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I. INTRODUCTION

Numerous studles have been made on the different
phases of base exchange in solls. The methods for deter-
mining exchangesble bases, exchangeable H¥ and exchange
capacity have been many and varied.

Theories concerning the nature of base exchange have
undergone several changes since VWay's discovery of the
phenomeéenon In 1852. The main point in contention has been
whether the exchangeable bases are adsorbed by the soil
particles or held by chemical bonds or whether both attrac-
tive forces play a part in base exchange. The more recent
studies have been in favor of the theory that the reaction
is chemicel in nature, yarticui&rly for the inorganic
fraction of the soll.

A number of equations have been derived which weré
intended to express the mathematical relations between
the exchange capaclity, the amount of bases displaced and
the amount of displacing salt. An equation proposed by
Vageler and Woltersdorf (29) and a simller equation de~-
rived by Gapon (11) have been found to be satiafactory
expresaions of base exchange phenomena in some sollse.
Gresne {14) pointed out that the supposed constants in

Vageler's equation varied with a chanpge in relative
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amounts of soll and water but that a ratio of one psrt soil
to five of water was suitable for most soils.

The éurpose of tals study was to test both Vageler's
and Gapon's equations on some Iowa solls and to determine
the effect of varyling the soil-water ratlo on the validity
of Vageler's equation.

Ho attempt was made to arrive at a new method for
determining sxchangeable bases or base exchange capaclty
nor to teat varlious known methods. The common method
of leaching with ammonium acetate was used since this
salt produced a solution whose pH approached neutrallty.
It was not Intended to study the nature of the base ex-
change material nor the nature of the reaction except as

indicated by the success or fallure of the equations used.



IT., HISTORICAL

In keeping with the physical and chemical concepts of
base exchange, two types of equations have been developed.
Equations for adsorption on the surfaces of solids, such
as Langmulr's (18) and Freundlich's (8), represant the
physical point of view. 7The chemical concept of base ex-
change has led to the development of equations based on
the law of mass action.:

Langmuir's equation for the adsorption of gases on
solids, es glven by Getman and Laniels (13), is y = %%?é%
in which y is the weight of material adsorbed per unit
surface of adsorbing material, a and b are constants, and
p 1s the pressure of the gas. Concentration, ¢, may be
used in place of p, and y may be expressed as the welght
of adsorbed materiasl per unit welight of adsorbent. ctman
and Danlels call attention to the fact that Langmuir's
equation holds well for low pressures but decreases in
accuracy as the pressure 13 Increased.

By plotting the amount of base adsorbed by a soil
against the amount of base added in solution, Vegeler (29)
obtained a hyperbolic curve whlch was expressed by the
formula, y = %%géﬁ. By inverting this equation he
obtained -% = é- + S'lb (%-), a straight line equation in
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which y 1s the number of milllequivalents of base adsorbed
per unit welight of soll, 8 and C are constants, and x 1is

the number of milliequivalents of displacing lon added

per unit weight of soll. The constant, S, represents the

- total base exchange capacity of the solls Vageler stated
that he arrived at this equestion independently of Langmuir's
equation, but he pointed out the similarity between the

two sguations.

Langmuirts (18) equation was developed for the ad=-
sorption of gases on solids; it was appllied only to cases
in which a monomolegular film was formed and the gas was
being adaorbed on a surface free from forelgn mmterinl.
The equation has been found to be very satlsfactory when
these conditions exiat. Adsorption in solls takes place
undsr markedly different condltions since it 18 an ex-
change adsorption snd many bases capaeble of being adsorbed
by the soll are present in the solution at equilibriume
Hages liberated by the displacing ecation counteract the
adsorption of the displeeing lone Therefore, from a
theoretical viewpoint, the term g() should take into
account the base llberated in the equilibrium solution,
unleass the amount of diaplacing ion i3 so large that the
amount of baseé liberated 1s negligible by comparison.
Jenny's déﬁa (16) confirm this since he found that
Vageler's equation was satisfactory only when high con-

centrations of dlsplacing lon were used. In Vageler's
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equation (29) the terms x and y were expressed in milll-
equivalents per bhundred grams of soil rather than in terms
of concentration In sclution. Therefore, the amount of
water present in the soil or the concentration of ions in
the equilibrium solution did not receive any consideration
in the equation. Gapon (12) called attention to the fact
that dilution of a solution containing mono- and divelent
eations in equilibrium with a soll caused the monovalent
ion to be displaced from the soil by the divalent lon.
Eaton and Sokoloff (7) found that the amounts of Ha, and
usually K and Mg, were higher in aquecus extracts than

in displaced soll solutlions but that the amounts of Ca
were lower. From this 1t would seem that some expression
of the amount of water in the soll or the concentration
of the ions should be included in Vageler's (29) equation
when the dilsplacing and displaced ilons have different
valencies.

Regardless of these criticisma Vageler's (29) equa=-
tion was found to glve satisfactory results on some Danish
soils. Steenberg (27) used the equation to calculate the
amount of displacing ion that should be added to a soil
in order to displace sufficlent Mn to prevent Grey Spot
disease in plants. OGreens (14) made a study of Vageler's
equation as applied to some Sudan s0ils and came to the
conclusion that a 1:5 soil-«water ratio should be used.

He found that by lncressing the socllewater ratio, the
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velue for 8 In Vapgeler's equation decreaseds lle also
racomuended that the amount of salt added to the soll, in
the two experiments necessary to evaluate & and C, ahould
vary by a ratio of 1 to 8. Jenny (16) oﬁsarvad that the
equation was more satisfactory for determining S as the
amount of x increased. This was expected since the term
%(%)‘wauld approach zero as x 1s increased and therefore
the value of y would approach & as a limit. In addition,
the amount of base llberasted from the soll would be neg-
ligible as comparsd té the amount addede.

The law of mass action was used by Gapon (11) to de~

velop the equation, %— = %-a+ K'le (.g.%), This equation was

applisd only 1in cases where the displacing and displaced
ions had the same valence. When the valencles were not
squal, that_is Cy divalent and Cg monovalent, the last
term in the equation was written ﬁl'r‘m(v%%)' This form of
the equation corresponded to the chemical equation,

XCaj + m:i; = ot + XNHge The terms in Capon's equa-
tion were " , the amount of cation absorbed, expressed in
moles per 10 ge 80113, , total absorption capacity per
10 ge s01l; K, equilibrium conatant for the reaction; Cj,
the concentration of the displaced lon in moles per liter;
and Cg, concentration of displacing lon in moles per liter

at equilibriume UGapon obtained & straight line when.%



w 11 =

wng plotted agalnst g%, regardless of the concentration
and volume of solutlion used.

The terms M, Ny, and K correspond to the terms y, S5,
and C in Vageler's (29) equation. liowesver, the laét term
in Gapon's equation géﬂn (%%} takeos into account the effect

of the cations displaced from the soll on the equilibrium
i
x
By expressing Cq and Cg in moles per liter; Gapon's equa=

established, whereas Vageler's term = falls to do thiss.

tion automatically takes into account the effect of soil-
water ratlo on the equllibrlum and on the amount of bases
displaced.

‘ Since Gapoﬁ's aquation (11) was a straight line equa~
tion, only two doterminations were required to evaluate K
and Noe The amount of base absorbed when two different
amounts of displacing lon were added was measured, aﬁd
the two sets of values for % and %% were plotted. A
straight line was drawn between the two points and exe
trapolated to the y axis. The intercept of the line,,%k
represented the reciprocal of the exchenge capaclty of
the soll, and the aquilibrium constant was determlined
from the slope of the 11na,§%b‘

Marshall and Gupta (19) determined potentiometrically
the activities of the different lona involved in the exe
change equilibrium in clays. These activities were sub~

stituted into the mass law equation, and the dissocistion
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constant was found to vary with changes in concentration
of the displacing lons They came to the concluslon that
no one of the base exchange equations which have been pro-
posed was satisfactory over a suificlently wlde range of
connentration.

The change in the equillbrium constant with & change
in the amount of displacing lon added was alao noted by
Aten (R)e He stated that when the loge iuum was plotted
agaiast Xp in the equation loge. i"g" aXA logs K, a stralght
line resulted. He proposed the equation iﬁ s kq 5)eaxﬁ.
The terms Xp and Xp were the numbser of lons of A and B
absorbed, k and a were constants, and C, and Cy were the
respective concentrations in solution.

Vhen Gapon (11) derived his equation, he assumed aresns
of active adsorbing surface rather than compound formation
between the soil and exchangeable lons. lhen compnunds are
considered to be formed, the assumption of formation of
mixed crystals was found by Vanselow (30) and Fudge (9)
te glve the beat results. The mass law equation gave
values for K whileh were too high when so0ils with low base
excihange capaclity were studled by iudge. He found that the
squation %% = K(A « y) gave more satlisfactory results than
the mass law equation. In this equation K and A were cone-
stants and x and y were the amounts of catlion added and

abaorbad, respectively.
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Jénny (16) tested three different formulas (Canssen's,
Vagelerts and Wiegner's) for lonlc adsorption in soils but
discarded them as being unsatisfactory and introduced a
new term, "symmetry value". This value expressed the per
cent replacezble ion exchanged when g soll was treated’
with an amount of base equlvalent té the exchange cgpacity
of the soll. For example, if a soll having 60 m.e. of
exchangeable NH& was treated with 60 m.e, of N&' and
20 m.e. of NH, was liberated, the "symmetry value" would
be %% % 100 = 33.3%. Jenny stated that since exchange
reactlons were not dilute solution reactions, the chemi-
cal laws for dilute solutions, such as the Wiegner-
Freundlich equation, could not be expected to holdQ
Jenny tested the equation derived by Ganssen (10) from
the mass action law and found thet the equilibrium con-
stant was affected by dilution, by the method used to

determine 1t, and by a time factor. The equation was

2
- X
K= (men-xj{g-x)

grams; n, total exchangeable bases per gram; g, the

in which m was the exchange complex in

amount of salt added; end x, the amount of galt absorbed,
Wiegner (31) applied Freundlich's adsorption equation

to base exchange in soils., The equation was .% :‘Kc%'in

which.ﬁlwas the amount adsorbed per gram adscorbent; c,

the concentration at equilibrlum of the displacing lon;

and ¥ and n, constants. This equation was compared with
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Vageler's by Jenny (16) and found to be less satlsfactory
When_high concentrations of salt solutions were used.

Fudge (9) was ﬁhle to obtain better results by using
the equation y = Kcﬁ than by the mass law equafion.
Antipov-Karatasev and Antipova-Karateeva (1) claimed that
Freundlieh's adsorption isotherm was satisfactory for
KC1l solutions up to 0.8N, but not aboves. They found that
the law of mass action, even when using activities in-
stead of concentrations, could not ﬁe applled when solu-
tions more concentratsd than O.1N were used.
} The fact that organic maﬁﬁar plays an important part
in base exchange in most solls caunsed Williams (32) to
make a soméwhat different approach to the problem. le
caleculated the base exchange capaclty by B = 057K + 6.3Cp;
B was the base exchange capaclty of the soll and K and Co
were the per cent clay and total oxidizable carbon, re-
‘vspeetively. Thls equation gave falrly uniform results on
the solls tested and was used to determine the degree of
unsaturation by subtracting the exchangesble bases found
by experiment from the exchange capaclty calculated by
the equation.

The uaﬁrof amnonium acetate for the determination of
exchangeable bases was proposed by Schollenberger (25)
slnce he belleved 1t superior to HH4Cl. lle pointed out

the following three advantages in using ammonium acetate:
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1.} It was a neutral salt, 2.} 1t was a good bullfering
agant, and 3.) it had less solvent effect on the soll than
did HilgCle To obtaln the exchangeable bases in the soll
‘ha leached 100 gs of soll with 750 ml. of 2N ammonium
asetate solution. Brown and Walker (4) compared
Sehollenberger's ammonium acetate method with Parker's
barium acetate = ammonium chloride method on some Iowa
soils sand found that the two gave comparable results.

After an examinatlon of several methods for the de-
termination of base exchange capacity, Puri and Uppal (22)
camg to the concluslon that the titration method was the
only correct one since exchange capacity varied with pH.
Pyranishinikov and Lukovnikov (23) also came to the con-
clusion that sdsorptlon capscity seemed to be & function
of the hydrogen-ion concentration. They found little Fe
and Al sdsorption above pi 5 and that Al was more effec-
tive than Fe in displacing Ca from the soil.

Rawashima (17) noted that solla treated with HC1l at
room temperature suffered a decresse in exchange capacity.
Hillkowitz (15) found the same thing to be true and was
unable to reatore the exchange capacity to the original
value by neutraligzation with bases. lHowever, HC1l solu-
tions less than O.1N dlid not have deleteriocus effect on
the zeolite complex In solls.

Catlon and anion exchange were attributed to the

amphoteric properties of the so0il by Hattson (20).
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‘8ehofield (24) wrote equations to connect the change in
exchange capacity with pH. He belleved the reaction
=510 == =S1i-0" + HY took place at high pl's, This
was used to explain the ineremse in negetive charges on
clay particles or the increase in exchange capacity at
higher pl's. Positlive charges at low pl's were attributed
to the following resction: =-Al=0 + H' = «AI-OH. This
reaction would shift to the right and develop positive
charges in the soll as the concentration of the hydrogen
ion was increased. Schofleld (24) found three types of
clayas: 1l.) The type whose cetlion exchange decreased with
pH until a constant value was obtained end no positive
charges developed, 2.) the type whose cation exchange
decreased continuously with decreasing pH but never
reached zero exchange, and 3.) the type whose cation ex~
‘ change decreased with pH until it became zero and anion
exchange was developed. Tyulin and Bystrova (28) attri-
buted the incresnse in adsorption of Ca from Ca(Oﬂ)B over
that obtained from CaClg to the coagulatlon of negetive
clay end positive RoOz gels which then acquired a negatilve
charge.

The amphoteric propsrties of the clay colloids affect
the exchange capaclty of thils material, but this effect in
a soil 1s condltionsd by the presence of organic matter
which has been shown to have a marked base exchange capacity.

Slater and Byers (26) found the exchange capacity of orpanic
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collolds to be very high as compared to the inorganic
colloids in the soil. Mitchell (21) found as high as 65%
of the base exchange capscity of some solls to be due to
the organic fraction. Welght for welght organic matter was
found by Crailg (5) to have twenty times the exchange ca-
pacity of the clay colloids. Demolon and bBarbier (6) con-
cluded that colloidal clay wes a factor in the fixetion of
humus collolds and that catlons on the clay, especially Ca,
qonditioned the formation of the complexe This combination
of humus and clay collolds was thought by Barbier (3) to
have a greater exchange capaclty than elther fraction
taken separately.

Since Vageler's equation had been mpplied to soils
with a certain degree of success and since Gapon's equa~
‘tion appeared to express base exchange in terms of the
law of maga action, it was declded to test these two equa~

tions on some Jowa soils.,
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IIX., BEXPERIMENTAL

A« Materials

1, Soll samples.

