membrane surface [33]. The parameter is a function of solute concentration in the
fluid that reduces the effective TMP of membrane processes especially for dense
membranes such as those of NF and RO. Osmotic pressure differences were evaluated

semi-empirically using the Rautenbach formula [16], [33], shown in Equation 67.

mW=a Cim (67)

In terms of the osmotic pressure difference (An = s — mp), EQuation 67 can then be
expressed as a function of feed and permeate concentrations. The Rautenbach formula is
highly applicable for highly rejecting membranes like those of NF and RO, where
permeate concentrations are significantly low or negligible compared to feed
concentrations. Using this assumption, the osmotic pressure difference can then be

expressed as:

At=aC," (68)

The empirical parameters, a and m, are determined using the osmotic pressure model
expressed for different bulk concentrations of the feed coffee extract, Co. By taking the
difference between the permeate flux and water fluxes at different pressure, the osmotic
pressure model can be alternatively expressed as a logarithmic linear function of feed

concentrations, as shown in Equation 69.

log(J, — J,) = logA,, +loga+mlogC, (69)
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From the osmotic pressure model, different values of [log C,] were plotted
against the values of [log(J,, — J,)] at applied TMPs and vibratory frequencies. The
empirical parameters were derived from linear regression where the exponent m was
obtained from the slope of the line, and the coefficient a was derived from the y-intercept
of the plot for a given membrane hydraulic permeability (Aw). Average values of the
empirical parameters were plotted for various applied TMPs and vibrational frequencies,
as shown in Figure 34, while the calculated osmotic pressure differences at different

operating conditions are plotted in Figure 35.

Figure 34

Variation of Osmotic Pressure Parameters with (a) Applied TMP and (b) Vibrational
Frequenciesat T =25 °C
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Figure 35

Osmotic Pressures as a function of Feed Coffee Extract Concentration at Various
Applied TMP and Vibrational Frequenciesat T = 25 °C
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The coefficient, a, reflects the strength of the osmotic pressure effects in the NF
operation. High values of a, likewise osmotic pressure differences, were measured when
the applied TMP was 3.79 MPa, and for non-vibratory NF operations, as shown in Figure
34. In Figure 35 the increase in concentration increased the osmotic pressure difference
from about 75.6% to 91.1% of the applied TMP under CF operation. The resulting
osmotic pressure difference reduced the effective TMP and resulting permeate fluxes to
about 24.4% to 8.9% relative to the measured pure water fluxes. The high osmotic
pressures indicate the insufficiency of CF velocities to suppress concentration
polarization in non-vibratory operations.

On the other hand, vibrations reduced the osmaotic pressure effects by up to 76%
of those observed for the CF operations, that resulted in enhanced permeate fluxes by up
to 3 times depending on the feed concentration and applied TMP. Despite the observed
positive impact of applied TMP on permeate flux, higher TMPs contributed to larger
osmotic pressure effects. As shown in Figure 34, the values of the empirical coefficient,
a, increased with the applied TMP and decreased with increasing vibrations. On the other
hand, the values of the exponent, m, were in the order less than 0.5 that increased with
increasing applied TMP and vibration. As a result, vibrations were most effective in
reducing the osmotic pressure effects at low concentrations and at moderate levels of
applied TMP. In Figure 35a, the vibratory conditions reduced the osmotic pressure
difference between 68% to 82% of those generated by CF filtration at 1.03 MPa. At 2.41
MPa (Figure 35b), the osmotic pressure effects varied between 45% to 80% of those
generated by CF filtration. However, high-pressure operations at 3.79 MPa feed

concentration of 8.5 g L™ were observed to have osmotic pressures between 1.46 MPa to
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2.45 MPa despite the vibration. The effect of vibration also diminished as feed coffee
extract concentrations increased to 42.4 g L. At this concentration, the osmotic pressure
effects were about 90% of the applied TMP, which indicated critical flux conditions.
These observations indicate that while TMP serves as the driving force for permeate flux,
it also draws the solute particles near the membrane surface by convection. The stronger
concentration polarization and osmotic pressure effects arising from high-pressure NF
operations then become the controlling factor. This condition should be prevented, as it
increases the risks of membrane fouling, thus, increasing the operating cost of the

operation.

5.3.6 Effect of Concentration

The results presented so far showed the interaction between feed coffee extract
concentration, TMP, and vibration on permeate flux for CF and vibratory operations. As
shown in Figure 36, the lowest permeate fluxes were observed under non-vibratory or CF
operations. The improvement of flux by vibratory operation was clearly evident based on
the surface shear rates generated by the torsional oscillations of the membrane module.
Likewise, increasing the applied TMP also increased the permeate flux of the membrane
operations. Feed concentrations decreased the permeate flux due to concentration

polarization and osmotic pressure effects.
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Figure 36

Permeate Flux as a function of Feed Coffee Extract Concentration at Various Applied
TMP and Vibrational Frequencies at T = 25 °C
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As shown in Figure 36, increasing feed coffee extract strength reduced the
permeate flux, owing to the stronger concentration polarization effects that form highly
viscous layers on the membrane surface that adds to the total resistance to flow. High-
pressure operations further promoted concentration polarization as hydraulic pressure
forced more solute particles toward the membrane surface. Apart from this, the stronger
concentration polarization also contributes higher osmotic pressure effects that tend to
reduce the effective TMP and permeate flux. As a result, CF and vibratory NF operations
ran at excessively high applied TMPs have greater risks for membrane fouling, and thus,
should be prevented. Overall, the interactions observed between the effects of feed
concentration, applied TMP, and module vibration, suggest critical parameters that

establish the suitable conditions of the NF operation [163].

5.3.7 Rejection Efficiency

The constituents rejected by the TS80 NF membrane are components that make
up the simulated coffee extract from reconstituted commercial instant coffee product. As
discussed earlier in Section 5.3.1, these components include mostly organic components
such as proteins, polysaccharides, lipids, and organic acids; but can also include
inorganic minerals and salts [96], [97]. Although soluble in water, these constituents
dissociate in solution at different extents. Some constituents can homogeneously dissolve
into organic and inorganic ions, but others may also disintegrate into very small particles
like colloidal matter (1 nm to 1000 nm), e.g., cluster of macromolecules, that disperse in
the solution as suspension. In this study, these components were characterized from feed
coffee extracts and permeate samples using proxy or representative analyses for turbidity

(suspended and colloidal solids), conductivity (dissolved organic and inorganic ions), and
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COD (total organic matter), with analytical methods discussed in Section 3.1.4. The
ability of the TS80 NF membrane to reject these components during vibratory and CF
filtration operations were also investigated, as discussed herein.

The TS80 membrane effectively rejected the colloidal and suspended solids, as
well as the colored constituents of the coffee extract. As shown in Figure 37, clear,
water-rich permeate samples were obtained from all the NF operations regardless of the
operating condition. In addition, the observed turbidity rejection and absorbance
rejection efficiencies were above 99.9% and 100%, respectively. This observation
indicates that most of the colored organic compounds in the feed coffee extract were also
colloidal and suspended solids that were larger than the cut-off molecular weight of the
TS80 NF membrane, i.e., 150 Da. In addition, an average COD rejection of about 99.1%
was observed from the NF operations, that also highly suggested that most of the organic
components in the coffee extracts were colloidal and suspended solids, represented by

turbidity.

Figure 37

Feed Coffee Extract (a) and Permeate (b) Samples from NF Operation

(@) (b)
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Despite the significant turbidity and COD rejection, permeate conductivities
ranged from 13.2 uS cm™ to 658.5 uS cm* that varied with the operating conditions of
the NF operation. This observation indicated that dissolved organic and inorganic
components smaller than 150 Da (or with molecular weights lower than 150 g mol™?)
were transferred through the NF membrane along with the solvent, in this case, water.
Owing to the effective rejection of suspended and colloidal solids from the coffee extract,
the conductivity measured from the permeate can be attributed to dissolved organic acids
based on the observed permeate COD concentrations that ranged from 33 mg L™ to 530
mg Lt with pH between 5.01 and 6.92. This acids may include caffeine, chlorogenic
acids as were also observed from previous CF NF operation of coffee extracts [33].
Relative to the feed coffee extract characteristics, this partial rejection of dissolved
components resulted in conductivity rejection ranging from 44.3% to 94.8%, with COD
rejection efficiencies ranging from 99.6%, to 99.9%. The permeate quality and
corresponding rejection varied depending on the level of applied TMP, feed coffee
extract concentration, and vibrational amplitude, as shown in Figure 38 to Figure 40 for

conductivity parameters, and in Figure 41 to Figure 43 for the COD parameters.
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Figure 38

Permeate Conductivity (left) and Conductivity Rejections (right) as Function of Feed
Concentration at Various Applied TMPs and Vibrational Frequencies at T = 25 °C

(a) AP =1.03 MPa

Permeate conductivity (uS cm-1)

1500

1200

900

600

300

—+—F=0Hz
--—+---F =53.3 Hz
- -+ - F=541Hz
— — -F=54.6Hz

F =547 Hz

p Sttt S S P =

e e K]

15 25 35 45
Feed coffee extract concentration (g L1)

(b) AP =2.41 MPa

Permeate conductivity (uS/cm)

—~
)
~

Permeate conductivity (uS/cm)

1500
——F=0Hz
1200 F=53.3Hz
F=54.1Hz
900 F=546Hz
F=54.7Hz
600
300 x =
e —go—=@=T_ 1
O T T T
15 25 35 45
Feed coffee extract concentration (g L)
AP = 3.79 MPa
1500
—o—F=0Hz
1200 ---#---F =53.3 Hz
F=54.1Hz
900 F=54.6 Hz
--m--F=547Hz
600 ——0o ®
E B R .
------ Wocms BT T S
300 B oo s o
0 T T T
15 25 35 45

Feed coffee extract concentration (g/L)

100

80

60

40

20

Conductivity Rejection (%)

100

80

60

40

20

Conductivity Rejection (%)

100

80

60

40

20

Conductivity Rejection (%)

0

165

| —+—F=0Hz
---+---F =53.3 Hz
- - - F=54.1Hz
T — —-F=54.6Hz
F=54.7 Hz
5 15 25 35 45
Feed coffee extract concentration (g L1)
;//;‘./ L :
I
——F=0Hz
| F=53.3Hz
F=541Hz
1 F =54.6 Hz
F=54.7Hz
5 15 25 35 45
Feed coffee extract concentration (g L)
—e—F=0Hz
1 ---#---F =53.3 Hz
F=54.1Hz
| F =54.6 Hz
--m--F=547Hz
5 15 25 35 45

Feed coffee extract concentration (g/L)

www.manaraa.com



Figure 39

Permeate Conductivity (left) and Conductivity Rejection (right) as Function of Applied
TMP at Various Vibrational Frequencies and Feed Concentrations at T = 25 °C

(@) F=0Hz, d=0cm (non-vibratory)

100

mCo=85g/L
80 - 4Co=17.0g/L

xCo=25.44¢/L
60 - xCo=33.99g/L

eCo=42.4g/L

40 -

Permeate conductivity (uS cm-1)

AP (MPa)
(b) F=53.3Hz,d=0.64cm

200
’-'E +Co=8.5¢/L
(‘,'; 160 - -Co=17.0¢g/L
= Co=254¢/L
> —
b3 mCo=424g/L
>
2 80
o
o
o
S 40
£
& 0 _F T T T T T
1 15 2 25 3 35

AP (MPa)

(c) F=54.7Hz,d=3.18 cm

300
H'E Co=8.5g/L
& 240 Co=17.0glL
S Co=25.4glL
£ 180 - Co=33.9g/L
g eCo=424g/lL
©
S 120 A .
© T 1
2 T 1 -
8 60 - T _JF. I <
T e :
% L —_—.:Ti.‘_‘. == .= [ T 9
Y < —
1 15 2 25 3 35
AP (MPa)

100

80

60

Conductivity rejection (%)

mCo=8.50g/L
40 A ACo=17.0 g/L
xCo=25.4g9/L
201 xco=339¢/L
eCo=424¢g/lL
0 - ' ' i '
1 15 2 25 3 35 4
AP (MPa)
100
S 80
c
S
% 60 -
5 +Co=8.5¢/L
% 40 1 -co=17.0¢glL
_é Co=254 g/L
& 20 1 +co=339gL
mCo=42.4g/L
0 - ' ' ' '
1 15 2 25 3 35 4
AP (MPa)
100 F7—— e = RN = - -8
S - . - T -
\E 80 - I T
S B
8 60
o
> Co=85¢g/L
= 40 A =
2 Co=17.0g/L
_é Co=254¢/L
g 201 co=339¢/L
®Co=424g/L
0 - ' ' j '
1 15 2 25 3 35 4
AP (MPa)

166

www.manaraa.com



Figure 40

Permeate Conductivity (left) and Conductivity Rejection (right) as Function of Vibratory

Displacement at Various Feed Concentrations and Applied TMPs at T = 25 °C
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Figure 41

Permeate COD (left) and COD Rejections (right) as Function of Feed Coffee Extract
Concentration at Applied TMPs and Vibrational Frequencies at T = 25 °C

(a) AP =1.03 MPa

500
¢F=0Hz

2400 l +F=53.3Hz
g, AF=541Hz
\0/300 | F=54.6 Hz
3 F=54.7Hz
8]
£ 200 -
()
€
()
a 100 A i— = =g=====< ———— 2

R s s e

0 . - -
5 15 25 35 45

Feed coffee extract concentration (g/L)

(b) AP =2.41 MPa

800
F=0Hz
~ F=53.3 Hz
? 600 + F=54.1Hz
é F =54.6 Hz
S 400 - F=54.7 Hz
[J]
IS
] ¥
+=

%200- . X
Q ="t "8

0 T T T

5 15 25 35 45

Feed coffee extract concentration (g/L)

(c) AP =3.79 MPa

1200

®F=0Hz
/_TlOOO 1 mF=533Hz
E‘} F=54.1Hz
E 800 A F=54.6 Hz
@) BF=547Hz
O 600 A
@ -
§ 400 T
e 0y T e
& Bo---- J--==T n- x o

200 { TR ol el D4

0 T T T
5 15 25 35 45

Feed coffee extract concentration (g/L)

COD Rejection (%) -
[{e} (e} (o] o
~ 00} (o] o

©
(e}

(o]
(63}

100

COD Rejection (%)
[{e} (e} (e}
N (e} 0]

©
N

©
o

COD Rejection (%)

168

--—+-—-F=53.3 Hz
- -+ -F=541Hz
1 F =546 Hz
F=547Hz

5 15 25 35 45

Feed coffee extract concentration (g/L)

g

F=0Hz

F=53.3Hz
F=54.1Hz
F=54.6 Hz
F=54.7Hz

5

15

25 35 45

Feed coffee extract concentration (g/L)

- —_i-_'_:_'_:é:_‘_'_;_‘j
471 1

—e—F=0Hz
---#---F=53.3 Hz
F=54.1Hz
F =54.6 Hz
--m -F=547Hz

5

15

25 35 45

Feed coffee extract concentration (g/L)

www.manaraa.com



Figure 42

Permeate COD (left) and COD Rejections (right) as Function of Applied TMP at Various
Vibrational Frequencies and Feed Concentration and at T = 25 °C
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Figure 43

Conductivity and COD Rejections as Function of Vibrational Displacement at Various
Feed Coffee Extract Concentration and Vibrational Frequencies at T = 25 °C

(@) Co=85¢gL*

1200
=P =1.03 MPa
;:1000 . AP =241 MPa
o P =3.79 MPa
£ 800 -
5
O 600 -
9 L
$ 400 - I
£
5 200 I = I
a S SR LR -3
0+ T T T T T '
0 0.5 1 1.5 2 2.5 3

Vibrational displacement (cm)

(b) Co=25.4¢L"

1200
%P =1.03 MPa
%1000 1 P =2.41 MPa
E 800 P =3.79 MPa
o)
8 600 -
.,q_'.’ L
é 400 +
.
—_ T
g 2004{ * I [
L LT TTTT ::::-__—j
OT T T T T T Iﬁ'
0 05 1 15 2 25 3

Vibrational displacement (cm)

(©) Co=42.4¢gL?

1200
eP =1.03MPa
1000 1 P =2.41 MPa
oP =3.79 MPa

(o]

o

o
1

N
o
o
II
!
!
)-l—.—,'
;
]
o

Permeate COD (mg L)
(e}
o
o

N

o

o
1

T

o

0O 05 1 15 2 25 3
Vibrational displacement (cm)

170

R S S E
o\o T I I J
~ J. L
c
g i
L
S 94 {
a
@) mP=1.03 MPa
© 92 AP = 2.41 MPa
P =3.79 MPa
90 T T T T T T
0O o5 1 15 2 25 3
Vibrational displacement (cm)
100 _
a2 e m e — ____4
:I'_' E3 -.r J
—~ 99 - 1 +
O\O L
~ L T
S 98 1 *
[&]
Q2
()
A 971 “P =1.03 MPa
O
O P =2.41 MPa
96 A
P =3.79 MPa
95 T T T T T T
0O o5 1 15 2 25 3
Vibrational displacement (cm)
100 4 - - p|
L ~ = o 3
L - §. e R
—~ 99 ¢
S
c
S 98 1
[&]
2
()
g 7 1 eP=1.03MPa
O =
96 1 P =2.41MPa
®P =3.79 MPa
95 T T T T T T
0O o5 1 15 2 25 3
Vibrational displacement (cm)

www.manaraa.com



Like permeate flux, membranes exert a certain resistance to retain certain solutes
that are larger than the pore size or cut-off molecular weight, or in the case of NF
membranes, repel similarly charged solutes from passing through [94]. Descriptions of
uncharged solute rejection in NF membranes have generally been based on steric
diffusion within the membrane pores, while charged solute rejection have been modelled
based on electrokinetic mechanisms relative to the membrane surface charge [168].
However, it should be noted that the permeate concentrations (turbidity, conductivity,
absorbance, and COD) measured in this study were non-specific and do not provide
detailed information of solute constituent sizes, and surface charges, likewise the specific
mechanisms influencing rejection. Nonetheless, solute rejection of the TS80 NF
membrane observed in this study were interpreted based on the relationship between the
solvent flux (Jv) and the flux of the undesired solute components (Js) passing through the

membrane. This fundamental relationship is shown in Equation 70.

Js:Cpi Jv (70)

In terms of observed rejection, the solute flux may also be expressed as:

Js:Co(1 _ro) Jv (71)

Membrane surface concentrations further adjusts the relationship in terms of real

rejection efficiencies, as shown in Equation 72.

Js = Cm(l - I‘real) JV (72)
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Equations 70 to 72 only present that the transport of solute across the membrane is
directly proportional to the permeate flux. Thus, conditions that increase permeate fluxes
generally tend to increase the solute flux and result in lower rejection efficiencies.
Likewise, conditions that increase membrane surface concentrations lead to higher solute
fluxes that decrease rejection efficiencies.

Permeate conductivities and rejection efficiencies corresponded with those of
COD at various operating conditions indicating the presence of dissolved organic
constituents that are smaller than 150 Da that passed through the TS80 NF membrane.
However, it should be noted that some of the permeate conductivity may also be
attributed to inorganic ions and a more specific characterization of the dissolved
components may be recommended. Nonetheless, permeate conductivities and COD
concentrations were highest under non-vibratory CF operation (F = 0 Hz) and at applied
pressures of 3.79 MPa. Feed coffee extract concentrations had little effect of permeate
conductivities. However, it can be observed that permeate CODs slightly increased with
increasing coffee extract strength. Consequently, conductivity and COD rejection
efficiencies increased with the higher vibrations and feed coffee extract concentrations;
and decreased with increasing applied TMPs. High membrane surface shear rates
generated by torsional oscillations reduced membrane surface concentrations that, in turn,
reduced the diffusive transfer of solutes through the NF membrane while enhancing the
permeate flux. As shown in Figure 40 and Figure 43, compared with CF operations,
module vibrations at 54.7 Hz (d = 3.18 cm) reduced permeate concentrations by about
56% for conductivity and 58% for COD at applied pressure of 3.79 MPa. On the other

hand, an average reduction of 50% for permeate conductivity and 42% for permeate COD
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was observed at 1.03 MPa, owing to low sensitivity of permeate flux with surface shear
at low TMPs (as discussed in Section 5.3.4). Nonetheless, the improvement of rejection
efficiencies attributed to vibratory shear is comparable with those observed in vibratory
membrane filtration of surface waters for natural organic matter (NOM) removal [47],
and humic substances [40], and in the vibratory NF of skim milk [165].

On the other hand, the increase in permeate conductivities and COD
concentrations, likewise, the decrease in the corresponding rejection efficiencies at
increasing applied pressure can be attributed to the increase in permeate fluxes that
promoted the transfer of solutes across the membrane [169]. Consequently, conductivity
and COD rejections shown in Figure 39 and Figure 42 were lowest at 1.03 MPa for both
CF and vibratory NF operations due to the decrease in driving force for permeate flow.
The decreasing rejection efficiencies at higher applied pressure also indicates that the
rejection of the solute was controlled by the convective transfer of solutes across the
membrane as the membrane surface become polarized. Increasing the applied pressure
promoted higher solvent fluxes that carries coffee extract components towards the
membrane surface. Thus, a more concentration polarized region results from the increase
in solute concentration on the membrane surface, among which are dissolved components
that diffuse through membrane pores and result in higher permeate concentrations and
lower rejection efficiencies [170]. This behavior were comparable with those studies
conducted for the removal of arsenic by NF [169], fouling in the vibratory MF of algae
cultures [171], and in the rotary disk UF of alfalfa wastewater [170]. In contrast with
these results, other NF studies like those in skim milk processing [172] and in soluble

wastewater reclamation [52] reported an increase in rejection efficiencies with increasing
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applied pressure. However, it should be noted that these studies used more diluted
streams that can less likely foul membranes compared with those processed in this study.
This indicates a threshold applied pressure that optimizes the vibratory NF of coffee
extracts by not only meeting the critical flux, but also generates satisfactory rejection
efficiencies.

The NF operation generated water-rich permeate, however, as mentioned earlier,
dissolved constituents like organic and inorganic ions smaller than 150 Da are still
present in the permeate, as represented by permeate conductivity and COD concentration.
Despite this, most of the permeate had conductivities less than 300 uS cm™, that did not
significantly vary with feed coffee extract concentrations, as shown in Figure 38. On the
other hand, the organics (as COD) in the permeate were also considerably reduced
relative to those observed from feed coffee extracts. Permeate COD concentrations were
less than 500 mg L that slightly increased with feed coffee extract concentrations for
applied TMPs above 1.03 MPa, as shown in Figure 41. This increased concentration of
organics in the permeate can be attributed to the increased solute flux as a result of the
higher concentration gradient across the membrane. In the concentration of diluted milk
by vibratory NF, Frappart et al. [165], reported an exponential increase in permeate
conductivities and COD concentrations as a result of this diffusion. This behavior
generally leads to lower rejection efficiencies, especially for low molecular weight
organic solutes, and salts at dilute concentrations [108]. However, the coffee extracts
used in this study were considerably higher in concentrations and were largely
represented by colloidal and suspended solids. The retention of these components

resulted in higher concentration polarization that, in effect, acted as an additional layer of
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resistance, not only for solvent flow, but also for solute transfer [94], [108]. For NF
membranes this additional resistance may arise from hindered solute transport due to
steric hindrance or pore blocking, and by charge exclusion [173]. According to Mulder
[108], membrane rejection efficiencies can be higher for mixtures of macromolecular
solutes, like in the case of coffee extracts, where suspended and colloidal components

increase the retentivity especially for lower molecular weight solutes.
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Chapter 6

Modeling Vibratory Nanofiltration of Coffee Extracts
via Semi-Empirical Approach

Additional graphs and tabular data of the results for this chapter are presented in
Appendix C. The results presented herein are those essential to summarize the studies

necessary for this dissertation’s discussion.

6.1. Introduction

The effectiveness of the novel dynamic vibratory filtration system is dictated not
only by the local shear rates developed on the membrane surface, but also by the
underlying mass transfer mechanisms affected by a variety of operating factors. In
Chapter 5, the power-law model strongly related the effects of vibratory frequency and
amplitude, hence surface shear rates, on permeate fluxe enhancement [2], [102], [107].
However, while the results were indicative of the significant role of vibratory shear
generation in flux enhancement, other parameters still influenced the operation. Some of
these indicated the effects of applied TMP and feed concentration on the resulting
osmotic pressure effects, concentration polarization, and flux decline. Thus, while the
information provided from the power-law model and analyses of individual effects of
parameters of vibratory NF performance provide insights on understanding the
mechanisms involved, the development of a predictive model relating factor interaction
on the vibratory NF performance is still essential. Models not only allow us to
understand the different mechanisms affecting the operation of the membrane system, but

these can also aid us in managing fouling and further optimizing the process. Hence,
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these enable the technology to be more transferable for other extensive food and beverage
process applications.

The evaluation of the filtration system from a theoretical perspective is
fundamental in predicting the vibratory NF performance in processing coffee extracts.
Despite the attractiveness of the method, the underlying consequences from the dynamic
nature of the VSEP system, as well as that of other dynamic membrane systems, provide
the challenging aspects in modeling the process [174]. Overall, this limits analytical
approaches for evaluating the interplay of vibration with other operating factors to
improve the prediction of filtration performance and membrane fouling. Thus, in contrast
with CF filtration systems, currently, a very limited number of mathematical modeling
studies for vibratory membrane systems have been reported to date [58]-[60]; and none
in which coffee extract preconcentration is involved.

In the light of these limitations, this study adapted an alternative semi-empirical,
resistance-in-series model that correlates vibratory NF performance with feed coffee
extract concentration, applied TMP, and vibration. A combined osmotic-pressure-film-
layer model was evaluated to determine model parameters for membrane surface
concentrations, and real rejection at different operating conditions of the NF operation.
The resistance-in-series concept was then adapted to quantify and compare the different
fouling resistances generated from the nanofiltration of coffee extracts. The variation of
concentration polarization, osmotic pressure effects, fouling resistances and model
correlations were then compared with experimental parameters for conventional CF, and

vibratory filtration operations. Overall, the model developed in this study is useful in
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managing membrane fouling in vibratory systems and optimizing and developing

alternative approaches for its scale-up, which promotes further industrial application.
6.2 Development of the Mathematical Model

6.2.1 Flow and Surface Shear in the L-VSEP Module

The vibrating membrane filtration technology employed in this study uses
mechanical energy to promote periodic oscillatory movements on the membrane module
(Section 2.4.4). These high-speed vibrations, commonly ranging between 50 Hz to 60
Hz, create shear fields that are considerably large enough that overcome local shear rates
generated from conventional CF filtration. As a result, this dynamic operation allows the
maintenance of permeate fluxes and solute retention without requiring large CF velocities
and applied TMPs. The local membrane shear rates generated from this operation also
vary sinusoidally with time and proportionally to radius [2]. As was discussed earlier, the
CF velocity of the fluid in the annular membrane is characterized by the transverse
velocity (or azimuthal flow). This flow is characterized by the radius of the membrane
(Ri), oscillation frequency (F) and displacement (d), angular velocity, and channel height
(h). In this study, channel height has been found to be approximately 3.5 mm. On the
other hand, the maximum displacement resulting from the oscillation of the membrane
module is a function of the disk periphery (r = Rz2). The flow regime of in this channel is
governed by Stokes law. The kinematic viscosity (v) and density (p) of the fluid dictate

the Reynolds number of the fluid in the vibratory operation, as shown in Equation 23.

_ 2nFh’
B L

Re (23)
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The membrane surface shear rates may be expressed as maximum shear rate (yw max) at
the disk periphery (Equation 26), while the average shear rate (yw mean) iS determined

over the membrane annular area measured from R1 and Rz (Equation 27).

_ R,ORe™

Yoma = — =2 d(@F) 003 (26)

2'?(R3-RY)

== 2l 27
Yw mean 37‘ER2 (R% —R%) Yw max ( )

6.2.2 Osmotic Pressure Model

Like most pressure-driven membrane operations, permeate fluxes (Jv) in NF
results from the effective TMP (AP — An) across the membrane as proportional to the
intrinsic permeability of the membrane (Aw). The osmotic pressure model can be
employed by determining the osmotic pressure effects due to the accumulation of solute
on the membrane surface. For this study, the osmotic pressure difference across the
membrane is taken from the osmotic pressures between the feed-side surface of the
membrane (nm) and the permeating fluid (mp). This colligative property arises from the
different solute concentrations (Cm and Cp) across the membrane and can be determined
from van’t Hoff’s law, shown in Equation 73.

