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Abstract	
  

	
  
Solid	
   phase	
   extraction	
   (SPE)	
   using	
   chemically	
   bonded	
   silica	
   particles	
   or	
   small	
  

particles	
  of	
  an	
  organic	
  polymer	
  resin,	
   is	
  being	
  studied	
  extensively	
  for	
  extraction	
  of	
  

polar	
  or	
  non-­‐polar	
  compounds	
  from	
  various	
  water	
  matrices.	
  This	
  study	
  focused	
  on	
  

the	
  evaluation	
  of	
  the	
  performance	
  of	
  three	
  commercial	
  cartridges	
  belonging	
  to	
  three	
  

different	
   groups:	
   reversed-­‐phase,	
   mixed-­‐mode	
   anion	
   exchanger	
   and	
   mixed-­‐mode	
  

cation	
  exchanger.	
  In	
  the	
  first	
  stage	
  of	
  research,	
  the	
  performance	
  of	
  three	
  cartridges	
  

was	
   compared	
   by	
   extracting	
   four	
   antibiotics	
   with	
   different	
   physic-­‐chemical	
  

properties	
   from	
   water	
   samples.	
   The	
   results	
   obtained	
   from	
   column	
   sorption	
  

experiments	
   were	
   plotted	
   into	
   breakthrough	
   curves	
   and	
   batch	
   equilibrium	
  

experiments	
  results	
  were	
  fitted	
  into	
  Langmuir	
  and	
  Freundlich	
  isotherms.	
  Based	
  on	
  

the	
  parameters	
  obtained	
  from	
  these	
  plots,	
  Oasis	
  MCX	
  was	
  determined	
  to	
  be	
  the	
  best	
  

cartridges	
   of	
   the	
   three	
   for	
   various	
   analyte	
   extractions.	
   The	
   recovery	
   efficiency	
   of	
  

each	
  cartridge	
  was	
  studied	
  by	
  eluting	
  the	
  sorbent	
  with	
  acetone.	
  The	
  recovery	
  of	
  LC-­‐

18	
   sorbent	
  was	
   between	
   72%	
  ~	
   104%	
  depending	
   on	
   the	
   compounds,	
  while	
   both	
  

Oasis	
  MAX	
  and	
  MCX	
  cartridge	
  can	
  achieve	
  approximately	
  100%	
  recoveries.	
  	
  

	
  

In	
   the	
   second	
   stage	
   of	
   the	
   study	
   two	
   bioassays	
   and	
   HPLC	
   analysis	
   were	
   used	
   to	
  

evaluate	
   the	
   influence	
  of	
  different	
  background	
  water	
  matrices	
  on	
  the	
  performance	
  

of	
   the	
  SPE	
  sorbents	
   to	
  extract	
  known	
  amount	
  of	
  estradiol	
   from	
  surface	
  water	
  and	
  

wastewater	
   samples.	
   Finally	
   the	
   quality	
   of	
   surface	
   water	
   and	
   wastewater	
   was	
  

examined	
   in	
   Ames	
   assay	
   and	
   YES	
   assay	
   with	
   samples	
   pre-­‐concentrated	
   by	
   Oasis	
  

MCX	
  cartridge.	
  No	
  mutagenicity	
  (determined	
  by	
  the	
  Ames	
  assay)	
  and	
  estrogenicity	
  

(determined	
  by	
  YES	
  assay)	
  were	
   found	
   in	
   the	
  raw	
  water	
  samples	
  and	
  SPE	
   treated	
  

samples.	
  With	
   the	
  assistance	
  of	
  bioassays	
  and	
  HPLC	
  analysis,	
   it	
  was	
  demonstrated	
  

that	
   surface	
   water	
   has	
   a	
   minor	
   influence	
   on	
   the	
   recovery	
   of	
   Oasis	
   MCX	
   sorbent.	
  

However,	
  the	
  recovery	
  of	
  MCX	
  sorbent	
  decreased	
  to	
  84.65%	
  when	
  wastewater	
  was	
  

used	
  as	
  the	
  background	
  matrix.	
  The	
  work	
  determined	
  that	
  Oasis	
  MCX	
  was	
  the	
  ideal	
  

sorbent	
  for	
  sample	
  extraction	
  in	
  different	
  water	
  matrices.	
  	