Soil samples were from the top 6-2/3" of cultivated
Iowa solls. All samples were ground %o pass a l-mme. s8leve,
mixed well, alr dried and stored in stoppered jars. The
Zrinding was done with a rubber pestle 1in order to avoid
breaking individual soll particles and thereby changing

the exchange complex of the soll.

S01l No. 501l Serles and Type County
1062 Clarion loam Story
4C Clarion loam Story

7C Conover silt loam Dallas

9C I'ayette 8ilt loam Hardin

116 Lindley fine sandy loam Dallas

12C¢ 1illsdale loam Hardin
17G Shelby losm Dallas

190 Tame sllt loam Hardin
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2+ Preparstion of solutiona.

as Ammoniwuwn scetate. Ammonium scetate solutions were

made by welghing & caloulated amount of the salt, dilssolv=
ing 1t in a minimum amount of distilled water, transferring
this solution to a volumetric flask and diluting to the
marke.

be Hydrochloric acide. Lnough concentrated HC1l to

make appraximately 7 1liters of O.2N aclid was measured Iin

a graduate and transferred to a 2=-gale. carboy, Distilled
water was added to make the total volume approximetely

7 litera and the carboy placed on a rocker shaker for

two hours or more. After removing from the shaker, the
solution was allowed to stand for several hours, preferably
overnight, before standardization. The solutlion was sl
pmbnad from the carboy as needed.

o« Sodium hydroxide. Approximately 56 g. of NaOH

pellats were dissolved in distilled water and the solution
poured into approximately 7 liters of distilled water in
a 2-gales carboy. This was shaken for two or more hours
and allowed to stand several hours before standardizing.
Ho sttempt was made to eliminate carbonates from the
solution since methyl orsnge indicator was used in the
standardization and in all titratioha‘ The solutlion was .

protected from the COg of the alr by a CaClp tube cone

taining elther ascarita'or sodelime. The solution was



siphoned from the carboy as neoded.

de Potassium permanganate. An amount of Kd¥nOgq cale

culated to make 7 liters of O.lN solution was dissolved 1n
a minlmum amount of distilled water, the solution filtered
and added to 7 liters of distilled wnter in a Z2-gal. car-
boy which hed besn painted blacks. After shaking for two
hours on a rocker shaker, the solution was allowed to
atﬁnd overnight before standardization.

€. Sodium thiosulfate. The thiosulfate solution wes

made by dissolving 60 g« of NapgSo0z°5Ho0 in about 7 liters
of distilled water, shaking two hours and allowing the
solution to stand for three days before standardization.

e Pobagsium bromide ~ potasasium bromates This soluw

tion contained approximately 11 ge of KBrOz and 37 ge. of
Kir in 7 liters of waters., The two salts were dlssolved in
distilled water, dlluted to approximately 7 liters, shaken
two hours, and allowed to stand overnight before being
atandardized.

3¢ Btandardization of solubtions.

as Hydrochloriec acid. The HC) solution was stane

dardized against reagent grade NapCOz which had been oven
dried st 110°C. and cooled in a desiccator over CaCloe.

A quantlity of HapCOz equivalent to 20«25 mle of HCL was
accurately weighed and dissolved In approximately 100 ml.
of distilled water. This solution was titrated with the
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HC1l solution to be standardlzed until the methyl orange
end point was resched. The [irst appearance of brown
throughout the solution was taken as the end point.

be Sodlum hydroxide. The sodium hydroxlide solution

was standardized agalnst standard HCl solution using
methyl orange as indlcator.

CGs Potasslum permancenate. Standardization of the

E¥nO4 solution was accomplished by weighing oven-dried,
reagent grade NagCo0O4, dissolving it in 100 ml. distilled
water, adding 10 ml. of 10% HpS04 and heating the solution
to 80%. This heated solution was titrated with KMnOg4q
solution untll a faint purple color due to excess KMnOg4
exlsted for fifteen seconds or longere.

de Sodlum thiosulfate. The NagSglsz solution was

steandardized against standard KiinO4 by adding a messured
amount of permanganate %o a solutlion contalning excess

HC1l and KI, allowing the solution to stand for about five
minutes and tltrating the iodine liberated. Approximately
1 ml. of satareh solution was added when the color of the
iodine aolution became pale yellow, and addition of thio~
sulfate was continued until the disappearance of the blue
starch-lodine color was noted.

8+ Potassium bromide -« potassium bromate. Dromine

solution (KBr-KbrOsz) was added to a solution containing
5 mle of 10% KI and 10 ml. 2N HC1l in epproximately 100 ml.
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solutions The resulting solutlion containing liberated
iodine was allowed to stand for approximately three minutes
and tiltrated with standard Naglglg solution to tne starche-

jodine and point.

Be Procedure

The procedure described below was used in determining
the exchangeable bnaes liberated when s soll was allowed
to come to equilibrium with a salt solution and in deter-
mining the totsl axéhangaabls bases in a soil.

le Exchangeable bsses liberated in equlilibrium with s
displacing lion.

Since Vageler's and Gapon's equations are equations
for a straight line, only two polnts should be necessary
to fix the line. In order to obtain the data for these
two points, it was necessary to determine the amount of
bases llberated by two solutions of different concentra-
tions in equllibriuvm with a soil. According to Greene
(14), the amount of displscing ion added in the two ex-
periments should differ by a factor of 8, that ia the con=
centration of one solution should be 8 times that of the
other.

Fifty grams of alr-dry soll that had psssed a l-mme
sieve was placed in a 500-ml. bottle« To this, 250 mla

of an ammonlium acetate sclution containing 50 me.e.
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(B85 ge) Or 400 me8e (3048 go) was added and the mixture
shaken for two hours on a rocker shaker at room tempera-
ture. The solution was allowed to stand untll the soll
particles settled well, preferably overnight, and the
supernatant liquid was siphoned off. The solution was
then filtered through an msbestos mat held in a Buchner
funnels A few mllliliters of the solutlon wes drswn
through the funnel and dlscerded; the rest of the solution
was filtered and a 100-ml. aliquot plpetted out for
analysis.

a. Caleiume The 100-nl. aliguot wes heated just to
boiling, 1«2 mls of 64 acetic acid was added to lower the
pH and make certain that no Mg was precipltated with the
caleium, and 5 mls of a 5% emmonium oxalate solution was
added wlth vigorous stirringe. The calclum oxalazte formed
was sllowed to settle for one hour, filtered through
Whatman's Hos 30 filter paper and washed 5 times with
small amounts of cold diatilled water. Between 10 and
20 ml. of 10% sulfuric acid was poured over the CaCpO4
and allowed to drain into the recelving beamker. A small
hole was then punched in the bottom of the paper and any
undlssolved CaCy0, was washed into the beaker with
60~80 mle of distllled water. The sclution was heated
to 80°C. and titrated with standard KMnOg4 to the end
| point or alightly past. The filter paper on which the
CaCo04 had been caught was then placed 1ln the solution
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and swirled a few times with a stirring rod. If the purple
color disappeared, more KMnO, wes added until the solution
remained colored for thirty seconds or lconger. Care was
taken to avold macerating the filter paper, for if this
happened the end polnt faded badly and caused high re-
sults,.

‘b. Magnesium. The filtrate from the calclum deter-
mination was heated to 60°C., 2 ml. of 5% 8~hydroxyquinoline
solutlon in 2N acetic acld was added and 6N NH4OH added
slowly with constant stirring until the magnesium quinolate
Just sterted to preclpitate, The solutlion was allowed to
stand for one to one and a half hours, flltered through
Whatman's No. 30 paper, washed well with very slightly
smmoniacal water and the precipitate dissolved by pouring
50 ml. of 2N HCl1l through the I[llter, followed by 25 ml.
of distilled water. The acld solution wes placed in a
125-ml. glass stoppered bottle and titrated with standard
KBr-KEr0z solution using methyl orange as indicator. From
0.2 to 0.5 ml. excess bromine solution was added, allowed
to stand one minute with the bottle stoppered and the
excess titrated with standard NagSo0z. This was done by
adding 2~3 ml. of 10% XI solution and titrating the iodins
liberated to a pale yellow color, then adding about 1 ml.
of starch solution and contlinuing the titration to the
disappearance of the blue color. Methyl orange was

slowly brominated in this solution, and it was necessary
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to add several drops of indicator to maintein a pink
color during the tltretion. The titration waas contlnued
until a fresih drop of methyl orange falled permanently

to color the solutions Since aome of the bromine was

- used by the indicator it seemed advisable to determine
the amount of bromine solutlon nescded to destroy the
methyl orange in one drop of indicator. By counting the
number of drops of indicator used, & blank was calculated
and subtracted from the amount of bromine used in the
titration of a sample., If too lerge an excess of bromine
solution wag added, bromine was lost from the solution
and high results were obbtained.

c. Sodium and potsssiums. The filtrate from the mege

neslum determination was evaporated to dryness in a porce~
lain evaporating dish, the residue dissolved in 5 mle of
5% oxalic scid and re-evaporated to dryness. This oxalate
residue was ignlted In a muffle furnace until the oxalates
ware converted into carbonates or oxides. After cooling,
the ignited residue was dlssolved in excess standerd HCL
by warming almost to bailing on a hot plate, cooling and
titrating the excess acid with standard NaOH using methyl
orange a8 indlcator. The walls of the evaporating dish
were rubbed down with a rubber policeman before back
titrating with the NaOH.

The salts were converted to the oxalates by oxalie

acid as 1t was found that more satisfactory results could
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be obbalined by igniting oxalates instead of acetates. The
ignition was carefully controlled since both insufficlent
and too much heating cause low results. A serles of con=-
trols were run in order to determine the correct time and
temperature for the lgnition. It was found that there was
only a narrow temperature range which would glve quantita-
tive conversion of the oxalatea to carbonates or oxldes
without loss of sample, thus making 1t necessary to contrdi
the conditions of the ignition rather carefully. The ig-~
nition procedure adopted was to place the evaporating
dlahes contalining the dry residues in a c¢old maffle furnace
with the rheostat set at a point that would bring the oven
to a cherry red heat in seventy to seventy«five minutes.
The samples were removed as soon as this temperature was
obtained.

de Total bases liberated from the soil. When the total

amount of bases liberated from the soll was desired rather
than the amount of individual baases, the 100-ml. aliquot
was acldifled with 5 ml. of 5% oxalic acid and evaporated
to drynesa in a porcelain dishe. The residue was treated
with 5 ml. of 5% oxaliec acid, re-evaporated, ignited and
titrated as described under the determination of sodium

and potassiume.
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2. Potal exchangeable bases by leachinge

Twenty-five grams of air-dry soll was placed in a
Buehner funnel which contained a filtering medium prepared
by placing a well~fitting filter paper on the bottom,
covering this with a layer of asbestos and then inserting
8 second fllter papers The 20il was leached with 5 suc~
cessive 1l00~ml« portions of 1K ammonium acetate. Lach
portion of solution was allowed to filter by gravity for
approximately fifteen minutes and the remaining solution
drawn through by suctions The resuliting leachate was
diluted to 500 ml. in a volumetric flask and 100=mle.
portions pipetted out for analysis. The asolution was

analyzed for bases by the procedures just described.

Cs+ Results

l. Bogse exchange equations applled to Clarion loam.

In order to test Vageler's and Gapon's equstions on
a typlecal Towa soll, & Giarian loam topsoll No. 1062 was
used. Clarion loam is one of the most hlghly developed
solls of Iowa, the topsoll has a medium to low acidity
and the subsoll contains lime at a depth of 30«33 inches.
Amounts of s0ll ranging from 6.25 g. to 100 g« were
treated with 50 to 800 mee. of ammonium acetate in solu-

tions varying from 125 to 1000 ml. In each case the soil
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was allowed to come to equllibrium with the sammonlum acetate
solution and the bases determined as described. Table I
presents the results obtained.

In the table "m.e. NB; added" represents the milli-
equivalents of NH; added as ammonium acetate and "m.e,
base per 100 g. soil"™ is the milliequivalents of Ca, Mg,
¥a and K liberated from 100 g. of the soil. The term (%)
represents the reciprocal of the milliequivalents of NH&
ion added per gram soll and (%) the reciprocsl of the
milliequivalents of base liberated per gram soil. In
this study, the terms y andvr were used to express the
amount of bases releassed by the scll rather than the amount
of base sbsorbed, as defined by Vageler and Gapon. If the
exchange was eguivalent and a negligible amount of H* was
displaced, then the amount of base absorbed and released
would be the same. However, the amount of NH; lon used
to displace HY in highly unsaturated soils would be ap=
preclable when compared to that used to dlsplace the
baeses, The amount of H' released by the ammonium ion was
not measured because of the difficulty of titrating the
free acld in the presence of ammonium acetate. Since the
H* was not determined, the terms 5 and [, in Vageler's
and Gapon's equations respectively, were deflned as the
total exchangeable bases held by the soil. This defini-

tion of y and M was used to determine whether or not the
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equations could be used to calculate the amount of base
that would be exchanged by & given amount of displacing
base,

If the smmonium ion 1s absorbed in amounts equivalent
to the bases liberated, then {§§§) expresses the ratio at
oequilibrium of the bases displeced and the displacing ion,
in which ¥ is the milllequivalents of bases liberated and
% 1s the miiliaqnivalenta of displacing ion added. The
values x and ¥ in the term (ﬁgg) are the same as in (EEF)
but are expressed in milliequivalents per 100 g. soll
rather then per gram soll for convenlience in graphing.

The terms Vﬁl and Co express in moles per liter the square
root of the concentration of the displaced ions (over 95%
divalent) and the concentration of the displaeing ion at
F
The terms x-y, expressed in milliequivalents per 100 g.

equllibrium, respectively, and L is the same as.%.

soll, and CE' expressed 1ln moles per liter, are the equilib-
rium concentrations of the displacing ion. The symbol x
represents the miiliequivalentm of displacing lon added and
¥y is the milliequivalents of base displaced. Two sssump~
tlons were made when x-y was called the equilibrium con-
centration of the displacing lon, First, 1t was assumed
that.the eéxchange wag nearly equivalent and that any devia-
tion from squivalent exchange was negligible when compared

to x. 'Saeond, the amount of dilsplacing ion, x, exchanged



TABLE 1
Bages Exchanged from (larion Loam Ko. 1062

e Me O ' t S obtained by plotting
Se nl. HHg# Base/ 1 1 Vg A _ﬁ 3 Yy ¥
No., Soil Sol'n. Added 100g. Soil vy x Co xX=y x=y ¢t Vageler's Gapon's X~y X=y
1 6,25 250 50 16.0 6.25 .,126 .072 2.04 .327 20.0 19.7 20,3 20.7
2 6.2b 250 400 19,2 6.21 .0l6 ,0097 .33 075
3 12,5 126 50 14.9 6.72 .25 .224 3.87 580 19.4 19.6 20,0 20,1
4 12,5 125 400 18,9 5.31 .031 ,0303 .89 113
5 12.5 250 80 13.8 Te25 26 « 324 3.80 « 495 19.8 19.8 20.4 20.8
6 12,5 250 400 18,7 5.34 .031 .043 59  L110
7 25 128 50 12.9 7.75 .50 .304 8.90 .895 18,3 18.2 18,2 18,7
8 25 125 400 17,5 5.72 .063 L0417 1.10 ,193
8 25 260 50 12,3 8.14 .50 .418 6.55 815
10 25 250 200 15.9 8,30 .125 ,L,114 2,03 ,.324 18,3#* 18,4*% 18.7* 19.4*
11 25 250 400 17.2 6.82 ,063 ,0885 1.09 ,187 18,8** 19,0% 19,0™ 19,2**
iz 2% 250 800 18,0 .66 ,031 ,0288 .57 ,102
13 28 500 80 11,1 9,00 .50 .566 5.9 «5656 18.2 18.5 19.1 20,8
14 25 500 400 16.8 .85 ,063 ,081 1,06 ..179

15 25 1000 50 (7.0) (14.3) .50 616 2.6 254 15.0 15,7 17,3 ——-

- 02



TABLE I (Cont'd.)