RT
. = = — . 73
n; =aC; ( v ) C; (73)

From the equation, a is the osmotic coefficient of the solution that is a function of

absolute temperature (T), universal gas constant (R), and the molecular weight of the feed
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(M). The average molecular weight of the coffee extract was found to be 524.5 x 10~ kg

mol™? [175]. At 25 °C, the osmotic pressure difference is expressed as:
An=4,726(C,,, — C,) (74)

The accumulation of solute on the surface of the membrane corresponds to a real
rejection parameter (rrea), a property of the membrane-solute system as opposed to the
observed rejection that varies with the bulk concentration of the feed. This parameter is
calculated relative to membrane surface and permeate solute concentrations. The osmotic
pressure model is expressed in terms of the real rejection parameter and membrane

surface concentration, as shown in Equation 75.
JV OSM — Aw (AP - 49726Cmrreal) (75)

6.2.3 Concentration Polarization

As discussed in Section 2.4.2, concentration polarization occurs when a laminar
boundary layer arises from the accumulation of solute components near the membrane
surface because of the applied TMPs during filtration. Under steady-state operation, the
local solute concentration on the membrane surface, similar to Cr, in Equation 75, reaches
a constant maximum value that influences the mass transfer across the membrane.
Likewise, this concentration polarized region is also characterized by a boundary layer
thickness and the diffusivity of the fluid. The film layer model (Equation 11) can be
expressed in terms of real rejection and membrane surface concentrations, as shown in

Equation 76.
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J _ %ln Cmrreal
ver g Co - Cm(l - rreal)

(76)

The permeate flux through the membrane also varies proportionally with the ratio
between solute diffusivity and boundary layer thickness, otherwise interpreted as the
solute mass transfer coefficient (ks = Ds/d). As discussed in Section 2.4.2.3, this
parameter is a well-known function in the Sherwood relationship that relates the
Reynolds number (Re) and the Schmidt number (Sc) with the convective flow in the
membrane system. High values of ks favor high throughput filtration operations, and to
influence this, most conventional filtration operations operate at high CF velocities. For
this system, the Harriott-Hamilton correlation, shown in Equation 77, is applicable for

turbulent flows in channels of this order (Re > 4000) [35], [176].

Sh = 0.0096Re*?'Sc% (77)

The properties of the coffee extract were necessary to determine the diffusivity
and Schmidt number (Sc) influencing the mass transfer of solute across the membrane.
The Wilke-Chang correlation (Equation 78) was used to determine the diffusivity
constant.

. 117.3x10"8 (oM, )T

S

(78)

V06

The correlation accounts the molecular weight (Ma) of the solvent, in this case, that of
water, and its corresponding association factor (¢ = 2.6), and their ratio with the absolute
viscosity of the coffee extract (1), and solute molar volume (v). For this study, the
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absolute viscosities, and densities of the coffee extract at different concentrations at 25 °C
were calculated from thermodynamic and rheological correlations used by Telis-Romero
etal. [141], [142].

Once these parameters are calculated, Cm and rreas may be solved numerically by
setting the difference between Equation 75 and Equation 76 equal to 0 [176], as shown in
Equation 79.

Ds Cmrreal
0=A,(AP —4,726C,, ——1In
( " real) 0 Co - Cm(l - I.real)

(79)

Suitable numerical methods may be used to solve the equation. For this study, the
General Reduced Gradient (GRG) non-linear algorithm was employed to estimate the
constant parameters (Cm and rrear), and consequently determine the quality of the
permeate, Cp,. Once the empirical parameters were determined, the calculated values can
then be substituted to Equation 75 may then be used to estimate the osmotic-pressure-

driven permeate fluxes (Jv osm).

6.2.4 Resistance-in-Series Model

Fouling resistances govern pressure-driven membrane processes such as the
vibratory NF system. These resistances not only pertain to membrane resistance, but also
account for resistances attributed to osmotic pressure, concentration polarization,
membrane adsorption, gel layer formation, etc. Such resistances develop on the
membrane surface as dictated by different operating conditions such as filtration time,
TMP, solute concentration, and vibratory settings. On the assumption that these

resistances act in series to influence NF performance. The osmotic pressure model
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presented so far, only account for the influence of membrane resistance (Rm) and that of
osmotic pressure (Rosm) developed on the membrane surface at specific feed
concentrations, applied TMPs, and module vibrations. Thus, the osmotic-pressure-driven
flux in the model equation can be further expressed using the resistance-in-series model,
shown in Equation 80.

L _AP—Ar AP

(80)

Concentration polarization additionally contributes to an additional fouling resistance.
On this assumption, experimental permeate fluxes (Jvexpti) deviate from those obtained
from the osmotic pressure model. This resistance (Rcp) is added, thus, correcting the

model based on experimental data, as shown in Equation 81.

L AP _ AP—An  J,osm Ry 81
v exptl “ (Rm+Rosm+ch) M (Rm+RCp) (Rm+ch) ( )

6.3 Experimental Approach
Similar to the parametric studies in Chapter 5, the NF experiments were employed

using the L-101 VSEP filtration system. Continuous NF operation in full recycle mode
was conducted to approach steady-state conditions within 60 minutes of operation.
Experiments were performed at 25 °C and at a retentate flowrate of 7.6 L min™* for
applicable ranges of TMP (1.03 MPa to 3.79 MPa), and for selected feed coffee extract
concentrations (8.48 g L™ to 42.4 g L™Y). Non-vibratory CF filtration runs were set at a
vibrational frequency of 0 Hz at displacement of 0 cm; while vibratory NF experiments

were employed under frequencies between 53.3 Hz and 54.7 Hz with corresponding
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displacements between 0.64 cm and 3.18 cm, respectively. Permeate samples were
collected at 5-minute intervals to measure the permeate fluxes, and quality (Cpi) in terms
of turbidity (suspended and colloidal solids), conductivity (dissolved organic and
inorganic components), absorbance (color), and COD (total organic matter), and
corresponding rejection efficiencies. However, for the permeate parameters modeled in
this study, only rejection efficiencies based on COD concentrations were considered in
the mathematical model since COD concentrations were expressed in mass-per-volume
basis. On the other hand, the units for conductivity and turbidity characterization were
not consistent with the concentration parameters used in the mathematical models. The
COD is also a representative parameter for the broad range of coffee constituents present,
since it measures the organic character of the solution quite well. The experimental data
were simultaneously correlated with semi-empirical models for osmotic pressure effects,
concentration polarization, and fouling resistances presented in Section 6.2. Parameters
such as membrane surface concentrations, fouling resistances, and real rejection based on
COD were observed at various operating conditions. Lastly, a model correlation for flux
and permeate concentrations as a function of feed concentration, applied TMP, and
vibrational frequency was determined and fitted with the experimental data to assess the

applicability of the correlation in predicting vibratory NF operations.

6.4 Results and Discussion

In this study, a resistance-in-series model was developed to predict the
performance of the vibratory NF operation in terms permeate flux, permeate COD, and
COD rejection efficiencies. The model reflects the effects of feed coffee extract

concentration, applied TMP, and vibratory settings on osmotic pressure effects, and
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boundary layer mass transfer to provide insight on intrinsic parameters such as membrane
surface COD concentrations, real rejection efficiencies, and mass transfer coefficients.
Like most traditional membrane transport process, osmotic pressure effects were modeled
as a function of the membrane surface concentrations, while boundary-layer mass transfer
arising from concentration polarization was modeled with the aid of the Sherwood
number relationship. However, in contrast with conventional approaches of determining
the mass transfer coefficient from crossflow velocities, this study employed the flow
properties in the vibratory membrane module as a function of the vibratory frequency and
displacement affecting the surface shear rates. The annular channel where fluid flow is
assumed to split, as well as the moving walls that generate surface shear on the
membrane clearly indicate the unique and complex nature of the dynamic operation.
Nonetheless, hydrodynamic analyses developed by Akoum et al. [2] enable the
calculation of flow regime, and surface shear rates within the vibratory membrane
module with respect to the transverse velocity, vibratory frequency, displacement, and
fluid viscosity. This allowed us to estimate the mass transfer coefficient, membrane
surface concentrations, fouling resistances that can be used for predicting the vibratory

NF performance.

6.4.1 Membrane Surface Concentration and Permeate Flux

The simultaneous calculation of the classical osmotic pressure and concentration
polarization models serves as a useful alternative approach in modeling flux-enhanced
NF systems [35], [176]. Membrane surface concentrations, and real rejection parameters
in terms of COD were solved numerically using the GRG non-linear algorithm based on

the calculated flow and mass transfer properties. The GRG method is one of the well-
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known numerical methods for nonlinear optimization where the objective function is
differentiable [177], [178]. The numerical method has been applied to small-to-medium
sized problems [179] just like the objective function in Equation 79. As a well-known
method, the algorithm is accessible using Microsoft Excel ® Solver [180], and was also
implemented in this study. The constant parameters were obtained for various feed
coffee extract concentrations, TMP and vibratory settings, along with the fouling
resistances that shall also be discussed herein. These are presented in Table 27. On the
other hand, Figure 44 and Figure 45 show the variation of calculated membrane surface
concentrations with feed coffee extract concentration, and applied TMP for non-vibratory

CF, and vibratory NF operations, respectively.

Figure 44

Membrane Surface Concentration as COD at Various Feed Coffee Extract
Concentrations and Applied TMP Under Conventional Crossflow at T = 25 °C
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Figure 45

Membrane Surface Concentration as COD at Various Feed Coffee Extract
Concentrations and Applied TMP Under Vibratory Nanofiltration at T = 25 °C
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Table 27

Calculated Flow, Mass Transfer, Real Rejection Parameters, And Fouling Resistances

Operating Conditions

Model Parameters

Fouling Resistances

TMP F d Re k ) Rosm Rcp
(Pa) (Hz) (cm) (105ms?) (105m) '™alCOD  (1gum)  (10%mY
C,=85gL*?
1.03 0 0 243 0351  11.217 0.999 1.299 0.929
533  0.64 4,588 1.215 3.244 0.993 0.907 0.682
541 127 4,657 1.231 3.201 0.994 0.906 0.615
546 254 4,700 1.242 3.174 0.994 0.906 0.596
547 318 4708 1.244 3.169 0.993 0.905 0.595
2.41 0 0.0 243 0351  11.217 0.999 1.868 1.405
533 064 4,588 1.215 3.244 0.997 0.945 0.770
541 127 4,657 1.231 3.201 0.997 0.941 0.470
546 254 4,700 1.242 3.174 0.998 0.940 0.290
547 318 4,708 1.244 3.169 0.998 0.940 0.254
3.79 0 0.0 243 0351  11.217 0.999 2.556 2.423
533  0.64 4,588 1.215 3.244 0.998 1.035 0.915
541 127 4,657 1.231 3.201 0.998 1.028 0.661
546 254 4,700 1.242 3.174 0.999 1.026 0.425
547 318 4708 1.244 3.169 0.999 1.025 0.259
Co=25.4gLt
1.03 0 0 242 0.350  11.193 0.999 1.872 1.879
533 0635 4572 1.207 3.243 0.999 1.094 1.152
541 127 4,640 1.224 3.200 0.999 1.094 0.582
546 254 4,683 1.234 3.173 0.999 1.092 0.496
547 3175 4,692 1.236 3.168 0.999 1.092 0.540
2.41 0 0 242 0350  11.193 0.999 2.624 5.943
53.3 0635 4572 1.207 3.243 0.999 1.144 2.152
541 127 4,640 1.224 3.200 0.999 1.138 1.863
546 254 4,683 1.234 3.173 0.999 1.134 1571
54.7 3.175 4,692 1.236 3.168 0.999 1.133 1.286
3.79 0 0 242 0350  11.193 0.999 3.158 7.117
533 0.635 4,572 1.207 3.243 0.999 1.319 2.625
541 127 4,640 1.224 3.200 0.999 1.312 2.306
546 254 4,683 1.234 3.173 0.999 1.307 1.476
547 3175 4,692 1.236 3.168 0.999 1.306 1.140
Co=424gLt
1.03 0 0 241 0.348  11.168 0.999 2.416 5.000
533 0635 4555 1.200 3.243 0.999 1.308 1.779
541 127 4,623 1.216 3.199 0.999 1.304 1.774
546 254 4,666 1.226 3.172 0.999 1.301 1.715
54.7 3.175 4,675 1.228 3.167 0.999 1.300 1.652
2.41 0 0 241 0.348  11.168 0.999 3.403 7.938
53.3 0635 4,555 1.200 3.243 0.999 1.284 3.988
541 127 4,623 1.216 3.199 0.999 1.275 3.947
546 254 4,666 1.226 3.172 0.999 1.269 2.825
547 3175 4675 1.228 3.167 0.999 1.268 2.178
3.79 0 0 241 0.348  11.168 0.999 4.001 11.471
53.3 0635 4555 1.200 3.243 0.999 1.477 4.695
541 127 4,623 1.216 3.199 0.999 1.464 4585
546 254 4,666 1.226 3.172 0.999 1.458 4.412
547 3.175 4,675 1.228 3.167 0.999 1.457 4.145
188
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The general trend shows that the membrane surface concentrations were
significantly higher than the feed concentrations of the coffee extract as these
concentrations represent the amount of solute accumulating at the boundary layer during
the NF operation. From Figure 44, membrane surface concentrations under non-
vibratory NF ranged from 80 g L™ to 640 g L%, and increased with feed coffee extract
concentrations and applied TMP. These concentrations were approximately 10 times
higher than the feed coffee extract concentrations that consequently results in a thick
boundary layer, approximately 11.2 x 10° m. Under non-vibratory CF filtration, the
concentration polarization modulus (Cm/Co) was highest (10 to 65) when feed
concentrations were low at 8.5 g L. The polarization modulus also increased with
increasing applied TMP, as more organic constituents of the coffee extract were forced
towards the membrane surface. On the other hand, for 42.4 g L 'feed coffee extracts, the
polarization modulus ranged from 3 to 13, owing to the lower boundary layer thickness
calculated from the semi-empirical model. The concentration polarization region consists
largely of suspended and colloidal organic solids, based on the level of turbidity and
COD concentrations of the feed coffee extracts. In addition, above 99% of these
suspended and colloidal solids are larger than the 150-Da cut off molecular weight of the
TS80 NF membrane that are rejected effectively. However, it is also possible that the
high membrane surface concentrations under non-vibratory NF can be attributed to the
dissolved organics that may have precipitated out as gel layer. Collectively, the
accumulation of these components on the membrane surface hinders the convection of
the fluid through the membrane. On the other hand, the vibratory NF operation

considerably reduced the membrane surface concentrations to magnitudes between 20 g
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Lt and 360 g L%, or about 60% less than those observed in CF operation, as presented in
Figure 45. However, while the ideal assumption was valid when considering the
relatively dilute concentrations of the coffee extracts in the bulk phase of the fluid (>
95% water), surface concentrations were considerably high that may limit the van’t Hoff
equation in approximating the osmotic pressure difference. Alternative calculations of
this parameter to correct the potential non-ideal behavior at the membrane surface may be
necessary for model improvement. On the other hand, the flow parameters under
vibratory NF also improved as the Reynolds numbers were 18 times that of the non-
vibratory operation, as shown in Table 27. This improvement indicates that the vibratory
shear rates generated on the membrane surface overcome the viscous flow. This behavior
promoted flow across the membrane as solute particles on the membrane surface are
swept back to the bulk fluid region. The decrease in membrane surface concentration
also thinned the boundary layer to 3.2 x 10° m under vibratory NF. This reduced
concentration polarization region increased the mass transfer coefficient by a factor of 3.5
when compared with CF operations. Overall, based on Sherwood relationship, the
vibrations promoted convection across the membrane, enhancing the permeate flux by up
to 2 or 3 times that of the non-vibratory operation.

In both filtration modes, membrane surface concentrations increased with the
applied TMP and feed solute concentration and decreased with module vibrations and
shear. Further, feed solute concentrations showed the highest contribution to membrane
surface concentration that impart osmotic pressure effects or back diffusion among the
three operating factors. In addition, the viscous flow becomes more pronounced in

higher strength coffee extracts, thus limiting the membrane surface shear rates in both CF
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and vibratory NF modes. On the other hand, while higher TMP allows the convection of
solvent across the membrane, the solute components forced near the membrane surface
accumulate and result in higher back-diffusion. This back-diffusion lowers the effective
TMPs and permeate fluxes across the membrane. The contribution of vibration to flux
enhancement was observable especially for low strength coffee extracts, as were shown
earlier in Chapter 5 (Figure 30). However, while this is true when comparing between
vibratory and non-vibratory NF operations, flux enhancement was only gradual within
the range of vibration settings (53.3 Hz to 54.7 Hz) employed in the filtration
experiments. Figure 45 also shows that membrane surface concentrations only slightly
decreased with increasing vibration compared with the changes contributed by the TMP
and feed solute concentration. This trend indicates that among the three operating
conditions, module vibration had the least relative impact on the permeate flux of the
vibratory system. As will be shown in Chapter 7, these observations agree with the
statistical correlations presented by Laurio et al. [181], where the coefficients from
multivariate regression analysis were used to quantify the relative impacts of feed
concentration, applied TMP, and vibratory frequency. Accordingly, feed coffee extract
concentrations limit the permeate fluxes from the vibratory NF operation by about 6
times the flux enhancement contributed by the module vibrations. The relative effect of
vibrations on membrane surface concentrations may be due extent of vibratory
frequencies considered for the study. The variation of vibratory frequencies between
53.3 Hz and 54.7 Hz only corresponded to a relative change of only 2.6%, despite the
observed vibratory displacement from 0.64 cm to 3.18 cm. This small variation may

have limited the changes in membrane surface concentrations. Unfortunately, these
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module vibrations are only limited within this range that filtration operations below or
above the frequency range may damage the mechanical parts of the equipment. Thus,
while higher vibratory frequencies may further reduce the membrane surface
concentration, the operational constraint of the vibratory membrane system limits the
process from doing so. Despite this limitation, the vibrations of the membrane module
generated an appreciable amount of shear on the membrane surface that alleviated
membrane fouling and flux decline. This presents favorable cost reduction in comparison

to CF operation.

6.4.2 Rejection Efficiency and Permeate Quality

The calculated real rejection parameter was higher than the observed rejection,
considering that the membrane surface concentrations in all operations were significantly
above the bulk concentrations of the coffee extract, due to the extent of concentration
polarization occurring. As shown in Table 27, real COD rejection efficiencies (rrea cop)
were above 0.99, and did not varying significantly with operating conditions. This
observation was due to the considerably high membrane surface concentrations obtained
from CF and vibratory NF operations, relative to the permeate COD concentrations

shown in Figure 46.
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Figure 46

Predicted and Experimental Permeate COD Concentrations Under Different Feed Coffee
Extract Concentrations, TMP, and Vibrational Settings at T =25 °C
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Despite the invariance of real COD rejection, the variation of permeate COD
concentrations at various filtration conditions was noticeable. In addition, the permeate
COD was higher under non-vibratory CF operation than those obtained from vibratory
NF. At an applied TMP of 3.79 MPa, an 8.5 g L* coffee extract processed under CF
filtration also rendered permeate with COD concentration that is approximately 1.7 times
higher than those generated from vibratory NF operations. Higher-strength coffee
extracts also rendered slightly higher COD concentrations in the permeate for vibratory
NF operation. The increase in permeate COD with feed concentration was more
pronounced under CF filtration mode. Fundamentally, the concentration gradient across
the membrane, i.e., the difference between the amount of solute present on the membrane
feed surface and that of the permeate, serves as the driving force for solute transfer [165].
Thus, low shear membrane operations like the CF operation result in lower permeate
quality due to higher concentration polarization. Similarly, because of the variation of
membrane surface concentrations, higher TMP and feed coffee extract concentrations
tend to increase the permeate COD concentrations, while vibratory shear reduced them.
However, since membrane surface concentrations provide additional resistance to the
transfer of solute across the NF membrane, only minimal increase in permeate COD
concentrations was observed despite increasing the concentrations. For NF membranes
this additional resistance arises from hindered solute transport due to steric hindrance or
pore blocking, and by charge exclusion [173]. Larger solutes also add to this resistance,
in this case, those of the colloidal and suspended solids that represented a large fraction

of the coffee extract components retained by the NF membrane.
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The assessment of the quality of the permeate generated by the vibratory NF
operation is important, especially for scale-up membrane operations where the permeate
recovered is intended for reuse. Mathematical models, such as that developed in this
study, serve as a useful tool in managing permeate quality by lessening membrane
fouling in vibratory NF operation. For a scale-up study, the model may also be used to
estimate the instantaneous permeate quality in a modified concentration study [14], [33],
[56]. Average permeate concentrations may be determined as a function of water
recovery from the vibratory NF of coffee extract. The projected average concentrations
can then be compared with water reclamation guidelines for reuse. However, it should be
noted that this study only focused on COD concentrations in mathematically modeling
the impacts of the operating conditions on membrane surface and permeate
concentrations. Concentrations for turbidity and conductivity may still need to be
standardized against mass-per-volume basis to make them applicable in the model.
While the gravimetric approach may be used to delineate the suspended and dissolved
solids concentrations, more straightforward standard analytical methods such as those
used in this study or useful correlation would be recommended since colloidal
constituents may have overlapping definitions as both suspended and dissolved in nature.
Despite this limitation, the trends with permeate COD concentrations corresponded with

those observed in permeate conductivities, as presented in Table 28.
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Table 28

Permeate Characteristics and Corresponding Observed Rejection Efficiencies at Various Operating Conditions

Operating Conditions

Permeate Characteristics

Observed Rejection

TMP

F

d

Conductivity

Turbidity

COD

(MPa) (Hz) (cm) (uS/cm) (NTU) Absorbance (mg/L) F'o cond Fo turb F'o abs focop

Co=85g/L

1.03 0 0.00 944+14 0.102+0.004 0 90+1.4 0.861+0.0010 1.0 1.0 0.989+0.0003

533 0.64 86.9+04 0.103+0.028 0 88+1.9 0.923+0.0004 1.0 1.0 0.990+ 0.0005

547 3.18 48.7+0.2 0.092 £0.021 0 59+2.1 0.877 +0.0002 1.0 1.0 0.993 +0.0004

241 0 0.00 233.5+0.2 0.127 £0.003 0 267 +1.8 0.793 +0.0002 1.0 10 0.968 +0.0002

53.3 0.64 205.0+0.6 0.193+0.020 0 169 +3.2 0.848 +0.0005 1.0 1.0 0.980 + 0.0004

547 3.18 1329+21 0.135+0.005 0 130+1.1 0.882 +0.0020 1.0 10 0.985+0.0001

3.79 0 0.00 627.5+3.9 0.169+0.044 0 433+6.4 0.443 £0.0035 1.0 1.0 0.949 +0.0008

53.3 0.64 358.5+1.2 0.214+£0.004 0 253+0.7 0.682+0.0011 1.0 10 0.970+0.0001

547 3.18 315.0+01 0.110+0.012 0 228+4.1 0.720 +0.0001 1.0 1.0 0.973+0.0010
Co=254giL

1.03 0 0.00 93.6+4.7 0.099+0.021 0 83+1.3 0.983+0.0018 1.0 1.0 0.997+0.0001

53.3 0.64 76.7+11 0.193 +0.006 0 74+3.4 0.971 +0.0004 1.0 1.0 0.997+0.0001

547 3.18 13.2+3.1 0.070+0.024 0 46+1.3 0.995+0.0012 1.0 1.0 0.998+0.0001

241 0 0.00 1975+46 0.175+0.013 0 240 +£3.5 0.925+0.0017 1.0 1.0 0.992+0.0001

533 0.64 1905+2.7 0.157+0.018 0 153+2.8 0.927 +0.0010 1.0 1.0 0.995+0.0001

547 3.18 120.1+3.1 0.064 +0.010 0 146 +6.0 0.954 +0.0012 1.0 10 0.995+0.0002

3.79 0 0.00 612.0+24 0.135+0.008 0 439+25 0.767 £ 0.0009 1.0 10 0.985+0.0001

533 0.64 371.5+1.0 0.314+0.039 0 249+13 0.858 +0.0004 1.0 10 0.991+0.0001

547 318 264.5+0.9 0.204 +0.010 0 171+7.4 0.899 +0.0003 1.0 10 0.994 +0.0003
Co= 424 gIL

1.03 0 0.00 93.8+25 0.135+0.022 0 94 +3.5 0.989 +0.0007 1.0 10 0.998 +0.0001

533 0.64 746+3.0 0.201+0.051 0 81+2.0 0.981+0.0008 1.0 10 0.998 +0.0000

547 3.18 148+49 0.079+0.021 0 49+25 0.996 +0.0013 1.0 10 0.999 +0.0001

241 0 0.00 352.0+3.5 0.215+0.006 0 350+4.9 0.908 + 0.0009 1.0 1.0 0.993+0.0001

533 0.64 262.0+15 0.179+0.005 0 261 +£6.3 0.932 +0.0004 1.0 1.0 0.995+0.0001

547 3.18 1196 +£3.1 0.070 £ 0.017 0 147+£1.3 0.969 + 0.0008 1.0 1.0 0.997+0.0000

3.79 0 0.00 6585+1.2 0.651+0.012 0 498 +1.4 0.829 = 0.0003 1.0 1.0 0.990+ 0.0000

533 0.64 4225+12 0.450+0.024 0 348 +5.7 0.890 + 0.0003 1.0 10 0.993+0.0001
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The observations indicated that dissolved organic and inorganic components
smaller than 150 Da (or with molecular weights lower than 150 g mol™*) were transferred
through the NF membrane along with the solvent, in this case, water. On the other hand,
the permeate turbidities were significantly low and were found to be invariant with the
operating conditions, owing to the high efficiency of the NF membrane to reject colloidal
and suspended solids from the simulated coffee extract. Thus, the effects of feed solute
concentrations, TMP, and vibrations on permeate COD concentrations may be used in
interpreting the experimental permeate conductivities from the NF operation.

Experimental and theoretical permeate organic concentrations (in terms of COD)
were also found have an average deviation of 15%, as shown in Figure 47. This is
satisfactory, as the fluctuations arising from the measurement of permeate concentrations,
in residual amounts, cannot be ruled out. These fluctuations tend to increase as
concentrations become significantly low or when there is residual COD in the permeate
(<300 mg L1). Nonetheless, the average deviation still shows that experimental and
theoretical permeate COD concentrations are in reasonable agreement, and that the
mathematical model may be used in estimating the permeate quality from the vibratory

NF operation.

197

www.manaraa.com



Figure 47

Comparison of Model and Experimental Permeate COD Concentrations from Vibratory
and Non-vibratory Nanofiltration Operations
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Overall, the TS80 NF membrane was highly effective in rejecting coffee extract
components in both CF and vibratory NF operations, as was presented in Table 28.
Moreover, the vibratory NF operation can render not only better permeate fluxes, but also
permeate quality that present greater opportunities for reusability. Nearly complete
rejections of turbidity and absorbance were observed, leaving a clear permeate that
resembled water (shown in Chapter 5, Figure 37) with significantly low turbidity (< 1
NTU) and absorbance of 0. These observations show that the NF membrane was
practically capable of rejecting the colloidal, suspended solids and colored compounds
present in the coffee extract. This high rejection also corresponded to observed COD

rejection efficiencies above 0.95 (or 95%) indicating that the majority of the organic
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components rejected during the NF operation were colloidal and suspended solids larger
than the cut-off pore size of the TS80 NF membrane (~150 Da). On the other hand, the
components that passed through the membrane were dissolved organics and salts that
affected the conductivity of the permeate. The partial rejection of dissolved components,
especially of monovalent salts, is typical in NF membranes given that their pore size is
relatively larger than those of RO membranes [94]. As a result, permeate conductivities
between 15 uS cm™ to 660 uS cm™ with corresponding COD concentrations ranging
from 46 mg L™ to 498 mg L were observed depending on the operating conditions.
Despite the partial rejection of dissolved components, the NF membrane is still preferred
for coffee extract preconcentration since the permeate recovered from the operation is not
intended for human consumption, but only for reuse in ancillary plant operation. The
high organics rejection of the TS80 membrane allows water recovery with minimal
treatment and cost required before reuse. When scaled-up, the permeate from the
vibratory NF can be considered for reuse specifications required for cooling towers, feed

water for boilers, or as an extractant in percolation columns [139].

6.4.3 Fouling Resistances

The fouling of the NF membrane in both vibratory and non-vibratory filtration has
been identified as the primary limitation that can result in significant performance
reductions over time. Foulants limit membrane filtration performance by either adhering
in the internal pore structure of the membrane, or depositing directly on the membrane
surface by adsorption, or gel formation. The foulants also result in pore-blocking that
decreases the permeate flux of the operation, and if not properly managed, membrane

fouling can be irreversible. By using the resistance-in-series model (Equation 18),
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various resistances were identified to characterize the effect of fouling on mass transfer
across the NF membrane. Water tests were conducted to determine the membrane
resistance (Rm) equivalent to 8.2 x 10'° m™ based on the water permeability (Aw = 4.48 x
10t L m? h Pal) of the membrane and the absolute viscosity of water. Surface fouling
resistances (Rf) were also calculated as distinct to the membrane resistance using

Equation 82.