  



www.manaraa.com

	
   iii	
  

	
  

Keywords	
  

	
  
Solid	
  phase	
  extraction,	
  estradiol,	
  antibiotics,	
  Ames	
  test,	
  YES	
  assay,	
  HPLC	
  analysis	
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

	
  
	
  
	
  
	
  
	
  
	
  



www.manaraa.com

	
   iv	
  

Acknowledgement	
  
	
  

	
  
I	
  would	
  like	
  to	
  extend	
  my	
  deepest	
  gratitude	
  to	
  my	
  supervisors,	
  Dr.	
  Mita	
  Ray	
  and	
  Dr.	
  

Lars	
  Rehmann,	
  for	
  their	
  support	
  and	
  guidance.	
  	
  Thank	
  you	
  for	
  keeping	
  my	
  research	
  

interesting,	
  diversified	
  and	
  challenging.	
  	
  I	
  am	
  also	
  grateful	
  for	
  your	
  endless	
  patience,	
  

generosity	
  and	
  support.	
  	
  I	
  could	
  not	
  have	
  asked	
  for	
  better	
  mentors.	
  

	
  

To	
  Erin	
  Johnson,	
  thank	
  you	
  for	
  everything	
  you	
  have	
  taught	
  me	
  about	
  HPLC	
  and	
  

answering	
  all	
  of	
  my	
  questions,	
  even	
  if	
  I	
  had	
  already	
  asked	
  them	
  before.	
  Without	
  

your	
  help	
  I	
  could	
  have	
  never	
  completed	
  my	
  thesis.	
  

	
  

Many	
  thanks	
  go	
  to	
  Sura	
  Ali	
  for	
  teaching	
  me	
  how	
  to	
  conduct	
  both	
  bioassays.	
  Your	
  

experience	
  helped	
  me	
  save	
  a	
  lot	
  of	
  time	
  in	
  my	
  research.	
  

	
  

I	
  would	
  like	
  to	
  thank	
  all	
  my	
  colleagues	
  in	
  the	
  lab,	
  especially	
  Tulip	
  Chakraborty,	
  Jun-­‐

woo	
  Kim	
  and	
  Kai	
  Gao,	
  for	
  making	
  the	
  experience	
  of	
  working	
  in	
  the	
  lab	
  thoroughly	
  

enjoyable.	
  

	
  

Finally,	
  my	
  most	
  heartfelt	
   thanks	
  go	
  to	
  my	
  dear	
  parents	
   for	
   inspiring	
  me	
  to	
   follow	
  
my	
  dreams,	
  and	
  for	
  their	
  encouragement	
  during	
  the	
  hard	
  time. 

	
  
 
 
 
 
 

	
  

	
  

	
  

	
  

	
  



www.manaraa.com

	
   v	
  

Table	
  of	
  Contents	
  
	
  

Abstract	
  ……………………………………………………………………………………………………………..	
  ii	
  

Acknowledgement	
  ……………………………………………………………………………………………..	
  iv	
  

Table	
  of	
  Contents	
  …………………………………………………………………………………………….....	
  v	
  

List	
  of	
  Tables	
  …………………………………………………………………………………………………….	
  vii	
  

List	
  of	
  Figures	
  …………………………………………………………………………………………………….	
  x	
  

List	
  of	
  Abbreviations	
  …………………………………………………………………………………………	
  xii	
  
	
  

Chapter	
  1	
  ……………………………………………………………………………………………………………	
  1	
  

1	
  	
  Introduction	
  …………………………………………………………………………………………………...	
  1	
  

1.1	
  	
  Background	
  ……………………………………………………………………………………......1	
  

Reference………………………………………………………………………………………………………..…..	
  5	
  

Chapter	
  2	
  ……………………………………………………………………………………………………………	
  8	
  

2	
  Literature	
  Review	
  …………………………………………………………………………………………….	
  8	
  

2.1	
  Background	
  ……………………………………………………………….……………………….	
  8	
  

2.2	
  	
  Sample	
  preparation	
  …………………………………………………………………………...	
  9	
  

2.2.1	
  	
  SPE	
  …………………….…………………………………………………………………..	
  9	
  

2.2.2	
  	
  Format	
  of	
  SPE	
  ……………………………………………………………………….	
  11	
  

2.2.3	
  	
  Sorbent	
  Selection	
  ………………………………………………………………….	
  16	
  

2.2.4	
  	
  New	
  trends	
  of	
  sorbent	
  in	
  solid-­‐phase	
  extraction	
  …………………….	
  23	
  