Moo

HBeCo

3 S obtained by plotting

& ml. NHg# Base/ 1 1 V@i @y : il
Yo, Soil Sel'n. Added 100g. Soil y x 2 x-y x-y ¢+ Vageler's Gapon's x-y X~y
16 25 1000 400 (1s.0) (7.70) .063 .102 .82  ,L108
17  87.8 126 50 12.%5 8,00 .76 ,369 10.4 1,30 17,7 17.9 18.0 18,5
18 375 125 400 16.8  5.95 .094 .0503 1.60 270
19 37.5 250 S0 11,5 8,70 .75 .506 9.45 1,09 17.9 17,9 18,5 19.6
20 ¥7.5 280 400 16,7 6.00 ’.094 071 1,59 .288
21 50 125 50 11.3 8,85 1.00 .424 -12.?5. 1.44 17.3 17.5 | 17.8 18,7 é
22 5O 125 400 16.2 6.17 L125 ,088 2,07 ,.336 !
23 80 250 50 10.6 9.43 1,00 .577 11.9 1.26>
24 50 260 100 12.56 8.0 «50 298 6.67 » 835 17.3# 17».6# 18.(# 19.4#
26 80 250 200 13.8 7«26 ,25 L1561 3.38  .495
26 80 250 400 18.0 6.25  .125 ,081 2,04 .326 18.0# 18.2# 18.4#19.0#
27 50 250 800 17.0 5,88 L0683 .041 1,07 .183
28 50 500 80 9.7 10.3 1,00 ,.735 10.7 1.04 17.2 A17.3 17.8 20,3
29 B0 500 400 15.5 6.45 ,125 ,112 1,98 ,308
30 50 1000 50 7.4 13.5 1,00 .941 8.0 «592 18,2 17.2 19,7 —-
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for H* was assumed to be negligible when compared to the
equilibrium concentration x~y. The value of C, was ob-
talned by converting x-~y to moles per liter,

To determine whether or not a straight line could be
obtained by plotting‘i againatwi for the Vageler equation,

_1,1 .1 1 + C1
=% + &5 (3}’) , or & asgainst Gy for the Gspon eguation,

i
il}.V@l -

= ‘ﬁ;%gﬁlbt EE)' the vaelues in Table I, for 25 and 50 ge

soil In 250 ml. solution with varying amounts of ammonium

acetate, were graphed in Fig. 1. It can be seen that the

polnte for neiinee equation produced a straight line,

When & cﬁrve was drawn through the points and extrapolated
to the y axis, the intercept é was approximately the same

for both equations. The values for S, calculated from the
equations, varied from 19.2 to 18.5 and were falrly close

to the value for the total exchangeable bases obtalned by

leaching (19.1). Similarly, 1t can be seen from Fig., 2

~that a smooth curve was obtained when %;was plotted against
?}E" for 50 and 400 m.e. ammonium acetate in 250 ml. solution

with varying amounts of soll and that 8 (19.2) caleulated
from the intercept agreed very well with 8 by leaching
{19.1). When the same amounts of asoil and salt were used
and the volume of solution changed from 250 to 1256 and
500 ml., three smooth curves resulted, each with the same
intercept on the y axias. Thls 1s shown in Flg. 3. XNo
points are shown for the center curve as it was traced

from Flg. 2.



20

S

N
M)

Q

N
Q

LT or LY (N S egusvalents Rer Gramr of Sos/)
o o
o )

&

a
Q

- 34 -

crarrorn Logrm No. /062

IO Grarn Sor/
230 M/ So/wtsor?

BIONY. Satution
Lou@? /0075
of <5 +5(%)
Lol 2
7R er(E=)

7 - 7 E
VT e Mates Rer Liter) or LX(\Viihegus-
verenrs FPer Graormr of Sos/)

Frgnd Comparisor of Ggoons + Vage/ers bguar/ais



Q

©

0.

ﬂ

(4

VY in Millie gu/vakrnts fer Grrm. o/

[N

Sor/ +Salt ared
& //7 290 m/ So/urion
6 ».?’.5' Gmm.s .52//
A 35' TR “
X 37.9 u u “

0O 0.0
B Q75 0 u

f QU770

f"c‘fér)

o

/s 2 3 4 5 6 7 8 © Jo I/ 7R /13 J#F /5
YX in ANl egurve/erss Rer Gran of Sor/

f79. 8. Vagelers fowarion Applied Fo Dare Qbra/nar
at Consrzan? Vo/umre from Crwwn Loarmn No /062

-gg-



VY inMillieguivalents Per Gramr of Soi/

- 36 -

7 | So// +Sa/? Vorreq
A RS5 G Soi/

g g 25 a«
o 8 375 -
[0} .QU ”" "

p. m. Qua770r7
¢

Fegeesth)

o <+ & 3 <+ 5 6 7 &8 5 /o
YX 177 Millieguivalenss Per Gras of Sor/

~l19 3. Lrrecs of Varyng 7/e Vosume
of Sution on vagelers Lguwarror

g




- A7 =

In Pig. 4 the equation = g-+ ) was used for

s (s
the same solle~salt mixtures shown in Pig. 2. This equa~
tion differs from Vageler's only in the last term which
takes into account the effect of the displaced cations y
on the equilibrium and expresses the amount of displacing
ion present at equllibrium x~y, rather than the amount
originally added. Agaln a smooth curve was obtailned, but
the change in the slope of the curve was lesa, this being
the case for each different volume of solution.

This partial stralightening of the curve by substitut-
ing ~E~ for & = suggested that the term .I~ plotted against
? might produce a straight line., It can be seen in Fig. 5
that the points fall approximately on a straight line when
varying amounts of soll are allowed to reach eqﬁilibrium
In 250 ml. of solution containing 50 and 400 m.e., ammonium
acetate, The same statement can be made concerning varying
amounts of soll In 120 and 500 ml. of solution, but the
slope of the curve was not the same in the three cases.
‘I‘his meant that the term C in the equation i 5 = 3’ + & (5‘5_:;)
was canstant for cases 1n which the same volume of solu~
tion was involved, but not for all conditions.

There was no apparent reason for squaring the y term
in the numerator, When the terms % or §§§ were plotted
against %., as in Fig. 1 to 4 inclusive, it was noted that

the slope of the curve became increasingly smaller as the
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smount of salt sdded to the soll decreased. Ividently the
amount of base liberated by small quantities of salt was
too large to fit Gapon's or Vageler's eguations or

% = %‘- +Sl'fc “i%?)‘ As Boll Fo. 1062 was not saturated with
bases, but wes studled in the base exchange state in which
it existed in the fleld, some a* would also exchange for
NH;. A possible explanation would be that dilute ammonium
acetate solutions, having a smaller buffering capacity than
more concentrated ones, would have a lower pH when equilib-
rium was establlished, and therefore the capaclty of the
soll to hold bases would be lowered and the amount of

bases released from the soll consequently increased.

Fige 6 represents an attempt to apply Gapon's equa~
tion to the exchangeable basea from Soll No. 1062 and
corresponds to Plg, & in which the Vageler squaticn was
used. The polnts do not fall on a amooth curve, but the
beat line drawn through them is almost stralght until the
y axls is approached. The points in Pig. 6 represent the
values obtained In 125, 250 and 500 ml. of solution, but
there 18 no distinct curve representing each of the three
volumes ag occurred when Vageler's equation was used,

In Flge. 7 the values obtained when varying amounts
of soll were placed in solutions of the same volume and
concentration of displacing lon are plotted., The figure

shows that stralight llnes were obtalned, one for each
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initial concentration of ammonium acetate used, and that
the lines converge to a point on the y axls,

From an inspection of Fig. 1~7, inclusive, 1t was
apparent that none of the egquatlons represented accurately
the base exchange phenomena for Soil No,., 1062, Vageler's
equation and the modifled Vageler equation were definitely
not satlsfactory. DBoth equatlons gave a plotted value
for S which agreed well with the value obtained by leach-
ing, but the term C was not constant and would have to be

deternined for esch individual casse., The second modifica-
1

tion of Vageler's equation 3 = é""é%b (is;lg-) gave the nearest
approach to a straight line of any of the equatlions used,
but the slope of the line changed with the volume of solue
tion in contact wlth the soll. The equation derived by
Gapon most nearly presented a true plcture of the reaction
when all factors were considered. The eguation produced
stralght lines when varylng amounts of soil were added to
a solution of fixed concentration. For an explanation of
the curve obtalned in Fig. 6, see p. 72 and 73.

2+ The effect of soll-water ratic on 8 as obtained by
Vageler's equation.

In order to check Greene's (1l4) statement that S ob-
tained by plotting %.against % depended on the soile-water
ratlo, the data in Table I wers recalculated in terms of

soll-water, soll-salt and salt-water ratios and are
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presented in Table II. By inspection of Table II, 1t can
he seen that only In those experiments 1n which the soil-
salt ratlio was constant did the value of S remaln constant.
If the ratio of soil to salt was constant, then the soil=
water ratio could be changed fourfold without affecting
the plotted value for 8, I'lg. B8 shows this point more
clearly., The numbers given at each polint are the values
for § obtained when different amounts of socll were treated
in 125, 250 and 500 ml, solution with 50 and 400 m.e.
ammonium acetate, The numbers lz, 2z and 4z represent
salt-water ratlios of 1-2.5, 1«5 and 1-10, respectively.

In calculating the salt-soll and salt-water ratlos, the
value for salt was taken as 50 m.e. 1ln each case, The
valﬁea for 5 which lle on horizontal linea representing

a coustant salt~-soll ratlo were approximately constant.
Soll-water aend salt-wabter ratios were varied as much as
fourfold without causing 3 to change. it was to be ex-
pected that a change in salt-soll ratio would give different
8 values since it was shown in Fig. 1 that the slope of
the curve varied with the amount of salt used.

Flg. 9 shows more clearly the effect of sollesalt
ratio on the calculated exchange capaclty obtained by
using Vageler's equation. The points fall reasonsbly
close to a straight line and indisate & poaslble maxinmum

amount of exchangeable base of 20.5 m.e. This value



- 45 =

TABLE IX

Soll=water, 3o0ll-salt and Salt-water Ratios
for 8 Values on Clarion Loam

: t

Numbers H
from : 3% Plotted Using : H :

Table I:Vageler's EquationiSoil-water:S8oll-salt:Salt-water
: : 3 :

o e
>0 *9

1&2 20.0 1~40 B 1-5

3 & 4 19.4 1-10 l-4 1=2.5

5 & 6 19.6 1-20 1=4 15
7T&8 1843 15 1.2 1-2.5

9 % 11 18.3 1-10 1-2 1-5
135 & 14 18,2 1-20 1-2 1-10
17 & 18 17.7 1-3.75 1-1,33 1-25
19 & 20 17.9 1-7.5 1»1.,33 1-5
21 & 22 173 1-245 l-1 1=2.5
25 & 26 17.3 1-5 1~1 15
28 & 29 17.2 1~-10 1-1 1-10
32 & 33 15.2 1~3.3 1-0.67 1-5
34 & 356 13.5 1=2.5 1-0.5 1-8

#*Values from Table I.
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seems too high, but from the data obtained 1t appears

that 500 ml. of 1.0¥ ammonium acetate was not sufficlent
to displace all the basses from the soll, in spite of the
fact that doubling the amount of normal solution increased
the bases by only 0,1 m.e. In experiment No. 2 in Table I,
400 m.e, ammonium scetate In equilibrium in 250 ml. solu=-
tlon with 6.25 g. soll liberated as much base per gram of
soil as was obtained by leaching 25 g. soll with one liter
of normal solution.

Contrary to Greene's (14) findings, Fig. 8 shows,

that for Clarion loam, the values for & obtalned by plotting

Vageler's equation did not vary with the soll~water ratio
when the soll-salt ratlio was held constent. However, the
slope of the curves did vary with the soil-water ratio,

but the curves shifted so that they intersected the y axis

at the same point,

5. Base exchenge eguvations applied to Shelby loam.

Table III prasenis the dats for Shelby lcam, MNo. 17C.
This soll has a moderately scid topsolil to a'depth of
about 30 inches and a basic to weakly acid C horizon from
30 to 60 inches. Twenty-flve grems of soil was treated
with four different amounts of ammonium acetate in 250 ml.
of solutlon and the dlsplaced bases were measured. The
data obtained were plotted in Fig. 10, and curves gimilar
to those obtained for Soil No. 1062 (Fig. 1) were obtalned.



TABLE III

Bage Exchange from Shelby Loam No. 17¢

Soil Ko. 17e

HeBa

+_3* obtained by plotting
J

. ml. N PR S| Y2 2 B
No. So0il Sol'n. Added y ¥y x C2 X~y X~y : Vageler's Gapon's X=y X~y
1 12.5 128 5O 1l.4 8,75 .25 L1894 L029 .335 13.3 13.1 13.3 13.2
2 12.5 125 400 13.0 Te77 031 026 .004 .0S53
3 25 250 50 9.4 10480 50 .360 049  .465
4 25 280 100 10.9 9.17 .25 190 .028 .31 13.0 13.1 13.3 13.8
5 25 250 400 12.4 8.05 0635 .0BO 0078 .097 13.9 14.0 14.0  14.3
€ 25 250 80O 13.5 ?.40 031 026 004 .088
7 50 125 50 10.2 9.61 1,00 L.396 .116 1.18 13.2 13.9 13.2  13.3
8 50 125 400 12.7 7«87 4125 .051 016 .204
9 50 250 50 849 11420 1.00 515 .098 .87 12.7 12.8 12.9 13.4
10 50 250 400 12.1 8.27 4126 L070 L01§ .185
11 50 . 500 50 8,7 11,50 1.00 7235 L0895 835 12.4 12.5 12.7 13.0
12 50 500 400 11.8 8,50 .125 .098 015 .178
13 75 250 50 8¢9 11.20 1.50 .666 .154 1.38 12.2 12.6 12.5 12.6
14 76 250 400 11.7 8.66 «19  W133 022 L2456

5 Dy loaching ® 14.1, 14.8, 14.0, 13.5; ave. = 1440
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V&
The va1u34F plotted against %»aad C1

produced curved lines,
but when plotted azainst §§§ the best line through the
polnts was a straight line that intercepted the y axlis at
7.1 (8 = 14,1 m.e./100 g. soil).
| This soll shows some decrease in 8 by plotting when
wider soil-water ratlios are used. Fifty grems of soll in
126, 250 and 500 ml, solution containing B0 and 400 m.e.
smmonium acetate gave values for § of 13.8, 12,7 and 12.4,
respectively. ‘Thasa values represent a constant soll-
salt ratio, and Soll No. 17C 1s unlike No. 1062 In that
the same value for & was not obtalned when the soll-salt
ratio was held conatant,

The ﬁoil~water ratlio was held constant and the #oil-
galt ratio varied in the experiments involving 12.5 g.
soil in 125 ml. solution, 25 g. soil in 250 ml, and 50 g,
soil in 500 ml. solution. The value for S decreased as
the soil-salt ratioyinarsased in a manner similar to that

observed for Soil Yo, 1062.