Re=——Ry, (82)

The calculated fouling resistances were plotted against vibrational displacement
and frequencies for various applied TMPs and feed coffee extract concentrations, as
shown in Figure 48. The local shear rates on the membrane surface reflected its role in
mitigating or reducing membrane fouling during the preconcentration of coffee extracts.
The dynamic vibratory operation significantly reduced the fouling resistance to at least
half of those observed in conventional CF filtration. Fouling resistance also increased
with increasing feed solute concentration, and TMP, the highest among which was that
observed at CF operation (F = 0 Hz, d = 0 cm), 3.79 MPa, and for the 42.4 g L™ feed
coffee extract. However, the fouling resistance remained unchanged within the vibratory
mode, between 53.3 Hz and 54.7 Hz at displacements between 0.64 cm and 3.18 cm.
These trends indicate the effect of operating conditions on the concentration polarization
and boundary layer osmotic pressure occurring in both filtration modes that influence the
permeate flux. Feed concentrations and TMPs caused high membrane surface
concentrations. The highly concentration polarized region consequently added to the

total resistance, reducing permeate fluxes, likewise, solute flow through the membrane.
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Figure 48

Fouling Resistances Under Different Feed Coffee Extract Concentrations, Applied TMP,
and Vibrational Settingsat T = 25 °C
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Membrane surface concentrations in the vibratory NF operation, at this point of
the study, have been related as a function of TMP, feed solute concentration, and
vibration. In particular, the osmotic pressure model and concentration polarization model
correlated the effects of TMP and feed solute concentration, respectively, while the
impact of vibratory frequency and displacement was modeled with the Sherwood
relationship. However, only osmotic-pressure-driven permeate fluxes were determined,
and adjustments were considered in the model equation by the inclusion of the
concentration polarization resistance. Using Equation 81, the surface fouling resistances
were characterized in terms of those attributed to the osmotic pressure on the membrane
surface (Rosm), and those attributed to concentration polarization (Rcp). From Table 27,
the fouling resistance resulting from the osmotic pressure on the membrane surface
limited the permeate fluxes when the feed solute concentration was at 8.5 g L.
However, concentration polarization resistances start to overcome osmotic pressure
resistances when feed solute concentrations were above 25.4 g L. Similarly, these
resistances increased with the TMP and feed solute concentrations as these conditions
favored higher polarization and membrane surface concentrations. Further, vibration
slightly reduced the osmotic pressure and concentration polarization resistances within
the selected vibration intensities.

In Figure 49, non-vibratory CF operations rendered total flow resistance
amounting from 2.2 x 10 m™ up to 15.5 x 10** m™, while total flow resistance reduced
to about half of the CF resistances under vibratory NF, from 1.2 x 10** m? to 6.4 x 10
mL, as shown in Figure 50. In both plots, the type of fouling resistance also varied

depending on the total flow resistance affected by the operating conditions. Under CF
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operation, osmotic pressure resistances were less sensitive to the total resistance varying

only between 1.3 x 10** m™ to 4.0 x 10* m, while concentration polarization resistances

varied greatly from 4.2 x 10* m to as high as 11.5 x 10** m™. The same behavior was

observed in vibratory NF where osmotic pressure resistances only varied from 9.4 x 10

m™ to 4.0 x 104, and concentration polarization resistances varied from 2.9 x 10* m* to

5.0 x 10%* m™. The plots also show that flow resistances develop from an osmotic-

pressure controlled operation to a concentration-polarization controlled operation as more

solutes accumulate on or near the membrane surface. Concentration polarization starts to

influence the non-vibratory NF fluxes when flow resistances exceed 4.0 x 10* m, while

for vibratory NF, this behavior was observed when flow resistances exceeded 2.3 x 10

m,

Figure 49

Comparison of Fouling Resistances Under Vibratory NF Operation
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Figure 50

Comparison of Fouling Resistances Under Crossflow NF Operation
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The concentration polarization resistance was also found to vary with the TMP,

feed solute concentration, and vibratory shear according to Equation 83.

Rep = 10.403 AP*435C, 1By 0481 (83)

W max

The values of the parameters were obtained by multiple log-linear regression method (o =
10.403, ny = 0.485, n, = 1.103, n3 = -0.481). The exponential parameters, ni, n2, and nz,
associate the relative effects of the operating conditions with the concentration
polarization resistance that were also found to correspond with those observed in
membrane surface concentrations. Based on the exponent parameters, feed solute
concentration has the highest positive effect (n, = 1.103) on the concentration
polarization resistance. The applied TMP also has a positive effect (n1 = 0.485) on

concentration polarization resistances at it influences the convection of the retained
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solutes towards the membrane surface. On the other hand, vibratory surface shear rates
decreased the concentration polarization resistances as indicated by the negative sign of
the exponent (n3 = -0.481).

The correlation coefficient of the log-linear regression was 0.85, which was a
satisfactory index for predicting concentration polarization resistances. Experimental and
model permeate fluxes presented in Figure 51 were also found to be in reasonable
agreement, indicating the reliability of the mathematical model in predicting and
minimizing membrane fouling conditions. However, despite the reasonable agreement
between model and experimental fluxes, further investigation of other membrane
filtration models is still necessary. Developing two distinct models for vibratory and CF
filtration modes may be recommended to improve the model parameters for better
predictability. In addition, it is also recommended to develop a model for concentration
polarization resistances from a more analytical perspective. Hydrodynamic analysis
combined with a more specific retention mechanism based on analytically or numerically
solving the boundary conditions of momentum and solute mass transport in the NF
membrane may also be explored to circumvent the limitations of the model. However, as
will be discussed in the succeeding sections, the complexities of our particular membrane
module system will likely challenge further applicability of theoretical modeling

methodologies. Additional parameters may be needed.
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Figure 51

Comparison of Model and Experimental Permeate Fluxes from Vibratory and Non-
Vibratory Nanofiltration Operation
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Lastly, despite its effect, vibratory shear influence in reducing concentration
polarization and related fouling resistance was the least among the three operating
conditions. Also, the added positive impacts of feed concentration and applied TMP on
concentration polarization resistances only diminishes the extent of flux enhancement
under the vibratory NF mode for frequencies between 53.3 Hz and 54.7 Hz. This
observation presents a limitation of the vibratory NF operation that may be considered
when optimizing the process for scale-up. In Chapter 8, in a parallel coffee extract
preconcentration scale-up study, we also presented that despite the contribution of
vibration, the operation may only be applied in concentrating coffee extracts to 35%
wt/wt. This preconcentration limit was also observed in CF NF studies conducted by Pan
et al. [32], thus, emphasizing that higher bulk solution solute concentrations increase the

concentration of the membrane foulants found in coffee extracts, which in turn, limits the
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operation. Nonetheless, despite the small changes, the appreciable permeate flux
enhancement and minimization of flux decline confirms the capability of the dynamic
vibratory membrane system in managing membrane fouling, in food processing systems

such as those studied herein.
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Chapter 7
Optimization of Vibratory Nanofiltration of Coffee Extracts
via Response Surface Methodology

Some texts and figures were reproduced and adapted with permission from M. V.
O. Laurio, K. M. Yenkie, and C. S. Slater, “Optimization of vibratory nanofiltration for
sustainable coffee extract concentration via response surface methodology”, Separation
Science & Technology, 2021, doi:10.1080/01496395.2021.1879858 [181]

Additional graphs and tabular data of the results for this chapter are presented in
Appendix D. The results presented herein are those essential to summarize the studies

necessary for this dissertation’s discussion.

7.1 Introduction

Concentration polarization and membrane fouling are complex phenomena
affecting almost all membrane processes to various degrees. While certain techniques
such as dynamic shear generation, as with the vibratory membrane system used in this
study, are available to reduce flux decline in crossflow filtration, some membrane fouling
is still inevitable, as was observed in Chapter 6. Over the years, researchers have made
efforts to develop models for the prediction of membrane performance. Most studies
used a system of equations from semi-empirical models [35]. These models are similar
to the resistance-in-series model developed in Chapter 6 from the combined osmotic
pressure and film layer models. On the other hand, few attempted to analytically or
numerically solve the hydrodynamic and solute mass transport analyses at the boundary
conditions of the membrane [182]. However, despite the fact that these orthogonal

approaches for membrane performance evaluation remain most fundamental,
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simplifications and assumptions make the models limited for extensive practical
applications [35]. Detailed parametric studies also require extensive experimentation,
making these methods time-intensive and less productive [170]. Likewise, analytical
solutions could also challenge design perspectives due to inherent complexities and
rigorous computational requirements. As in this study, the unique dynamic nature of the
technology likely presents challenges in using these conventional approaches, and no
universally accepted method is currently available to fully understand and predict the
performance of dynamic membrane separation. Thus, while the resistance-in-series
model in Chapter 6 provides a basis for predicting vibratory NF performance,
incorporation of more process parameters, e.g., solution properties, operating conditions,
etc., and further studies are still necessary for more extensive applications.

Among the alternative approaches for parametric evaluation and optimization of
several processes are those employed with the aid of statistical analysis. This method
involves factorial design for parametric studies; while for optimization studies, mixture
design (MD) and response surface methodology (RSM) are employed [143]. Among the
two optimization methods, RSM was employed in this study. Accordingly, experimental

data is fitted to a polynomial equation, as presented by Equation 84.

Y=p,+ z BX; + z B, XiXj+ z B. X+ - (84)

From the equation, Y is the predicted response used as a dependent variable, Bo IS the
constant coefficient of the model, and (i, Bij, and Pii represent coefficients for linear,
interaction, and quadratic effects of the model, respectively. These coefficients are

estimated by multiple regression analysis, in which the fitting quality of the polynomial
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model equation is mainly expressed by the regression coefficient, R?. Other statistical
tests such as analysis of variance, lack of fit tests, and other diagnostics are also used to
improve the experimental models. The mathematical models can then be used to predict
and optimize a wide array of process performance including yields, flow rates, energy
consumption, and even economic indices [183].

Overall, the statistical methods are useful tools for a wide variety of applications
involving the correlation of operating factors against process responses, primarily
intended for optimization. Due to its simplicity, the optimization method has been
investigated on wastewater treatment [184]-[192], membrane fabrication [193]-[195],
membrane cleaning [114], and in pharmaceutical [196] and water desalination
applications [197], as well. In food and beverage production, several membrane
processes were optimized for the recovery of food derivatives such as phenolic
compounds [198]-[200], solvent recovery from soybean isoflavone [201], astragalus
extraction [202], and clarification of orange press liquor [203].

However, among dynamic filtration systems, the application of RSM has only
been explored for rotary disk filtration for protein recovery from alfalfa wastewater,
[170] and inulin recovery from chicory juice, [204] and none on vibratory shear-
enhanced filtration systems. While both dynamic systems impart high shear rates from
the movement of membrane modules, the operating conditions that induce the shear
regions differ. Rotary disk systems impart high shear rates on membrane surface from a
disk mounted on a shaft that rotates at a certain rotational speed. On the other hand,
vibratory filtration systems such as that investigated in this study generate shear fields

from the oscillatory movement of the membrane module at a given frequency. In this
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study, the vibratory NF was optimized for the concentration of reconstituted coffee
extracts as an alternative to thermal evaporation before spray drying. Four types of NF
membranes were screened in terms of their characteristics and performance in water tests
and coffee extract filtration experiments. The extent of flux and rejection improvement
in the vibratory NF operation was also compared with CF filtration. Mathematical
models were developed to correlate the effects of TMP, feed solute concentration,
vibrational frequency and their corresponding interactions influencing permeate flux and
concentrations, rejection efficiencies using RSM. Lastly, these mathematical models

were used to optimize vibratory NF operation.

7.2 Experimental Approach

7.2.1 Experimental Design

7.2.1.1. Full-Factorial Experimental Design. Initially, the performance of CF
and VSEP nanofiltration runs were compared. A two-level (2%) full-factorial
experimental design was employed to screen the operating factors and responses that
were further evaluated in response surface experiments. Three factors with two treatment
levels were investigated. These include feed coffee extract concentration (8.48 g L™ and
40.88 g L), applied TMP (1.03 MPa and 3.79 MPa), and vibratory frequency (0 Hz and
54.7 Hz) that were evaluated in duplicate. The full-factorial experimental design is

shown in Table 29.
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Table 29

Two-level Full Factorial Experimental Design

Factor A Factor B Factor C
. . . Vibratory
Feed Concentration  Applied TMP  Vibratory Frequency Displacement

(@L™h (MPa) (Hz) (cm)
8.48 1.03 0 0
8.48 1.03 54.7 3.18
8.48 3.79 0 0
8.48 3.79 54.7 3.18
42.4 1.03 0 0
42.4 1.03 54.7 3.18
42.4 3.79 0 0
42.4 3.79 54.7 3.18

The effects of the operating factors on membrane filtration performance were
compared between CF and vibratory NF operations. Among the responses assessed for
this comparison include permeate flux, permeate characteristics, corresponding rejection
efficiencies, and the degrees of flux decline. The experimental fluxes were also fitted
according to the power law model, shown in Equation 30, to estimate the corresponding
initial fluxes (Jo) and flux decay rates (b) at specific operating conditions. These
empirical parameters served as the basis for calculating the degree of flux decline after 60

minutes of filtration using Equation 31.

J,=J,t® (30)

JO_JV

Flux decline = x 100 (31)

o

7.2.1.2. Response Surface Experimental Design. Response surface

experiments were conducted to optimize vibratory NF operation in terms of the above-
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mentioned factors. For this set of experiments, the Box-Behnken experimental design
was used. This experimental design is commonly applied to obtain regression models of
the second order. It is an independent, rotatable quadratic design with no embedded
factorial or fractional factorial points [143]. The design space or variable combinations

for this method include the midpoints of the edges, and a central point, as shown in

Figure 52.

Figure 52

Box-Behnken Experimental Design Space
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Note: Adapted from https://develve.net/Box-Behnken%20design.html

Each factor is designated to three levels high (+1), mid (0), and low (-1) treatment
levels or conditions in combination with the other factors in the design space. For the
vibratory NF experiments the high and low treatment levels were 8.5 g Lt and 42.4 g L™

for feed concentration; 1.03 MPa and 3.79 MPa for applied TMP; and 53.3 Hz (d = 0.64
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cm) and 54.7 Hz (d = 3.18 cm) for vibratory frequencies. For these conditions, the

experimental design consisted of 17 runs were assigned, as shown in Table 30.

Table 30

Box-Behnken Response Surface Experimental Design

Factors
Factor A Factor B Factor C Vibratory

- Feed Concentration Applied TMP Vibratory Frequency Displacement
gL (MPa) (s1) (cm)
1 42.4 241 53.3 0.64
2 8.5 3.79 %4.1 1.27
3 25.4 241 %4.1 1.27
4 42.4 3.79 %4.1 1.27
5 25.4 3.79 4.7 3.18
6 254 1.03 53.3 0.64
7 25.4 241 %4.1 1.27
8 42.4 1.03 %4.1 1.27
9 8.5 241 4.7 3.18
10 8.5 1.03 %4.1 1.27
11 25.4 241 %4.1 1.27
12 42.4 241 o4.7 3.18
13 254 3.79 53.3 0.64
14 25.4 241 %4.1 1.27
15 8.5 241 53.3 0.64
16 25.4 241 %4.1 1.27
17 25.4 1.03 54.7 3.18

The process responses for this study were permeate flux, permeate conductivity
and COD, and corresponding rejection efficiencies. Multivariate regression analyses
were performed for each response parameter to develop polynomial model equations

according to Equation 84. ANOVA was also performed to determine the level of
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significance of main and interaction effects of factors on the response parameters. Model
reduction was also performed by removing insignificant parameters to improve model

correlations.

7.2.2 Optimization and Experimental Verification

Model equations obtained from multivariate regression analyses were used to
optimize the vibratory NF operation for a 25.4 g L ™! feed coffee extract. The model
equations, as well as criteria for the operating conditions and process responses were used
as objective functions for optimization. The criteria for the response parameters were to
maximize the permeate flux and rejection efficiencies, and minimize permeate
concentrations. On the other hand, the criteria for applied TMP and vibratory frequency
were set to be within the range of the experimental design space. Numerical optimization
was performed to determine the optimum conditions. Lastly, the optimum solution was
experimentally verified to assess the validity of the model equations in predicting the

performance of the vibratory NF operation.

7.2.3 Statistical Analytical Tool

Experimental design, statistical analyses, and numerical optimization for this
study were performed with the aid of Design Expert v12 ® (Statease, MN, USA). This
statistical tool was used to aid in model regression and validate the models using various
tests on model significance and statistical soundness, e.g., analyses of variance (o = 0.05),
lack-of-fit tests, coefficients of determination (R-squared), Box-Cox plots, and other

statistical diagnostic tools [143].
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7.3 Results and Discussion

7.3.1 Flux Enhancement by Vibratory Nanofiltration

The magnitude of flux enhancement attributed to the vibratory membrane
operation in comparison with conventional crossflow filtration was further assessed based
on a two-level full factorial experimental design. This method served to screen the
operating factors and responses that were further evaluated in optimizing the NF
operation. Filtration time profiles for permeate fluxes are shown in Figure 53, while the

results of the factorial experiments are presented in Figure 54.

Figure 53

Coffee Extract Filtration Time Profiles for Crossflow (F = 0 Hz, d = 0 cm) and Vibratory
(F =54.7 Hz, d = 3.18 cm) Operation Using TS80 NF Membrane at Various TMPs and
Feed Solute Concentrations at 25°C
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Figure 54

Performance of Crossflow (F = 0 Hz, D = 0 ¢cm) and Vibratory (F = 54.7 Hz, d = 3.18
cm) Nanofiltration at Various TMPs and Feed Solute Concentrations at 25°C
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Under CF filtration mode, the TMP fundamentally served as the main driving
force in membrane processes. This behavior was observed from Figure 53, where higher
TMPs increased the permeate flow rates for the NF operations. However, despite the
contribution of the applied TMP in permeate flux enhancement, increasing the feed
coffee extract concentration from 8.48 g L™ to 42.4 g L™ resulted in a lower permeate
flux. This behavior is commonly attributed to the osmotic pressure that the coffee extract
components exert upon increasing the feed solute concentration. It is also the case that
there is an associated increased amount of solute accumulating on or near the membrane
surface as a result of the applied pressure drop in the system [163]. The accumulation of
these components, otherwise known as concentration polarization, can lead to a viscous

gel layer on the membrane surface. The high viscosities also reduce the shear rates near
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the membrane surface [5]. Further, this compact layer contributes to an additional
resistance that, in dense membranes such as in NF and RO, promotes the back diffusion
of the liquid from the membrane surface [94]. Overall, the increase in osmotic pressure
difference and the additional resistance arising from the gel layer formed during CF
filtration decrease the effective permeability across the membrane. This resulted in lower
observed permeate fluxes for the operation.

The decline in permeate flux was also observed throughout the membrane
operation based on the time profiles for the permeate fluxes throughout 60 minutes of
filtration. The time profiles were also fitted with Equation 30 to evaluate the decline in
flux throughout the filtration time. A pronounced decline in flux was observed in all CF
filtration runs that ranged from 30% to 48% after 60 minutes of the NF operation. This
decline was more prominent in runs where the feed solute concentration was 42.4 g L,
as observed from the increase in the fouling decay rate constant observed under CF
filtration. On the other hand, the dynamic vibratory filtration (F =54.7 Hz, d = 3.18 cm)
resulted in significant flux enhancement by up to 3 times those observed from CF
filtration with lower flux decline (< 6.5%). This type of improvement has been reported
in vibratory filtration systems used for the concentration of milk proteins and dairy
wastewater treatment [5], [45], clarification and yeast recovery of alcoholic beverages
[2], [3], water treatment from high salt seawater and freshwater sources [46]-[49], and
water recovery from soluble coffee wastewater [51], [52]. Accordingly, the torsional
mechanical vibrations of the membrane assembly result in a high shear region at the
surface of the membrane, thus eliminating the effect of surface fouling to a more

considerable extent [35], [37], [38]. This improved performance also allows vibratory
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filtration systems to operate at significantly higher feed solute concentrations than those
allowed in CF filtration [51]. However, it is also interesting to note that feed
concentrations can increase the boundary layer osmotic pressure due to concentration
polarization. Thus, increasing the feed concentrations from 8.48 g L* to 42.4 g L™
resulted in lower permeate fluxes with a flux decline of about 23% to 33%. Despite the
effect of feed solute concentrations, these surface shear rates generated from vibratory
filtration still far exceed those generated from CF filtration. As a result, higher and more
stable fluxes were observed.

The CF and vibratory NF using the TS80 membrane produced water-rich clear
permeate samples that support the high rejections of absorbance, turbidity, conductivity,
and COD shown in Figure 54. The permeate turbidities at the end of the filtration time
were below 1 NTU, and the corresponding turbidity rejections were above 99.9% for
both configurations using the TS80 membrane. This rejection efficiency shows that the
bulk of the suspended and colloidal solids in the coffee extract are above the 150-Da
MWCO of the TS80 membrane and that the membrane can sufficiently reject these
components within the set operating conditions. The specific membrane cut-off diameter
influence the steric hindrance, adsorption, and porosity of the concentration-polarized
region near the membrane surface [3], [47]. The COD rejection efficiencies were also
above 98% that strongly indicates that a large fraction of the organic components retained
by the TS80 NF membrane was represented by suspended and colloidal solids. Despite
the high COD rejection, the conductivity rejections varied between 83% and 98%,
indicating the limited effectiveness of the TS80 membrane in retaining a range of

dissolved organic and inorganic components. This incomplete rejection shows that while
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multivalent salt rejection in the NF membrane is high, monovalent salts may still pass
through the membrane. Along with these salts are dissolved organics that rendered
permeate CODs as high as 400 mg L. These residual organics may have molecular
weights lower than the cut-off diameter of the NF membrane, and may include phenolic
and chlorogenic acids based on the acidic pH of the permeate ranging from 4.5 to 5.5.
Higher feed solute concentrations significantly decreased the conductivity rejection
efficiencies of the NF operation. Nonetheless, higher conductivity rejections were
obtained by applying higher TMPs, and more considerably by employing vibrations on
the membrane module. This improved rejection indicates that the reduced concentration
polarization from the high surface shear rates generated during the vibratory operation
resulted in a lower transmembrane concentration gradient [5]. The higher rejection of the
vibratory membrane operation was also observed in the concentration of milk proteins
under vibratory UF [5], and the removal of natural organic matter for brackish water

treatment by vibratory NF [47].

7.3.2 Effects of Operating Factors on Permeate Flux

Based on the level of permeate flux and characteristics, and the capability to
reduce the flux decline in the NF operation, the performance of the dynamic vibratory
filtration operation was further investigated. Despite its positive effects on flux
enhancement and rejection, increasing the applied TMP may still form a gel layer,
especially under high feed coffee extract concentrations [32], [34]. On the other hand,
the extent of operating at high vibrational frequencies still needs to be investigated, as it
may result in shear-enhanced backflow as was observed in rotating disk membrane

filtration [170]. Thus, similar to conventional membrane operations, threshold fluxes
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under specific operating conditions may limit the vibratory NF operation [17], [163]. In
this regard, optimizing the operating conditions can minimize the limitations observed in
those studies.

In this study, a Box-Behnken experimental design was used to observe the
individual effects of TMP, vibration, and feed solute concentration, along with
interactions in vibratory NF. Results of the experiments are shown in Table 31. Using
the Design Expert v12® statistical tool, model regression was performed based on
various tests on model significance and statistical soundness, e.g., analyses of variance (o
= 0.05), lack-of-fit tests, coefficients of determination (R-squared), and other statistical
diagnostic tools [143]. These statistical tests are presented in Appendix E. Coded
equations were developed from model regression to establish the significant main and
interaction effects of TMP, vibration, and feed solute concentrations on selected
responses. These equations establish the relative impacts of the coded factors for feed
solute concentration (A), TMP (B), and vibratory frequency (C), along with their
interactions based on factor coefficients. The numerical values of the factors in such
equations are normalized on a coded scale where the low setting is set to -1 and the high
set to +1. Under this coded scale, the relationship of the factors with process response is
reflected without encountering the diminishing contribution of higher-order terms. The
models have also been reduced in terms of the significant factors and interactions to

improve their predictability with experimental results [143].
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Table 31

Results of Response Surface Experiments

Factors Responses
RUN Factor A Factor B Factor C Response 1 Response 2  Response 3  Response 4  Response 5
Co AP F d Jv Cp conductivity Cpcop %0ro conductivity %o cop
QL% (MPa)  (Hz) (cm) (Lm?h?)  (uScm™) (mg L™)
1 42.4 241 533 0.64 24.68 378 315 95.29 99.64
2 8.5 3.79 541  1.27 80.65 13.2 45.5 76.22 97.98
3 25.4 241 541  1.27 35.63 181 172 99.04 99.84
4 42.4 3.79 541  1.27 12.35 268 171 95.39 99.57
5 25.4 3.79 547  3.18 38.00 119 147 85.58 98.92
6 25.4 1.03 533 0.64 24.76 177 208 90.46 99.14
7 25.4 241 541  1.27 38.26 170 170 93.53 99.42
8 42.4 1.03 541  1.27 12.51 612 439 95.61 99.65
9 8.5 241 547  3.18 67.35 23 50 98.83 99.46
10 8.5 1.03 541  1.27 24.41 44 83 68.94 95.08
11 25.4 241 541  1.27 33.35 181 181 76.65 98.50
12 42.4 241 547  3.18 18.71 350 416 99.41 99.90
13 25.4 3.79 533 0.64 56.26 118 100 95.47 99.50
14 25.4 241 541  1.27 33.38 169 169 98.34 99.72
15 8.5 241 533 0.64 72.69 25 48 83.98 97.86
16 25.4 241 541  1.27 33.93 179 179 93.17 99.39
17 25.4 1.03 547 3.18 23.68 250 250 95,51 99.66
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Equation 85 presents the model equations showing the effects of the operating

conditions on permeate flux and surface shear rates.

log,,J, = 1.54 — 0.2664A + 0.1344B +0.0429C — 0.1312AB + 0.0378BC
—0.0537A% — 0.1177B% + 0.1000C> (85)

A quadratic equation with logarithmic transform best correlated the effects of feed solute
concentration, TMP, and shear rates on permeate flux within the selected boundaries of
the experimental design. Among the operating conditions, feed solute concentration
significantly limited the performance of the vibratory NF operation. As discussed earlier,
feed solute concentrations impart osmotic pressure in NF and RO operations that reduces
the effective TMP across the membrane [32], [205]. Also, the viscous flow of high-
strength coffee extracts results in a gel layer resistance that inhibits the permeate flux.
The applied TMP played a significant role in flux enhancement compared with that of
vibrations, indicating that the pressure drop of the system is sufficient to overcome the
backflow induced by the vibrations. Higher TMPs increase the driving force for mass
transfer, resulting in higher throughput rates across the membrane. However, the
negative quadratic effect of the applied TMP (B?) and the interaction between feed solute
concentration and TMP (AB) indicate the increase in concentration polarization on the
membrane surface at high TMPs. The applied pressure drop increases the osmotic
pressure difference through the membrane that decreases the permeate fluxes [49], [120],
[170].

On the other hand, the vibrational frequency (C) also significantly contributed to
flux improvement through surface shear enhancement. The contribution of vibrational

frequency in generating high-shear regions on the surface of the membrane conforms
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with the theoretical equations developed by Akoum et al. [2] for vibratory membrane
filtration systems. Accordingly, oscillatory vibrations promote shear-enhanced back
transport that diminishes membrane fouling. These shear regions generated from
vibrations are also considerably large that tends to overcome the viscous flow of
concentrated coffee extracts. Calculations based on Equation 26 show that the vibratory
motions generate surface shear rates as high as 106,000 s regardless of the concentration
of the feed coffee extract. On the other hand, its interaction with TMP (BC) also
indicates that the back transport induced from vibratory shear can overcome the

concentration polarization resulting from high TMP operations.