2.2.5	
  	
  Overview	
  of	
  SPE	
  Procedure……………………………………………………	
  27	
  

2.3	
  Model	
  Compound………………………………………………………………………………	
  29	
  

2.4	
  Mutagenicity	
  Analysis	
  of	
  Water………………………………………………………….	
  32	
  

2.4.1	
  The	
  Ames	
  Test………………………………………………………………………..	
  33	
  

2.5	
  Yeast	
  Estrogen	
  Screen……………………………………………………………………….	
  36	
  

2.6	
  Summary	
  of	
  Literature	
  Review	
  and	
  Literature	
  Gaps……………………………	
  37	
  

Reference..………………………………………………………………………………………………………...	
  38	
  

Chapter	
  3…………………………………………………………………………………………………………..	
  48	
  

3	
  	
  	
  Performance	
  of	
  the	
  Cartridges	
  and	
  their	
  Relationships	
  with	
  the	
  Properties	
  of	
  the	
  

Analytes……………………………………………………………………………………………………………	
  48	
  



www.manaraa.com

	
   vi	
  

3.1	
  	
  Introduction……………………………………………………………………………………..	
  48	
  

3.2	
  	
  Laboratory	
  experiments	
  –	
  conception	
  and	
  objectives…………………………	
  49	
  

3.2.1	
  Reagents………………………………………………………………………….….…	
  50	
  

3.2.2	
  Batch	
  sorption	
  experiments……………………………………………………	
  50	
  

3.2.2.1	
  Experimental	
  set-­‐up	
  and	
  procedure…………………………...	
  51	
  

3.2.3	
  Column	
  experiments………………………………………………………………	
  52	
  

3.2.3.1	
  Column	
  apparatus	
  and	
  experimental	
  set-­‐up……………….	
  52	
  

3.2.3.2	
  Experimental	
  procedure……………………………………………	
  53	
  

3.3	
  	
  Results	
  and	
  Discussions..…………………………………………………………………..	
  54	
  

3.3.1	
  Adsorption	
  isotherms	
  of	
  antibiotics………………………………………...	
  54	
  

3.3.1.1	
  Effect	
  of	
  concentration……………………………………………....	
  54	
  

3.3.1.2	
  Adsorption	
  isotherms………………………………………………..	
  58	
  

3.3.2	
  Breakthrough	
  of	
  the	
  cartridges……………………………………………….	
  64	
  

3.3.3	
  Recovery	
  studies……………………………………………………………………	
  69	
  

3.4	
  Error	
  analysis	
  …………..………………………………………………………………………	
  71	
  

3.5	
  Conclusions	
  and	
  Summary	
  for	
  Solid	
  Phase	
  Extraction	
  Application……….	
  72	
  

Reference	
  .………………………………………………………………………………………………………...	
  73	
  

Chapter	
  4…………………………………………………………………………………………………………..	
  82	
  

4	
  Assessment	
  of	
  the	
  Mutagenicity	
  and	
  Estrogenicity	
  of	
  River	
  Water	
  and	
  Wastewater	
  

Secondary	
  Effluent	
  Following	
  SPE	
  treatment……………………………………………………...	
  82	
  