4. Base exchange sguations applied to Tewa silt loam.

Tema #1lt loam, No. 19C, is a highly developed and
productive soll of sastern and east-central Iowa. It is
moderately acid to a depth of 36 inches or more and re-
mains slightly acid to a depth of at least 60 inches.

A serles of determinations were made on Tama silt

loam, No. 19C, involving from 6.25 to 75 g. of soil.

oo .
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Fifty and 400 m.e. amuonium acetate in 250 ml. of solutlon
were used for each welght of soils The results are pre-
sented in Table IV and Fig. 11 through 14.

Tigs 11 shows that % plotted againat % again produced
a curve whose slope was falrly constant until 1t epproached
the y axls.

When %.was plotted against vgé, two straight lines
were obtalned which intercepted the y axls at the same
point. This is shown in Fig. 12. Although 1t was not
so apparent for Soils Wo, 1062 and Ho. 17C, the same type

of curve resulted,

‘ 2
Mlge 13 and 14 show the curves for e QNA e, TO=

X=y x~-y?
, : ; top L -1 .1 2
spectively. The equation FEFt& (.i.g.i) agaln seemed to

glve the most nearly straight llne of the four equations
tested. The best straight line drawn through the points
gave a value for S of about 17,0 agalnst a value by leach-

ing of 17.2.

5. Pase exchange equatlions applied to Conover silt loam,
Fayette sIit loam, Lindley fine sandy loam, Milladale
Toam and & second GLArion Loane

Conover and Lindley serles have moderately acld A
and B horlzons and a weakly acld C horizon. Fayette silt
loam has medlum to highly acld A and B}harizoﬁs and a
medium to weakly aclid C horizon, wheress lMillsdale loam,
derived from limestone, has weakly acid, shallow topsoil

overlying the parent material.,



TABIE IV

Bases Exohanged from Tama 5ilt Loam No. 19¢
S0il NHo. 19¢

He®e ' ' : 8% obtained by plotting

Be ml. Wige 1 1 vy ¥ A A
No. Soil $Sol'n. Added y Y x L4 X=y x~y 31 Vageler's Gepon's x~y X~y
1 B.25 250 50 14.4 6,956 L1256 .218 .018 .262 17.4 17.4 17.4 17.6
2 6.25 250 400 16.9 5.90 L0168 .029 LOO3 045
3  12.5 250 50 12.6 7.95 .25 .298 .032 .41 17.2 17.2 17.4 17.6
4 12.5 2560 400 16.4 6.10 .031 L.040 L0056 .085
6 25 250 - 50 11.2 84,86 B0 .396 060 .87 16.1 16.2 18.5 17.0
6 25 250 400 15,3 6.56 063 .0556 .010 .15
7 3T.5 250 80 10.8 9420 .76 ;49 >.089 87 168.0 18.1 l16.3 17.1
8 37.6 250 400 16.2 6.60 -.094 .063 .0l4 .22
9 bO 250 50 9.9 10.10 1.00 ;550 '.110 «108 15.4 15.5 15.8 16.8
10 50 250 400 14.4 6495 .125 .076 018 .264
11 78 250 50 9.1 11.00 1.50 6756 .158 1.44 16.1 - 15.3 15.7 17.3
12 75 260 400 14.0 7.15 <19 093 027 .378

*§ Dy leaching = 17.2.

-ﬁggn
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Tables V and VI present the values obtained for S by
the four eguations for the five soils. PFlfty grams of
each soll was placed in 250 ml. solution containing 50
and 400 m.e. ammonium acetate. In addition to this, three
points were obtained for Soil No. 7C and S determined for
25 g. of No. 11C. (See Table V.)

guite good agreement was obtained between 3 by plotting
%. SN § (i.g;) and S by leaching, The largest deviation
was for No. 11C on 50 g. soll where a difference of
0.3 me0./100 g. s0il was obtained.

801l No. 4C, a second Clarlion loam soil, was the only
soll tested in which 5 by plotting Vageler's and Gapon's
equations agreed with 5 obtained by leaching. The same
type of curves resulted when the data were plotted,lbut
when the best curve was drawn through the polnts and
extrapolated the Intercept wes sbout 5.15 (S = 19.4 mee./
100 g. aoil).. This corresponded to the value for S ob-
talned by leamching Clarion loam 5o0il No. 1062,

6. Application of Vageler's and Gapon's equations to ex=-

%han eable H+ In hydrogen saturated Ciarion loanm,
O .

The following experiments were performed to determine
if Vageler's and Gapon'!s equatlions could be applied to the
exchangeable hydrogen in the soll.

An H* saturated Clarion loam, No. 1062, was obtained

by intermittent leaching of 100 g. of the soll with 50 ml.
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TABLE V

anged from Conover Silt Loam, No. 7C;

Fayette 8ilt Loam, No., 9C; Lindley Fine Sandy Loam, No., 11C;

and Millsdale Loam, No. 12C

Moo y in ) S by Plottlings
e WH4' m.e./100 gZa2 y_ t _y=
No. Soil Added Soil tVegeleris:Gapon's; X-y : X~y
(Soil o, 7Cu:)
1 50 50 8.1
2 B0 200 10.6 11.9 12,0 12.2 12.8
3 50 400 11.3
(801l No. Cuu)
1 50 50 6,97 1l.2 1l.4 11.7 12,6
2 50 400 10.48
(Soil No. 11Cux)
1 25 50 840 11,3 11.5 11.6 1240
2 25 400 10.8
3 50 50 6,89 10,7 10.8 10.9 11.7
4 50 400 10.0
| {8011 YNo. 12C:%)
1l 50 50 6«35 9,35 945 9.5 1040
2 5O 400 8,87
#Volume of solution = 250 ml.
##5011 No. - S by lesching Ave.
7c 13.0, 12.96, 13,14, 12.85 13.0
gc 1207' 1204" 12‘? 1206
116 12.2, 12.24, 12.17 12,2
12C 10,0, 10,0 10.0
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TABLE VI

Bases Exchenged from Clarion Loam, No. 4C

MeCo ¥y in : S from Plottings

. Bage m.e./100g.: : t ¥yt 32

No. Sollsxs Added Soil tVageler's:Gapon's; X=-y : X~y
3 : H H

1 12.5 25 13.1
2 12.5 100 1643 18.9 18,9 19.2 19,8
3 12.5 200 17.8
4 25 25 12.5 18.8 18.9 19.2 20.2
5 35 200 17,7
6 50 &0 12.2 18.5 18,7 18,7 20,0
7 50 400 17 .4

#3 by leaching = 18.8, 18.8, 18.8; ave. = 18.8.
#wVolume of solutlon wes 1206 ml. in experiments 1 to 5,
inclusive, and 280 ml. in 6 and 7.



of normal HCl until the pH of the leachate was constant.
Thia required about 1.5 liters of solutlion. The ;i satu-
rated soll was then leached with two 50-ml. portions of
95% aleohol and dried overnight in an oven at 105-110°C.
The pH of the H' saturated soil was 3.74 when determined
in a 1 to b water auapenﬁion by a glass electrode.

Ten grams of H' saturated No. 1062 was allowed to
stand for twenty-four hours in 100-ml. solutions of NaCl
contalning from 10 to 400 m.e. Na*¥. The solutions were
shaken four or five times during the first twelve hours
and then éllowed to stand overnight. Fifty milliliters
of the supernatant liquid was plpetted from the solutlon,
the pH determined by the glass electrode method, and the
H* liberated determined by titrating the solutlon wilith
O.2N NaOH to the end point of methyl orange.

The same experiment was carried out using CaCl, in
place of NaCl. The data for these experiments are shown
in Table VII. Fig. 15 and 16 show that Vageler's equation
was much more satlsfactory than Gapon's for exchangeable H+.
Since the Na' and H' are both monovaslent, the peaction is

XH + Na' === XNe + H' and Gapon's equation becomes
1_1,1 .5
& = ﬁ;+iﬂ:f55)’

It can be seen from Table VII that Ca'* was more
offective than Na' 1in displacing H' from the soil, This

was especlally true in the most dilute solution where
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TABLE VII

q* Exchanged from Hydrogen Saturasted Clarion Loam

¥y in
m.e. Salt/ me.e. HY/ 1 1 C1 C1
10g. Soil% 10g. Soil Yy X Cg VCo pH e

(NaCl on H' Sat. No. 1062)

10 «212 4.72 1.00 0217 ememe 3,27
20 317 3.16 +50 2016l  wmm== 3,26
40 472 2.12 25 20119  wwwe-  3.22
80 « 590 1.70 «1256 0073  wwme= 3,18
120 720 1.39 083 L0060 wm=-= 3,10
200 « 741 1.35 050 L0037 ew==e 3,01
300 732 1.36 033 0024 eew-=e 2,91
400 770 1.30 025 L.0019 oew-= 2,83

(CaCly on H' Sat. No. 1062)

10 +445 2.24 1.00 »093 «02085 wwe=-
20 «565 177 .50  .088 018l  www-
40 «657 1.52 25 033 +0148 wwwe
80 «706 l.42 »125 ,018 «0112 wewe
120 770 1430 083 ,013 0100  wwm-
200 «813 1.23 050 ,0082 .008l www-
400 «835 1.20 0285 .0042 «0059  www-

#*10 g. sgil in 100 ml, solution in each case.
##pH of H sat. so0il = 3.74,.
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10 m.e. Ca** displaced more than twice as much H' as the
10 m,e. Na',

Fig. 15 shows that Vageler's eguation was satisfactory
for the data obtained by NaCl on the HY saturated soil.
ﬁapon’a equation did not give a straight line but curved
to intercept the y axls at about the same point as Vageler's.

In Fig; 16 Vageler's and Gapon's equations were ap-
plied to the data for Ca'* on H saturated Glarion loam.

The terms x and y in Vageler's equation represent the
milliequivalents Ca'® added and the milliequivalents H'
exchanged in 100 g. of soll, respectively. The reaction,
according to Gapon, should be written XH + jCe**== XCa} +H'
and tha equation should be %~: %;+5%L.E§)' Since this
squation produced such a sharply curved line, the egquation
1 1» KP(CI)’ the same as used for Na' on H' saturated
3911, was tried and found to be much better than the squa=-
tion using Vﬁ”‘ In these equatlons, P represented the
milliegquivalents H~ excnanged end C; and Cg represented
the equilibrium concentrations of H' and Ca’*, respectively.
Vageler'!s equation gave a line which curved slightly as it

approached the y axls, whereas Gapon's equationA% c %;+
KT‘( 1) produced a curve whose change in slope became
amaller as 1t approached the y exis. Both curves extrapo-
lated to the y axis to give a total exchange capacity for

Y of 8.7 m.e. per 100 g. soil, Thls value, and also the
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value obtained wlith NaCl, agreed with the exchange capaclty
for GCa at approximately the same pH. (See Fig. 17.)

7. Bffect of the pH of lemching sclutions on the exchange
capacity Orf Ee?i Vo, 1062. ‘

Table VIII presents the base exchange capacities ob-
tained when Soll No. 1062 was leached with salt solutions

of varying pH's. A 100 g. sample of untreated, alr-dry

TABLE VIII

Base Exchange Capaclty of Soill No. 1062 When
Saturated by Leaching with Solutions at Different pH's

Leaching pH of Leachate m.e. Catlon

Solutlon# at Equilibrium Held by Sollus

1K CaClg 7.00 22.5

1N CaClp 6,90 22.15

1§ CaClg : 6.65 21.4
Untreated Scoll 5.90 19,1

1 CaClg 5660 17.8

18 CaClg 2,70 8.5

#Ad justed with HCl or Ca(Qi)p to give pH desired.
##100 g. soll.

Clarion loam, with a pH of 5.9 in a 5:1 solution and ex~
changeable bases by leachlng of 19.1 m.e. per 100 g. soll,

wes placed in a Buchner funnel and leached with 1N CaClg
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whose pH had been adjusted to approximately the desired
value with HCl or Ca(OH)p. The intermittent leachling was
continued until the pH of successive leschates was cone
stant and this value recorded. The salt solution was
washed from the soil by lsaching with a small amount of
distilled water followed by 95% ethanol until no positive
test for caelclum could be obtalned.

The exchangeable Ca** held by the soll was determined
by leaching 25 g. of Ca*? saturated soil with 500 ml. of
1N ammoniﬁm acetate in 100-ml. portions and analyzing the
leachate for Ca*' by the volumetric oxalate method. It
can be seen from Table VIII that the amount of exchangeable
base held by the soll decreased rapidly as the pH of the
sabturating soclution decrcased. Flg. 17 shows that there
was & linear relationship batwaen’the amount of base held
by the soil and the pH of the leaching solution. It 18
of interest to note that the amount of exchangeable base
held by the untreated soil (19.1 m.e,/100 g. soll) was
practically the same as that which would have been retained

by the soil if leached with a solution of CaClB at pH 5.9,

8. pH and buffering capascity of ammonium ascetete solutions,

Since 1t wes shown in Table VIII that the base ex~
change capacitvy could be changed markedly by a small change

in pH, the pH of the various ammonium acetate solutions
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used was determined. Also, the effect of adding H* to

esach solution was noted and the data recorded in Table IX.

TABLE IX

pH of Ammonium Acetate Solutions
of Varying Concentrations with and without Acld Added

*
L3

mess P :
ammoniums: 3 H pH with : pH with
gcetate smle. 80l'n,: pH ¢ 1 m.e. HY added : 2 m.e. H' added
3 3 : :
400 - 188 7.20 7.02 6.95
400 250 5.94 6.87 8479
400 500 6 .87 6475 6467
400 1000 6.82 6467 6.60
50 125 6.82 6.58 6.10
50 250 6476 6428 8.04
50 500 8470 ' 6.25 6.00
50 1000 6465 6,25 6.00

Elght solutlions with volumes and amounts of ammonium
acotate indlcated in the first two columns of the table
were made up and thelr pH determlned by the glass electrode.
To each scolutlon was added one milliequivalent of 2t as
HCl and the pH redetermined. This process was repeated
to obtain‘the data in the last column.