7.3.3 Effects of Operating Factors on Permeate Characteristics and Rejection

As observed in the previous section, the selected TS80 NF membrane is
practically capable of rejecting all suspended and colloidal solids from the coffee
extracts. However, like most NF membranes, only partial rejection of dissolved coffee
extract components and salts may be attained. This performance limits COD rejection
that affects the final permeate quality. The quality of the permeate recovered from the
NF operation is an important parameter as it dictates its reusability in ancillary plant
operations [51]. Thus, it is essential to investigate how the TMP, vibration, and feed
coffee extract concentration affect the quality of permeate from the process. In the same
approach, model equations were also generated to determine the effects of the
abovementioned factors and their interactions on permeate quality and corresponding
rejections. Equations 86 and 87 present the coded equations for permeate conductivity

and conductivity rejection.
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108, Cp conductivity = 2-25 +0.5870A — 0.1806B — 0.0141C + 0.0707AB
— 0.2790A% — 0.0277C?> (86)

%L conductivity = 93-07 — 4.00A +2.64B + 0.1093C
+1.79AB + 1.46BC + 1.30C? (87)

The coded models for the permeate conductivity and conductivity rejections were
represented by quadratic models in which feed solute concentrations profoundly limit the
dissolved components from passing through the NF membrane. The larger concentration
gradient arising from higher-strength coffee extracts fundamentally enhances the
diffusion of solutes through the membrane [47], [206]. Feed solute concentrations can
also interact with the TMP (AB), resulting in lower conductivity rejection since the
higher permeate flux arising from higher system pressure drops tend to increase the
driving force for mass transfer across the NF membrane [94]. However, the negative
quadratic effect of feed solute concentration (A?) indicates that higher feed solute
concentrations may also result in pore-blocking that may limit the passage of the
dissolved components through the membrane. High applied TMPs also led to higher
conductivity rejection that may be a result of the pore blocking mechanism in membrane
filtration when foulants accumulate into the membrane pores. While this mechanism
enhances the rejection efficiency of the NF membrane, it is important to note that pore
blocking may lead to the irreversible fouling of the membrane.

Vibration also improved the permeate conductivity and resultant conductivity
rejections. The high shear rates generated from high-frequency oscillations diminish the
generation of the fouling layer on the membrane surface. However, it should also be

noted that the relative effect of vibrational frequency on permeate conductivity and
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conductivity rejection was substantially lower compared with the other factors. This
observation may be due to the MWCO of the TS80 NF membrane that inherently limits
its rejection of dissolved organics and salts. Unlike RO membranes that can almost
completely reject solutes and produce highly pure water, the TS80 membrane can only
effectively reject monovalent and multivalent salts at about 98% and 78% efficiencies,
respectively. Thus, an invariance of permeate conductivity and conductivity rejection
was observed despite increasing the vibrational frequency of the NF operation. Despite
the limitation, compared with the CF filtration performance, the vibratory operation
maximized the effectiveness of the NF operation in terms of conductivity rejection. The
observations on the permeate conductivity and conductivity rejections of the vibratory

NF also conformed with those observed for COD, as shown in Equations 88 and 89.

Cp cop = 174.83 + 158.50A — 53.00B + 24.00 — 19.75AB
+24.75AC + 32.42A° (88)

%y cop = 99.36 + 0.2152B — 0.0564C (89)

Feed coffee extract concentrations had the highest impact on the final permeate of
the COD, as shown in Equation 88. The pore-blocking mechanism was also reflected at
higher TMPs and from its interaction with feed coffee extract concentrations. On the
contrary, the vibrations slightly contributed to higher permeate CODs that indicate that,
to a certain extent, high shear regions arising from vibrations may also diminish the pore-
blocking mechanism. As less membrane surface is pore-blocked, more organics can
diffuse, resulting in higher permeate COD. Despite the dependence of permeate COD on

feed solute concentration, TMP, and vibrational frequency, the TS80 membrane
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effectively rejects the suspended and colloidal solids that represented a bulk fraction of
coffee extracts. As a result, the total organic rejection was likely to approach 99% based

on the small values of the coefficients for TMP and vibrational frequency in Equation 89.

7.3.4 Optimum Operating Conditions for Vibratory Nanofiltration

The operating conditions for the vibratory NF operation on coffee extract were
optimized using RSM. Multivariate model regression was employed on the selected
responses based on the actual values of the operating factors. In contrast to the coded
equations that identify the relative impacts of the operating factors, the model equations
shown in Equation 90 to Equation 94 can be used to make predictions of the response

based on the actual values of factors considered in the experimental design space.

log,,J =597.630 +0.00734C, — 1.5754AP — 22.083F

— 0.00561C,(AP) + 0.0392(AP)F — 0.000187C2
— 0.0620AP? + 0.204F? (90)

108, Cp conductivity = 2-330 +0.0767C, — 0.2081AP — 0.0202F
+0.00203C,(AP) — 0.00097C,> 1)

Cp cop = 1,063.44 — 106.93C, — 16.96AP — 18.75F
— 0.845C,AP + 2.08C,F +0.113C,* (92)

%R conductivity = 8:007.19 — 0.421C, — 81.91AP — 289.39F
+0.0768C,(AP) + 1.52(AP)F +2.65F° (93)

%Rcop = 103.3 +0.16AP — 0.081F (94)

Response surface plots based on these model equations were generated with the aid of the

statistical software tool. These plots are shown in Figure 55 to Figure 59.
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Figure 55

Response Surface Plots for Permeate Flux as a Function of (a) TMP and Vibratory
Frequency, and (b) TMP and Feed Coffee Extract Concentration
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Figure 56

Response Surface Plots for Permeate Conductivity as a Function of (a) TMP and
Vibratory Frequency, and (b) TMP and Feed Coffee Extract Concentration
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Figure 57

Response Surface Plots for Permeate COD as a Function of (a) TMP and Vibratory
Frequency, and (b) TMP and Feed Coffee Extract Concentration
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Figure 58

Response Surface Plots for Conductivity Rejection as a Function of (a) TMP and
Vibratory Frequency, and (b) TMP and Feed Coffee Extract Concentration
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Figure 59

Response Surface Plots for COD Rejection as a Function of (a) TMP and Vibratory
Frequency, and (b) TMP and Feed Coffee Extract Concentration
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Numerical optimization was employed based on the model equations by
establishing constraints at reasonable criteria [143]. These constraints were considered as
the goals or objectives for optimizing the vibratory NF operations for a constant coffee
extract concentration of 25.44 g L. The two operating factors were set to be within the
range of the experimental design, i.e., between 1.04 MPa and 3.79 MPa for the applied
TMP, and between 53.3 Hz (d = 0.64 cm) and 54.7 Hz (d = 3.18 c¢cm) for the vibrational
frequency. The same objective was also set for the maximum shear rate. On the other
hand, as a rate-dependent operation, the permeate flux was maximized. For an optimum
permeate quality, the objectives were to minimize the permeate COD and conductivity;
and maximize the corresponding rejection efficiencies. With the aid of the statistical
software, four optimal solutions were found (Table 32), each with an assigned value of
desirability, i.e., a function that combines all the optimization goals into a scale that can
serve as an aid in screening the optimum conditions [143]. Among these optimal

solutions, the one with the highest desirability was selected.

Table 32

Optimal Solutions Obtained from Numerical Optimization for C, = 25.4 g L

AP F J Cp conductivity Cp COD

(MPa) (Hz) (Lm2h?) (uScm?) (mg L) %o conductivity Y0locop Desirability
3.79 547 54.903 112.3 1458 98.6  99.52 0.742
3.74 547 55.201 114.2 148.0 98.4 99.51 0.738
3.79 54.7 52.882 1125 144.4 98.3 99.52 0.737
3.79 544 44113 113.7 136.4 97.1 99.54 0.699
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Accordingly, the optimum applied TMP and vibrational frequencies were 3.79

MPa and 54.7 Hz (d = 3.18 cm), respectively. Its overall desirability was also 0.73,

which is an acceptable index in meeting the optimization objective. Under these

conditions, the predicted responses are 54.9 L m h* for the permeate flux, 112.3 pS cm’

! for the permeate conductivity, 145.8 mg L™ for the permeate COD, and the

corresponding rejections are 98.6% and 99.5% for those of conductivity and COD,

respectively.

7.3.5 Experimental Verification of Optimum Operating Conditions

Experimental verification was carried out in duplicate at the optimum conditions

to validate the predicted optimum responses. The experimental values were evaluated by

calculating the deviation relative to the predicted value, as shown in Table 33.

Table 33

Comparison of Predicted Responses and Experimental Results Under Optimum

Conditions (Co = 25.4gL?, T=25°C)

AP =3.79 MPa, F =54.7 Hz, d = 3.18 cm

PARAMETER UNIT

Predicted Experimental % Error
Permeate Flux L m2d?! 54.9 57.2 4.2%
Permeate conductivity uS cmt 112.3 144.8 28.9%
Permeate COD mg L* 145.8 160.5 9.7%
Conductivity Rej % 98.6 94.7 3.9%
COD Rej % 99.5 99.5 0%

The average measured results at the optimum conditions were 57.2 L m2h* for

the permeate flux, 119.2 puS cm for the permeate conductivity, 160.5 mg L™ for the

permeate COD, and the corresponding rejections are 94.7% and 99.5% for those of
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conductivity and COD, respectively. Except for permeate conductivity, all experimental
values had good agreement with the corresponding predicted values at a reasonable
deviation within 10%. On the other hand, the 28.9% error on experimental permeate
conductivity indicates that additional studies may be conducted to provide a more
specific analysis of the dissolved coffee extract components that affect the NF membrane
rejection. Nonetheless, despite the error in the permeate conductivity, the corresponding
conductivity rejection efficiencies only incurred about 3.9% error, and that still validates
the application of the statistical models when predicting percent rejection. Overall, RSM
is a promising tool to optimize the operating conditions of the vibratory NF operation for

the preconcentration of coffee extract in soluble coffee production.
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Chapter 8

Process Evaluation and Economic and Environmental Assessment of Vibratory
Nanofiltration of Coffee Extracts for Soluble Coffee Production

Some text and figures were reproduced and adapted with permission from M. V.
O. Laurio and C. S. Slater, “Process scale-up, economic, environmental assessment of
vibratory nanofiltration of coffee extracts for soluble coffee production process
intensification” Clean Tech Environ Policy, 2020 22, 1891-1908, [56]

Additional graphs and tabular data of the results for this chapter are presented in
Appendix E. The results presented herein are those essential to summarize the studies

necessary for this dissertation’s discussion.

8.1 Introduction

Currently, the scope of studies related on the vibratory membrane filtration of
coffee extracts is still limited. Particularly, the main objective of this dissertation was
focused on membrane transport modeling of the vibratory NF process for coffee extract
separation. Although experimental studies discussed in the previous chapters strongly
suggest the process fit for this application, factors beyond parametric evaluation should
be equally considered [51], [61]. For instance, despite flux and separation enhancement,
the dynamic operating nature of the vibratory membrane system imposes additional
maintenance and higher capital cost [43]. And although the benefits from using the
system as a nonthermal dewatering alternative and as a water recovery route present
environmental merits, the extent by which the operation can be integrated into the soluble
coffee process should balance its economic metrics. This limited information on the

environmental and economic impacts of system design prevents the translation of parallel
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studies on complex systems such as coffee extracts [51]. As a crucial element in
sustainable food and beverage production, we evaluated the potential of integrating the
process into soluble coffee production. We conducted a parallel study to gauge the
potential applicability of the proposed system by deriving scale-up parameters and
operating conditions from laboratory-scale experiments. The economic metrics and life
cycle emissions (LCESs), in comparison with those of the current operations, were
determined to gauge the advantages and limitations of the membrane-based water

recovery alternative.

8.2 Materials and Methods

8.2.1 Scope of the Alternative Case Study

This study evaluated one of the potential water recovery routes designed for the
process intensification of the soluble coffee process. Research into sustainable
production of soluble coffee products started with the evaluation of membrane-based
wastewater reclamation options for the Nestlé USA beverages production facility in
Freehold, New Jersey [50]-[52] in 2016, and has expanded into a more wide-spread
integration of water recovery in various operations. In contrast to the membrane-based
soluble coffee wastewater reclamation alternatives investigated in the past by
Wisniewski, et al. [50]-[52], this case study performed a techno-economic and
environmental assessment of the vibratory NF system, upstream, to supplement thermal
evaporation in the preconcentration of coffee extracts prior to spray- or freeze drying. As
a nonthermal operation, we intend to present the benefits and costs of integrating this
process, not only as a less energy-intensive method, but also as a water recovery option

where the permeate can be directed for reuse in plant operations. However, no
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exhaustive process design optimization was performed in the scale-up of the VSEP
operation. Nonetheless, the projected scale-up operation presented in this Chapter shows
the potential relevance of the technology for commercial plant use.

Simplified representative flow diagrams representing the base case (discussed in
Chapter 4), and an integrated membrane operation for coffee extract preconcentration
(alternative case), is shown in Figure 60. As discussed in Chapter 4, representative flows
from a parallel study by Wisniewski et al. [51] were adapted for this study since
privileged information from actual plant operations limits the scope of analysis. Also,
only the process components within the life cycle boundary or those directly affected by
the alternative case were considered for the estimation of life cycle emissions and costs of
the two cases. The base case represented the process flows for a typical soluble coffee
production, where the feed water used for extraction is about 1.32 x 10 L dX. The same
amount of water is essentially evaporated completely during the concentration and
dehydration of the coffee extracts to produce the soluble coffee product. In turn, the
water used in the production process ends up as waste stream that undergoes wastewater
treatment. Mass and energy balance calculations were performed (Table 13) to determine
the base case operating costs (Figure 23) and LCEs (Table 19 and Figure 24), as were

discussed in Chapter 4.

238

www.manaraa.com



Figure 60

Operations Involved in Soluble Coffee Processing for (a) Base Case, and (b) Alternative
Case Studies
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In the proposed alternative case, the membrane system intercepts a fraction of the
raw coffee extract generated from percolation batteries and concentrates it to 35%
(wt/wt). The proposed final concentration of coffee extract was based on the
recommendation of Pan et al. [32] as a limitation resulting from the concentration
polarization of coffee extract during membrane filtration at that high concentration.
Despite this limitation, the concentrated coffee extract from the proposed vibratory NF

operation shall be directed to evaporators for further concentration before final
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dehydration by spray drying. The permeate recovered will be recirculated back to the
extraction process to eliminate component losses from the partial rejection of dissolved
solids (expressed as conductivity) of the NF membrane [33]. These dissolved solids may
contain organic constituents that may affect the quality of the coffee extracts, likewise the
final soluble coffee product. The targeted water recovery from the alternative case is
378,500 L d*; to reduce freshwater use, steam consumption from thermal evaporation,
and wastewater generation of the base case. Table 34 presents the scaled-up mass and
energy flows associated with the proposed alternative case having the recovery operation
that were compared with the base case in the succeeding discussions, in terms of life

cycle emissions, flow reductions, and life cycle emissions avoided.

Table 34

Estimated Annual Process Flows of the Base and Alternative Case Studies

Estimated Flow

o - Flow
Process Component Unit yr Base Case @ Alggstgve Avoided

Freshwater L 6.51E+08 5.11E+08 1.40E+08

kg 6.50E+08 5.12E+08 1.38E+08
Nonhazardous L 4.84E+08 3.45E+08 1.39E+08
wastewater kg 4.82E+08 3.46E+08 1.36E+08
Hazardous wastewater kg 5.18E+04 5.18E+04 -
Electricity (pumps) MJ 1.32E+06 1.02E+06 2.94E+05
Electricity (blowers) MJ 8.00E+06 5.71E+06 2.29E+06
Steam MJ 4.87E+07 - 4.87E+07

kg 2.84E+07 - 2.84E+07
Recovery system MJ - 1.06E+06 -1.06E+06

Note: 2 without water recovery

b Based on target water recovered of 3.79 x 10° L d™*
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8.2.2 Modified Coffee Extract Concentration Study

Typical scale-up studies involve unsteady-state filtration experiments in
concentrating mode by collecting the permeate in a separate tank, while recirculating the
retentate back to the feed tank [49], as shown in Figure 61. Conventionally, these
experiments require the monitoring of instantaneous permeate fluxes, permeate
concentrations, and rejection, while continuously collecting the permeate to achieve a

desired final concentration or water recovery.

Figure 61

Conventional Flow Configuration for Concentration Study and Scale-up Design
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A modified concentration study was performed to estimate the scale-up

parameters for the vibratory NF system. This modified approach was conducted in place
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of conventional concentration studies require several hours, or days, especially for the
concentration of coffee extracts that are relatively stronger than previously studied
soluble coffee wastewater. For the modified concentration study, various coffee extract
concentrations were related with water recovery (%R) from solute mass balance
calculations (Equation 34).

Co,ﬁnal _ 1
Conitiat 1 — %R

(34)

Membrane filtration were performed in recycle mode by recirculating the
retentate and permeate streams to the feed tank. Steady state permeate parameters were
determined in duplicate for different feed coffee extract concentrations. Coffee extracts
(8.5g L' t050.8 g L) were reconstituted from commercial spray-dried coffee powders
(Nescafé® Taster’s Choice®, House Blend). For a working volume of 35 L, the coffee
extracts were fed to a VSEP Laboratory Membrane Filtration Unit L-101 from New
Logic Research, Inc. Nanofiltration experiments were conducted using the TS80 NF
membrane (Trisep®, Microdyn-Nadir, Goleta, California) that has a nominal pore size of
150 Da (~ 0.02 nm). The operating parameters for pressure (P = 2.76 MPa), vibrational
frequency (F = 54.7 Hz), and retentate recirculation flowrate (Qr = 7.6 L min'™) were
adapted from vibratory membrane filtration studies on soluble coffee wastewater [50]—-
[52]. An operating temperature of 50°C was observed to compare with feed coffee
extract temperature for thermal evaporation. The experimental permeate fluxes were
calculated based on a membrane flow area of 0.0045 m2[105]. For the characteristics,
feed coffee extracts and permeate samples were analyzed in terms of bulk characteristics

such as turbidity (suspended and colloidal solids), conductivity (dissolved organic and
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inorganic ions), and COD (total organic matter) using standard methods of analysis [52],
[140]. The analytical methods are presented in Section 3.1.4.

The linearized form of the film layer model [94], [108] shown in Equation 95 was
used to correlate steady-state permeate fluxes (Jv) with Co and calculated values of %R.
Model parameters for mass transfer coefficient (k) and gel layer concentration at the

membrane surface (Cm) were determined from linear regression.
J,=— klog(C,) +klog(C,,) (95)

The solute flux (Js) through the bulk feed layer and membrane surface was used to
correlates steady-state permeate concentrations (Cp) with J, as shown in Equation 96,

where the model parameter B was referred to as the solute transfer coefficient.
J=1,C,=B(C, — C,) (96)

Equations 88 and 89 were combined and linearized into Equation 97. The linear equation
was then fitted with the measured values of permeate COD, turbidity, and conductivity at
different coffee extract concentration.

Co—C,
C

K K
= — —ln(Co — Cp) +—ln(Cg - Cp) (97)
P B B

The model parameters were used to estimate theoretical values for J and C;, at different
coffee extract concentration and percent recovery (Equation 34). The corresponding
observed rejection efficiencies (%r, ) for turbidity, conductivity, and COD were also

calculated using Equation 98.
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C..
%r, = (1 - C‘“) x100 (98)

o1

8.2.3 Process Scale-Up and Design Calculations

The permeate parameters (Jv, Cp, and %r, i) from Equation 95 to Equation 98 were
referred to as “instantaneous” parameters. As discussed in Section 3.2, the instantaneous
parameters pertain to the conditions of the permeate at the time it exits the filtrate side of
the membrane. On the other hand, the pooled conditions of the accumulated permeate
stream were referred to as “average” permeate parameters. The average permeate values
are those that would be obtained for a single-pass commercial-scale operation at the
recovery level desired. These average parameters were calculated from the volume-
weighted mean values of the instantaneous parameters. After which, the instantaneous
and average permeate parameters were plotted against coffee extract concentrations and
corresponding calculated levels of R. Also, for each C,, the corresponding feed flowrates
and overall recoveries were calculated based on the desired permeate flow rate of
378,500 L d! and a final coffee extract concentration of 35% (wt/wt). The average
permeate flux corresponding to the calculated overall recovery multiplied by a design
uncertainty of 0.5 relates to the design flux scale-up parameter. On the other hand, the
average permeate concentrations and rejection efficiencies relate to the predicted
performance of the vibratory NF operation.

From the estimated design flux (Jesign), an optimum membrane area per module
(A) corresponding to the minimum number of modules (N), hence capital cost, was
selected using commercially available membrane area options [144]. Equation 38

(Section 3.3.1) was used to calculate N based on the permeate flow rate, A, and Jgesign
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[145], with adjustments based on an overall system factor (OSF) of 1.5 accounting for
design uncertainty [146] and cleaning cycle time. For the commercial filtration system,
the capital cost was determined based on an estimated investment cost per module of
$300,000 [51], [61]. The operating costs included the power requirement from the pump
and vibratory motor of the filtration system, the cost of cleaning chemicals, and
membrane replacement expense. The estimated membrane lifetime for the proposed
vibratory NF system is 5 years that is well within the expected lifetime of polymeric
membranes (3 to 5 years) used in CF filtration systems [147]. The detailed discussion for

the scale-up design procedure and calculations are also presented in Section 3.3.1.

8.2.4 Economic Assessment

The alternative soluble coffee process for the manufacturing plant, integrated with
the proposed vibratory NF system, was assessed and compared with the base case
through a 10-year profitability study. For this study, the estimated overall operating
costs, capital cost of the proposed NF system, and projected operating cost savings were
factored in a standard 10-yr cash flow. The 7-year modified accelerated cost recovery
system (MACRS) depreciation method was employed, along with tax and interest rates of
21% and 15%, respectively. From the cash flow, economic metrics [148] for the internal
rate of return (IRR), return on investment (ROI), payback time after-tax, net present value
(NPV) after 10 years were then determined. The detailed discussion of the calculations

for the economic metrics are also presented in Section 3.3.2.
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8.2.5 Environmental Assessment

The environmental impacts of LCEs were compared between those calculated for
the base case and those of the proposed alternative soluble coffee production process.
These were derived from the sum of the LClIs relative to the annualized mass (mi), energy
(Ei), and recovery (Ri) flows calculated from each case, as shown in Equation 99.

LCEx¢ = (my Ac)LCly + (myw ac) LClyw + (Eoc)LClg
+ (Spc)LCIg+H(R ) LCIR (99)

Overall, once the life cycle emissions of the base case and water recovery alternative
have been obtained, the amount of avoided emissions were then estimated by obtaining

the difference between the LCEs of the two cases. The detailed discussion of the

calculations for the life cycle emissions are also presented in Section 3.3.3.

8.3 Results and Discussion

8.3.1 Results of Modified Concentration Study

The film layer model was found to have a reasonable agreement with permeate
fluxes from varying coffee extract concentrations, as shown in Figure 62. Non-vibratory
CF filtration only obtained a maximum permeate flux of 51.2 L m? h'! for a coffee extract
concentration of 8.5 g L. The increasing strength of the coffee extracts, however,
decreased the permeate flux by up to a factor of 3 due to concentration polarization. This
observation can also be due to the increase in the osmotic pressure exerted by the coffee
extract at high concentrations, as it reduces the effective TMP across the membrane that

results in lower permeate flux [94]. Like the film layer model, the osmotic pressure
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concept is based on concentration polarization and has been investigated for modeling

membrane filtration operations [14].

Figure 62

Experimental and Projected Permeate Fluxes for Vibratory (F = 54.7 Hz) and Crossflow
(no vibration) NF in Steady-State Recycle Mode for Coffee Extract Solutions at Various
Initial Coffee Extract Concentrations
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Note: TS80 NF membrane, P =2.76 MPa, T =50 °C

The osmotic pressure model presented in Chapter 6 showed the effect of feed
concentrations and operating pressures on the osmotic pressure in the vibratory NF
operation. The low permeate fluxes were in reasonable agreement with those obtained by
in parallel CF NF studies [32], [33] that were found to have high risks of membrane
fouling. In contrast to CF filtration, the VSEP operation (F = 54.7 Hz) enhanced the
permeate fluxes by up to 3 times. The enhanced flux was also observed in parallel

vibratory membrane filtration studies for concentrating milk proteins by VSEP UF [5]
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and brackish water purification by VSEP RO [49]. The calculated model parameters
under these conditions also showed that the mass transfer coefficient of the coffee extract
under vibratory NF was higher than that of CF NF by a factor of 3.7. The higher fluxes
through the TS80 NF membrane were an effect of the reduced gel layer concentration of
87.1 g L! due to surface shear rates generated from vibration.

Both filtration modes produced water-rich permeate with substantial rejection of
turbidity, conductivity, and COD, as shown in Figure 63 and Figure 64, respectively.
The permeate turbidities were less than 1 NTU, and the corresponding average turbidity
rejection efficiencies were above 99.9% in both CF and VSEP modes. On the other hand,
the NF membrane partially rejected the conductivity of the coffee extract solutions (84%
to 94% conductivity rejection). This rejection shows that a portion of the dissolved
components is smaller than the 150 Da molecular weight cut-off of the TS80 membrane.
These components may include mineral ions or hydrated salts, chlorogenic acids,
caffeine, etc. [31], [33], that rendered an acidic permeate with pH between 4.95 and 6.0.
Despite the low conductivity rejection, permeate COD values and corresponding COD
rejection efficiencies (~98%) strongly indicate that the large fraction of organics retained

by the TS80 NF membrane is represented by suspended and colloidal solids.
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Figure 63

Experimental and Projected Permeate Characteristics for Vibratory NF (F = 54.7 Hz) at
Various Coffee Extract Concentrations at P = 2.76 MPa, T =50 °C
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Figure 64

Experimental and Projected Permeate Characteristics for Crossflow NF (F = 0 Hz) at
Various Coffee Extract Concentrations at P = 2.76 MPa, T =50 °C
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Although further analysis of the permeate is recommended, the high overall
organic rejection from the vibratory NF operation indicates its effectiveness in
concentrating the coffee extracts with minimal losses and trade-off in quality.
Nonetheless, the quality of the coffee extract may also be further varied depending on the
type of NF membrane for applications such as in decaffeination [31], or the recovery of
coffee extract components from other streams such as in spent coffee grounds [207].
Unlike thermal operations that considerably degrade the flavor and aroma of soluble
coffee by about 70% of that of conventionally roasted coffee due to the losses in phenolic
compounds and generation of Maillard reaction byproducts [24], integrating membrane
operations in the soluble coffee process considerably reduces these losses in product
quality. These rejection efficiencies agree with parallel NF studies for concentrating
fruits and vegetable juices, and milk and dairy products [44], [208]. In turn, the water-
rich permeate recovered may be suitable for reuse when appropriate concentration studies
for scale-up are conducted.

For the modified concentration study, Figure 65 and Figure 66 show the permeate
parameters for the vibratory NF operation concentrating an 8.5 g L™ (0.85 % wt/wt) feed

coffee extract.
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Figure 65

Instantaneous and Average Permeate Flux in the Simulated Concentration Study of the
Proposed Vibratory NF of Coffee Extract
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Figure 66

Instantaneous and Average Permeate Characteristics in the Simulated Concentration
Study of the Proposed Vibratory NF of Coffee Extract
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Calculations based on the film layer model show the decrease of instantaneous
permeate fluxes as the coffee extract is concentrated. As the operation recovers water, a
change in the slope of the instantaneous permeate flux decline was also observed at an
approximate coffee extract concentration of 33 g L™ (3% wt/wt), as shown in Figure 65.
As a result of this decline and as coffee extract become more concentrated, an increase in
the instantaneous residual organic concentration of the permeate was also project,
indicating that more organics are expected to pass through the TS80 NF membrane. For
a feed coffee extract concentration of 8.48 g L™, a scaled-up vibratory NF operation
recovering 378,500 L d! of permeate and final coffee extract concentration of 35%
corresponds a desired overall recovery of 98.4%. At this high-recovery operation, an
average permeate flux of 87.4 L m2h was estimated. In terms of permeate
characteristics, the permeate will still have a negligible turbidity. However, the dissolved
organics that can pass through the NF membrane was expected to affect the average COD
(408 mg L) and conductivity (464 puS cm™) of the permeate after the coffee extract
preconcentration operation. The average permeate concentrations at the desired overall
recovery is considered for decision making in scale-up, as it is related to the projected
permeate characteristics at a specific recovery for a commercial-scale system. At this
point, the level of average permeate flux is economically attractive for scale-up, and the
water recovered from the permeate may be reused for ancillary plant operations. It
should, however, be noted that commercial membrane filtration systems are limited to
recovery operations of 40% to 50%, as osmotic pressures can drastically develop beyond
theses level that may cause severe fouling [209]. As mentioned in the previous chapters,

these foulants may involve colloidal solids, dissolved organics, and inorganic scaling.
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Thus, it is still important to observe the fouling behavior under the high-recovery
operation [210], similar to that proposed in this study, in order to optimize the scaled-up

membrane operation.