4.1	
  Introduction……………………………………………………………………………………...	
  82	
  

4.2	
  Materials	
  and	
  Methods………………………………………………………………………	
  84	
  

4.2.1	
  Chemicals…………………………………………………………………………………	
  84	
  

4.2.2	
  Sample	
  collection	
  and	
  preparation…………………………………………….	
  85	
  

4.2.3	
  Instrumental	
  analysis……………………………………………………………….	
  86	
  

4.2.4	
  Ames	
  fluctuation	
  assay……………………………………………………………..	
  89	
  

4.2.5	
  Yeast	
  Estrogen	
  Screen	
  assay……………………………………………………..	
  90	
  

4.2.5.1	
  YES	
  assay	
  Procedures…………………………………………………………….	
  90	
  

4.2.5.2	
  YES	
  assay	
  Calculation	
  and	
  Sample	
  Response………………...	
  91	
  

4.3	
  Results	
  and	
  Discussions……………………………….……………………………………	
  93	
  



www.manaraa.com

	
   vii	
  

4.3.1	
   Determination	
   of	
   estradiol	
   in	
   liquid	
   chromatography	
   and	
   YES	
  

assay……………………………………………………………………………………………	
  93	
  

4.3.2	
   Recovery	
   test	
   of	
   Oasis	
   MCX	
   in	
   surface	
   water	
   and	
   wastewater	
  

matrices…………………………………………………………………………………………...	
  96	
  

4.3.2.1	
  Recovery	
  in	
  liquid	
  chromatography……………………………….	
  96	
  

4.3.2.2	
  Recovery	
  in	
  YES	
  bioassays……………………………………………..	
  98	
  

4.3.3	
  Mutagenicity	
  of	
  Wastewater	
  in	
  London…………………………………….100	
  

4.4	
  Conclusions……………………………………………………………………………………,,102	
  

Reference..………………………………………………………………………………………………………	
  103	
  

Chapter	
  5………………………………………………………………………………………………………...	
  106	
  

5	
  Conclusions	
  and	
  Recommendations………………………………………………………………	
  106	
  

5.1	
  Conclusions…………………………………………………………………………………….	
  106	
  

5.2	
  Recommendations…………………………………………………………………………..	
  108	
  

Curriculum	
  Vitae	
  …………………………………………………………………………………………….	
  109	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



www.manaraa.com

	
   viii	
  

List	
  of	
  Tables	
  

	
  
Table	
  2.1	
  General	
  properties	
  of	
  LCM,	
  MNZ,	
  OFL	
  and	
  SMX…………………………………….	
  30	
  

Table	
  2.2	
  General	
  properties	
  of	
  E2……………………………………………………………………..	
  31	
  

Table	
  3.1	
  Physical	
  properties	
  of	
  Oasis	
  MAX,	
  MCX	
  and	
  LC-­‐18	
  cartridges………………..	
  53	
  

Table	
  3.2	
  The	
  equilibrium	
  uptake	
  capacities	
  and	
  extent	
  of	
  adsorption	
  of	
  LCM	
  

obtained	
  at	
  different	
  initial	
  concentrations	
  ……………………………....………………....……..	
  57	
  

Table	
  3.3	
  The	
  equilibrium	
  uptake	
  capacities	
  and	
  extent	
  of	
  adsorption	
  of	
  MNZ	
  

obtained	
  at	
  different	
  initial	
  concentrations.……………………………...………………....……...	
  57	
  

Table	
  3.4	
  The	
  equilibrium	
  uptake	
  capacities	
  and	
  extent	
  of	
  adsorption	
  of	
  OFL	
  

obtained	
  at	
  different	
  initial	
  concentrations.………………………………………………....……..	
  58	
  

Table	
  3.5	
  The	
  equilibrium	
  uptake	
  capacities	
  and	
  extent	
  of	
  adsorption	
  of	
  SMX	
  

obtained	
  at	
  different	
  initial	
  concentrations.……………………………....…………………...…...	
  58	
  

Table	
  3.6	
  Langmuir	
  and	
  Freundlich	
  coefficients	
  for	
  LCM	
  on	
  MAX,	
  MCX	
  and	
  LC-­‐

18	
  .………………………………………....……………………………....……………………………………......	
  62	
  

Table	
  3.7	
  Langmuir	
  and	
  Freundlich	
  coefficients	
  for	
  MNZ	
  on	
  MAX,	
  MCX	
  and	
  LC-­‐

18	
  …………..……………………………....………………………………....……………………………………..	
  62	
  

Table	
  3.8	
  Langmuir	
  and	
  Freundlich	
  coefficients	
  for	
  OFL	
  on	
  MAX,	
  MCX	
  and	
  LC-­‐

18	
  ………….……………………………....……………………………....……………………………………......	
  62	
  

Table	
  3.9	
  Langmuir	
  and	
  Freundlich	
  coefficients	
  for	
  SMX	
  on	
  MAX,	
  MCX	
  and	
  LC-­‐

18	
  …………..……………………………....……………………………....…………………………………….....	
  63	
  

Table	
  3.10	
  Qmax	
  values	
  of	
  LCM,	
  MNZ,	
  OFL,	
  and	
  SMX	
  on	
  different	
  sorbents…………….	
  64	
  

Table	
  3.11	
  Parameters	
  determined	
  for	
  SMX	
  on	
  different	
  sorbents………………………..67	
  

Table	
  3.12	
  Parameters	
  determined	
  for	
  MNZ	
  on	
  different	
  sorbents.……….……………..	
  67	
  