A decrease in concentration of ammonium acetate caused

a decrease in pH of the solution, and the additlon of il
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lon was more effective in reducing the pH as the dilution
incressed. Also, as the volume of the solutlon increased,
the dlfference in pH between the solutlons containing 50

and 400 m.e. amonium acetate decreased,
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IV. DISCUSSION

It hes been pointed out that Vageler's and Gapon's
equations differ in two respects. Vageler'!s equation

- .é; +$}E: (1) Goes not take into account the effect of

¥y x
the displaced ilon on the equilibriuwm or the effect of
dilution. The V§1 term In Gapon's equation 1s conditioned

T2
by these two factors. Theoretically Gapon's equation is

preferable and sctually does glve slightly better values
for 3 and more nearly straight lines when graphed.

Vageler's omission of a term corresponding to Cy in
Gapon's equation did nét seem to be too important when
large amounts of salt were used, that is, when C, was
small as compared with Co. However, the fallure to ex-
press the displacing lon in terms of concentration caused
a consliderable difference between Gapon's and Vageler's

equations. Dilution caused the slope of a line drawn

between any two points to decrease slightly when Vgl
2
was plotted agalnst (%Q but the slope increased markedly

1 vCy
whan‘(ﬁ) replaced EE.

The data obtained clearly show that neither Vageler's
nor Gapon's equation produced & straight line when applled
to the data obtalined from the unsaturated soils of Iowa.

The question naturally arlses as to why they fail under
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these conditions., The cause for the fallure of the equa~
tiong %o produce stralght lines is apparently assoclated
with the H' in the soil and with the pH and buffering
capacity of the various ammonlum acetate solutlons used.

Attention has been called to the straight lines pro-
duced by Gapon's equation when the data, obtained by treat-
ing varying amounts of soil with the same volume and cone
centration of solution, were plotted. The lines converged
to a polnt on the y axis, and the higher the concentration
of the solution, the grester was the slope of the curve.
The substitution of actlivitles for concentrations in
Gapon's equation falled to bring the lines in Flg. 7
closer together or to straighten appreciably the curves
obtained in Fig. 1.

Table IX shows that the pH of dilute ammonium acetate
gsclutlons was lower than thaet of more concentrated solutions,
and the difference in pH between them was still greater
after the same amount of acid had been added to both,

The hydrogen lon was shown (Table VIII) to be very effec-
tive in reducing the base exchange capacity of the aoll,
Since the base exchange capaclty was lowered as the pH

of the solution in contact with the soll was lowered, it
geemed probable that the amount of base liberated by a
given amount of displacling ion would be increased as the

pH of the sclutlon was decreased. If this was true, the
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values obtained for &-1n dilute solutions would become

leas as the pH of ch%e solutions decreased, and the
slope of the line would llkewise be reduced.

A curved line resulted when Gapon's equation was
appllied to data obtained from experiments In which the
amount of soll was held constant and the salt and water
varied. As less concentrated ammonium ascetate solutions
were used, the pH decreased and the amount of bases liber-
ated w&a too large to produce a stralght line when Gapon's
equastion was graphed. This excess in bases exchanged from
the s0il might be explained by Schoflield's (24) equations.
The squation =S10H <= =810 + HY would be shifted
to the left by a decrease In pH and the =8i0" would
lose its capacity to hold bases. In sddition, 1f the
positive -A1Z0H was formed by the reaction E' + «Al=0 =5
~Ai10ﬁ, it would tend to neutrallze the negative ISiC
and eliminate the bases from the complex,

From Fige 1 it can be sesen that Vaéeler'a equation
produced a curve that wes approximately the same as Gapon's
when the volume of solution and the amount of soll were
held constant. Since the two equations are so similar,
the explanation glven for the fallure of Gapon's equation
to preoduce a stralght line in this case msy also be given

for the curves obtained when Vageler's equation was used,.
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Dilution had a much greater effect on a solution
contalning 50 m,e. ammonium acetate than on one contain-
ing 400 m.e. Thus the slope of the line comnecting polnts
on & graph corresponding to these two amounts of salt can
change markedly with only slight change in the intercept
on the y axis, (%}. When the solle~water ratio is changed
by dilution, the value for 8 may or may not be constant,
depending on the effect of dilution on the relative amount
of bases liberated 1in the two experliments. A change in
the solle-water ratlec due to a variation In the amount of
soll necessarily changes the value of 8§ c¢alculated from
Vageler's equation if the amounts of salt are held con-
stant. This happens because each different amount of soil
is represented by a pair of points on a curved line.

Table IX shows that dilution caused the difference
in pH between a solution containing 50 and 400 m.e, ammonium
acetate to become smaller, It follows that the gresater the
volume of solution for the same amounts of soil and salt,
the more nearly straight should be the curve. Filg. 3
sﬁcwa;thia to be the case. Varying amounts of soil and
salt In 125, 250 and 400 ml. of sqluticn produced three
separate curves whose change In alope decreased as the
volume of solutlon increased,

When Gapon's equatlon was assumed to glve a straight

line and two polnts were used to determine the line, 1t
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was noted that the values for 38 decreased as the amount

of soil added to the two solutions of different concentra-
tion incressed. This was apparently due to the lower
buffering capacity of the more dilute solution and the
consequent decrease In pH which caused san excessive amount
of bases to be exchanged.

The equation %- = é-{- .;5}3} (3&?) was but little better
than Vageler's since it did not correct for dilution
effects, The same objection is true for the equation
% =%+ 4 (.igg). Although this last equstion gave the
most nearly stralght line for a glven volume of solution,
the slope of the line changed with any alteration 1n the
volume of the solution, ‘

Ammonium acetate was used in the experiments for the
reasons glven by Schollenberger (25), namely, solutions
of ammonium acetate in water were nearly neutrsl and more-
over they possessed a certaln buffering capacity which
tended to keep the pH of the solutions approximately the
same as that of the solls tested. However, it appeared
that the buffering capacity of ammonium acetate was not
great enough to overcome the efiect of change in pH on
the base exchange capacity of solls tested.

In order to apply Gapon's equation to base exchange

in the fleld, the amount of molsture must be known so

that C; and Cg may be caloulated. Instead of Cy and Cg
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in moles per llter, the tarms-% and Eﬁl:may be used, where
y 1s the milliequivalents of base exchange per 100 g. soil,
x is the milliequivslents of displacing lon added to

100 g+ s0l1l, and ¥ 18 the per cent moisture in the soll,

If Cy 18 8 divalent ion,\ég; may be used, and the equa-

tion becomes

If y is small compared with x, then the egquation may be

written

but the determination of y when x is known involves the
solution of a cublc equation. When the amount of displac-
ing ion needed to llberate a glven smount of base is cal-
culated, the equation 1s agsin cumbersome since the value
of X changes wlith the concentration of the dlsplacing ion.
Calculatione by Vageler's equation are simple but lack the

accuracy that CGapon's equatlon is capable of giving.
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V. SUMMARY

1. Vageler's (29) equation for base exchange
%. = é +§% (%) was tested on some Iowa solls. The data
obtained did not produce a straight line on plotting
when this equation was used. Although the same value
for 85 was obtained when complete curves were drawn, the
slope of the curves varled with the soil-water ratio.

2. Gapon's (11l) equation for base exchange
% :'%,+§%afvg§) was tested and found to produce straight
lines only when the same concentration of the displacing
ion was used. Straight lines with increasing slopes were
obtained as the concentrations were increased.

3+ The equation %g; = %- +§'b ‘3&‘??’ produced a straight
line for each sollewater ratio when x and y were expressed
in milliequivalents per 100 g. soil.

4, Changes in soll-water ratio may or may not change
the value of § obtesined by plottling Vageler's equation
when the equation 1s assumed to produce a straight line
and only two points are chosen to locate the line,

5. The pH of leaching solutlons had a marked effect
on the base holding capacity of Clarion loam and the
decrease in holding capacity was a linear function of

the pH.
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8. Vageler's equation proved satisfactory for ex-
changeable H* from hydrogen saturated soll when a single
soll-water ratio was used.

7+ The fallure of Gepon's equation to produce stralght
lines at varlous conceéntrations of displacing ion was at-
tributed to the differences in pH and buffering power of
the solutions and the conssequent change in base exchange

capaclity.



VI. LITERATURE CITED

1. Antipov-Karastaev and Antipova-Karataeve, Dolkuchaev Soll
- Inst. (U.S.8.,Re), 1935, p. 171-86. Original not seen.
2ok y MMy 5 (1956 .

2, Aten, Proc. Acad., Sci. Amsterdam, 38, 441-9 (1935).

3., Barbier, Ann., Agron. / W.S. 7, 5, 765-80 (1935).

4., Brown and Walker, Ia. Agr. Expt. Sta. Rept. of Agr.
Research, 1952, p. 86-7.

5. Cralg, Mauritlus Dept. Agr., Sugar Cane Research Sta.,
5, 21-39 (1934). Original not seen. / C. A., 30,
To1 (1936)/. -

6. Demolon and Barbler, Compt. rend., 188, 644-6 (1929).

7. Eaton and Sokoloff, Soil Sci., 40, 237-47 (1935).

8. Freundlich, Z. Physik. Chem., 57, 385-471 (1907).
Original not seen. / C. A., 1, 1094 (1907)7.

9. Fudge, Soil Sei., 40, 269-84 (1935).

10. Ganssen, Centr. lMlneral. Geol., 1913, p. 699-712, 728«
4l, Original not seen. In Jemny, J. Phys. Chem., 36,
2217-58 %1932).

11, Gapon, J. Gen, Chem. (U.8.8.R.}, 3, 144-63 (1933).

12c k) Jo Gex&. Ch@m. (UQS.SQR.)’ é, 660"9 (1953).

13, Getman and Danlels, "Outlines of Theoretical Chemistry,"
5th ed., John Wiley and Sons, Inc,, New York, 1931,
}_3 [ 238"42.

14. Greene, Trans. 3rd Intern, Congr. Soll Seci, (Oxford,

4

16, Hillkowitz, Z. Pflanzenernahr. Dingung Bodenk., 11A,
229-64 (19287,

16, Jenny, J. Phys. Chem., 36, 221758 (1932),

17, Kawashime, J, Sci, £oll Menure, Japan, 11, 455-7 (1937).




18.
19.

20.
2l.
22.
23,

24.
25.
26,

27,

28,

29.

30.
31
524

w B0 =

Langmuair, J. Am. Chem. Soc., 40, 1361-1403 (1918).

Marshall and Gupta, J, Soces Chem, Ind., 52, 433-43T
(1933) «

Mattson, $Soll Sei,, 32, 343-65 (1931).
Mitchell, J. Am, Soc, Agron., 24, 256-75 (1932).

Puri and Uppal, Soil Sci., 47, 245-53 (1938).

Pyranishinikov and Lukovnikov, Z., Pflanzenernihr.
Dungung Bodenk., 104, 232-7 (1928).

Schofield, Scils and Fertillzers, 2, 1-5 (1939).

Schollenberger, Sclence, 65, 52-3 (1927).

Slater and Byers, U. S. uept. Agr, Tech, Bull, no., 461
{1934).

Steenberg, Trans, 3rd Intern, Congr., Soil Sci, {(0xford,
1935), 1, 138 (19357,

Tyulin and Bystrova, Trans. 2nd Intern, Congr. Soll
Sci. (Leningrad, 19307, 2, 85-107 (19337,

Vageler and Woltersdorf, Z. Pflanzensernahr. Lungung
Bodenk., 15A, 329-42 (1929).

Vanselow, Soil Sci., 33, 95-113 (1932) .
Wiegner, J. Landw., 60, 111-59 (1912).
williems, J. Agr. Sci., 22, 845-51 (1932).

PSRN



- 81 =

PART IIs ACID OXIDATION METHOD FOR
DETERMINIRG SOIL CARBON
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I. INTRODUCTION

The use of a wet oxidatlon method for the determination
of cerbon in organlc substances was attempted as early as
1848 by Rogers and Rogers (27). Since that time many and
varied methods have been tried wlth varylng success., The
wet oxidation method was not satisfactorily applied to
‘soills until 1914 when Ames and Galther (5) reported a
method using chromic~sulfurlc acid. Several workers had
previously tried chromlicw~sulfuric acld oxidation but failed
to obtain complete oxldatlon, apparently due to insuffl-
clent heating of the reaction mixture.

Since 1914 a number of methods have been devised,
both for complete oxidation to COp and for partial oxida-
tion. The latter methods require the use of a factor to
convert the amount of oxidation obtalned to that which
would have been obtained had the reaction gone to comple-
tion. The complete oxidation methods mest with the ob-
jectlions that they are too time consuming or require too
complicated an apparatus. The factor used in the partial
oxldation methods is not constant. It may very for 4if-
ferent solls or for different horizons of the same soil,

Although the dry combustion method for determining
carbon in soils is without doubt the most accurate, the

apparatus 1s expensive and the procedure time consuming.,
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The dry combustion method 1s not readily applicable to the
determination of carbon In soll extracts,

With the objections to the existing methods in mind,
1t seemed advisable to attempt to devise a wet oxidation
method which would completely oxidize the soll carbon
and measure the COy liberated in a relatlvely short time

end in a simple, inexpensive apparatus.
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II. HISTORICAL

A successful wet oxidatlon method for the determina-
tion of carbon was reported by Rogers and Rogers (27) in
1848, Graphlte samples were oxidized In a sulfuric acid,
potasaium dlchromate solution after they had been ground
with 30«35 times thelr welght of silica. If the grinding
was efficlient the sample could be oxidized completely in
thirty to forty minutes. Heat was applied directly to
the reaction mixture with a lamp and the COp liberated
was absorbed by KOH in a Lieblg tube and determined gravi-
metrically.

Warrington and Peske (36) attempted to apply a simi-
lar method to the determination of soil carbon but came
to the conclusion that complete oxlidation could not be
obtained. Thelr procedure differed in two points from
Rogers and Rogers, both of which would tend to decrease
the efficlency of the oxidation. Warrington and Peake
used a 5~2 sulfurle acld - water sclutlion and heated the
reaction mixture only to the temperature of a water bath,
They carried out the digestion for four to five hours or
"as long as there was any action," but only 72-83% of the
carbon was liberated by this treatment.

Another fairly early abtempt to apply wet oxidation

to soils was made by Cameron and Breazeale (9). Their
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procedure called for the use of concentrated sulfuric acid
and for application of heat for ten minutes after fuming
started. Low results were obtained, probably due to lack
of sufficlent digestion and to the decomposition of chromic
acld which occurs in hot concentrated sulfuric acid. If
carbonates were present they were removed by treating with
e 1:6 Hgso4 solution. It was their opinion that the

values for carbon ebtaiﬁed by wet oxidation were more
representative of the carbon held as muwms than dry com-
bustion values.

There have been several wet combustion methods de=
scribed which llberate and measure all the carbon present
in the soll. Ames and Gaither (5) were the first to show
that complete oxldation of soll carbon could be obtalned
by a ehromic-~sulfurlec acid solution. The method proposed
by Adams (1) determined the total amount of carbon present
by means of a fairly simple, easlly made apparatus, but
the time necessary to meke a determination was from forty
minutes to one hour. However, the apparatus was such
that a series of ten or twelve determinations could be
run simultaneously.