8.3.2 Scale-Up Design and Operating Cost of the Proposed Vibratory NF System

The scale-up design of the NF-based dewatering alternative was based on the 184
VSEP membrane filtration system. The commercial filtration system has membrane area
options up to 139.4 m? (1,500 ft?) and is suitable for large feed rates up to 408,000 L d*
[144]. The system is a vertical membrane module system atop a frame housing the drive
system and control skids that allow the control of operating pressure, temperature,
conductivity, pH, vibration, and chemical dosing. Each module houses a cylindrical filter
pack consisting of hundreds of flat membranes, each supported by a tray. The vertical
stack design can be rated for indoor or non-extreme outdoor conditions due to the smaller
plant footprint of the system than conventional systems. More importantly, the smaller
footprint strategically allows the process to be integrated into systems commonly limited
by floor space.

Upon factoring an uncertainty of 0.5 to the average permeate flux at high-
recovery, the design flux for the proposed NF system was equivalent to 43.7 L m? ht,
This design flux is lower than those estimated in vibratory NF systems designed for
soluble coffee wastewater reclamation [51]. As coffee extracts are concentrated, it is
expected that process designs in this study would be larger and more expensive.
Correspondingly, a 3-module system with a membrane area of 93 m? or 1000 ft? per
module and a total capital cost of $900,000 was calculated. At the given operating

conditions, the corresponding daily energy requirement is approximately 888 kwh d* at
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an estimated cost of $73 per day. Additional costs for membrane replacement at $88 per
day and the cost of cleaning chemicals at $5 per day were also added as maintenance
costs. Overall, the estimated annual operating cost for the VSEP NF system is $60,500
per year that is substantially smaller than that estimated for an evaporator system at
approximately $416,500 per year.

However, feed coffee extract concentrations can influence the applicability of the
proposed membrane alternative since the basis of the design calculations was the design
flux. Thus, using the modified concentration studies, scale-up designs and operations

were also estimated for more concentrated feed coffee extracts, as shown in Table 35.

Table 35

Feed Characteristics and Average Permeate Parameters at Desired Overall Recoveries
from Various Feed Coffee Extract Concentrations via Vibratory Nanofiltration

Feed Coffee Extract Concentration (% wt/wt)

Parameter Unit 1% % % 1% 5%

Feed Characteristics

Flowrate Ld? 385,800 393,500 401,700 410,400 419,700

Concentration gLt 10.1 20.4 30.9 41.7 52.6

COD mg L* 11,180 22,580 34,220 46,100 58,240

Conductivity uS cm? 1,540 2,330 3,140 3,960 4,800

Turbidity NTU 520 1,040 1,580 2,140 2,700
Average Permeate Parameters

Permeate flux L m?2h? 86.5 47.1 28.5 16.1 8.3

COD mg L* 460 670 850 1,000 1,140

Conductivity uS cm? 640 1,090 1,560 2,040 2,540

Turbidity NTU <1 <1 <1 <1 <1
Rejection Relative to Feed Concentration

COD % 95.9 97.0 97.5 97.8 98.0

Conductivity % 58.6 53.2 50.3 48.6 47.0

Turbidity % >09.9 >09.9 >09.9 >09.9 >09.9

Note: Operating conditions: P =2.76 MPa, T =50 °C, F =54.7 Hz, Cs = 35% wt/wt
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From the table, the average permeate flux exponentially decreased with feed
coffee extract concentration, and as a result, the average permeate conductivities and
CODs increased. This corresponds to a substantial decrease in the average conductivity
rejection of the NF membrane. However, the substantially small MWCO of the NF
membrane allows above 99% rejection of turbidity. Since this parameter represents a
large portion of the coffee extract, the average overall COD rejection was still above
95%, even at high recovery operations.

The higher feed coffee extract concentrations also influenced higher scaled-up
operating and capital costs, as shown in Table 36. The design flux for concentrating a
5% coffee extract is 10 times lower than that estimated for a 1% coffee extract that
required a larger membrane area for the targeted permeate volumetric flowrate. This
large membrane area requirement increases the minimum number of modules for the
dewatering operation, thus resulting in higher capital costs. The capital cost has been one
of the issues not only for vibratory filtration systems but also for membrane operations, in
general, compared to conventional methods such as evaporation [61], [147], [211], [212].
On the other hand, the overall operating cost of the membrane filtration operation also

increased with the feed coffee extract concentration.
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Table 36

Design, Operation, and Cost Specifications for the Proposed i84 VSEP Nanofiltration
System for Various Feed Coffee Extract Concentrations

Scale-up Unit Feed Coffee Extract Concentration (% wt/wt)
Specifications 1 2 3 4 5
Design Parameters 2
Design flux L m2h? 43.2 23.6 14.3 8.4 4.1
Membrane
area per ft2 1,000 1,400 1,400 1,400 1,400
module
No. of 3 4 7 12 22
modules
Operation and Maintenance °
Feed flowrate Ld? 385,800 393,500 401,700 410,400 419,700
Overall
recovery % 98.1 96.2 94.3 92.3 90.2
Ancillary Lyrt 415 550 970 1,660 3,040
chemicals
Energy

; MJyr! 1,065,600 1,289,500 1,945,100 3,032,400 5,198,200
requirement

Estimated capital and annual operating costs °
Capital cost $ 900,000 1,200,000 2,100,000 3,600,000  6,600,00
Operating cost ~ $yr? 26,600 32,200 48,600 75,800 130,000

Note: ? Membrane type: TS80 (Trisep®, Microdyn-Nadir, Goleta, California)
b Operating conditions: P = 2.76 MPa, T = 50 °C, F = 54.7 Hz

¢ Based on target water recovered of 3.79 x 10° L d*

Membrane replacement was the highest expense, followed by the electricity cost
from pumps and vibratory motors, while membrane cleaning had the lowest expense, as
projected in Figure 67. It should be noted that the increase in energy requirement was
attributed to the electricity used by the vibratory motor. This power requirement also
increases with feed coffee extract concentration, as processing higher-strength coffee
extracts need more membrane modules. For a 1% coffee extract, the power requirement
of the vibratory motor is twice that of the power requirement of the pump for a 3-module

membrane system. On the other hand, the relatively larger membrane system required to
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concentrate a 5% feed coffee extract will require vibratory power that is 12 times that of
the flow pump, increasing the operating cost. Even so, this energy requirement is still
lower than the cost of membrane replacement. The overall operating cost of the NF
operation is strongly attributed to the annualized cost of membrane replacement,
considering the increasing ratio between membrane replacement cost and electricity cost
for higher-strength coffee extracts. This observation limits the vibratory NF operation as
the estimated overall operating cost of this alternative becomes almost equivalent to that

of thermal evaporation when the feed coffee extract concentration approaches 5% wt/wt.

Figure 67

Scaled-Up Operating Costs of the Proposed Vibratory Nanofiltration Operation in
Comparison with Thermal Evaporation in Preconcentrating Various Feed Coffee Extract
Concentrations to 35% (wt/wt)
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The increase in capital and overall operating costs of the membrane-based
dewatering alternative was a result of the drastic decrease in design flux that required a
higher membrane area, hence, number of membrane modules for the scaled-up operation
for both capital acquisition and routine replacement. Overall, these estimated costs limit
the feasibility of the proposed membrane operation. As a rate-dependent operation,
improving the design flux of the proposed vibratory system can further make the process
less expensive. Developing NF membranes with higher flux specifications may improve
these estimated costs [119], [213]. However, while this may seem like a long term
solution, flux-enhancing membrane modification may lead to lower component rejection
efficiencies [94]. The calculated energy requirement of the membrane operation
remained to be substantially lower than that required for evaporator operation. As a
result, the increase in the electricity cost of the proposed vibratory NF would not be as
significant as membrane replacement costs. Considering these trade-offs from the

recovery system, thus, a more comprehensive economic assessment was employed.

8.3.3 Water Reuse Options for Permeate Recovered

Despite the high rejection efficiencies, the NF permeate may still have residual
coffee extract components, present as dissolved organic and inorganic ions, based on the
average permeate COD and conductivities. Higher feed coffee extract concentrations
also decrease the quality of permeate recovered and may limit reusability. The U.S.
Environmental Protection Agency (US EPA) sets different water reclamation guidelines
for urban reuse, irrigation, industrial operations, groundwater recharge, and for drinking
purposes [139]. For food and beverage industries, industrial water reuse in ancillary

plant operations range from intermediate to potable water quality to minimize the risks of
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corrosion, scaling, accumulation of dissolved components, and contamination when
reused [139], [214]. Reclaimed water of intermediate quality may be reused for heating,
cooling, and in transporting products from one process to another; or in cleaning and
rinsing operations; while softened water is applicable as boiler feed [215]. Specifically,
water directed for cooling tower reuse requires pH between 6 to 9, biological oxygen
demand (BOD) less than 30 mg L%, and total suspended solids (TSS) below 30 mg L™;
while boiler feedwater has maximum limits of 15 mg L™ TSS, with conductivity between
1,100 to 5,400 puS cm™ [139]. Thus, based on Table 35, the permeate recovered from the
proposed vibratory NF of the coffee extract may be suitable as boiler water, but may
require additional treatment when directed for cooling tower reuse. When reused as a
manufacturing ingredient, or as a solvent for extraction, the NF permeate would further
require supplemental treatment to meet the potable water reuse specifications of the US
EPA. The NF permeate would also require an extensive analysis of its alkalinity, silica
content, total dissolved solids, mineral content, hardness, oily matter, microbial content,
total organic content, and meet other water reuse specifications, as applicable.
Additionally, it is also recommended to perform a thorough analysis of the important
coffee extract components in the permeate.

Integrated membrane operations may be employed in meeting the US EPA
guidelines. For example, a thickening step via MF or UF prior to NF operation, similar
to those conducted for waste coffee grounds [207], may be employed to improve the
quality of the NF permeate. Another option is to recover the residual coffee extract
components from the NF permeate by RO, similar in high-purity water recovery from

dairy processing [8], [216], [217] or by osmotic evaporation [218]. The recovered
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components such as phenolic compounds may then be used in the enrichment of the final
soluble coffee product [24], while the water recovered may be reused for ancillary plant
operations.

However, these integrated membrane operations entail additional capital and
operating costs, and may only be applicable when the water recovered is obtained from
wastewater treatment operations, where the waste stream is more dilute. Such is the case
of a parallel study by Wisniewski et al. [51] employing vibratory NF on soluble coffee
wastewater to recover water that may be reused for cooling tower operations. As in this
study, since the NF permeate is recovered from upstream plant operations, water reuse
should not be as stringent as those provided in US EPA guidelines that presume water
reclamation from downstream waste effluents. In addition, while the NF permeate may
be directed as boiler feedwater, this water reuse option would only result in coffee extract
losses since the permeate may consist of essential components such as chlorogenic acids,
caffeine, and other phenolic compounds. Directing the permeate from the single-step NF
operation for coffee extraction would be a more attractive option for reuse to prevent
losses in coffee extract components [33]. This study employed this water reuse option in
the assessment of the process; however, additional study may be recommended to assess
the effect of the NF permeate on coffee extraction. Nonetheless, the water recovery
routes from coffee extract preconcentration and soluble coffee wastewater reclamation
presents a substantial advantage in minimizing the operating costs and environmental

impacts of the soluble coffee process.
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8.3.4 Economic Feasibility

The capital and operating costs of the scaled-up vibratory NF process are among

the important indices evaluated for the proposed dewatering alternative. The overall

operating cost savings and its long-term economic impact of the proposed system in the

soluble coffee production process should also be assessed. For the results of the

economic assessment, Figure 68 shows a comparison of the overall operating costs

between the base case and the proposed alternative cases, while Table 37 shows the

feasibility of each case based on economic metrics.

Figure 68

Overall Operating Costs and Savings of Base Case and Each of the Alternative Case
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Table 37

Calculated Economic Metrics for Proposed Integrated Vibratory Nanofiltration
Operations in Soluble Coffee Production at Various Feed Coffee Extract Concentrations

Economic Uniit Feed Coffee Extract Concentration (% wt/wt)

Metric 1 2 3 4 5
Capital Cost $ 900,000 1,200,000 2,100,000 3,600,000 6,600,000
Savings $yrt 579,000 545,000 481,900 376,800 166,800
IRR % 57.3 39.5 16.8 1.2 (14.7)
ROI % 54.3 38.9 20.7 10.7 4.2
Payback time 25 38 103 ] ]
after tax
10-yr NPV $ 1,604,800 1,198,000 139,200 - -

Note: Based on target water recovered of 3.79 x 10° L d*

For the analysis, only the process costs within the boundaries of the scope
alternative process were considered since those outside the scope, such as process costs
of roasting, extraction, and dehydration, were assumed constant. As shown in Figure 68,
apart from the operating cost of the vibratory NF system, the combined economic
benefits or gross savings from the reduction of freshwater usage from water reuse
(~0.4%), electricity used by well pumps and aeration blowers for wastewater treatment
(~5.3%), surcharges for wastewater disposal (~12.7%), and energy consumption from
dewatering (< 47%) affect the proposed process intensification. Among these costs,
substantial savings from the reduced costs of wastewater discharge, and dewatering the
coffee extracts, can be observed. Recirculating the water recovered from the vibratory
NF operation for reuse in coffee extraction decreases the volume of pretreated wastewater
discharged to municipal wastewater treatment facilities or the environment. Additionally,
steam generation for thermal evaporation is diverted to the electricity cost of the
proposed vibratory NF operation, and considerably reduces the energy cost of
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dewatering. Dewatering a 1% feed coffee extract saves at least 47% of overall process
costs. However, processing higher-strength coffee extracts tend to diminish these savings
due to the increased electricity and membrane replacement costs. Above feed
concentrations of 5%, only savings from wastewater discharges (~17%) are projected to
be saved from the overall operation.

An economic feasibility assessment was conducted to determine the return on
investment, payback period, and other economic metrics indicative of the profitability of
each alternative case. As presented in Table 37, the increase in capital cost and the
corresponding decrease in the estimated savings as a consequence of concentrating
higher-strength coffee extracts, have a major influence on the feasibility of the proposed
dewatering alternative. Smaller module systems tend to have more favorable economic
metrics, which makes the dewatering alternative more attractive for feed coffee extract
concentrations less than 3%. A 7-module commercial-scale i84 VVSEP filtration system
with a capital cost of $2,100,000 can concentrate 3% wt/wt feed coffee extract to 35%.
On the other hand, the recovered 378,500 L d* of reusable water from the low-energy
dewatering operation projects $481,900 of savings per year. These annualized costs and

savings render an ROI of 21% for a reasonable payback period of 10 years.

8.3.5 Environmental Emissions

The low-energy requirement of the proposed vibratory NF, along with its capacity
to generate reusable water, have substantial environmental benefits. These benefits were
quantified as environmental emissions to air, soil, and water of processes within the
selected life cycle boundaries of this study. The emission factors associated to each of

the alternative case and in comparison with the base case are shown in Table 38. Figure
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69 shows a comparison of the CO2 emissions of the base case and alternative cases
relative to the process components involved. Air emissions constitute largely both base
(98.2%) and alternative cases (~97.6%) with CO> contributing to about 99.21% of the
total air emissions. The alternative cases has a potential to reduce environmental
emissions by about 37.2% to 40.1%, owing to the impact of water recovery from the
membrane-based preconcentration of coffee extracts that reduced feed water usage, steam
consumption, and wastewater generation, treatment, and discharge. These reductions
translate to lesser greenhouse gas impacts in the environment of the soluble coffee

process.

Table 38

Comparison of Life Cycle Emissions Associated with the Base Case and Each of the
Alternative Case in Terms of Emission Factors

.. . Base Alternative Cases in Terms of Feed Concentration in %
Emissions  Unit
Case 1 2 3 4 5

Total Air kg 1.80E+07 1.08E+07 1.08E+07 1.08E+07 1.10E+07 1.12E+07
Emissions

CO; kg 1.79E+07 1.07E+07 1.07E+07 1.08E+07 1.09E+07 1.11E+07

CO kg 3.07E+03 1.46E+03 1.48E+03 1.53E+03 1.62E+03 1.80E+03

CH, kg 2.29E+04 1.34E+04 1.35E+04 1.39E+04 1.45E+04 1.58E+04

NOx kg 2.84E+04 2.05E+04 2.05E+04 2.06E+04 2.06E+04 2.08E+04

NMVOC kg 7.34E+02 5.47E+02 5.55E+02 5.78E+02 6.16E+02 6.92E+02
Particulate kg 1.73E+03 1.31E+03 1.32E+03 1.33E+03 1.36E+03 1.41E+03

SO, kg 244E+04 179E+04 181E+04 188E+04 1.99E+04 2.21E+04
Total Water 355405 2636405 267E+05 2.78E+05 2.96E+05 3.33E+05
Emissions
VOCs kg 5.84E-01 3.36E-01 3.44E-01 3.70E-01 4.12E-01 4.97E-01
Total Soil =y 0 5 o4E+02 1.18E+02 118E+02 1.19E+02 1.20E+02 1.23E+02
Emissions
Total kg 1.84E+07 1.10E+07 1.10E+07 1.11E+07 1.12E+07 1.15E+07
Emissions
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Figure 69

Comparison of Life Cycle CO, Emissions Associated with the Base Case and Each of the
Alternative Case in Terms of Process Components
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In both cases, the bulk of the life cycle emissions are still largely associated with
the environmental impact of wastewater directed to the public authorities for further
treatment, as shown in Figure 69. However, a membrane-based water recovery reduces
the emissions from wastewater discharge by about 21% of the base case emissions,
highest contributor among the process components. This reduction is due to the reuse of
about 378,500 L d! of recovered water from the membrane system that minimized the
generation, treatment, and discharge of wastewater from soluble coffee production.
Despite the reduction of emissions from steam generation, the wastewater generation,
treatment, and discharge still account for the 84% to 88% of the environmental
emissions. This large allocation on emissions reflects that additional wastewater

minimization approaches through water recovery and reuse may still improve the
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environmental impact soluble coffee process. On the other hand, about 3,300 tons yr* of
CO- emissions can be avoided (or 18.3% of the base case emissions) by recovering
378,500 L d* of water using the proposed membrane system, and cut-down steam
consumption in thermally preconcentrating coffee extracts. The increase in emissions in
the alternative cases was attributed to the electrical consumption of larger vibratory NF
systems designed for processing higher strength coffee extracts. However, despite these
increases for the recovery system, the environmental emissions related to the combined
electricity usage of pumps and blowers only constituted to about 7.5% to 11% of the total
emissions of the alternative cases. This relative impact is still small compared to the
significant emission reduction attributed to the reduction in steam consumption and
wastewater generation. Thus, overall, the proposed water recovery alternative positively

impacts the environmental emission reduction of the soluble coffee process.
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Chapter 9

Conclusions

The vibration shear-enhanced filtration is a promising technology that can further
membrane applications high-fouling streams such as those of the food and beverage
industry. In particular, as a supplement to thermal evaporation, the integration of the
membrane system can strategically present opportunities for water recovery and reuse,
energy usage reduction, and wastewater minimization. In this dissertation, the potential
of a vibratory membrane-based water recovery from preconcentrating coffee extracts for
soluble coffee production was investigated using parametric studies, mathematical
modeling, optimization, and techno-economic and environmental assessment. NF using
TS80 membrane was selected from membrane screening studies, based on the levels of
permeate flux, permeate quality in terms of turbidity, conductivity, absorbance, and
COD, and corresponding rejection efficiencies. The performance of CF and vibratory NF
was evaluated at different operating conditions for feed concentration, applied TMP, and
vibratory settings.

Parametric studies in Chapter 5, showed that vibration significantly enhanced the
permeate fluxes by about 2 to 3 times that of conventional CF filtration and alleviated
flux decline to favor process economics. The torsional oscillations generated membrane
surface shear rates from 20,000 s to 106,000 s within the range of vibratory
frequencies of 53.3 Hz to 54.7 Hz and corresponding oscillatory displacement of 0.64 cm
to 3.18 cm. The power-law model correlated the permeate fluxes with the surface shear
rates generated during the vibratory operation and the relation of model parameters for

the system were comparable with other high-shear dynamic systems. However, while
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small displacements from module vibration contributed greatly to flux enhancement, the
mechanisms for membrane separation were still influenced by the other operating
parameters. The applied TMP served as the driving force for convection that also
increased the permeate flux of the operation. However, along with feed concentration,
increasing applied TMP also promoted concentration polarization and high osmotic
pressure effects that reduced the effective TMP of the CF and vibratory NF operation.
These limited the high flowrate NF operation indicating critical flux conditions. While
the operation effectively rejected suspended and colloidal solids (>99.9%), color
(~100%), and COD (>95%), dissolved organics and ions smaller than the cut-off pore
size of the TS80 membrane (150 Da) were observed to be partially rejected depending on
the operating conditions, ranging from 44% to as high as 99.6%. In addition, the
concentration polarized region near the membrane surface increased with feed
concentrations. This increase resulted in an added a layer of resistance that caused higher
rejection of coffee extract components during NF operation. Vibrations also improved
the rejection efficiency of the process due to the high-shear regions on the membrane
surface that reduced concentration polarization. However, the applied TMP forced the
dissolved solids through the membrane by convection and resulted to lower conductivity
and COD rejections. On the other hand, concentration polarization from higher feed
concentrations added a layer of resistance that improved the conductivity and COD
rejections of the membrane.

Different approaches for modeling the performance of the vibratory NF operation
were also introduced in Chapters 6 and 7 for the preconcentration of coffee extracts.

Despite the unique dynamic nature of the membrane system studied, the semi-empirical
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resistance-in-series mathematical model proposed in Chapter 6 can be employed not only
to predict fluxes and rejection efficiencies, but it also provided additional information on
mass transfer mechanisms, osmotic pressure effects, and fouling resistances by feed
concentration, TMP, and module vibrations. For instance, at low feed concentrations, the
resistance attributed to the osmotic pressure on the membrane surface controls the
permeate flux of the operation. However, increasing feed concentrations and TMPs
increased the influence of concentration polarization driven resistance that exceed those
of osmotic pressure, and resulted in lower fluxes. Further, while membrane surface
concentrations and fouling resistances under vibratory NF were significantly lower than
those of CF filtration, the correlation showed that vibration had the least impact among
the three operating conditions studied. Statistical models obtained from multivariable
regression support the relative impacts of feed concentration, applied TMP, and vibratory
frequency, along with their interactions on vibratory NF performance, as detailed in
Chapter 7. The response surface methodology provides an alternative, and a simpler
approach to model and optimize the vibratory NF operation.

In Chapter 8, the film layer model correlation was used in a modified
concentration study to scale-up parameters and average permeate flux and characteristics
for a high-recovery vibratory NF operation. Substantial rejection of turbidity and COD
are achievable, based on calculated average permeate characteristics. However, as a
result of the lower capacity of NF membranes to reject multivalent ions in comparison
with RO membranes, the conductivity rejection for the scale-up operation was only
projected to approach 50%. Nonetheless, the permeate that passes through the NF

membrane still consist of valuable coffee components that may be recirculated back to
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the coffee extraction step to avoid losses. Scale-up operations based on the vertical
module i84 VSEP commercial filtration systems were also determined for various feed
coffee extract concentrations, to determine the applicability of the proposed membrane-
based dewatering alternative in soluble coffee production. Higher feed concentrations
resulted in lower design fluxes, requiring larger vibratory NF systems in terms of
membrane area and number membrane modules, and thus, higher capital costs. The
larger process also substantially increased the annualized operating cost of the vibratory
NF system due to membrane replacement. Nonetheless, the energy consumption of the
vibratory NF system from electric pumps and vibratory motors shown to be considerably
lower than that consumed by thermal evaporation from steam generation. Overall, the
proposed vibratory NF system promotes water reuse, producing a maximum of 47% cost
savings from the reduction of freshwater usage, wastewater treatment and disposal,
energy consumption relative to the base case. However, due to the effect of high feed
coffee extract concentrations on operational efficiency, the proposed alternative system
may only be limited to low-strength coffee extracts of less than 5% wt/wt. Economic
feasibility assessment presented favorable economic metrics for small vibratory
membrane module systems for feed coffee extract concentrations less than 3% wt/wt.

These cases are projected to be within a reasonable payback period of 10 years.
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Chapter 10

Recommendations for Future Work

10.1 Recommendations on Improving the Mathematical Models

In this dissertation, the mathematical models developed using the results from
parametric experiments were based on two approaches via (a) response surface
methodology, a statistical modeling approach; and (b) semi-empirical modeling using
theoretical membrane filtration models — concentration polarization, osmotic pressure,
and resistance-in-series. These approaches established the relationship of operating
factors (feed coffee extract concentration, transmembrane pressure, and vibratory
settings) with process performance (permeate flux, quality, and rejection efficiencies), as
well as flow and mass transfer properties (boundary layer concentrations, real rejection,
and fouling resistances). Moreover, the models developed from this study provided an
alternative perspective on evaluating vibratory membrane performance, particularly
VSEP, in contrast with the conventional power-law relationship between flux and
vibratory surface shear rates found in literature.

Despite the contribution, it is important to note that the models are still limited
and may require further improvement. For instance, the statistical models developed
from multivariate regression in Chapter 7 only provide optimum conditions based on
known operating parameters and may be limited when taking into account mass transfer
mechanisms of membrane separation. Thus, while the models provide an insight on the
effects of operating conditions and their interaction on membrane performance, sufficient

theoretical background and principles are still needed to support the results. On the other
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hand, the osmotic pressure calculations used to establish the semi-empirical model in
Chapter 6 assumes ideality where osmotic pressure linearly varies with concentration.
While the ideal assumption was valid when considering the relatively dilute
concentrations of the coffee extracts in the bulk phase of the fluid, membrane surface
concentrations were considerably high, which may cause the van’t Hoff equation to be
less accurate in approximating the osmotic pressure difference. Alternative calculations
of this parameter using non-ideal basis may be employed to improve the model, such as

the virial osmotic pressure equation [219]-[221].

C.
n=RT (Ml +BCi2) (100)

Experimental determination of osmotic pressure of various coffee extract concentrations
at different pH is recommended to determine the second osmotic pressure virial
coefficient (B) [222]. Nonetheless, despite their limitations, the alternative models
provide a sufficient basis on concentration polarization, osmotic pressure effects, and
fouling resistance to manage membrane fouling in vibratory systems.

The investigation of additional parameters like pH, temperature, feed flowrates is
also recommended for future studies to provide a more realistic approach when
developing the models, likewise, screen such parameters that may have minimal effects
on the vibratory membrane performance. One of our recent and ongoing attempts to
improve the mathematical model was by additionally investigating the effect of varying
feed flowrates on the vibratory NF performance. This study was interested in
determining if feed flowrates will contribute to the vibratory NF performance along with

operating pressures and module vibrations based on velocity variation experiments. CF
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and vibratory NF experiments, using the TS80 NF membrane, were conducted for low-
strength feed coffee extract (Co = 8.5 g L) at various feed flow rates (1.89 L min™* to
15.1 L mint), applied TMP (1.03 MPa to 3.79 MPa), and vibration settings (0 Hz, 53. 3
Hz to 54.7 Hz frequency; or 0 cm, 0.64 cm to 3.18 cm displacement). In the same
approach, the membrane filtration performance was evaluated based on permeate flux,
characteristics (turbidity, absorbance, conductivity, and COD), and corresponding
observed rejection efficiencies. At present, results of the parametric study show that
higher feed flow rates increased the permeate flux and rejection efficiencies under non-
vibratory CF operations. This trend indicates the contribution of increasing CF velocities
to higher membrane surface shear rates during CF operations. Despite the flux
enhancement, fouling resistances under CF operation were still 3 to 5 times higher than
those observed under vibratory NF operation. On the other hand, the flux enhancement
effect of increasing feed flow rates appeared to have diminished under vibratory NF
configuration. Among the three parameters, the feed flow rate parameter had the least, or
presumably negligible, effect on permeate flux. However, these results are still
inconclusive, so far, and further analyses such as semi-empirical model fitting and
statistical tests, are still being conducted to support the findings. Nonetheless, these
research efforts and information may be helpful in guiding parallel studies on vibratory,

or dynamic membrane systems.

10.1.1 Modeling Vibratory NF by Computational Fluid Dynamics
Another alternative approach that may be explored in predicting the vibratory
membrane system performance is by employing computational fluid dynamics (CFD).

The CFD method is becoming a ubiquitous tool in numerically solving different types of
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fluid flow problems including membrane separations [182]. The idea is to develop the
partial differential equations governing the fluid flow regime of the membrane system
from a transport phenomenon standpoint (continuity and Navier-Stokes equations) [174].
Given the appropriate assumptions and boundary conditions for the model, CFD uses
discretized algebraic expressions to approximate the solution of the differential equation.
The technique circumvents the rigorous computational requirement by using computer-
aided numerical solving tools, without relying heavily on parametric experiments.