Table	
  3.13	
  Parameters	
  determined	
  for	
  OFL	
  on	
  different	
  sorbents.……….………………	
  67	
  

Table	
  3.14	
  Parameters	
  determined	
  for	
  LCM	
  on	
  different	
  sorbents..…….……………….	
  68	
  

Table	
  3.15	
  Absorptive	
  capacities	
  (mg	
  g-­‐1).…………………………………...…………………......	
  69	
  

Table	
  3.16	
  Recovery	
  of	
  LCM	
  in	
  MAX,	
  MCX	
  and	
  LC-­‐18	
  column.…………………………......	
  70	
  

Table	
  3.17	
  Recovery	
  of	
  MNZ	
  in	
  MAX,	
  MCX	
  and	
  LC-­‐18	
  column.………………….…..……...	
  70	
  

Table	
  3.18	
  Recovery	
  of	
  OFL	
  in	
  MAX,	
  MCX	
  and	
  LC-­‐18	
  column.…………………..….……....	
  71	
  



www.manaraa.com

	
   ix	
  

Table	
  3.19	
  Recovery	
  of	
  SMX	
  in	
  MAX,	
  MCX	
  and	
  LC-­‐18	
  column.……………….…...………...	
  71	
  

Table	
  3.20	
  Relative	
  standard	
  deviation	
  of	
  the	
  experiment	
  data	
  …………………………..	
  71	
  

Table	
  4.1	
  Main	
  method	
  parameters	
  of	
  the	
  HPLC	
  analysis……………………………....…….	
  93	
  

Table	
  4.2	
  Recovery	
  of	
  E2	
  standard	
  in	
  Oasis	
  MCX	
  cartridges	
  in	
  surface	
  water	
  samples	
  

measured	
  by	
  HPLC.……………………………....……………………………....…………………………...	
  98	
  

Table	
  4.3	
  Estrogenic	
  activity	
  of	
  E2	
  in	
  surface	
  and	
  wastewater	
  determined	
  by	
  YES	
  

assay	
  and	
  the	
  recovery	
  of	
  MCX	
  sorbent.…....………………………………………………………..	
  99	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



www.manaraa.com

	
   x	
  

List	
  of	
  Figures	
  

	
  
Figure	
  2.1(a):	
  	
  The	
  SPE	
  column…………………………………………………….……………………..12	
  

Figure	
  2.1(b):	
  The	
  SPE	
  disc	
  …………………………………………………………………………….….12	
  

Figure	
  2.2	
  	
  Apparatus	
  of	
  the	
  first	
  commercial	
  SPME	
  device	
  (Supelco)	
  …………………	
  15	
  

Figure	
  2.3	
  	
  Mode	
  of	
  fiber	
  SPME	
  operation	
  ………………………………………………………….	
  15	
  

Figure	
  2.4.	
  Method	
  selection	
  guide	
  for	
  the	
  isolation	
  of	
  organic	
  compounds	
  from	
  

solution	
  …………………………………………………………………………………………………………….18	
  

Figure	
  2.5	
  The	
  functional	
  group	
  of	
  LC-­‐18	
  (Supelclean)	
  ……………………………………….	
  20	
  

Figure	
  2.6	
  The	
  structure	
  of	
  Oasis	
  (a)	
  MAX	
  and	
  (b)	
  MCX	
  sorbent	
  ………………………….	
  21	
  

Figure	
  2.7	
  Micelles,	
  hemimicelles	
  and	
  admicelles	
  structures……………………………….	
  23	
  

Figure	
  2.8	
  The	
  common	
  setup	
  and	
  working	
  principle	
  of	
  electrospinning……………..	
  25	
  

Figure	
  2.9	
  Scanning	
  electronic	
  and	
  transmission	
  electronic	
  micrographs	
  of	
  crude	
  

multi-­‐walled	
  carbon	
  nanotubes	
  (MWCNTs)	
  and	
  MWCNT-­‐molecularly-­‐imprinted	
  

polymer	
  (MIP)…………………………………………………………………………………………………..	
  26	
  

Figure	
  2.10	
  Typical	
  procedure	
  of	
  SPE…………………………………………………………………	
  27	
  

Figure	
  2.11	
  Impact	
  of	
  conditioning……………………………....……………………………....…….	
  28	
  