Alper (4) introduced the use of an‘evacuated absorpe
tion flask for the collectlon of the liberated carbon
diloxide., She found that complete absorption was not ob-
tained in a tower unless the rate of aspiration was slow,

The substitution of the evacuated absorption flask for the
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absorptlion tower made it possible to carry out the oxida-
tion more rapldly., Alper'’s apparatus and procedure are
more complicated than Adams' since they include the use
of & hot combustion unit and a manometer. Alper was able
to carry out the digestion of the sample and absorption
of the COp 1n thirty minutes. Both methods of analysis
apparently give results that are as accurate as standard
methods for sampling soils,

Christensen, Simkins and Hiatt (10) reported a wet
oxldatlon method for soll samples of approximately 0.25 g.
which required twenty minutes to complete, but the results
obtained were in error by as much as 10%4. The carbon
dioxide liberated was absorbed in standard barium hydroxide
solution, and the excess barium hydroxide was titrated with
standard acid using thymol blue indicator. They found that
the addition of & ﬁl. of acetone sharpened the end point
of the indicstor.

In addition to the chromic-sulfuric acid oxidation,
several other methods of determining total carbon in soil
have been employed. Robinson, McLean and Williams (26)
absorbed the 30s from a Kjeldahl digestion in a standard
1odine solution and titrated the excess lodine. Fech
atom of carbon present was squivalent to two molecules of
302 or four atoms of lodine. They found that unless the

8olls were ground to pass a 100-mesh sieve, low results
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were obtalned. One point in favor of the method is that
carbonates do not interfere with the reaction. Both acid
and alkaline KMnO; oxidations have been tried. Puri (24)
reported an alkaline XMnO4 oxldation method in which the
excess permanganate was tltrated after the reactlon mixture
had been bolled for ten minutes. Incomplete oxidation was
obtalned necessitating the use of a factor to convert the
per cent carbon obtalned to the per cent present as shown
by dry combustion., Nostltz (21) was not able to obtain
complete oxidation of soll carbon by Kiﬁno4 in an acld solu-
tion when the aolution was beiled for fifteen minutes,.

Hardy (18) and Cross and Bevan (11} reported gaso-
metric methods for the determination of soil carbon. The
volume of gas collected was the same whether complete oxi-
dation to COp was obtained or whether some of the gas re=-
mained in the form of CO. Both methods used chromic acid
as an oxldizing agent in sulfuric acid solutions, but
they falled to give results that were as high as those
obtalned by dry ccmbustion.

The earllier methods used elther concentrated sulfuric
acid or sulfuric acild diluted with varying amounts of
water, Since chromic acld decomposes in hot concentrated
sulfuric acid, it was found advisable to dilute the acid.
If the chromic acld decomposed, the sulfuric acid acted as
the oxldizing agent and llberated SOge. Schollenberger (28)
found that 30y prevented the complete absorption of COg
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in barium hydroxide Iin a bead tower absorption. He sug-
gested the dilution of sulfuric acid with phosphoric aecld
in order to maintain a high bolling point and atill prevent
the decomposition of chromic acid.

Since both SOQ and 805 act to neutralize the absorbing
solution, they must elther be prevented from forming, sepa-
rated from the CO, before 1t reaches the absorbing unit,
or corrected for by precipitation and double titration.
Schollenberger (28) pointed out that the dilution of sul-
furic acld with phosphoric minimized the formstion of
fumes during the direstion of the sample. Tiurin (32),
White and Holben (37) and Cameron and Bresazeale (9) passed
the gases through concentrated sulfuric acid In order to
remove both 30, and S0z. Adams (1) led the gases through
glass wool saturated wlth constant boiling sulfurilc acid,

A dry U-~tube absorption of 802 and 803 was effected by
Heck (19) by satureting pumice with constant boiling sul-
furic acid. Alper (4) corrected for the absorption of
50y and 50z by the following procedure. The gases were
allowed to be absorbed by barium hydroxide solutlion and
the excess barium‘hyﬁraxida nsutralized to phenolphthalein
with O.2N HCl. Five milliliters of hydrogen peroxide was
added and the solution bolled for two minutes in order to
oxldize any BaS0z to BaSO,. FExcess 0.2N HCl was added,
the solution bolled to expel COg and the exceas acid
titrated with 0.2 NaOH to methyl red end point.
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Chlorine or chromyl chloride must be prevented from
reaching the absorption chamber if sccurate results are
to be expected from any of the wet oxldation methods.
In Crowther's report (12), it was mentioned that Cr0gClg
was formed when solls containing large amounts of chlorides
were analyzed by Schollenberger's, Tiurin's and Walkley and
Black's methods. The two most common methods for eliminat-
ing the error due to chlorides have been the addition of
silver or mercury salts to the reaction flask and the abe
sorption of ehlorine gas by passing 1t through or over
various absorbents, Tlurin (32) and Walkley (34) recom-
mended the addition of silver sulfate to the chromic-
sulfuric aclid solution to prevent the lliberation of chlo-
rine. Garbarov (17) claimed that if the chloride content
of the soil was above 0,2%, the addition of silver sulfate
would not eliminate the error due to the presence of chlo-
rine. Subrahmanyan, Narayanayya and Bhagvat (31) added
aillver sulfate, mercuric sulfate or mercuric oxide to the
digestion mixture to correct for the presence of chlorides.
Walkley (34), Ames and Gaither (5) and Cameron and Breazeale
(9) led the COp through a solution of AggSO4 in HpS04 in
order %o remove any chlorine present. A bead tower con-
taining NaHS0y; was used by Alper (4) and a U-tube contain-
ing pumlce saturated with an Agg504 solution served to re-
move chlorine in Heck!s (19) method. A XI absorption unit

was used to remove chlorine in the method of Christensen,
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Simkins and Hiatt (10).

The fallure to remove or correct for chlorides in
the s0ll usually caused high results, However, Crowther
{13) in the second report of the Organic Carbon Committee
mentioned that he had received a report from J. M. Shewan
atating thet e saline soll gave low results by a wet oxie
dation method, The chlorine formed in the procedure was
removed by paesing the gases over powdered PbCr0;. Walkley
(34¢) obtained low results in both wet oxidation and dry
combustion methods when increasing amounts of chloride
were added. The soll samples were treated with AgoS04 in
HpB80,4 solutlons before wet oxldations were run. This
procedure tied up the chlorldes present in samples that
contained 1é.ss than 2.5% chlorine.

Rogers and Rogers (27) claimed that 1t was necessary
to wet thoroughly the silica-graphite mixture before
adding sulfuric acld for the wet oxidatlion., In the deter~
mination of nitrogen by the Kjeldahl method, Bal (7) noted
that wetting the sample before the dlgestion produced
higher results in heavy clay soils. He attributed the
low results obtalned from the dry samples to the formation
of aggregates due to the dehydrating effect of concentrated
sulfuric acid on the silica in the soil. The aggregates
were thought to protect mechanically part of the o ganic
matter originally present in the soill, Walkley (34) was
able to find very llttle effect due t§ the addition of
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water before digestion of the sample exocept in heavy alka-
line solls.

The method used at the Budapest laboratory, as reported
by Crowther (12), passed the gases through & hot Cul0 tube
to insure complete oxidation to COg. Other workers have
thought ﬁh&t all the carbon was not oxidized completely in
wet oxidation procedures snd have used a dry combustion
unit. Alper (4) checked on the head of a dry combustion unit
and faunﬂ that only aligh%ly higher results were obtained |
when it was used., OChristensen, Simkins and Hiatt (10) made
use of a slow combustion unit of the type used in gas analy-
sis in order to insure the absence of any CO.

Beveral catalysts have been found which epparently
speed up the rate of oxidation in chromic-sulfuric acld
solution, The report by Crowther (12) mentioned the use
of meroury at the Budapest laboratory and AgpS80, at the
Leningrad laboratory. Komarova (20} used HgS04 as a
catelyst and Alper (4) used a mixture of 10 parts selenium
to 100 parts Kg804 to ald the potassium dichromate oxida-
tion. |

Instead of sweeplng the system with COgefree air,

Adems (1) used a atraam'of»exygan to flush the carbon
dioxide into the absorbent and to aid in the oxidation.
Degtjareff (14) added HpOp to aid the chromic-sulfurie
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acld oxidation. He claimed complete oxidation in one
minute of vigorous swirling in this mixture. In this
méthod the excess chromic acld was titrated with staendard
FeB0, solution using diphenylamine indicator. He realized
that the HpOp decomposed the chromic acid and consequently
subtracted a blank from the titration values for solls.
Walkley and Black (35) stated that the reaction between
HoO0p and chromic acid was different in the presence of
801l than in pure solutions. Since the presence of H202
dedompcsed and weakened the concentratlion of the chromic
aclid, Walkley and Black considered that the only function
of the HgOp was the addition of water which would generate
heat when mixed with the concentrated sulfuric acid solu-
tion.

It 1s often desirable to distinguish between car-
bonate carbon and organic carbon in soils. The chromic-
sulfuric acid wet oxldation methods decompose the car-
bonates with the liberation of COge In such methods it
is naceéaary either to destroy the carbonates before oxi-
datlon or correct the final results for the carbonates
present. In Crowther's (12) report two methods for cor-
recting for carbonates were given. In one method the
carbonate carbon was determined by boiling the soll in an
HC1 solution containing FeCl, at a reduced pressure. The
other method decomposed the carbonates by aération in

dilute sulfuric acld for forty-five minutes or by boiling
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in dilute sulfuric acid for five minutes at a pressure of
5«6 cme Hge Schollenberger, in Crowther's (13) second re-
port, stated that sulfurous acld wes the only one satls-
factory for the removal of carbonates because 1t was a
reducing agent and prevented oxidatlion by manganese oxldes,
Tiurin (32) aerated the soll with 1:1 HpSO4 for thirty
minutes to remove carbonates before adding KglrgOy and
AgoSOg4e A 1:6 Hp804 solution was used to remove carbonates
by Cameron and Breazeale (9), but Subrahmanyan (30) claimed
that HzPO4 was better than Hp504 for the decomposition of
carbonates., The official A.0.A.C. method (6) calls for

the use of SnClg 1n HCl for the determination of carbonates
in the soll.

The two most common methods used to determine the COg
in wet oxldations have been absorption and welghing, and
absorption and titration of the excess absorbing agent,

O0f the titration methods, the absorption of COp in standard
Ba(OH)g and titration of the excess Ba(OH)g is the simplest
method, Adams (1) used phenolphthalein indicator for this
titration whereas Christensen, Simkins and Hiatt (10)
preferred thymol blue indicator. Although Alper (4) did

not use standard Ba(OH)g, she absorbed the COp in Ba(OH)g

and neutrallzed the excess using thymolphthalein. Ames

and Gaither (5) absorbed the COy in 4% NeOH and determined
the amount of COy by a double titration using phenolphthalein
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and methyl orange. Adams (1) compared the double tiltra-
tion method using NaCOH with the single titration method
using Ba(OH)o and found both to be satisfactory. Friedmsn
and Kendall (15) absorbed the COp 1n Na(H, preclpitated
the carbonate with BaCl, and titrated the excess NaCH with
standard HCl using phenolphthalain.1ndicator. The titra-
tion was modifled by Alper (4) to correct for the presence
of any absorbed SO0s. This was done by neutralizing the
excess Ba(OH)g to thymolphthalein, adding 5 ml. of Hy0g
and boillng for two minutes to Insure oxldation of BaS0z
to B&SOQ. Methyl red Iindicator was then added, a measured
amount of standard €l was added in excess, the solution
was boiled to expel COp and the excess HC1 titrated with
NaCH. Alper stated that thymol blue could be used instead
of thymolphthalein in the titration just described. The
BaCOs precipitate was allowed to settle four hours and an
aliquot of the supernatant liquld pipetted for analysis

in the official A.0.A.C. method (6). The simple, direct
titration of the excess Ba(OH)2 with HC1l, using phenol~
phthalein indlcator, was concluded by Partridge and
Schroeder {23) to be the best means of determining GOy
Other methods tested were NaOH or KOH using a double
titration, NaOH plus Ba012 in a single titration, freezing
out the CO, and a conductimetrlic method in which the re-

ductlion in conductivity of a Ba(OH)2 solution was measured,
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Probably the most used rapid titration method for
determining #01l carbon 18 the Walkley-Black method.
Browning (8) tested the Walkley~Plack method on 50 samples
and found that the per cent carbon ranged from 92.9 to
110.1 a3 compared to dry combustlon daﬁa. Twenty-three
of the samples gave values that were within 3% of the dry
combustion data, 39 were within 5% an® 45 were within 6%.
lineteen samples tested by Waelkley (34) ranged in per cent
oxldation from 60 to 86 with an average of 75.8. In
Crowther's (18) report it was noted that the range of
valuea obtalned by the Wallkley-Dlack tltratlon could be
lowered from 91-110% to 97-106% by applying heat to the
reaction, Purvig ond Higson (25) made a time-temperature
study of the chromlic acid oxldation of soll organic matter
and found that decompoaitiom_af the éhromic acld occurred
when held at 140°C. or above for a period of ten minutes.
They recommended the use of an electric oven and heating

the samples to 175°C. for three minutes. Another modi-

and Pelisek (22), was to allow the sample to stand for
one hour before the addlilion of Hohr's salt and titration
wlth standard KgCrgqOy.

The rapld tltretion methods which require some heating
of the digestlon mixture are really modificatlons of
Schollenberger's (29) method published in 1927. This
method called for heating 0.5 g. soil to 1759C. for ninety
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seconds 1ln concentrated HoS04 saturated wilth KoCrgoOn.

The resction mixture was then cooled, dlluted and the ex-
cess KolrgOn titrated. Alllson (3) proposed a slight
modification in Schollenberger's method In which 0,1961 g.
of KolroOp was added to 10 ml. of concentrated HgS04 rather
than using a saturated smlution of the dichromate.

The investigation of the Organle Carbon Committee
of the International Congress of Soll Science in a report
by Crowther (12) showed that a method proposed by Tiurin
wag superilor to both the Walkley~-Black and Schollenberger
’methoda. This method required that 0.1 to 0.5 g. of soll
be boiled for five minutes in a 1:1 HoS804 solution cone-
taining enough KgCrpo0n to meke it approximately O.4N.
garbarov (16) made a comparison of several methods and
concluded that Tiurin's method was the best for mass
analyses where only moderately accurate results were de-
gired.

Crowther's (12) report summarizes the investigation
of the rapld titration methods by giving the per cent
’raﬁge obtained for each method when the values were com-
pared with those found by dry combustion. The ranges
for the per cent carbon were as follows: Walkley~Black,
91-110; Schollenberger, 97-108; Tiurin, 95-107; Walkley=-
Black plus heat, 97~106; and 2 method similar to Tiurin's
in which 3:2 HpSO4 contelning AgpS0g4 was used, 99-103.
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A rapld titration method which used KMnO4 as oxidising
agent gave raéults which ranged from 92 to 108% carbon.
Allison (3) made a study of deviation 1ln per cent
carbon between alternate soll samples tsken from the same
plot. Twenty-elght samples wers taken and the difference
in per cent carbon between alternate samples was less than
2% in 19 cases, between 2 and 3% in 6 cases and greater
“than 3% in 3 cases., The deviations are based on results
obtained by his modification of Schollenberger's method.
If Allison's values for per cent carbon were correct,
the degree of accuracy of a method should be at least 2%
and probably 1% in order to keep the error in the analysis
less than the devlation between samples,

The rapid methods thus far mentioned require the use
of a factor to convert the velues obtalned by titration
to the per cent carbon 6btaingd by dry combustion.