Despite the attractiveness of the method, the underlying consequences from the
dynamic nature and module flow patterns of the current VSEP system, as well as of other
dynamic membrane configurations, challenge this method in modeling the process. A
careful description of the VSEP apparatus including annular flow geometry and
dimensions of the membrane module, vibration mechanism, and flow regime must be
considered [174]. An appropriate calculation mesh should also be selected. For example,
an initial study to solve the structure of shear-enhanced flow on a vibrating membrane
surface under VSEP operation used a rectangular parallel piped calculation domain since
one portion of the circular membrane was assumed as a vibrating rectangle that served as
the basis for setting up the differential continuity and Navier-Stokes equations [60]. The
radial geometry for the hydrodynamic analysis of the azimuthal flow on the annular
membrane channel of the VSEP [2] also appears to be a more appropriate model that may
be recommended for CFD modeling. This type of investigation may be a significant
undertaking on its own, and may make a worthy follow-up research activity.

In the studies conducted so far, the flow profile within the vibratory membrane is

presumed to be the same for both laboratory-scale, and larger-scale (pilot and
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commercial) VSEP filtration system [2], [60]. In this assumption, the flow profile in the
laboratory-scale VSEP system represents one of the membranes found in the pilot- and
commercial-scale set-ups, and this relationship is used as the basis to set-up the pertinent
hydrodynamic and mass transfer equations that may be evaluated using CFD. The
oscillatory movement of the vibrating membrane module also suggests that the flow
pattern is time dependent, as were shown in Equations 24 and 25, that further adds

uncertainties to local velocities and shear stresses.

V(y,t) -1 0 le' (Re/z)y cOs <27IFt _ ’(Re/z)y>
+ eV (/0= cos <2nFt - \/(Re/2)(1 - Y))l (24)

Y, (r,t) = %}?1'5 [cos(2nFt) — sin(2nFt)] (25)
Despite the availability of experimental approaches to determine local velocities and
shear stresses via particle tracking, molecular tagging, laser Doppler anemometry, and
electrochemical methods in some dynamic membrane systems [174], such measurements
must be employed at least 1 mm from the membrane surface that makes CFD a
convenient alternative to clarify the flow characteristics on the membrane surface [60].
Equations 24 and 25 are “periodic steady state” solutions where the fluid particles exhibit
sinusoidal oscillations with the resonant frequency at a given amplitude [223]. In CFD
calculations, local velocities and shear rates from unsteady state flow may be solved
using a selected “time step” at different radial and horizontal positions. Velocity

distribution simulations on the membrane surface may then be used to approximate the
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velocity boundary layer thickness, and average vibrating velocities that may be correlated

with permeate fluxes [60].

10.1.2 Modeling NF Rejection Mechanisms

The results presented in this dissertation promote the use of NF for water recovery
operations in food and beverage production. In the future, more effective NF
membranes may be developed, and the technology can be improved to dramatically lower
the costs of the operation. Thus, the potential for vibratory NF applications can be
extended to different industrial applications. Furthermore, the mathematical models
developed for vibratory NF operations can be improved upon by focusing on the rejection
mechanisms, since the unique structural characteristics of NF membranes sets them apart
from UF, MF, and RO membranes. While most membranes are characterized based on
their effective pore sizes and molecular weight cut-offs, NF membranes exhibit pore-
flow-like mechanisms comparable with porous UF membranes, but at the same time
solution-diffusion mechanism like those of RO membranes [94]. Another important
characteristic of most NF membranes is their surface charge that may be due to the
dissociation of functional groups from the membrane, and adsorption of charged species
from solution [173]. Thus, separation principles for NF membranes are particularly
interesting as they employ steric exclusion of uncharged species, and electrostatic
exclusion of charged species like ions.

The rejection efficiencies discussed in Chapter 5 only presented the influence of
permeate fluxes on the transfer of coffee extract components through the NF membrane.
However, rejection efficiencies at various operating conditions indicate the formation of

an additional layer of resistance that affected the transfer of dissolved components across
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the membrane. However, the feed and permeate characterization methods were non-
specific that limited the analysis of rejection efficiencies of the NF membrane. Itis
interesting to investigate the various mechanisms that could have affected the
performance of the vibratory NF operation for the development of a water recovery
strategy. Apart from membrane selection, or improvement of operating conditions, the
optimization of the NF process requires a fundamental understanding of the extent of
different mechanisms, chemical or physical, governing the capacity of NF membranes to
reject coffee extract solutes.

The Donnan Steric Pore model (DSPM) developed by Bowen et al. has been
particularly useful in modeling the retention properties of NF membranes [168]. The
model is based on the extended Nernst-Planck equation that accounts for the neutral
conditions inside the membrane, combined with the Donnan equilibrium to describe the
partitioning of components on both solution and membrane interfaces, as shown in
Equation 101 [173].

dc; F, dy
Js = <_Di,p d_xl) — (Di,pZiCi R—;,,a) + (Ki,CCiJU) (101)

Various model parameters are accounted in the model, including hindered diffusivity
(Dip), hindrance factor for convection (Kic), concentration of solute at the membrane
surface (Ci), valence of solute (zi), electric potential (), permeate flux (Jv), Faraday’s
constant (F¢), temperature (T), and gas constant (R). From these considerations, the
mechanism of solute transport across the membrane can then be described by diffusion,
electromigration, and convection [94]. The model may also be simultaneously solved

with concentration polarization film theory, combined with the underlying flow
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properties of a dynamic vibratory membrane operation. Apart from predicting solute flux
and corresponding rejection, the model can possibly be applied to understand the
dominant mechanism for solute transport at different conditions. Detailed
characterization of coffee extract solutions using more specific conductivity
measurements, and membrane properties (pore size, thickness, porosity, effective charge
density) are among the important considerations to conduct for this type of study. The
role of pH is also important in understanding the transport of inorganic solutes and
organic acids through the NF membrane. Accordingly, surface charges on NF
membranes are influenced by feed pH, and concentration of electrolytes, that altogether
affect the electrokinetic transport of constituents [224]. Extensive characterization of the
feed coffee extract in terms of charged and uncharged constituents will play an important
role in fitting the experimental data with the DSPM correlation to improve the
predictability of solute rejection. Overall, the model developed from the solute rejection
standpoint of the NF membrane can additionally provide additional perspectives useful
for practical membrane applications such as optimization and scale-up design of the

vibratory NF system.

10.2 Characterization of Fouling Mechanism and Membrane Cleaning Approaches

10.2.1 Characterization of Membrane Fouling Mechanism

The vibratory membrane system effectively reduced the concentration
polarization and osmotic pressure effects of the CF filtration operation. This enabled an
effective enhancement of flux, with high stability that can be sustained for longer periods

than those observed under non-vibratory operations. Even so, the complexity of the
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components in the coffee extract can still be further investigated in terms of the fouling
mechanisms that may occur despite the enhancement of membrane surface shear via
vibratory operation. Dissolved, colloidal, and suspended organic and inorganic
constituents may still affect the membrane performance, especially as coffee extracts
become more concentrated during preconcentration operation. Under poor operating
conditions (high feed concentration, low effective TMP), these constituents can still
result in the irreversible decline in membrane performance that can increase the need for
membrane replacement. As presented in Chapter 8, the highest operating cost was
attributed to membrane replacement that cost at about $75,000 for each 1400-ft?
membrane module replaced every five years. Thus, the determination of an optimal
operation, whereby irreversible fouling is avoided, can be very helpful in prolonging the
usage life of the membrane and reduce membrane replacement costs.

Coffee extract constituents can affect membrane performance either by cake
formation or pore blocking, organic adsorption onto membrane surface [128], gel layer
formation, scaling [116], or by biofouling, as the highly organic nature of the coffee
extracts can attract microorganisms that can contaminate the operation [94], [119].
Experimental investigation of membrane fouling using the protocol presented in Figure
12, may be implemented to characterize the reversibility of fouling under vibratory
operation. This protocol consists of water tests, solution filtration, physical cleaning, and
chemical cleaning studies quantify irreversible and reversible fouling in the vibratory
membrane operation [123]. Scanning electron microscopy (SEM) may also be a useful
tool in assessing the degree of fouling on a microscopic level, since some foulants,

though are not readily visible can still drastically affect membrane performance. In
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addition, SEM can provide a better understanding of the fouling mechanism based on the
morphology and structure of the fouled membrane [99]. The fouling mechanisms, such
as scaling, may also be mathematically modeled based from flux time-profiles generated
from filtration experiments [225]. Overall, an extensive assessment of these potential
fouling mechanisms occurring in the vibratory filtration of coffee extract can be helpful
in further minimizing the adverse effects of fouling on the NF membrane, and therefore,

reducing membrane replacement costs.

10.2.2 Optimization of Cleaning Operation for Vibratory Membrane Applications
Related to the reduction of membrane replacement costs is optimizing membrane
cleaning within the membrane life cycle. Physical cleaning methods like backflushing,
forward flushing, and vibrations; and chemical cleaning methods with the use of alkaline
solutions, acids, and active enzymes can be considered in the cleaning operations to
address different fouling mechanisms and foulant types affecting the vibratory membrane
operation [99]. While the cleaning protocol is usually based on a trial and error
approach, the experimental methods to develop this protocol are based on the knowledge
of foulants involved, degree of fouling, cleaner concentration and efficiency, and the
assessment of the possible effects of various cleaners on membrane structure and
properties [94]. The cleaning conditions may also be evaluated along with an optimum
cleaning interval to maximize the performance of the vibratory membrane operation and
usage life, while ensuring that the cost attributed to the frequency of cleaning is within a
reasonable value [114]. Cleaning at the initial stage of fouling, or on a regular basis can
be considered when selecting the cleaning interval. This interval may also be evaluated

by determining critical limits in vibratory membrane operation, e.g., when TMP in
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constant flux application increases, or when flux decreases below the tolerance level in

constant pressure operation [94].

10.3 Industrial Application of Vibratory Membrane Filtration in Soluble Coffee
Production

This study demonstrated the benefits and limitations of the vibratory NF operation
in preconcentrating coffee extracts for soluble coffee production. Indeed, the dynamic
membrane system alleviates flux decline and membrane fouling and the surface shear
generated from the vibration contributed to the flux enhancement in contrast with
conventional CF filtration. Energy costs from the electricity used by a scaled-up
membrane operation were also considerably lower than those that required for steam
generation in thermal evaporation. More importantly, the reduced consumption of fresh
feed water, due to water recovery and reuse, positively impacts to lower wastewater
generation and lower environmental emissions. However, it is important to note that the
high investment, and membrane replacement costs limit the industrial application of the
vibratory membrane system to low-strength streams. A reduced water recovery flow rate
for the membrane-based coffee extract preconcentration step may be recommended to
render more favorable economic metrics.

The abovementioned limitation also suggests that the water recovery operation is
more attractive when applied in soluble coffee wastewater reclamation, as studied by
Wisniewski, et al. [50]-[52]. Compared with coffee extracts, soluble coffee process
waste streams have been found to have lower COD, conductivity, and turbidity, that
would only require a single module i84 VSEP commercial filtration system to recover the

same amount of water for reuse in cooling tower operations [51]. Economic metrics for
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the wastewater study provide a favorable payback period of 3 years from cost savings due
to water recovery. However, like in coffee extract preconcentration, production
variability can also pose future challenges to the economics of water recovery operation
from soluble coffee wastewater. In this regard, predictive models from this dissertation
can be useful in optimizing the process. Results from the coffee extract filtration studies
may be extended to the soluble coffee wastewater since, in principle, the components
affecting the vibratory membrane operation are similar but, in more dilute concentrations
than coffee extracts. Mathematical models may be developed for this purpose to project
the membrane performance and determine optimum conditions for the membrane-based

wastewater reclamation.
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Appendix A

List of Symbols and Abbreviations

List of Abbreviations

BOD
CF
COD
DE
HWW
IRR
LCA
LCE
LCI
MACRS
MF
NF
NHWW
NPV
PDMP
RO
ROI
TMP
TSS
UF
VSEP

biological oxygen demand
crossflow

chemical oxygen demand

dead end filtration

hazardous wastewater

internal rate of return

life cycle assessment

life cycle emissions

life cycle inventory

modified accelerated cost recovery system
microfiltration

nanofiltration

non-hazardous wastewater

net present value

pressure-driven membrane process
reverse 0smosis

return on investment
transmembrane pressure

total suspended solids
ultrafiltration

vibration shear-enhanced process

List of Symbols

A
Amodule
Aw

b

Co

Cm

Co

Coi

Cpi

Membrane area (m?)
Membrane area per module (m? module™?)
hydraulic permeability (L m? hPa?)
Flux decay rate
bulk concentration (g L™)
membrane solute concentration (g L™?)
feed concentration (g L)
feed characteristics
turbidity (NTU)
conductivity (US cm™)
COD (mg L)
permeate concentration / characteristics
turbidity (NTU)
conductivity (US cm™)
COD (mg L)
Vibrational displacement (cm)
hydraulic diameter (m)
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Jdesign
Jtrev
Jtirrev
Ji

Jr

Jos o
Jwater 25°C
Jwater T
Jo

Jv

Jw

k

K

L
LCE;i
LCl;
LCEgc
LCEAc
L CEavoided
M

mi

n

Nc
Nmodule
oC
OC;i
OCsc
OCac
OSF

P

QF
R
Re
Rt
Ri
Rm

I
Rtotal

diffusivity coefficient (m?/s)

depreciation cost (3$)

depreciation factor

time interval (s)

energy requirement/consumption (MJ)

process energy flow (MJ)

vibrational frequency (Hz)

channel height (m)

design flux scale-up parameter (L m?2 ht)

flux of reversibly fouled membrane (L m?2 ht)
flux from irreversible fouled membrane (L m2 ht)
degree of dissociation of salt

permeate flux at any measured temperature (L m? h™)
permeate flux at 25 °C (L m? h')

water flux at 25 °C (L m2 h?)

water flux at any measured temperature (L m2 ht)
initial flux at t = 0 min (L m? h'%)

permeate flux (L m?2 h?)

water flux (L m2h)

mass transfer coefficient

power law model coefficient

length (m)

life cycle emissions of process component (kg)
life cycle inventory of process component (kg unit™)
life cycle emissions of base case (kg)

life cycle emissions of alternative case (kg)
avoided life cycle emissions (kg)

molar weight (kg mol™)

process mass flow

power law model exponent

number of cleanings

number of i84 VSEP membrane module
overall operating cost ($ yr?)

Operating cost of process component ($ yr)
Operating cost of base case ($ yr?)

Operating cost of alternative case ($ yr?)
Overall system factor (1.5)

Operating pressure (MPa)

Feed flow rate (L d?)

gas constant (8.314 J mol* K1)

Reynolds number

Fouling resistance (m™)

Membrane radius

membrane resistance (m™)

pore radius (m)

total flow resistance across the membrane (m™)
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Sc

Sh
SEn

T

tc

u

U

V

Ve

Vi

Xw
%cC
%,
Yorreal
%R
AP
AP/Ax
Am
Yw
Y'W max
Y'W mean
€

n

Q

p

Pw

T

0

H
v

i

Schmidt number

Sherwood number

steam economy

absolute temperature (K)

time between cleanings
crossflow velocity (m s™)

design flux uncertainty (0.5)
transverse velocity (m s™)
volume of cleaner per module (L)
volume of permeate (L)

mass fraction of water in solution
concentration of cleaner (%)
observed rejection efficiency (%)
real rejection efficiency (%)
percent water recovery

applied TMP (MPa)

pressure drop along membrane thickness (MPa)

osmotic pressure difference (MPa)
surface shear rate (s?)

maximum surface shear rate (s™)
mean surface shear rate (s™)
porosity

pump efficiency (0.85)

amplitude of angular velocity
density (kg m®)

density of water at given temperature (kg m°)

tortuosity
Dynamic viscosity (Pa s)

kinematic viscosity (m?s?)
osmotic pressure of fluid (MPa)
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Appendix B

Supporting Information for Parametric Studies

B.1 Permeate Flux Time Profiles

Figure B1

Filtration Time Profiles for Vibratory NF of Coffee Extracts (Co = 8.5 g L) at Various
Applied TMPs and Vibrations
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Figure B2

Filtration Time Profiles for Vibratory NF of Coffee Extracts (Co = 17.0 g L) at Various
Applied TMPs and Vibrations

() F=54.7,d=3.18 cm (c)F=54.1,d=127cm
70 60
P e — 501 e e A A A
o et TTTIEOO GO G 00-0-0-9
0] a0 " ]
S FAEELAALLNAY o e
3 330 -
330 3
© @
P s F VI VAR VIRV VARV VAR
EorSSgeEEEEEEEN £ HARICRIERDEAARK
(o) (&)
[a 10 1 o 10
0 T T 0 T T
0 20 40 60 0 20 40 60
Time (min) Time (min)
HAP = 1.03 MPa +AP =1.72 MPa X AP =1.03 MPa ~AP =1.72 MPa
AAP = 2.4 MPa -AP = 3.1 MPa X AP = 2.4 MPa AP =3.1 MPa
AP = 3.79 MPa ©AP =3.79 MPa
(b) F=54.6,d=254cm (d)F=53.3,d=0.64cm
70 60
60 - ol -T _ [ |
500 T s K e S ~50 4 B R mmmE R R s aE L
< =
o 50 A o
= S £ 40
20 d XXX I T oo w 0T = | S -
R R e s S 0 | 499099090909 0090
e 5
© ©
E20 1 A A A AAAAhAhAAa 2201
5 & [K KK KA KA KKK
o o 10
10
0 T T 0 T T
0 20 40 60 0 20 40 60
Time (min) Time (min)
AAP =1.03 MPa -AP =1.72 MPa XAP = 1.03 MPa +AP =1.72 MPa
XAP = 2.4 MPa ~AP = 3.1 MPa ©AP = 2.4 MPa “AP =3.1 MPa
AP = 3.79 MPa AP = 3.79 MPa

310

www.manharaa.com




Figure B3

Filtration Time Profiles for Vibratory NF of Coffee Extracts (Co = 25.4 g L) at Various
Applied TMPs and Vibrations
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Figure B4

Filtration Time Profiles for Vibratory NF of Coffee Extracts (Co = 33.9 g L) at Various
Applied TMPs and Vibrations

() F=54.7,d=3.18 cm (c)F=54.1,d=1.27cm
70 70
60 - 60 ¢ 000454500009
= — - 5 <
‘\'.E 50 A NE 50 A
S a0 TAAAAA LA A A AAA <10 4
x X KPR e Semmgr S e 3K
g 30 1 2301 o .
3 S et e S W 5 [ _7. i .7. 00099
E 20 - £ 20 —— e — =
[} [
o o
e o g E J B R S 8 N B B | 10 K2 HK KK A=K K=K
0 T T 0 T T
0 20 40 60 0 20 40 60
Time (min) Time (min)
BAP =1.03 MPa +AP =1.72 MPa X AP =1.03 MPa =AP =1.72 MPa
AAP = 2.4 MPa -AP = 3.1 MPa XAP = 2.4 MPa ¢ AP = 3.1 MPa
AP = 3.79 MPa ©AP =3.79 MPa
(b) F=54.6,d =254 cm (d)F=53.3,d=0.64 cm
70 70
BRI R — - 601
= =
~ 50 4 ~ 50 4
€ 5 £
-l TN -l
=40 4 KX X = 40
= DR N X | om N N N || ey
E KKK A KKK E e R R R 2 R B
@ 30 A o 30 A
@ ©
g 20 e “g’ IR IR AR 2k 2K 2 4 o8 2L 28 28
[} (&)
a a
10 T AAA-AAA-AAAAAA 10 T K- KKK KKK KKK
0 T T 0 T T
0 20 40 60 0 20 40 60
Time (min) Time (min)
AAP =1.03 MPa =AP =1.72 MPa XAP =1.03 MPa ¢AP =1.72 MPa
XAP = 2.4 MPa -=AP = 3.1 MPa O©AP = 2.4 MPa TAP = 3.1 MPa
KAP =3.79 MPa AP =3.79 MPa

312

www.manharaa.com




Figure B5

Filtration Time Profiles for Vibratory NF of Coffee Extracts (Co = 42.4 g L) at Various
Applied TMPs and Vibrations
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Figure B6

Filtration Time Profiles for Non-Vibratory NF (F = 0 Hz, d = 0 cm) of Coffee Extracts at
Various Feed Concentrations
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B.2 Effect of Vibration

Figure B7

Variation of Permeate Flux with Vibratory Frequency and Displacement Under Various
Applied TMP and Feed Coffee Extract Concentration at T = 25 °C.
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Figure B8

Variation of Permeate Flux with Maximum Surface Shear Rate Under Various Applied
Transmembrane Pressure and Feed Coffee Extract Concentration at T = 25 °C
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B.3 Effect of Pressure

Figure B9

Variation of Permeate Flux with Applied Transmembrane Pressure Under Different
Vibrational Frequencies and Feed Coffee Extract Concentration at T = 25 °C
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B.4 Effect of Feed Coffee Extract Concentration

Figure B10

Osmotic Pressures as a function of Feed Coffee Extract Concentration at Various
Applied TMP and Vibrational Frequencies at T = 25 °C
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Figure B11

Permeate Flux as a function of Feed Coffee Extract Concentration at Various Applied
TMP and Vibrational Frequencies at T = 25 °C
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B.5 Rejection Efficiencies

Figure B12

Permeate Conductivity (left) and Conductivity Rejections (right) as Function of Feed
Concentration at Various Applied TMPs and Vibrational Frequencies at T = 25 °C
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Figure B13

Permeate Conductivity (left) and Conductivity Rejection (right) as Function of Applied
TMP at Various Vibrational Frequencies and Feed Concentrations at T = 25 °C
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Figure B14

Permeate Conductivity (left) and Conductivity Rejection (right) as Function of Vibratory
Displacement at Various Feed Concentrations and Applied TMPs at T = 25 °C
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Figure B15

Permeate COD (left) and COD Rejections (right) as Function of Feed Coffee Extract
Concentration at Applied TMPs and Vibrational Frequencies at T = 25 °C
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Figure B16

Permeate COD (left) and COD Rejections (right) as Function of Applied TMP at Various
Vibrational Frequencies and Feed Concentration and at T = 25 °C
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Figure B17

Permeate COD (left) and COD Rejections (right) as Function of Vibrational
Displacement at Various Feed Coffee Extract Concentration and TMP at T = 25 °C
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Appendix C

Supporting Information for Semi-Empirical Modeling

C.1 Membrane Surface Concentrations and Fouling Resistances

Figure C1

Membrane Surface Concentration as COD at Various Feed Coffee Extract
Concentrations and Applied TMP Under Vibratory Nanofiltration at T = 25 °C
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Figure C2

Fouling Resistances Under Different Feed Coffee Extract Concentrations, Applied TMP,
and Vibrational Settings at T = 25 °C.
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C.2 Calculated Parameters from Semi-Empirical Modeling

Table C1

Calculated Flow, Mass Transfer, Real Rejection Parameters, And Fouling Resistances
for Feed Coffee Extract Concentration Co = 8.5 g L™

Opergt_mg Model Parameters Fouling Resistances
Conditions
AP F d k ) Rosm Rep
5
(MPa) (Hz) (cm) "¢ (10°mis) (#0) frealCOD (g1 1) (10 m?)
1.03 0 0 243 0.351 11.217 0.99906 1.299 0.929

53.3 0.635 4,588 1215  3.244 0.99347 0.907 0.682
541 127 4,657 1231 3.201 0.99389 0.906 0.615
546 254 4,700 1242 3174 0.99394 0.906 0.596
54.7 3175 4,708 1.244  3.169 0.99305 0.905 0.595
1.72 0 0 243 0.351 11.217 0.99850 1.460 2.212
533 0.635 4,588 1.215 3.244 0.99681 0.918 0.618
541 127 4,657 1231 3.201 0.99731 0.916 0.460
546 254 4,700 1242 3174 0.99651 0.915 0.378
547 3175 4,708 1.244  3.169 0.99599 0.914 0.302
2.4 0 0 243 0.351 11.217 0.99906 1.868 2.405
53.3 0.635 4,588 1215  3.244 0.99741 0.945 0.770
541 127 4,657 1231 3.201 0.99689 0.941 0.470
546 254 4,700 1242 3174 0.99806 0.940 0.290
54.7 3175 4,708 1.244  3.169 0.99808 0.940 0.254
3.1 0 0 243 0.351 11.217 0.99892 2.212 1.580
533 0.635 4,588 1.215 3.244 0.99795 0.979 0.994
541 127 4,657 1231 3.201 0.99811 0.979 0.613
546 254 4,700 1242 3174 0.99843 0.978 0.428
54.7 3175 4,708 1.244  3.169 0.99842 0.978 0.339
3.79 0 0 243 0.351 11.217 0.99920 2.556 0.423
53.3 0.635 4,588 1215  3.244 0.99843 1.035 0.915
541 127 4,657 1231 3.201 0.99804 1.028 0.661
546 254 4,700 1242 3174 0.99853 1.026 0.425
547 3.175 4,708 1.244  3.169 0.99854 1.025 0.259
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Table C2

Calculated Flow, Mass Transfer, Real Rejection Parameters, And Fouling Resistances
for Feed Coffee Extract Concentration Co = 17.0g L™

Operfat_mg Model Parameters Fouling Resistances
Conditions
AP F d k ) Rosm Rep
(MPa) (Hz)  (cm) R&  (105mfs) (105m) ™I (101 m1) (104 mY)
1.03 0 0 242 0.351  11.205 0.99930 1.600 1.779
53.3  0.635 4,580 1.211 3.244 0.99024 0.997 1.576

54.1 1.27 4,649 1.228 3.200 0.99046 0.995 0.922
54.6 2.54 4,692 1.238 3.173  0.99060 0.994 0.870
54.7 3.175 4,700 1.240 3.168 0.99063 0.994 0.838
1.72 0 0 242 0.351 11.205 0.99869 1.941 2.252
53.3 0.635 4,580 1.211 3.244  0.99864 1.010 0.884
54.1 1.27 4,649 1.228 3.200 0.99865 1.007 0.704
54.6 2.54 4,692 1.238 3.173 0.99754 1.004 0.424
54.7 3.175 4,700 1.240 3.168 0.99757 1.004 0.494
2.4 0 0 242 0.351  11.205 0.99937 2.311 4.722
53.3 0.635 4,580 1.211 3.244  0.99882 1.050 1.551
54.1 1.27 4,649 1.228 3.200 0.99877 1.045 1.301

54.6 2.54 4,692 1.238 3.173  0.99907 1.042 1.214
54.7 3.175 4,700 1.240 3.168 0.99890 1.041 0.994
3.1 0 0 242 0.351 11.205 0.99939 2.678 4.773

53.3 0.635 4,580 1.211 3.244  0.99870 1.105 1.406
54.1 1.27 4,649 1.228 3.200  0.99953 1.100 1.184
54.6 2.54 4,692 1.238 3.173  0.99937 1.096 0.734
54.7 3.175 4,700 1.240 3.168 0.99905 1.094 0.919

3.79 0 0 242 0.351 11.205 0.99927 3.038 6.760
53.3 0.635 4,580 1.211 3.244  0.99907 1.172 1.608
54.1 1.27 4,649 1.228 3.200 0.99873 1.163 1.412
54.6 2.54 4,692 1.238 3.173  0.99910 1.159 1.083

54.7 3.175 4,700 1.240 3.168 0.99923 1.158 0.293
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Table C3

Calculated Flow, Mass Transfer, Real Rejection Parameters, And Fouling Resistances
for Feed Coffee Extract Concentration Co = 25.4 g L

Opergt'mg Model Parameters Fouling Resistances
Conditions
AP F d k ) Rosm Rep
(MPa) (Hz) (cm) Re  (10Smis) (10Sm) ™D (1oumy (104 m)
1.03 0 0 242 0.350  11.193 0.99940 1.872 1.829

53.3 0.635 4,572 1.207 3.243 0.99881 1.094 1.152
541  1.27 4,640 1.224 3.200 0.99866 1.094 0.582
546 254 4,683 1.234 3.173  0.99909 1.092 0.496
54,7 3.175 4,692 1.236 3.168 0.99902 1.092 0.540

1.72 0 0 242 0.350 11.193 0.99914 2.230 4.026
53.3 0.635 4,572 1.207 3.243 0.99896 1.099 1.507
541  1.27 4,640 1.224 3.200 0.99902 1.095 1.196
546 254 4,683 1.234 3.173 0.99905 1.092 1.079
54.7 3.175 4,692 1.236 3.168 0.99905 1.091 1.081
2.4 0 0 242 0.350 11.193 0.99960 2.624 5.943

53.3 0.635 4,572 1.207 3.243 0.99909 1.144 2.152
541 1.27 4,640 1.224 3.200 0.99893 1.138 1.863
546 254 4,683 1.234 3.173  0.99928 1.134 1.571

547 3.175 4,692 1.236 3.168 0.99907 1.133 1.286
3.1 0 0 242 0.350 11.193 0.99906 3.014 7.966
53.3 0.635 4,572 1.207 3.243 0.99913 1.209 2.187
541  1.27 4,640 1.224 3.200 0.99963 1.202 1.752
546 254 4,683 1.234 3.173 0.99950 1.196 1.332
54.7 3.175 4,692 1.236 3.168 0.99936 1.195 1.229
3.79 0 0 242 0.350 11.193 0.99928 3.403 7.117

53.3 0.635 4,572 1.207 3.243 0.99925 1.284 2.625
541  1.27 4,640 1.224 3.200 0.99942 1.275 2.306
546 254 4,683 1.234 3.173  0.99935 1.269 1.476
547 3.175 4,692 1.236 3.168 0.99944 1.268 1.140
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Table C4

Calculated Flow, Mass Transfer, Real Rejection Parameters, And Fouling Resistances
for Feed Coffee Extract Concentration Co =33.9¢gL?