Figure	
  2.12	
  Frame-­‐shift	
  mutation	
  mechanism……………………………....……..……………..	
  34	
  

Figure	
  2.13	
  Base	
  pair	
  substitution	
  resulting	
  in	
  a	
  missense	
  mutation……………………	
  34	
  

Figure	
  3.1	
  Flowchart	
  for	
  batch	
  equilibrium	
  adsorption	
  experiments……………………	
  52	
  

Figure	
  3.2	
  Experimental	
  set-­‐up	
  for	
  continuous	
  column	
  operation………………………...53	
  

Figure	
  3.3	
  Removal	
  profiles	
  of	
  LCM,	
  MNZ,	
  OFL	
  and	
  SMX	
  in	
  LC-­‐18,	
  MAX	
  and	
  MCX	
  

columns	
  ……………………………....……………………………....…………………………………………..	
  55	
  

Figure	
  3.4	
  Adsorption	
  isotherms	
  of	
  LCM,	
  MNZ,	
  OFL	
  and	
  SMX	
  in	
  LC-­‐18,	
  MAX	
  and	
  MCX	
  

columns	
  ……………………………....……………………………....……………………………………..........	
  56	
  

Figure	
  3.5	
  Langmuir	
  isotherm	
  plots	
  of	
  LCM,	
  MNZ,	
  OFL	
  and	
  SMX	
  in	
  LC-­‐18,	
  MAX	
  and	
  

MCX	
  columns	
  ……………………………....…………………………………………………….....…………..	
  60	
  

Figure	
  3.6	
  Freundlich	
  isotherm	
  plots	
  of	
  LCM,	
  MNZ,	
  OFL	
  and	
  SMX	
  in	
  LC-­‐18,	
  MAX	
  and	
  

MCX	
  columns	
  ……………………………....……………………………....…………………………………...	
  61	
  

Figure	
  3.7	
  Typical	
  representation	
  of	
  the	
  breakthrough	
  curve……………………………...	
  65	
  



www.manaraa.com

	
   xi	
  

Figure	
  3.8	
  Breakthrough	
  curves	
  for	
  LCM,	
  MNZ,	
  OFL	
  and	
  SMX	
  in	
  LC-­‐18,	
  MAX	
  and	
  MCX	
  

columns	
  ……………………………....……………………………....……………………………………....…..	
  66	
  

Figure	
  3.9	
  Cationic	
  species	
  in	
  lincomycin	
  present	
  at	
  pH	
  4.7.………………………………...	
  68	
  

Figure	
  4.1	
  Experimental	
  set-­‐up	
  of	
  large	
  sample	
  extraction………………………………….	
  86	
  

Figure	
  4.2	
  Flow	
  chart	
  for	
  SPE	
  procedure	
  for	
  bioassays	
  and	
  HPLC	
  analysis	
  …………..	
  88	
  

Figure	
  4.3	
  Photo	
  of	
  YES	
  assay	
  plate.	
  ……………………………....……………………………....…..	
  91	
  

Figure	
  4.4	
  Estradiol	
  (E2)	
  dose-­‐response	
  curve	
  using	
  ethanol.	
  ……………………………..	
  92	
  

Figure	
  4.5	
  Chromatograms	
  of	
  the	
  surface	
  water	
  collected	
  in	
  Thames	
  River.	
  ………...	
  94	
  

Figure	
  4.6	
  Chromatograms	
  of	
  the	
  wastewater	
  collected	
  in	
  Adelaide	
  Pollution	
  Control	
  

Center……………...……………………………....……………………………....……………………………….	
  95	
  

Figure	
  4.7	
  Chromatograms	
  of	
  the	
  surface	
  water	
  spiked	
  with	
  E2	
  standard.	
  …………..	
  97	
  

Figure	
  4.8	
  Chromatograms	
  of	
  the	
  wastewater	
  spiked	
  with	
  E2	
  standard.	
  ……………..	
  97	
  

Figure	
  4.9	
  Mutagenicity	
  analysis	
  using	
  Ames	
  test	
  for	
  concentrated	
  surface	
  water	
  and	
  

wastewater	
  in	
  City	
  of	
  London………………………………………………………………………..…	
  101	
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



www.manaraa.com

	
   xii	
  

List	
  of	
  Abbreviations	
  
	
  
	
  

%E	
  =	
  the	
  percent	
  of	
  analytes	
  being	
  extracted	
  from	
  one	
  phase	
  into	
  another	
  