Pegt jareff (14) proposed a rapid titration method in
which he claimed to oxldize completely the carbon in one
minute by the additlon. of Hplp to the chromic-sulfuric
aéid solution. Walkley and Black (35) and Allison (3)
were not able to obtain satisfactory results with

Degt Jareff's method and pointed out that the reaction
between Hplr04 and Hplo was not the same in the presence
of soll as 1n the absence of soil. Since the results

obtalned by Degt Jareff's method had to be corrected for
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the effect of lig0p on the HylrO4 by running a blank, an
error was introduced beceause the reaction in the blank and
actual determination was not the same.

Christensen, Simkins and Hiatt (10) compared KIOz; with
KoCroOn as an oxidizing agent and were able to obtaln
slightly better results with the KIOz.

The recent trend has been to report the results as
por cent carbon rather than as organlc matter. Alexander
and Byers (2) were not able to find a satisfactory method
for determining organic matter In the soil and came to the
concluslon that the factor 1.728 for converting per cent
carbon to orgenic matter was not rellable,

The work described in the following section was under-
taken In an attempt to develop a method for determining
scll carbon by wet oxidation. A procedure was desired
which would be more accurste than the rapid titration
methoda and more rapld than the present methods which

give complete oxidation of the soil carbon.
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IIT. EXPERIMENTAL

A+ Apparatus

The apparatus is shown in Flg. 1. Two 6«inch absorp-
tion towers A were filled wlth ascarite held in place by
loose plugs of cotton. These towers were connected to the
second dropplng funnel ¢ by a rubber tubing. The addlition
of the acid through dropping funnel B eliminated the re-
moval of the rubber stopper In C and thus gave no oppor-
tunity for the stopper to come in contact with the con- -
eenirated sul furic-~phosphoric acid solution. The stem of
C was bent at an angle of about 30° and was long enough to
reach té the bottom of the digestion flask. Digestion
flaslk D, which was heated with a semi-micro burner, was
a 50-ml, side arm distilling flask and was tipped at such
an angle that the condensate in tube G would drain back
- into the flesk., The slde arm, bent through an angle of
approximatalj 750, was connected to the heavy walled rubber
tube £ snd made air tlght by placing a copper wire tourni-
quet on E. This allowed the flask D to be shaken gently
when necessary. An asbestos sheet F about three inches
aquare was allowed to rest on E in order to deflect the
heat from the burner and keep the tube G from becoming

too hot. It was advisable to have a small bulb in G in
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order to prevent water from being carried into the reser-
voir. The reservolir H was connected to ¢ and X by means

of short pleces of rubber tubing. A glasa-to-glass connec-
tion inside the rubber tubes connecting G to H and D was
desirable.

The reservoir had a three~-way stopcock at the top
(which was at first turned to open G to H), a two-way
stopeock at the bottom, and was jJoined to the levelling
bottle I by means of a rubber tubing. The capacity of
the reservolr H was about 200 ml. and the levellng bottle
I about 250 mle. The reservoir was fllled with a confining
liguid of a 3:1 glycerin-water solution.

The absorption flask XK was a 500-ml. ILrlenmeyer flask
fitted with a two-hole rubber stopper. Through one hole
was placed a glass tube which was connected to Ho A glass
plug closed the second hole but was replaced by an ag-
carite tube or by the tip of a burette as required. The
screw clemp J was used to hold a vacuum in X while 1t
was being connected to the reservolr.

The stopecocks in the two dropping funnels B and C
were lubricated with the HpB04~HzPO4 solution and those in
the reservolr H with glycerin. The stopcock in C remained
open, The upper stopocock in H was turned to connect H and
D except during the transfer of the gas to K. The stop~-
cock In B was open only when adding acid to the digestion
flask.



Figo 1.

Apparatus for Carbon Determination
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B. Procedure

After the apparatus was assembled, the digestion flask
I was disconnected and an alr-dry soll sample contalning
between 10 and 30 mg. of carbon (usually from 0.5 to 2.0 g.
of soil) was placed in the flask., One to two grams of
powdered, reagent grade EolrpOp was added and the two
solids washed into the bottom of the flask with 2 or 5 ml.
of distilled water.

The digestion flask was connected to the apparatus
and 25 ml, of a 80:40 sulfuric-phosphoric acld mixture
{60 ml. of conc., sulfuric acid plus 40 ml. of 85% phos-
phoric acid) added to the top dropping funnel B. The
stopecock in B was opened and the acid drawn into the
digestion flask by oyaning the lower stopecock in H end
allowing the confining liquid to drain slowly from the
reservolr into the leveling bottle. The stopcock in B
was then closed.

Heat was now applled quite rapldly to the contents
of the digestion flask and the lower stopcock in H was
ad justed so that two bubbles per second of COg-free air
from the ascarlte towers were sucked through the digestion
mlixture. The contents of the flask were shaken for one
to two minubtes during the initial vigorous actlon. Strong
heating was continued untll the digestion mixture began

to froth and thls temperature was maintained until
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approximately 26 ml., of glycerin solution remained in the
reservoir. The source of heat was then removed, but air
was sucked through the system until the glycerin was all
but drained from the reservoir. The lower astopcock in H
was then closed,

Before the absorption flask X was attached to the
apparatus, approximately 5 ml. of ascetone was added and
the {lask (including the screw clamp J) connected to a
water aspirator st J. A calclum chloride tube (filled
with ascarite held In place by lcoose cotton plugs) was
ingserted in the stopper, and a slow current of Coz-free
alr was drawn through the flask for about five minutes,

The suctlon was stopped, the calcium chlorlide tube removed,
and in its place the Ba(OE)2 burette inserted so that the
tip protruded below the atopper. Fifty milliliters of
standard Ba(OH)a, approximately 0.2N, was added and the
glass plug placed in the hole, The flask K was now
evacuated by the water pump until the acetone~Ba(OH), solu=-
tion bolled vigorously; the screw clamp J was then closed.
To conserve time, the charging and evacuatlion of the ab-
sorption flask were carried out during the first part of
the digestion.

The evacuated Erlenmeyer K was Jolned to the reservoir
st J. The upper stopcock in H was turned to connect H and
K, the screw clamp J opened and the lower stopcock in H

turned to allow the confining liquid to be drawn into the
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reservoir, When the reservolr was almost fllled with the
glycerin solution, the lower stopcock was closed, the screw
clamp J closed and the upper stopecock turned to connect
the digestion flask and the reservoir, Heat was applled
as before and air drawn in by draining the glycerin from
Hs The system was swept with the COgp-free alr at the rate
of 4 to 6 bubbles per second until the reservoir was once
more almost filled with gas. The gas was transferred to
the absorption flask in the manner already described.
After the reservolr had been completely filled with the
confining ligquid the absorptlion flask was brought to room
pressure by slowly turning the upper stopcoek in H to
connect H with the digestion flask D. To insure complete
absorption of coz the upper stopcock in H was closed,
‘flaak K shaken and then the stopcock opened to connect K
with the dligestion flask. If the COp had not besen com~-
pletely absorbed, air was seen to bubble through the
dlgestion mixture, in which case the procedure was re~
peated untll no more absorption occurred. After insuring
complete absorption, the flask K was disconnected, the
glass plug removed, 4 or 5 drops of thymol blue indicator
(0.24 solution 1in 50% alcohol) added by means of a medi-
cine dropper, and the tip of the acid burette was inserted,
The excess Ba(OH)p was titrated with standard 0.2N HC1

untll the indicator color changed from blue to yellow,
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The procedure as described, including the welghing
of the sample and the titration, required about twenty-
five minutes. The following catalysts were used in an
attempt to find one which would accelsrate the reaction:
Hggseé, Hg, AggSoé, 3e, and HpFoe RNone of these had any
marked effect on the time reguired to make a determina-
tion on soil, It was noted that low results were obtained
if the delivery tube of the dropping funnel C did not ex-
tend below the surface of the acid in the digestion flask,
It was thought that the Og in the alr might be aiding the
reaction since Adams (1) used a stream of 05 to speed up
the oxidation. Since Hplp reacts with HpCrQy to liberate
oxygen, it was declded to add Hp0p to the reaction mixture.
Three milliliters of 5% Hp0p was added to the top dropping
funnel B and allowed to enter the digestion flask at the
rate of one dfop every two seconds during the collectlion
of the second reservolr of gas. This procedure sllowed
the determination to be completad in less than twenty
minutes. When Hy0p was used, the rate at which COs-free
alr was drawn through the apparstus was Increased to 3 to
4 and 8 to 10 bubbles per second for the first and second
parts of the dlgestlon, respectively.

A blank run was made by adding well ignited non-
calcareous soll and carrylng out the procedure as described,
The lgnited soll was used because 1t was found that the

temperature of the reaction mixture wase not as high when
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soil particles were present, and the blank was consequently
lower. When pure organic substances were determined by
this procedure, the blank was run without the addition of
ignited soll.

C« Results

1, Determination of tbt&l carbon.

In order to show that the method was applicable to
different types of soll, several solls were analyzed and
the data compared wlth those obtained by dry combustion.
The values obtained are reported in Table I. Soll No.
P50=-10 was a oaicaraoua subsoil, whereas the rest of the
sclls were non~calcareous topsolls. The data presented
show that the per cent error for a single determination
was less than the probable error due to sampling.

A series of determinations were made on Soil No., 1062
in order to detsrmine the preclsion of the method. The
results obtained were 2.70, 2,70, 2,71, 2.69, 2.70, 2.70,
o771, 2,68, 2.69, 2.70, 2,73, and 2.68 per cent carbon.

Samples of pure organic compounds were analyzed for
carbon as a further check on the accuracy of the method.
Benzolic acld was used 1n order to determine if there was
a possibillty of volatilization of organic acids before
complete oxlidation by the chromic acid., Sucrose was

analyzed to determine whether or not the procedure would
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TABLE I
Total Carbon in Solls#

Per Cent Carbonss

e b &8

Soil Noa Wet Oxldatlon : Dry Combustion
‘3‘ ; H Ave, H

. 5.74

P4-1 5 68 3471 3.72

P26~1 2,50 2,51 2.52
2452

- 2,29 ,

P28-1 A 2,28 2,27
3440
3,58 .
3,36
1,36

P50~10 0.79 0479 0480
2,17

PH1-1 2,14 2.15 2.16
2,14

*Samples and dry combustion data supplied by Dr. Roy W.
Simonson of the Department of Agronomy, Iowa State
College, Ames, Iowa,

##A11l data glven on the dry weight basis.
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be satlsfactory for a compound which carbonized upon cone
tact with the oxidizing solution. Determinations were
made on thiourea since it contalned sulfur which would
interfere if it escaped from the resction mixture before
being converted to the sulfate. It will be seen in Table
IT that the method 1s capable of analyzing all three types
of compounds.

It was desired to determine the efficlency of the
method on extremely stable material such as coal and
charcoal. It can be seen from Table II that the method
a8 described will not liberate all the carbon in coal
and charcoal but willl oxidize enough of the carbon so
that any charcoal in burnt-over timberland solls will be
at least 90-95% oxldized.

Table III presents the values obtalned when the
amount of s01l, KoCrgOp and chromic-sulfuric ascid solutlon
was varied, As the amount of soll was increased, the
amount of both acld and KglrpOn had to be increased.

It should be noted that too much water may be added to

the digestion mlxture as was the case in the third ex-
periment using 0.5 g. of soll, Although 15 ml. of acid
and one gram of KoCrpOn are théaretically more than enough
to oxldize one grem of soll, complete oxidation could not
be obtalned when these amounts were used, The low results

may be attributed elther to some carbon remaining in the
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TABLE XX

The Determination of Carbon
in Pure Orgesnic Compounds and Coal

Per Cent Carbon
sTheoretical or

SR Sk A% e% o8
PR K5 R ¥E W

Substance Catalyst Wet Oxidation 1Dry Combustion
3 Ave,
Benzolc 687
acid Kone 69.0 68,9 68,8%
41.8
Sucrose None 42.0 42.0 42414
42.1
Thiourea None ig:g 15.75 15,84
Coal No.##
1 Kone gg:z 7.4
80,5
79.8
1 50 mg., HgoS04 73 o4 793
78.6
76 .4
3 None TSa7 T4 .2
T2.4
75.5
753 '
75,7
4 None 32:? 80.2
o 82.5
30 mg. HgO 81l.3
4 30 nmg. HgO 80,9 8l.3
200 mg. Hgo 81 46
Charconl HBDE 88.0 86.0 95 o Bérdest

#Theoretical values.

##When no catelyst was added a 1000-ml. absorption flask
was used for coal analyses.

#wx#Per cent ignition loss.
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TABLE IITI
Effect of Varying the Amount of Soll, Aclid, KoCrgOp and Water

s+ Sample ¢ imle 6031403 Lo ,
S01l No.:wteln ga.éttml. HoO: acid 1KoCroln: % Carboni#
s s : $ $ ‘

H

Soll

1062 04500 3 15 1 2472,2.65,2.63
1062 0.500 3 20 1 2.,70,2.70

1062 045600 8 20 1 2.47

1062 1,000 3 25 2 2.,70(ave. of 12)
1062 2.000 3 25 4 2.,62,2.63,2.68
1062 2.000 3 30 4 2.71,2,70

Acld and KoCroOn

pP26~-1 1.000 3 18 1 2.36

P26=-1 1.000 S 15 2 2.42

Pﬂﬁ;l 1,000 ] 20 1 2,40

PR6-1 1.000 3 20 2 2,52
P26=1 1.000 3 25 1 2.46
P26~1 1.000 3 25 2  2.54,2.50

1062 1,000 3 15 1 2.58

1062 1.000 S 15 2 2.42

1062 1.000 3 20 1 2.52

1062 1.000 3 20 2 2.70

1062 1.000 3 25 1 2.68

1062 1,000 5 26 2 2,70(ave. of 12)
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TABLE III (Cont'd.)

: Samplé : :ml. 60:40: [ 48 :
Soil Howiwt. in g.%:ml. HZO: acid :KaCrQOV: % Carboni#
Hater

1062 1.000 0 25 2 2.70,2.72

1062 1.000 3 25 2 2.70

1062 0.500 8 20 1 2.47

P51~1 0.500 3 25 2 2,15

P51-14# 0.500 3 25 2 1.97,1.97,2.03
II-C 1.000 3 25 2 1424

II-C# 1.000 3 25 2 1.17

#All analyses were made on air-dry samples except those
marked #, which were oven-dry samples.

#uResults for Soils No, 1062 and II~C are on the alr-dry
basls; results for Scils No. P26l and P61-1 are on the
oven~dry basis,..

solution or to the volatilizetlon of incompletely oxidized

mabterial.