Operating . .
Conditions Model Parameters Fouling Resistances
AP F d k 5 Rosm Rer
14 -
(MPa) (Hz) (cm) R®  (105mis) (105m) Icop (101) M (104 m)
1.03 0 0 241 0.349  11.180 0.99940 2.140 4.124

53.3 0.635 4,563 1.203 3.243 0.99956 1.199 2.649
54.1 1.27 4,632 1.220 3.199 0.99951 1.195 2.601
54.6 254 4,675 1.230 3.173  0.99948 1.193 2.488
547 3175 4,683 1.232 3.167 0.99949 1.192 2.524
1.7 0 0 241 0.349 11.180 0.99913 2.491 3.843
53.3 0.635 4,563 1.203 3.243 0.99848 1.186 1.663
54.1 1.27 4,632 1.220 3.199 0.99851 1.180 1.852
54.6 254 4,675 1.230 3.173 0.99857 1.177 2.135
54.7 3175 4,683 1.232 3.167 0.99842 1.176 1.676
2.4 0 0 241 0.349 11.180 0.99944 2.899 4.134
53.3 0.635 4,563 1.203 3.243 0.99908 1.233 3.101
54.1 127 4,632 1.220 3.199 0.99914 1.226 1.375

54.6 254 4,675 1.230 3.173  0.99942 1.222 1.035
547 3175 4,683 1.232 3.167 0.99930 1.221 0.815
3.1 0 0 241 0.349 11.180 0.99907 3.306 6.224

53.3 0.635 4,563 1.203 3.243 0.99909 1.302 2.979
54.1 1.27 4,632 1.220 3.199 0.99962 1.294 1.884
54.6 254 4,675 1.230 3.173  0.99960 1.289 0.762
54.7 3175 4,683 1.232 3.167 0.99948 1.287 0.577
3.79 0 0 241 0.349 11.180 0.99926 3.715 11.440
53.3 0.635 4,563 1.203 3.243 0.99916 1.384 4.965
54.1 127 4,632 1.220 3.199 0.99885 1.371 4.452
54.6 254 4,675 1.230 3.173 0.99932 1.366 2.990
54.7 3175 4,683 1.232 3.167 0.99951 1.365 2.441
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Table C5

Calculated Flow, Mass Transfer, Real Rejection Parameters, And Fouling Resistances
for Feed Coffee Extract Concentration Co = 42.4 g L™

Opergt'mg Model Parameters Fouling Resistances
Conditions

AP F d k S Rosm Rep
(MPa) (Hz) (cm) Re (10°m/s) (10°m) O (104 mT) (104 m?Y)
1.03 0 0 241 0.348 11.168 0.99942 2.416 2.605
53.3 0.635 4,555 1.200 3.243 0.99912 1.308 1.769
54.1 1.27 4,623 1.216 3.199 0.99944 1.304 1.774
54.6 2.54 4,666 1.226 3.172 0.99926 1.301 1.715
54,7 3.175 4,675 1.228 3.167 0.99946 1.300 1.652
1.7 0 0 241 0.348 11.168 0.99904 2.745 6.128
53.3 0.635 4,555 1.200 3.243 0.99794 1.274 3.428
54.1 1.27 4,623 1.216 3.199 0.99802 1.267 3.337
54.6 2.54 4,666 1.226 3.172 0.99809 1.263 3.353
547 3.175 4,675 1.228 3.167 0.99810 1.263 3.342
2.4 0 0 241 0.348 11.168 0.99934 3.158 7.938
53.3 0.635 4,555 1.200 3.243 0.99879 1.319 3.228
54.1 1.27 4,623 1.216 3.199 0.99915 1.312 3.947
54.6 2.54 4,666 1.226 3.172 0.99936 1.307 2.825
54,7 3.175 4,675 1.228 3.167 0.99931 1.306 2.178
3.1 0 0 241 0.348 11.168 0.99895 3.577 10.892
53.3 0.635 4,555 1.200 3.243 0.99917 1.392 4,538
54.1 1.27 4,623 1.216 3.199 0.99944 1.382 4,101
54.6 2.54 4,666 1.226 3.172 0.99946 1.376 4,123
547 3.175 4,675 1.228 3.167 0.99947 1.375 3.773
3.79 0 0 241 0.348 11.168 0.99922 4,001 11.471
53.3 0.635 4,555 1.200 3.243 0.99914 1.477 4.695
54.1 1.27 4,623 1.216 3.199 0.99894 1.464 4,385
54.6 2.54 4,666 1.226 3.172 0.99930 1.458 4412
547 3.175 4,675 1.228 3.167 0.99959 1.457 4,145

332

www.manaraa.com



C.3 Permeate Characteristics and Observed Rejection Efficiencies

Table C6

Permeate Characteristics and Corresponding Observed Rejection Efficiencies at Various
Operating Conditions for Co =8.5¢g L™

Operating

o Permeate Characteristics Observed Rejection
Conditions
AP F d Conductivity — Turbidity Abs COD focod  Fowt  Foass  Tocop
MPa  Hz cm uS/cm NTU mg/L
1.03 0 0 44 0.102 0.0 90 0.961 1.000 1.000 0.989
53.3 0.635 87 0.103 0.0 100 0.923 1.000 1.000 0.988
541  1.27 36 0.093 0.0 63 0.968 1.000 0.964 0.993
546 254 45 0.119 0.0 49 0.960 1.000 1.000 0.994
547 3.175 139 0.092 0.0 159 0.877 1.000 1.000 0.981
1.7 0 0 256 0.218 0.0 240 0.773 0.999 1.000 0.972
53.3 0.635 76 0.150 0.0 113 0.933 1.000 1.000 0.987
541  1.27 100 0.171 0.0 107 0.911 1.000 0.998 0.987
546 254 55 0.166 0.0 85 0.952 1.000 0.996 0.990
54,7 3.175 139 0.092 0.0 159 0.877 1.000 1.000 0.981
2.4 0 0 234 0.127 0.0 267 0.793 1.000 1.000 0.968
53.3 0.635 205 0.193 0.0 169 0.818 1.000 1.000 0.980
541  1.27 286 0.112 0.0 248 0.747 1.000 0.999 0.971
546 254 182 0.140 0.0 148 0.838 1.000 1.000 0.982
547 3.175 133 0.135 0.0 130 0.882 1.000 0.999 0.985
3.1 0 0 538 0495 0.0 437 0523 0.999 0.989 0.948
53.3 0.635 165 0.277 0.0 227 0.854 0.999 0.996 0.973
541  1.27 100 0.171 0.0 107 0.911 1.000 0.998 0.987
546 254 77 0.175 0.0 119 0931 1.000 0.998 0.986
547 3.175 248 0.158 0.0 177 0.780 1.000 0.999 0.979
3.79 0 0 628 0.169 0.0 433 0.443 1.000 1.000 0.949
53.3 0.635 359 0.214 0.0 253 0.682 0.999 1.000 0.970
541  1.27 474 0.152 0.0 392 0,579 1.000 1.000 0.954
546 254 330 0.216 0.0 229 0.708 0.999 1.000 0.973
547 3.175 315 0.110 0.0 228 0.720 1.000 0.996 0.973
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Table C7

Permeate Characteristics and Corresponding Observed Rejection Efficiencies at Various
Operating Conditions for Co=17.0g L™

Operating

. Permeate Characteristics Observed Rejection
Conditions
MAII;a :Z c(:n COB(iSl.;((::i:r\]/Ity Tl:\:t_)l_lijjty Abs r?];)/i I 0 cond loturb I 0 abs l'ocoDp
1.03 0 0 40 0.094 0.0 81 0.977 1.000 1.000 0.996
53.3 0.635 78 0.209 0.0 83 0.955 1.000 1.000 0.995
541 1.27 25 0.091 0.0 48 0986 1.000 0.979 0.997
546 254 36 0.094 0.0 47 0979 1.000 0.997 0.997
547 3.175 122 0.080 0.0 145 0.930 1.000 1.000 0.992
1.7 0 0 299 0.506 0.0 276 0.829 1.000 1.000 0.985
53.3 0.635 81 0.134 0.0 99 0.954 1.000 0.996 0.994
541 1.27 84 0.134 0.0 83 0.952 1.000 1.000 0.995
546 254 43 0.116 0.0 54 0.975 1.000 0.998 0.997
547 3.175 122 0.080 0.0 145 0930 1.000 1.000 0.992
2.4 0 0 178 0.199 0.0 208 0.898 1.000 1.000 0.988
53.3 0.635 192 0.109 0.0 140 0.890 1.000 1.000 0.992
541 1.27 195 0.093 0.0 163 0.888 1.000 0.998 0.991
546 254 145 0.085 0.0 111 0917 1.000 1.000 0.994
547 3.175 118 0.071 0.0 100 0.933 1.000 1.000 0.994
3.1 0 0 513 0.266 0.0 276 0.706 1.000 0.997 0.985
53.3 0.635 162 0.134 0.0 232 0.907 1.000 1.000 0.987
541  1.27 84 0.134 0.0 83 0.952 1.000 1.000 0.995
546 254 70 0.236 0.0 110 0.960 1.000 0.999 0.994
547 3.175 207 0.153 0.0 151 0.881 1.000 1.000 0.992
3.79 0 0 606 0.162 0.0 430 0.653 1.000 0.998 0.976
53.3 0.635 344 0.242 0.0 235 0.803 1.000 1.000 0.987
541 1.27 379 0.092 0.0 315 0.783 1.000 1.000 0.982
546 254 250 0.120 0.0 212 0.857 1.000 1.000 0.988
547 3.175 264 0.114 0.0 192 0.849 1.000 1.000 0.989
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Table C8

Permeate Characteristics and Corresponding Observed Rejection Efficiencies at Various
Operating Conditions for Co = 25.4 g L*

Operating

o Permeate Characteristics Observed Rejection
Conditions
AP F d Conductivity — Turbidity COoD
MPa Hy cm us/em NTU Abs mg/L I o cond I o turb Ioabs o cop
1.03 0 0 44 0.099 0.0 83 0.983 1.000 1.000 0.997
53.3 0.635 77 0.193 0.0 74 0971 1.000 1.000 0.997
541  1.27 23 0.085 0.0 83 0.991 1.000 0.990 0.997
546 254 34 0.112 0.0 53 0.987 1.000 1.000 0.998
547 3.175 13 0.070 0.0 46 0.995 1.000 1.000 0.998
1.7 0 0 228 0441 0.0 198 0.913 1.000 1.000 0.993
53.3 0.635 43 0.158 0.0 85 0.984 1.000 0.999 0.997
541 1.27 101 0.146 0.0 86 0.961 1.000 1.000 0.997
546 254 55 0.110 0.0 65 0.979 1.000 1.000 0.998
54,7 3.175 13 0.070 0.0 46 0.995 1.000 1.000 0.998
2.4 0 0 198 0.175 0.0 140 0.925 1.000 0.998 0.995
53.3 0.635 191 0.157 0.0 153 0.927 1.000 1.000 0.995
541  1.27 187 0.085 0.0 172 0.929 1.000 1.000 0.994
546 2.54 142 0.126 0.0 116 0.946 1.000 1.000 0.996
547 3.175 120 0.064 0.0 146 0.954 1.000 1.000 0.995
3.1 0 0 548 0.230 0.0 449 0.791 1.000 0.998 0.985
53.3 0.635 202 0.234 0.0 204 0.923 1.000 0.998 0.993
541 1.27 101 0.146 0.0 86 0.961 1.000 1.000 0.997
546 254 37 0.151 0.0 100 0.986 1.000 1.000 0.997
54,7 3.175 216 0.175 0.0 154 0.918 1.000 1.000 0.995
3.79 0 0 612 0.135 0.0 439 0.767 1.000 1.000 0.985
53.3 0.635 372 0.314 0.0 249 0.858 1.000 1.000 0.991
541  1.27 369 0.147 0.0 489 0.859 1.000 1.000 0.983
546 254 273 0.158 0.0 212 0.896 1.000 1.000 0.993
54,7 3.175 265 0.204 0.0 171 0.899 1.000 1.000 0.994
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Table C9

Permeate Characteristics and Corresponding Observed Rejection Efficiencies at Various
Operating Conditions for Co =33.9¢g L*

Opergt_mg Permeate Characteristics Observed Rejection
Conditions
AP F d Conductivity — Turbidity Abs COoD foend Touws Foue  Tocop
MPa Hz cm pS/cm NTU mg/L
1.03 0 0 46 0.120 0.0 89 0985 1.000 1.000 0.998
53.3 0.635 72 0.134 0.0 73 0976 1.000 0.997 0.998
54.1 1.27 22 0.136 0.0 55 0.993 1.000 0.991 0.999
54.6 2.54 35 0.109 0.0 51 0.989 1.000 0.999 0.999
547 3.175 16 0.084 0.0 41 0995 1.000 1.000 0.999
1.7 0 0 265 0.219 0.0 212 0913 1.000 0.999 0.994
53.3 0.635 58 0.216 0.0 98 0981 1000 0.999 0.997
54.1 1.27 118 0.132 0.0 86 0961 1.000 0.991 0.998
54.6 2.54 46 0.123 0.0 69 0985 1000 1.000 0.998
547 3.175 16 0.084 0.0 41 0995 1.000 1.000 0.999
2.4 0 0 212 0.167 0.0 205 0931 1.000 1.000 0.995
53.3 0.635 193 0.139 0.0 169 0937 1.000 1.000 0.995
54.1 1.27 181 0.079 0.0 157 0940 1.000 1.000 0.996
54.6 2.54 138 0.131 0.0 105 0955 1.000 1.000 0.997
54.7 3.175 114 0.075 0.0 129 0963 1.000 0.998 0.997
3.1 0 0 560 0.393 0.0 460 0.816 1.000 1.000 0.988
53.3 0.635 271 0.443 0.0 244 0911 1.000 0.999 0.993
54.1 1.27 118 0.132 0.0 86 0961 1.000 0.991 0.998
54.6 2.54 50 0.197 0.0 97 0983 1000 1.000 0.997
547 3.175 200 0.155 0.0 135 0935 1.000 0.999 0.996
3.79 0 0 636 0.225 0.0 462 0.791 1000 1.000 0.988
53.3 0.635 409 0.256 0.0 294 0.866 1.000 1.000 0.992
54.1 1.27 351 0.101 0.0 412 0.885 1.000 1.000 0.989
54.6 2.54 288 0.179 0.0 241 0905 1.000 1.000 0.994
54.7 3.175 246 0.104 0.0 188 0919 1.000 0999 0.995
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Table C10

Permeate Characteristics and Corresponding Observed Rejection Efficiencies at Various
Operating Conditions for Co =42.4 g L*

Opergt_mg Permeate Characteristics Observed Rejection
Conditions
AP F d Conductivity — Turbidity Abs CoD Foord Touws foue  Tocop
MPa  Hz cm uS cm NTU mg L?
1.03 0 0 44 0.135 0.0 92 0989 1000 1.000 0.998
53.3 0.635 75 0.201 0.0 81 0981 1000 1.000 0.998
54.1 1.27 21 0.091 0.0 50 0994 1000 1.000 0.999
54.6 2.54 39 0.155 0.0 59 0990 1.000 0.998 0.999
547 3.175 15 0.079 0.0 49 0.996 1.000 1.000 0.999
1.7 0 0 294 0.324 0.0 245 0924 1.000 1.000 0.995
53.3 0.635 88 0.205 0.0 123 0977 1.000 0.999 0.997
54.1 1.27 125 0.229 0.0 133 0967 1.000 1.000 0.997
54.6 2.54 64 0.129 0.0 68 0983 1.000 1.000 0.999
547 3.175 38 0.174 0.0 33 0990 1.000 1.000 0.999
2.4 0 0 252 0.215 0.0 250 0.934 1.000 1.000 0.995
53.3 0.635 262 0.179 0.0 261 0.932 1.000 1.000 0.995
54.1 1.27 193 0.108 0.0 181 0950 1.000 0.998 0.996
54.6 2.54 145 0.104 0.0 119 0962 1.000 1.000 0.998
54.7 3.175 120 0.070 0.0 147 0969 1.000 1.000 0.997
3.1 0 0 597 0.703 0.0 533 0.845 1.000 0.998 0.989
53.3 0.635 255 0.454 0.0 252 0.934 1.000 0.997 0.995
54.1 1.27 125 0.229 0.0 133 0967 1.000 1.000 0.997
54.6 2.54 78 0.240 0.0 129 0980 1.000 1.000 0.997
547 3.175 202 0.237 0.0 152 0948 1.000 0.999 0.997
3.79 0 0 659 0.651 0.0 498 0.829 1.000 1.000 0.990
53.3 0.635 423 0.450 0.0 348 0.890 1.000 1.000 0.993
54.1 1.27 351 0.134 0.0 416  0.909 1.000 1.000 0.991
54.6 2.54 304 0.300 0.0 272 0921 1.000 1.000 0.994
54.7 3.175 235 0.113 0.0 164 0939 1.000 1.000 0.997
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C.3 Rcp Correlation

Table C11

Fit Statistics for Rcp Correlation

Regression Statistics

Multiple R 0.909

R Square 0.857

Adjusted R Square 0.849

Standard Error 0.148

Observations 75
Table C12

Analysis of Variance for Rcp Correlation

Significance

df SS MS F F
Regression 3 10.787 3.596 112.95 5.801E-27
Residual 71 2.260 0.032
Total 74 13.047
Table C13
Regression Analysis for Rcp Correlation

Standard

Coefficients Error tStat P-value
Intercept 10.403 0.668 15.567 0.000
Log AP 0.485 0.103 4.692 0.000
Log Co 1.103 0.071 15.612 0.000
Log Yw max -0.481 0.056 -8.549 0.000
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Appendix D

Supporting Information for Statistical Analyses

D.1 Statistical Analysis for Multivariate Regression

Table D1

Analysis of Variance (ANOVA) for Reduced Quadratic Model for Permeate Flux with
Logarithmic Transform

Source Sum of Squares df Mean Square F-value p-value Remarks

Model 0.9096 8 0.1137 158.49 < 0.0001 significant
A-Feed Conc 05676 1 0.5676 791.14 <0.0001
B-Pressure 0.1445 1 0.1445 201.47 <0.0001
C-Frequency 0.0147 1 0.0147 20,52 0.0019
AB 0.0688 1 0.0688 95.95 < 0.0001
BC 0.0057 1 0.0057 7.95  0.0225
A? 0.0122 1 0.0122 16.98 0.0033
B2 0.0584 1 0.0584 81.45 <0.0001
C? 00421 1 0.0421 58.66 <0.0001

Residual 0.0057 8 0.0007

Lack of Fit 0.0032 4 0.0008 1.22  0.4260 not significant

Pure Error 0.0026 4 0.0006

Cor Total 0.9153 16

Table D2

Fit Statistics for Permeate Flux Correlation

Parameter Value
Std. Dev. 0.0268
Mean 151

CV.% 1.78

R2 0.9937
Adjusted R?2 0.9875
Predicted R2 0.9716
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Table D3

Analysis of Variance (ANOVA) for Reduced Quadratic Model for Permeate Conductivity
with Logarithmic Transform

Source  Sum of Squares df Mean Square F-value

p-value

Remarks

Model 291 5 0.5820 2223.43 < 0.0001 significant
A-Feed Conc 203 1 2.03 7763.54 <0.0001
B-Pressure 0.1531 1 0.1531 584.82 <0.0001
C-Frequency 0.0013 1 0.0013 5.05 0.0512
AB 0.0117 1 0.0117  44.63 <0.0001
A2 0.2722 1 0.2722 1040.00 < 0.0001
Residual 0.0024 9 0.0003

Lack of Fit 0.0014 5 0.0003 1.20  0.4423 not significant
Pure Error 0.0009 4 0.0002

Cor Total 291 14
Table D4
Fit Statistics for Permeate Flux Correlation

Parameter Value

Std. Dev 0.0162

Mean 2.06

CV.% 0.7871

R2 0.9992

Adjusted R? 0.9987

Predicted R2 0.9969

Adequate Precision 140.6875
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Table D5

Analysis of Variance (ANOVA) for Reduced Quadratic Model for Permeate COD

Source  Sum of Squares df Mean Square F-value p-value Remarks
Model 1.951E+05 6 32517.46 1615.77 <0.0001 significant
A-Feed Conc 1.005E+05 1  1.005E+05 4993.24 < 0.0001
B-Pressure 14981.33 1 14981.33 744.41 <0.0001
C-Frequency 4608.00 1 4608.00 228.97 <0.0001
AB 520.08 1 520.08 25.84  0.0009
AC 2450.25 1 2450.25 121.75 <0.0001
A? 3519.09 1 3519.09 174.86 <0.0001
Residual 161.00 8 20.12
Lack of Fit 39.30 4 9.82 0.3229 0.8503  not significant
Pure Error 121.70 4 30.42
Table D6

Fit Statistics for Permeate Flux Correlation

Parameter Value
Std. Dev 4.49
Mean 194.87
CV.% 2.30
R2 0.9992
Adjusted R? 0.9986
Predicted R? 0.9970
Adequate Precision 127.4236
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Table D7

Analysis of Variance (ANOVA) for Reduced Quadratic Model for Conductivity Rejection

Source  Sum of Squares df Mean Square F-value p-value Remarks
Model 16497 6 27.49 144.13 < 0.0001 significant
A-Feed Conc 9417 1 94.17 493.64 <0.0001
B-Pressure 2824 1 28.24 148.02 <0.0001
C-Frequency 0.0696 1 0.0696 0.3646  0.5627
AB 749 1 749  39.27 0.0002
BC 490 1 490 25.68 0.0010
C? 577 1 577  30.24 0.0006
Residual 153 8 0.1908
Lack of Fit 130 4 0.3261 5.88 0.0572  not significant
Pure Error 0.2217 4 0.0554
Table D8

Fit Statistics for Permeate Flux Correlation

Parameter Value
Std. Dev 0.4368
Mean 93.07
CV.% 0.4693
R2 0.9908
Adjusted R? 0.9840
Predicted R? 0.9428
Adequate Precision 46.3940
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Table D9

Analysis of Variance (ANOVA) for Reduced Linear Model for COD Rejection

Source  Sum of Squares

df Mean Square F-value

p-value Remarks

Model 0.3958 2 0.1979  24.92 <0.0001 significant
B-Pressure 0.3703 1 0.3703 46.65 <0.0001

C-Frequency 0.0254 1 0.0254 3.20 0.0951

Residual 0.1111 14 0.0079

Lack of Fit 0.1097 10 0.0110  30.71  0.0024 significant
Pure Error 0.0014 4 0.0004

Cor Total 0.5069 16

Model 0.3958 2 0.1979  24.92 <0.0001 significant
Table D10

Fit Statistics for Permeate Flux Correlation

Parameter Value
Std. Dev 0.0891
Mean 99.36
CV.% 0.0897
R2 0.7807
Adjusted R? 0.7494
Predicted R? 0.6652
Adequate Precision 14.5090
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D.2 Diagnostic Tools

Figure D1

Normal Plot of Residuals for Reduced Quadratic Model Correlation of Permeate Flux
with Logarithmic Transform
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Figure D2

Residuals vs Predicted Diagnostic Plot for Reduced Quadratic Model Correlation of
Permeate Flux with Logarithmic Transform
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Figure D3

Box-Cox Plot for Reduced Quadratic Model Correlation of Permeate Flux with

Logarithmic Transform

Log10(Permeate Flux)
Current Lambda = 0
Recommended transform:

Square Root
(Lambda = 0.5)

Figure D4
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Figure D5

Normal Plot of Residuals for Reduced Quadratic Model Correlation of Permeate
Conductivity with Logarithmic Transform
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Figure D6

Residuals vs Predicted Diagnostic Plot for Reduced Quadratic Model Correlation of
Permeate Conductivity with Logarithmic Transform
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Figure D7

Box-Cox Plot for Reduced Quadratic Model Correlation of Permeate Conductivity with

Logarithmic Transform

Log10(Conductivity)
Current Lambda = 0
Recommended transform:
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Figure D8
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Figure D9

Normal Plot of Residuals for Reduced Quadratic Model Correlation of Permeate COD
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Figure D11

Box-Cox Plot for Reduced Quadratic Model Correlation of Permeate COD

cobD
Current Lambda =1

Recommended transform:
None

Figure D12
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Figure D13

Normal Plot of Residuals for Reduced Quadratic Model Correlation of Conductivity
Rejection
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Figure D14

Residuals vs Predicted Diagnostic Plot for Reduced Quadratic Model Correlation of
Conductivity Rejection

Residuals vs. Predicted

Cond Rej
6.00 —
Color points by value of
Cond Rej: 435528
84069 [ o¢.1186 400
)
s
=3
h=] 200 —
g 5|
< B
(3]
N m]
=] u]
E 000 2 g 8
° B =] -]
7]
>
E
5 -2.00 —
X = =
||
400 = 435508
-6.00 —
I I I I l I I I I
84 86 88 90 92 94 96 98 100
Predicted

350

www.manharaa.com



Figure D15

Box-Cox Plot for Reduced Quadratic Model Correlation of Conductivity Rejection

Cond Rej Box-Cox Plot for Power Transforms
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Figure D16

Predicted vs Actual Diagnostic Plot for Reduced Quadratic Model Correlation of
Conductivity Rejection
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Figure D17
Normal Plot of Residuals for Reduced Linear Model Correlation of COD Rejection
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Figure D18
Residuals vs Predicted Diagnostic Plot for Reduced Linear Model Correlation of COD
Rejection
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Figure D19

Box-Cox Plot for Reduced Linear Model Correlation of COD Rejection

COD Rej Box-Cox Plot for Power Transforms
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Figure D20
Predicted vs Actual Diagnostic Plot for Reduced Linear Model Correlation of COD
Rejection
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Table D11

Constraints for Numerical Optimization of Vibratory NF of Coffee Extracts

Name  Goal S U \eignt weign meortanee

A (Co) equal to 25.44 8.48 42.4 1 1 3
B (AP) IS in range 1.034 3.79 1 1 3
C(F) IS in range 53.3 54.7 1 1 3
Jv maximize 12.348 80.6526 1 1 3
Cp Conductivity minimize 13.2 378 1 1 3
Cpcop minimize 47.5 439 1 1 3
%0ro conductivity maximize 84.069 98.1186 1 1 3
%o cop maximize 99.0237 99.6573 1 1 3
Table D12

Solutions to Numerical Optimization of Vibratory NF of Coffee Extracts

Co AP F Jv Cp cond Cpcop  %rocond Yrocop Desirability
(L") (MPa) (Hz) (Lm?h*) (uScm®) (mgL™)
25.440 3.790 54.700 54.903 112.293 145.833 98.578 99.515 0.742
25.440 3.735 54.700 55.201 114.184 147.961 98.413 99.506 0.738
25.440 3.790 54.659 52.882 112511 144.411 98.336 99.518 0.737
25.440 3.790 54.424 44,113 113.743 136.380 97.138 99.537 0.699

A 0PN -
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Appendix E

Supporting Information for Techno-economic and Environmental Assessment

E.1 Modified Scale-up Study

Table E1

Steady State Permeate Conditions for Modified Scale-up Study of Vibratory NF of Coffee
Extracts at F = 54.7 Hz, P = 2.76 MPa

Feed Permeate Permeate Characteristics

Concentration Flux Conductivity ~ pH  Turbidity  Abs COD
@L™h (Lm?h) (uS cm™) (NTU) (mg L™
50.9 34.31 408 4.219 0.479  0.003 420
32.97 391 4.284 0.321 0 380
32.29 467  4.196 0.683 0 450
42.4 41.04 478  4.696 2.67 0.032 210
39.70 448 4591 1.43  0.018 900
41.04 429 4522 1.27 0.011 310
33.9 59.21 372 4628 1.01 0 350
59.88 364  4.478 0.571 0.001 240
60.55 358 4.382 0.552  0.001 260
25.4 94.40 305 4.439 0.379  0.008 330
95.21 298  4.442 1.25  0.009 360
94.19 295 4.45 0.558  0.008 340
21.2 109.00 308 4.358 0.429 0.003 290
110.34 298 4.301 0.529  0.003 190
108.32 296  4.268 0.562  0.005 190
17.0 124.47 273  4.135 0.248  0.003 257
121.11 260 4.15 0.44 0.002 250
119.76 274 4.23 0.334 0 263
12.7 128.85 99 6.37 0.925  0.003 187
128.85 93.2 5.83 0.451 0.002 162
129.18 86.7 5.64 0.429  0.003 162
10.6 139.37 57.9 5.78 0.645 0.001 106
139.20 50.8 5.6 045 0.004 95
140.82 50.4 5.65 0.318 0.003 92
8.5 144.65 68.5 5.783 1.28  0.005 118
142.64 64.6 5.531 0.338 0 109
142.64 63.4 5.463 0.267  0.004 114
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Table E2

Steady State Observed Rejection Efficiencies for Modified Scale-up Study of Vibratory
NF of Coffee Extracts at F = 54.7 Hz, P = 2.76 MPa

Feed Rejection Efficiencies (%)
Concentration
l'o conductivity l'o turbidity l'o abs lo cob
(gL™h
50.9 90.82 99.98 99.93 99.24
91.21 99.99 100.00 99.31
89.50 99.97 100.00 99.19
42.4 88.23 99.87 99.24 99.54
88.97 99.93 99.58 98.01
89.43 99.94 99.74 99.31
33.9 89.51 99.94 100.00 99.09
89.74 99.97 99.97 99.38
89.91 99.97 99.97 99.33
25.4 89.09 99.97 99.75 98.87
89.34 99.92 99.72 98.76
89.45 99.96 99.75 98.83
21.2 87.75 99.97 99.90 98.79
88.14 99.96 99.90 99.21
88.22 99.96 99.83 99.21
17.0 87.00 99.98 99.88 98.65
87.62 99.96 99.92 98.69
86.95 99.97 100.00 98.62
12.7 94.39 99.82 99.83 98.87
94.72 99.91 99.88 99.02
95.09 99.92 99.83 99.02
10.6 96.16 99.84 99.93 99.22
96.63 99.89 99.73 99.30
96.65 99.92 99.80 99.32
8.5 94.46 99.61 99.56 98.74
94.78 99.90 100.00 98.84
94.88 99.92 99.65 98.78
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Table E3

Steady State Permeate Conditions for Modified Scale-up Study of Non-Vibratory NF of
Coffee Extracts at F = 0 Hz, P = 2.76 MPa

Feed Permeate Permeate Characteristics
Concentration Flux Conductivity  pH  Turbidity  Abs COD
(@L™h (Lm?h")  (uScm™) (NTU) (mg L™
50.9 18.84 451 4.375 0.307 0 440
17.94 538 4.25 0.202 0 470
17.04 565 4.402 0.228 0 470
42.4 22.88 515 4.617 0.66 0.002 460
20.63 506 4.471 0.37 0.009 260
18.84 526 4.522 0.324 0.004 210
33.9 26.02 455 4.404 0.421 0.001 380
24.22 450 4.407 0.31 0 370
21.08 460 4.412 0.326 0 370
25.4 29.60 423 4.569 0.533 0.004 180
27.81 428 4.522 0.637 0.001 260
25.12 438 4.566 0.501 0.004 180
21.2 32.74 415 4.4 0.417 0.002 280
28.71 428 4.404 0.307 0.008 240
26.46 428 4.417 0.355 0.001 290
17.0 36.33 324 4.26 0.298 0 301
33.19 332 4.25 0.235 0 322
31.40 346 4.285 0.222 0 349
12.7 46.99 114.8 5.97 0.222 0 202
39.88 1153 5.92 0.229 0.002 192
36.18 1158 5.75 0.166 0 189
10.6 52.67 758 5.71 0.213 0 120
47.32 776 559 0.26 0 130
41.55 81 5.57 0.173 0 130
8.5 56.30 85.5 5.531 0.194 0.001 127
51.58 87.5 5.802 0.208 0.001 121
45.75 90.5 5.84 0.29 0.001 124
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Table E4

Steady State Observed Rejection Efficiencies for Modified Scale-up Study of Non-

Vibratory NF of Coffee Extracts at F = 0 Hz, P = 2.76 MPa

Feed Concentration

Rejection Efficiencies (%)

l'o conductivity F'o turbidity lo abs o coD
(gL™h

50.9 89.86 99.99 100.00 99.20
87.90 99.99 100.00 99.15

87.29 99.99 100.00 99.15

42.4 87.32 99.97 99.95 98.98
87.54 99.98 99.79 99.42

87.04 99.98 99.91 99.54

33.9 87.17 99.98 99.97 99.01
87.31 99.98 100.00 99.04

87.03 99.98 100.00 99.04

25.4 84.87 99.96 99.88 99.38
84.70 99.96 99.97 99.11

84.34 99.97 99.88 99.38

21.2 83.49 99.97 99.93 98.84
82.97 99.98 99.72 99.00

82.97 99.97 99.97 98.79

17.0 84.57 99.97 100.00 98.42
84.19 99.98 100.00 98.31

83.52 99.98 100.00 98.17

12.7 93.49 99.96 100.00 98.78
93.46 99.95 99.88 08.84

93.44 99.97 100.00 98.86

10.6 94.97 99.95 100.00 99.11
94.85 99.94 100.00 99.04

94.62 99.96 100.00 99.04

8.5 93.09 99.94 99.91 98.64
92.93 99.94 99.91 98.71

92.69 99.91 99.91 98.68
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Figure E1

Permeate Flux Correlation Using Film Layer Model for Modified Scale-up Study of
Vibratory NF of Coffee Extracts at F = 54.7 Hz, P = 2.76 MPa
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Figure E2

4.5

Permeate COD Correlation Using Film Layer Model for Modified Scale-up Study of
Vibratory NF of Coffee Extracts at F = 54.7 Hz, P = 2.76 MPa
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Figure E3

Permeate Conductivity Correlation Using Film Layer Model for Modified Scale-up Study
of Vibratory NF of Coffee Extracts at F = 54.7 Hz, P = 2.76 MPa

50
® Exptidata -eeeeeeer Model
40 -
a y = -6.445x + 65.212
Q N R2 =0.9256
=
Q
U 20 -
o @ ®....... ... ]
........ .....'......
ceenas @:--... Q...
10 - .
0 | | I : r T T
7 7.2 7.4 7.6 7.8 8 8.2 . v
In Co

Figure E4

Permeate Flux Correlation Using Film Layer Model for Modified Scale-up Study of Non-
Vibratory NF of Coffee Extracts at F = 0 Hz, P = 2.76 MPa

60
® ExptlData «:ceeeee- Model
501 @ P
40 1 L
S
b~ L y = -18.467x + 88.632
£ 30 - ® . R2=0.9705
_I ‘ .......
;; ... .
204 e o
10 -
0 :
2 2.5 3 35 4 4.5
In C,
360

www.manharaa.com




Figure E5

Permeate COD Correlation Using Film Layer Model for Modified Scale-up Study of
Non-Vibratory NF of Coffee Extracts at F = 0 Hz, P = 2.76 MPa
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Figure E6

Permeate Conductivity Correlation Using Film Layer Model for Modified Scale-up Study
of Non-Vibratory NF of Coffee Extracts at F = 0 Hz, P = 2.76 MPa
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E.2 Life Cycle Emissions and Avoided Emissions for Alternative Cases

Table E5

Life Cycle Emissions (in kg) Associated with Vibratory NF of 8.5 g L™* Coffee Extracts

Emissions Freshwater NHW HW Electricity Steam Total
Total Air 2.86E+05 O57E+06 4.20E+03 8.85E405 0.00E+00 1.07E+07
Emissions
CO, 2.84E+05 951E+06 4.17E+03 8.71E+05 0.00E+00 1.07E+07
co 4.67E+01 7.85E+02 3.40E-01 6.31E+02 0.00E+00 1.46E+03
CHa 3.12E+02 8.40E+03 3.66E+00 4.66E+03 0.00E+00 1.34E+04
NOx 0.00E+00 1.98E+04 0.00E+00 6.41E+02 0.00E+00 2.05E+04
NMVOC  9.72E+00 2.64E+02 1.15E-01 2.73E+02 0.00E+00 5.47E+02
Particulate  8.80E+02 2.61E+02 1.11E-01 1.74E+02 0.00E+00 1.31E+03
SO, 3.09E+02 9.54E+03 4.11E+00 8.01E+03 0.00E+00 1.79E+04
E‘rﬁf‘gs\l’gﬁfr 6.20E+03 1.24E+05 1.03E+02 1.33E+05 0.00E+00 2.63E+05
VOCs 1.06E-03 3.07E-02 1.34E-05 3.04E-01 0.00E+00 3.36E-01
Towl Soil 5 51F.00 1.05E+402 458E-02 9.44E+00 0.00E+00 1.18E+02
Emissions
Total 2.93E+05 9.68E+06 4.30E+03 1.02E+06 0.00E+00 1.10E+07
Emissions
Table E6

Avoided Emissions (in kg) Associated with Vibratory NF of 8.5 g L™ Coffee Extracts

Emissions Base AC Av_oi<_jed %

Case (Co=85gL?) Emissions Avoided

Total Air Emissions 1.80E+07 1.07E+07 7.28E+06 40.4
CO; 1.79E+07 1.07E+07 7.25E+06 40.5
CO 3.07E+03 1.46E+03 1.61E+03 52.4
CH4 2.29E+04 1.34E+04 9.48E+03 415
NOx 2.84E+04 2.05E+04 7.94E+03 27.9
NMVOC 7.34E+02 5.47E+02 1.88E+02 25.5
Particulate 1.73E+03 1.31E+03 4.14E+02 23.9
SO, 2.44E+04 1.79E+04 6.53E+03 26.8
Total Water Emissions 3.55E+05 2.63E+05 9.22E+04 25.9
VOCs 5.84E-01 3.36E-01 2.48E-01 425
Total Soil Emissions 2.24E+02 1.18E+02 1.06E+02 47.2
Total Emissions 1.84E+07 1.10E+07 7.37E+06 40.1
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Table E7

Life Cycle Emissions (in kg) Associated with Vibratory NF of 1% (wt/wt) Coffee Extracts

Emissions Freshwater NHW HW Electricity Steam Total
Total Air 2.86E+05 O57E+06 4.20E+03 8.85E405 0.00E+00 1.08E+07
Emissions

CO; 2.84E+05 9.51E+06 4.17E+03 8.71E+05 0.00E+00 1.07E+07
CcO 4.67E+01 7.85E+02 3.40E-01 6.31E+02 0.00E+00 1.46E+03
CHa 3.12E+02 8.40E+03 3.66E+00 4.66E+03 0.00E+00 1.34E+04
NOx 0.00E+00 1.98E+04 0.00E+00 6.41E+02 0.00E+00 2.05E+04
NMVOC  9.72E+00 2.64E+02 1.15E-01 2.73E+02 0.00E+00 5.47E+02
Particulate  8.80E+02 2.61E+02 1.11E-01 1.74E+02 0.00E+00 1.31E+03
SO, 3.09E+02 9.54E+03 4.11E+00 8.02E+03 0.00E+00 1.79E+04
E‘r’rffs's\l’gﬁ;er 6.20E+03 1.24E+05 1.03E+02 1.33E+05 0.00E+00 2.63E+05
VOCs 1.06E-03 3.07E-02 1.34E-05 3.04E-01 0.00E+00 3.36E-01
Total Soil 3.51E+00 1.05E+02 4.58E-02 9.45E+00 0.00E+00 1.18E+02
Emissions

EOt‘f’". 2.93E+05 9.68E+06 4.30E+03 1.02E+06 0.00E+00 1.10E+07
mISSIOoNS
Table E8

Avoided Emissions (in kg) Associated with Vibratory NF of 1% (wt/wt) Coffee Extracts

Emissions Base AC Av_oic_jed %

Case (Co =1%) Emissions  Avoided

Total Air Emissions 1.80E+07 1.08E+07 7.28E+06 40.37
CO, 1.79E+07 1.07E+07 7.25E+06 40.46
CO 3.07E+03 1.46E+03 1.61E+03 52.41
CH4 2.29E+04 1.34E+04 9.48E+03 41.49
NOx 2.84E+04 2.05E+04 7.94E+03 27.94
NMVOC 7.34E+02 5.47E+02 1.87E+02 25.52
Particulate 1.73E+03 1.31E+03 4.14E+02 23.95
SO, 2.44E+04 1.79E+04 6.53E+03 26.76
Total Water Emissions 3.55E+05 2.63E+05 9.21E+04 25.94
VOCs 5.84E-01 3.36E-01 2.48E-01 42.54
Total Soil Emissions 2.24E+02 1.18E+02 1.06E+02 47.24
Total Emissions 1.84E+07 1.10E+07 7.37E+06 40.13
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Table E9

Life Cycle Emissions (in kg) Associated with Vibratory NF of 2% (wt/wt) Coffee Extracts

Emissions Freshwater NHW HW Electricity Steam Total
Total Air 286E+05 O.57E+06 4.20E+03 9.11E+05 O0.00E+00 1.08E+07
Emissions

CO; 2.84E+05 9.51E+06 4.17E+03 8.96E+05 0.00E+00 1.07E+07
CcO 4.67E+01 7.85E+02 3.40E-01 6.50E+02 0.00E+00 1.48E+03
CHa 3.12E+02 8.40E+03 3.66E+00 4.79E+03 0.00E+00 1.35E+04
NOx 0.00E+00 1.98E+04 0.00E+00 6.59E+02 0.00E+00 2.05E+04
NMVOC  9.72E+00 2.64E+02 1.15E-01 2.81E+02 0.00E+00 5.55E+02
Particulate  8.80E+02 2.61E+02 1.11E-01 1.79E+02 0.00E+00 1.32E+03
SO, 3.09E+02 9.54E+03 4.11E+00 8.25E+03 0.00E+00 1.81E+04
E‘r’rffs's\l’gﬁ;er 6.20E+03 1.24E+05 1.03E+02 1.36E+05 0.00E+00 2.67E+05
VOCs 1.06E-03 3.07E-02 1.34E-05 3.13E-01 0.00E+00 3.44E-01
Total Soil 3.51E+00 1.05E+02 4.58E-02 9.72E+00 0.00E+00 1.18E+02
Emissions

EOt‘f’". 2.93E+05 9.68E+06 4.30E+03 1.05E+06 0.00E+00 1.10E+07
mISSIOoNS
Table E10

Avoided Emissions (in kg) Associated with Vibratory NF of 2% (wt/wt) Coffee Extracts

Emissions Base AC Av_oic_jed %

Case (Co = 2%) Emissions  Avoided

Total Air Emissions 1.80E+07 1.08E+07 7.25E+06 40.2
CO, 1.79E+07 1.07E+07 7.22E+06 40.3
CO 3.07E+03 1.48E+03 1.59E+03 51.8
CH4 2.29E+04 1.35E+04 9.35E+03 40.9
NOx 2.84E+04 2.05E+04 7.92E+03 27.9
NMVOC 7.34E+02 5.55E+02 1.80E+02 24.5
Particulate 1.73E+03 1.32E+03 4.09E+02 23.7
SO, 2.44E+04 1.81E+04 6.30E+03 25.8
Total Water Emissions 3.55E+05 2.67E+05 8.83E+04 24.9
VOCs 5.84E-01 3.44E-01 2.40E-01 41.0
Total Soil Emissions 2.24E+02 1.18E+02 1.05E+02 47.1
Total Emissions 1.84E+07 1.10E+07 7.34E+06 40.0
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Table E11

Life Cycle Emissions (in kg) Associated with Vibratory NF of 3% (wt/wt) Coffee Extracts

Emissions Freshwater NHW HW Electricity Steam Total
Total Air 2.86E+05 O57E+06 4.20E+03 9.85E405 0.00E+00 1.08E+07
Emissions
CO; 2.84E+05 9.51E+06 4.17E+03 9.69E+05 0.00E+00 1.08E+07
CcO 4.67E+01 7.85E+02 3.40E-01 7.03E+02 0.00E+00 1.53E+03
CHa 3.12E+02 8.40E+03 3.66E+00 5.18E+03 0.00E+00 1.39E-+04
NOx 0.00E+00 1.98E+04 0.00E+00 7.13E+02 0.00E+00 2.06E+04
NMVOC  9.72E+00 2.64E+02 1.15E-01 3.04E+02 0.00E+00 5.78E+02
Particulate  8.80E+02 2.61E+02 1.11E-01 1.93E+02 0.00E+00 1.33E+03
SO, 3.09E+02 9.54E+03 4.11E+00 8.92E+03 0.00E+00 1.88E-+04
E‘r’rffs's\l’gﬁ;er 6.20E+03 1.24E+05 1.03E+02 1.47E+05 0.00E+00 2.78E+05
VOCs 1.06E-03 3.07E-02 1.34E-05 3.38E-01 0.00E+00 3.70E-01
Total Soil 3.51E+00 1.05E+02 4.58E-02 1.05E+01 0.00E+00 1.19E+02
Emissions
EOt‘f’". 2.93E+05 9.68E+06 4.30E+03 1.13E+06 0.00E+00 1.11E+07
mISSIOoNS
Table E12

Avoided Emissions (in kg) Associated with Vibratory NF of 3% (wt/wt) Coffee Extracts

Emissions Base AC Av_oic_jed %

Case (Co = 3%) Emissions  Avoided

Total Air Emissions 1.80E+07 1.08E+07 7.18E+06 39.8
CO: 1.79E+07 1.08E+07 7.15E+06 39.9
CO 3.07E+03 1.53E+03 1.54E+03 50.1
CH4 2.29E+04 1.39E+04 8.96E+03 39.2
NOx 2.84E+04 2.06E+04 7.87E+03 27.7
NMVOC 7.34E+02 5.78E+02 1.57E+02 21.3
Particulate 1.73E+03 1.33E+03 3.94E+02 22.8
SO2 2.44E+04 1.88E+04 5.63E+03 23.1
Total Water Emissions 3.55E+05 2.78E+05 7.72E+04 21.7
VOCs 5.84E-01 3.70E-01 2.14E-01 36.7
Total Soil Emissions 2.24E+02 1.19E+02 1.05E+02 46.8
Total Emissions 1.84E+07 1.11E+07 7.25E+06 39.5
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Table E13

Life Cycle Emissions (in kg) Associated with Vibratory NF of 4% (wt/wt) Coffee Extracts

Emissions Freshwater NHW HW Electricity Steam Total
Total Air 2 86E+05 O.57E+06 4.20E+03 1.11E+06 0.00E+00 1.10E+07
Emissions
CO: 2.84E+05 9.51E+06 4.17E+03 1.09E+06 0.00E+00 1.09E+07
CcO 4.67E+01 7.85E+02 3.40E-01 7.91E+02 0.00E+00 1.62E+03
CHa 3.12E+02 8.40E+03 3.66E+00 5.83E+03 0.00E+00 1.45E+04
NOx 0.00E+00 1.98E+04 0.00E+00 8.03E+02 0.00E+00 2.06E+04
NMVOC  9.72E+00 2.64E+02 1.15E-01 3.42E+02 0.00E+00 6.16E+02
Particulate  8.80E+02 2.61E+02 1.11E-01 2.18E+02 0.00E+00 1.36E+03
SO, 3.09E+02 9.54E+03 4.11E+00 1.00E+04 0.00E+00 1.99E+04
E‘r’rffs's\l’gﬁ;er 6.20E+03 1.24E+05 1.03E+02 1.66E+05 0.00E+00 2.96E+05
VOCs 1.06E-03 3.07E-02 1.34E-05 3.80E-01 0.00E+00 4.12E-01
Total Soil * 53 51p100 1.05E+02 4.58E-02 1.18E+0L 0.00E+00 1.20E+02
Emissions
Total 2.93E+05 9.68E+06 4.30E+03 1.27E+06 0.00E+00 1.12E+07
Emissions
Table E14

Avoided Emissions (in kg) Associated with Vibratory NF of 4% (wt/wt) Coffee Extracts

Emissions Base AC Av_oic_jed %

Case (Co = 4%) Emissions  Avoided

Total Air Emissions 1.80E+07 1.10E+07 7.05E+06 39.1
CO: 1.79E+07 1.09E+07 7.03E+06 39.2
CO 3.07E+03 1.62E+03 1.45E+03 47.2
CH4 2.29E+04 1.45E+04 8.31E+03 36.4
NOx 2.84E+04 2.06E+04 7.78E+03 27.4
NMVOC 7.34E+02 6.16E+02 1.19E+02 16.2
Particulate 1.73E+03 1.36E+03 3.70E+02 21.4
SO2 2.44E+04 1.99E+04 4.51E+03 185
Total Water Emissions 3.55E+05 2.96E+05 5.87E+04 16.5
VOCs 5.84E-01 4.12E-01 1.72E-01 29.4
Total Soil Emissions 2.24E+02 1.20E+02 1.03E+02 46.2
Total Emissions 1.84E+07 1.12E+07 7.11E+06 38.7
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Table E15

Life Cycle Emissions (in kg) Associated with Vibratory NF of 5% (wt/wt) Coffee Extracts

Emissions Freshwater NHW HW Electricity Steam Total
Total Air 2.86E+05 O.57E+06 4.20E+03 1.35E406 0.00E+00 1.12E+07
Emissions
CO; 2.84E+05 9.51E+06 4.17E+03 1.33E+06 0.00E+00 1.11E+07
CcO 4.67E+01 7.85E+02 3.40E-01 9.66E+02 0.00E+00 1.80E+03
CHa 3.12E+02 8.40E+03 3.66E+00 7.12E+03 0.00E+00 1.58E+04
NOx 0.00E+00 1.98E+04 0.00E+00 9.81E+02 0.00E+00 2.08E+04
NMVOC  9.72E+00 2.64E+02 1.15E-01 4.18E+02 0.00E+00 6.92E+02
Particulate  8.80E+02 2.61E+02 1.11E-01 2.66E+02 0.00E+00 1.41E+03
SO, 3.09E+02 9.54E+03 4.11E+00 1.23E+04 0.00E+00 2.21E+04
E‘r’rffs's\l’gﬁ;er 6.20E+03 1.24E+05 1.03E+02 2.03E+05 0.00E+00 3.33E+05
VOCs 1.06E-03 3.07E-02 1.34E-05 4.65E-01 0.00E+00 4.97E-01
Total Soil 3.51E+00 1.05E+02 4.58E-02 1.45E+01 0.00E+00 1.23E+02
Emissions
EOt‘f’". 2.93E+05 9.68E+06 4.30E+03 1.56E+06 0.00E+00 1.15E+07
mISSIOoNS
Table E16

Avoided Emissions (in kg) Associated with Vibratory NF of 5% (wt/wt) Coffee Extracts

Emissions Base AC Av_oic_jed %

Case (Co = 5%) Emissions  Avoided

Total Air Emissions 1.80E+07 1.12E+07 6.81E+06 37.8
CO2 1.79E+07 1.11E+07 6.78E+06 37.9
CO 3.07E+03 1.80E+03 1.28E+03 41.5
CH4 2.29E+04 1.58E+04 7.01E+03 30.7
NOx 2.84E+04 2.08E+04 7.60E+03 26.7
NMVOC 7.35E+02 6.92E+02 4.28E+01 5.8
Particulate 1.73E+03 1.41E+03 3.22E+02 18.6
SO, 2.44E+04 2.21E+04 2.28E+03 9.4
Total Water Emissions 3.55E+05 3.33E+05 2.19E+04 6.2
VOCs 5.84E-01 4.97E-01 8.75E-02 15.0
Total Soil Emissions 2.24E+02 1.23E+02 1.01E+02 45.0
Total Emissions 1.84E+07 1.15E+07 6.83E+06 37.2
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E.3 Operating Costs and Savings of Alternative Cases

Table E17

Annual Operating Costs and Savings Associated with Vibratory NF of 8.5 g L™ Coffee

Extracts

Process Component Base Case AC Savings % Savings
(Co=85gL?Y

Feedwater 22,360 17,557 4,803.50 21.5
Non-hazardous
Wastewater Discharge 503,500 361,198 142,302.08 28.3
BOD Surcharge 20,622 14,701 5,920.65 28.7
TSS Surcharge 20,835 14,853 5,981.88 28.7
Well Pumps 48,100 37,826.14  10,273.86 21.4
Blowers 296,000 211,311.61  84,688.39 28.6
Recovery System 60,500.96 (60,500.96) -
Evaporator System 416,460 416,459.72 100.0
Total 1,327,876 717,947.02  609,929.13 45.9

Table E18

Annual Operating Costs and Savings Associated with Vibratory NF of 1% (wt/wt) Coffee

Extracts

Process Component Base Case AC Savings % Savings
(Co=1%)

Feedwater 22,360.00 17,556.50 4,803.50 21.5
Non-hazardous 503,500.00 361,197.92  142,302.08 28.3
Wastewater Discharge
BOD Surcharge 20,621.59 14,700.94 5,920.65 28.7
TSS Surcharge 20,834.83 14,852.96 5,981.88 28.7
Well Pumps 48,100.00 37,826.14  10,273.86 21.4
Blowers 296,000.00 211,311.61  84,688.39 28.6
Recovery System 60,534.17 (60,534.17) -
Evaporator System 416,446.72 416,446.72 100.0
Total 1,327,863.15 717,980.22 609,882.93 45.9
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Table E19

Annual Operating Costs and Savings Associated with Vibratory NF of 2% (wt/wt) Coffee
Extracts

Process Component Base Case (COA:CZ% Savings % Savings
Feedwater 22,360 17,557 4,804 21.5
Non-hazardous
Wastewater Discharge 503,500 361,198 142,302 28.3
BOD Surcharge 20,622 14,701 5,921 28.7
TSS Surcharge 20,835 14,853 5,982 28.7
Well Pumps 48,100 37,826 10,274 21.4
Blowers 296,000 211,312 84,688 28.6
Recovery System - 94,575 (94,575) -
Evaporator System 416,453 - 416,453 100.0
Total 1,327,870 752,021 575,849 43.4

Table E20

Annual Operating Costs and Savings Associated with Vibratory NF of 3% (wt/wt) Coffee
Extracts

Process Component Base Case (Coé%% ) Savings % Savings
Feedwater 22,360 17,557 4,804 21.5
Non-hazardous
Wastewater Discharge 503,500 361,198 142,302 28.3
BOD Surcharge 20,622 14,701 5,921 28.7
TSS Surcharge 20,835 14,853 5,982 28.7
Well Pumps 48,100 37,826 10,274 214
Blowers 296,000 211,312 84,688 28.6
Recovery System - 157,716 (157,716) -
Evaporator System 416,467 - 416,467 100.0
Total 1,327,883 815,162 512,721 38.6
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Table E21

Annual Operating Costs and Savings Associated with Vibratory NF of 4% (wt/wt) Coffee
Extracts

Process Component Base Case (Coicil% ) Savings % Savings
Feedwater 22,360 17,557 4,804 21.5
Non-hazardous
Wastewater Discharge 503,500 361,198 142,302 28.3
BOD Surcharge 20,622 14,701 5,921 28.7
TSS Surcharge 20,835 14,853 5,982 28.7
Well Pumps 48,100 37,826 10,274 21.4
Blowers 296,000 211,312 84,688 28.6
Recovery System - 262,819 (262,819) -
Evaporator System 416,476 - 416,476 100.0
Total 1,327,893 920,265 407,628 30.7

Table E22

Annual Operating Costs and Savings Associated with Vibratory NF of 5% (wt/wt) Coffee
Extracts

Process Component Base Case (Coi%% ) Savings % Savings
Feedwater 22,360 17,557 4,804 21.5
Non-hazardous
Wastewater Discharge 503,500 361,198 142,302 28.3
BOD Surcharge 20,622 14,701 5,921 28.7
TSS Surcharge 20,835 14,853 5,982 28.7
Well Pumps 48,100 37,826 10,274 214
Blowers 296,000 211,312 84,688 28.6
Recovery System - 472,802 (472,802) -
Evaporator System 416,491 - 416,491 100.0
Total 1,327,907 1,130,248 197,659 14.9
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