2. The effect and removal of chlorides.

In the usual wet oxidatlion methods, chlocrides cause
high results unless they are either removed or the figures
corrected. When large amounts of chlorides were present,
red (r0sClp fumes and deposits on the digestion flask were
noted, However, these changed to psle green fumes ss the

temperature was incrsased and no red fumes were seen
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entering the reservoir. In the method presented here
chlorine (and possibly some Cragclg) was removed by reacw
tlon with KI in the glycerin solution. ©Small amounts of
chloride have little effect on the determination, but the
presence of large gquantities cause the results to be low.
Table IV shows that the decrease In per cent carbon ob~-
talned was proportional to the amount of chloride added.
This effect of chlorides was not pecullar to soll but was
slao noted on pure organic compounds. The addition of
silver and mercury salts to the reaction mixture falled

to prevent the formatlon and liberation of chlorine.

3« Preliminary removal of carbonates.

No attempt was made in the procedure already described
to separate the organlc from the inorgsnlie carbon in the
soll. If the carbonates are not removed before the analysis
is made, the amount of carbonate carbon must be determined
by a separate experiment. By a relatively easy change in
the procedure it was possible to remove the carbonates
and determine the organic c¢carbon present.

The dlgestion flask was separated from the rest of
the apparatus and an alr-dry soll sample was introduced.
Three milliliters of a solution containing 5% HpSO4 and
5% FeS30, was added and the mixture bolled for one minute.
The flask and contents were then cooled under the tap and

the acld neutrallzed with one milliliter of saturated
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TABLE IV
The Effect of Chlorides on the Determination of Carbon

: mge. NaCl : Per Cent Carbon
Substance : Added : WAth NaCl Added :Without Wall Added

Soll No.

1062 2.0 2,72 2.70

" 4.0 2.67,2.70 2.70

" B3 2.66,2,67 2.70

" 16.5 2.64,2.66 2,70

"o 33.0 2,62,2.64 2.70

" 66.0 2.62 * 2470

" 106 2460 2.70
Soll No.

II-C 4.1 1.19,1.23 1.24

a | 8.2 1.17,1.19 1.24

" 16.5 1.,19,1,13,1.10 1.24

" 33.0 1.10 1.24

" 82.5 1.08,1.08 l.24
Benzole

acid B3 67.6 68,49

Sucrose 33.0 4l.1 42,0
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ch~frée KOH. Potassium dichromate was added through a
long stem funnel, the digestion flask connected to the
apparatus and the procedure carried out as in the deter-
mination of total carbon. Neutrslization of the acid by
KOH may be omitted if the KolroOn 1s first dissolved in

the sulfuric-phosphorie acid solution,

TABLE V

Determination of Organic Carbon in Solls

: s
H Treatment, : Per Cent Organlec Carbon

Soil No. :Boil 1 nin. withiAfter Treatment: RO Lreatment+
; H $ H

P50~10 5% HpS04 0.49 0.495

P50-10 5% HzPO4 0452 0.495

1062 5% HoS0y 2.69 2.70

1062 5% HpS0, 2,70 2.70

1062 5% HoS04 2.70 2.70
5% FeS04

1062%% 5% HzPOy 2.74 2,70

#0 4495 obtained by subtracting carbonate carbon from the
total carbon by dry combustion,
#%25 mg. powdered CaCOz added.
Twenty~five milligrams of powdered CaC0; was mixed
wlth one-gram samples of non~calcareous Soll No. 1062,

The soll was treated as described above using 5% HpSO4,

5% HzPOy or 5% HpS0, plus 5% FeSOy. The 5% HaPO, was not
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as effective as HoSO4e The reducing agent FeSO4 was added
to prevent oxidatlion of organic matter by pyrolusite or
any other oxidizing agent that might be present in the
soll. 8Soil No. P50-10 was a calcareous Webster subsoil
containing 0.80% toﬁallcarbon by dry combustion. The re-
gults obtalned in these experiments are presented in

Table V.

4. Wot oxldatlion with the addition of Hpls.

Although most of the data presented were obtalned
without the use of HpOp, Table VI shows that considerable
time could have been saved by using HgoOp without impairing
the accuracy of the analyses, Care had to be taken in
adding the 5% HpOp since the reaction between the HoCroy
and HpOp was rather vigorous. When air was drawn through
the system at 8-10 bubbles per second and one drop of HoOg
solution added every two seconds, no difficulty was ex-~
perienced in taking care of the Op formed.

When 5 ml. of 1% HoOp was used, low results were
probably caused by two factors. [lrst, the dilution of
the sulfuric-phosphoric acld was too great, and second,
an insufficient amount of Op was liberated. The concen-
tration of HpCrO4 was great enough so that the HpOp, did

not reduce all the chromate present.
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TABLE VI

: Rate of COg~lree alr

$ :
1 Amount through apparatus in
H of bugbles er second H
Substance :HpOp Added:Ist Part of:2nd Part of: % Carbonw
H H Digaation E;gaation H
Soil Yo
1062 5 mle=~1% Bl 12«15 2,64
- 1062 5 mle~1% 3w 8«10 2.67
2.68
2,70
1062 3 mle=5% Bwd 8«10 2.70
2468
2.70
. | 2,66
1062 Hone 23 8-10 2.64
1062 Tone 2md 6«8 2,68
1062 Neone L3 4«6 2,70
Coal No. B## 5 ml.-5% 34 10-12 7443
74,5
72.4
Coal Ho. o Wone Swd 4«6 737
(7644)

#3011l data on alr-dry basls; coal, on oven~dry basls.
%*%Per cent carbon by dry combustlon = 75.5; 1000-ml.
absorption flask was used.
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Iv. DISCUSSION

The apparatus shown in Flg, 1 was easlly assembled
and consisted of materials found in the average laboratory
with the exception of the ges reservolr. However, the
reservolr used may be replaced by a separatory funnel or
leveling bottle by placing a three-way stopcock in the
rubber stopper. The firat few experiments were made with
the gas béing collected in an absorption tower, but a
determination could not be completed in less than thirty
to thirty~five minutes since the gas could not be drawn
through the absorption tower more rapidly than 3 to 4
bubbles per second. When the rate of aspiration was in-
creased, low results were obtalned, presumasbly due to
incomplete absorptlion in the tower. The substlitution of
an evacueted absorption flask for the tower mede it pos -
sible to speed up the procedure by as nuch as ten minutes,

A 300-ml. Erlenmeyer flask was found to be too small
for one-gram samples, A 500-ml, flask was found satis-
factory for soill samples containing as much as 50 mg,
carbon, but better results werse obtalned for coal when
a liter asbsorption flask was used.,

Meruury was originslly used as the confining liquid

in the reservolir, but it was replaced by a 3:1 glycerin
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geolution since the latter was more easlily handled, was
cheaper and allowed the removal of chlorine without intro-
ducing a U~tube into the setup.

The oxidizing mixture must be prevented from coming
in contact with any rubber connections. The use of a
slde arm distilling flask sliminated any objection to the
use of a rubber stopper in the digestion flask.

During the first experiments the tube leading from
the digestion flask to the reservoir was cooled by means
of a water jacket, but later experiments showed this to
be unnecessary 1f the tube was protected from the heat
of the burner. It was desirable to have a bulb in this
tube to prevent water from belng carried into the reser-
voir.

The samples analyzed should contain between 10 and
50 mge of carbon. When larger soll samples were used,
the amount of potassium dichromate and sulfuricnphoaphorig
acid solution had to be Incressed (see Table II).

A 60:40 sulfurlic-phosphoric acid solution was used
for the analysis of soils. It was found that a 60:30
ratlo liberated some S$0g fumes on bolling and caused the
results to be high. When no water was added, a 50:50
ratlo was preferable since the chromic acid tended to
decompose In the hot 60:40 solution., A higher temperature

was obtalned In the analysis of pure organic compounds and
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coal than in the analysls of solls; therefore, it was
necessary to dilute the acid solution with 3 to 5 ml. of
water in order to preveht the decomposition of chromic
aclid, A B0:50 sulfuric-phosphoric acid solution would
no doubt have been preferanble to a 60:40 solutiocn.

A Cul combustion unit was placed between the diges-
tion flask and reservoir and heated to dull redness over
8 length of approximately & inches. This was done to
determine whether or not complete oxidation to CO, was
being obtalned, Results obtained with and without this
unit were not appreclably different. It was thought that
this treatment of the liberated gases might correct for
the low results obtained when high percentages of chlorine
were present. However, this dld not take place.

The use of 2% KI in the 3:1 glycerin solution was =
convenlent means of removing chlorine, This solution
was used rather than a U-tube absorption in order to keep
the volume of the apparatus at a minimum. It was impor-
tant to keep the volums of the apparatus as low as pos-
sible as the apparatus was not swept with COp-free air
before making a determination., The COp initlally present
in the alr contained in the system was assumed to be con-
stant and corrected for in the blank determination.

Acetone served both to sharpen the end point of

thymel blue Indicator and to indicate sufficlient evacuation
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of the absorption flask by causing the solution to boll,
The standard Ba(OH)a solution was protected from COp in

the alr by an ascarite filled CaCls tube and drawn directly
into a stoppered 100=-ml. burstte by suction. The Ba(0OH)g
was not stenderdized, but the amount used in each experi-
ment and in the blank was the same. The difference in
amount of standard HC1l required to neutralize the Ba(OH)2
in a blank and actual determinetion was equivalent to the
amount of COg absorbed.

The anelyses llsted in Table I were made wlthout the
use of Hp0p and required between twenty and twenty-five
minutes for complete determination. It can be seen that
the agreement with dry combustlon data was good. The
s80ll samples used were chosen because of the range in
carbon content which they represented.

The resulis obtalined on analyses of pure organic
compounds agreed well with the theoretical per cent carbon
contained. The analyses were carried out as directed for
soll samples. Coal samples were not completely oxldized
in the time allotted, the results being erratic and be-
tween 5% and 10% low. When a liter absorption flask was
used and the time for the digestlon increased by approxi-
mately 50%, the per cent carbon obtalned was still lower
than the dry combustion value. MNercury salts showed a

catalytic effect on the oxldation of coal. Higher results
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were obtained when mercury salts and a 500-ml. absorption
flask were used than when & 1000-ml. absorption flask was
used.

A sample of ground wood charcoal was analyzed in
order to obtaln an indication of the efficiency of the
method in determining the charcoal present in burnt~over
timberland solls. Carbon by dry combustion was not deter-
mined. Loss on ignitlon would be greater than the per
cent carbon so that more than 90% of the charcoal carbon
was oxldized to COg by this procedure. |

The data presented in Table IV were not the antici-
pated results. Since Cl, reacts with Ba(OH)z, high results
would be expected if all the chlorine formed was not re-
moved, If the chlorine formed was efficlently removed,
no change in results would be expscted to take place;
However, Shewan 1n Crowther's (13) report obtained low
results on a saline soll by & wet oxidatlon method. In
this case the chlorine was removed by passing the gases
over hot powdered PbCrO4. Walkley (34) obtained increas-
ingly lower results as the amount of chloride increased
by both wet oxldation and dry combustion. Neither ine-
vestigator attempted any explanation of the phenomenon.
The low results obtained are difficult to explaln unless
chlorine acts as a negative catalyst in the reaction.

There 1s8 some evidence of this since low results were
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obtained for two or three determinations after a sample
containing NaCl was analyzed. It was noted that a red gas,
probebly Cr02612, was evolved during the first part of the
digeation but was apparently decomposed by higher tempera-
tures since only a pale green gas was noted entering the
reservoir. When the chlorine was not removed by KI, the
sensitivity of the indlcator was reduced to a noticeable
‘extent.

Although the amount of organiec carbon in a soil
could be obtained by determining the carbonate carbon and
subtracting this value from the totsl amount of carbon
found by wet oxidation, 1t was felt that some more rapld
means of determining organic casrbon was desirable. It
was found that by bolling the s0ll sampls for one minute
in 5% HgS04 in the digestion flask any added CaCOz could
be decomposed without loss of organic carbon. Only one
calcareous soll, Wo, P50~10, was anslyzed, but the re-
sult agreed with the per cent organic carbon obtalned by
subtracting carbonate carbon from the total carbon by
dry combustion., It was thought adviseble to add FeS0y4
to the 5% HyS0, to prevent oxldatlon by mangenese oxides,
Similar treatment with 5% HzPO4 d1d not remove all the
carbonates from Soll No. P50-10 nor from Soil No. 1062
to which CaCOz had been added.

KMore rapld oxldation was obtained with some phosphoric

acids than with others although the sulfuric-phosphoric



acld ratio and the concentration of the acids were the
same, It appeared that as the purlty of the acld decreased,
the rate of the oxidation increased. Two acids which gave
different rates of oxldation were analyzed spectrographl-
cally, but no apprecliable difference was found. It was
thought thet the difference might have been due to the
aclds containling different amounts of HoFpe Small amounts
of HpFy solutlion were added to the reaction flask and
caused the resction to be accelerated for a number of
determinations, but the catalytic effect wore off and
eould not be regainad untll several determinations had
been made without the addition of HgFo. Thils suggested
that there was a catalytlc effect due to the glass of the
digestion flask, but this point could not be confirmed,
The use of HpOp in the reactlion was prompted by
Degt jJareff's (14) claim that complete oxidation could be
obtalned in one minute when Hg0p was added to chromic-
sulfurle acid oxldizing solutions. Although Degt jareff's
claim could not be substantlated, it was found that HgOg
d1d increase the rate of oxidation. The Hg0p decomposed
upon contact with the oxldizing solution with the libera-
tion of Ogs The liberation of Op in contact with the asoll
particles was thought to be the cause of the increased
rate of oxldatlion. A 1% Hp0p solution was not effective,

but & 5% solution allowsed the determination to be completed
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in approximately five minutes less time, Degtjareff's
procedure was carried out m the apparatus shown in Fig. 1
and the COp measured, but the G0y obtalned was equivalent
to only Bl% oxidation.
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V. SUMMARY

1. A wet oxidation method is descrlibed by which the
total carbon present in solls and in pure organic compounds
can bo detarmined with a high degree of accuracy in twenty
minutes.

2. Oxidatlon of the carbon was accompllshed by KoCrgOn
in =& sulfuric~phosphoric acid solution, The COp set free
was absorbed by Ba(OH)g in an evacuated flask and the ex-
cess tlirsted with standard HC1 using thymol blue indi=
cator,

3¢ A glycoerin solution was used in place of mercury
as a confining liquild for 002.

4, Chlorides were the only substances found to inter-
fere with the determinatlon in soils. The procedure gave
satisfactory results for soils containing less than 1%
chlorine but gave low results for soils containing more
than this emount of chlorins.

5« A solution of KI in the confining glycerin solu-
tion was found to be a convenient method for removing the
chlorine liberated.

6. Carbonates were removed by bolling the soll in a
solution contalning 57 HoSO4 and 5% FeS0y without loss of

organic carbon.
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7. The dropwise addition of 3 ml. of §% Hg0p during
the second part of the dilgestion made 1t possible to
carry out a complete determination in less than twenty
minutes.

8., Mercury salts had a catalytic effect in the deter-
minatlon of carbon in coal but had no noticeable effect on

solila.
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