µg	
  =	
  microgram	
  	
  

µg	
  L-­‐1	
  =	
  microgram	
  per	
  liter	
  	
  

μm	
  =	
  micrometer	
  

Å	
  =	
  porosity	
  	
  

a	
  =	
  baseline	
  response	
  

A0	
  =	
  initial	
  UV	
  absorbance	
  	
  

Asp	
  =	
  peak	
  areas	
  of	
  spiked	
  E2	
  standards	
  

Ansp	
  =	
  peak	
  area	
  of	
  non-­‐spiked	
  sample	
  

b	
  =	
  maximum	
  response	
  

C18	
  =	
  silica	
  based	
  chromatography	
  column	
  coated	
  with	
  a	
  C18	
  polymer	
  

CH	
  =	
  cyclohexane	
  	
  

C8	
  =	
  silica	
  based	
  chromatography	
  column	
  coated	
  with	
  a	
  C8	
  polymer	
  

C2	
  =	
  silica	
  based	
  chromatography	
  column	
  coated	
  with	
  a	
  C2	
  polymer	
  

Ctheoretical	
  =	
  theoretical	
  concentration	
  of	
  E2	
  

CE2	
  =	
  concentration	
  of	
  E2	
  

C*	
  =	
  aqueous-­‐phase	
  concentration	
  at	
  equilibrium	
  	
  

C0	
  =	
  the	
  initial	
  concentration	
  of	
  the	
  micropollutant	
  in	
  solution	
  

CMC	
  =	
  critical	
  micellar	
  concentration	
  

CNT	
  =	
  carbon	
  nanotubes	
  

CE	
  =	
  capillary	
  electrophoresis	
  

E2	
  =	
  17β-­‐estradiol	
  

EEQ	
  =	
  equivalent	
  estradiol	
  concentration	
  

EC50	
  =	
  half-­‐maximal	
  effect	
  concentration	
  

EDCs	
  =	
  endocrine	
  disrupting	
  compound	
  

g	
  mol-­‐1	
  =	
  gram	
  per	
  mole	
  

g	
  L-­‐1	
  =	
  gram	
  per	
  liter	
  

GC	
  =	
  gas	
  chromatography	
  



www.manaraa.com

	
   xiii	
  

GC-­‐MS	
  =	
  gas	
  chromatography-­‐mass	
  spectrometry	
  	
  

hER	
  =	
  human	
  estrogen	
  receptor	
  

HPLC	
  =	
  high	
  performance	
  liquid	
  chromatography	
  	
  

KD	
  =	
  distribution	
  coefficient	
  

KOW	
  =	
  octanol-­‐water	
  partition	
  coefficient	
  	
  

LC-­‐18	
  =	
  silica	
  based	
  chromatography	
  column	
  coated	
  with	
  a	
  LC-­‐18	
  polymer	
  

LLE	
  =	
  liquid-­‐liquid	
  extraction	
  

LD	
  =	
  liquid	
  desorption	
  

LCM	
  =	
  lincomycin	
  	
  

m	
  =	
  hill	
  slop	
  	
  

mg	
  mL-­‐1	
  =	
  milligram	
  per	
  milliliter	
  

mg	
  L-­‐1	
  =	
  milligram	
  per	
  lite	
  	
  

m2	
  g-­‐1	
  =	
  square	
  meter	
  per	
  gram	
  

ME	
  =	
  amount	
  of	
  analytes	
  eluted	
  from	
  the	
  SPE	
  devices	
  

ML	
  =	
  amount	
  of	
  analytes	
  adsorbed	
  onto	
  the	
  SPE	
  devices	
  

MAX	
  =	
  mixed-­‐mode	
  anion	
  exchange	
  sorbent	
  

MCX	
  =	
  mixed-­‐mode	
  cation	
  exchange	
  sorbent	
  

MIP	
  =	
  molecularly-­‐imprinted	
  polymer	
  

MNZ	
  =	
  metronidazole	
  

MWCNT	
  =	
  multi-­‐walled	
  carbon	
  nanotube	
  	
  

ng	
  L-­‐1	
  =	
  nanogram	
  per	
  liter	
  

N	
  =	
  theoretical	
  plates	
  number	
  

NF	
  =	
  electrospun	
  polymer	
  nanofibers	
  	
  

OFL	
  =	
  ofloxacin	
  

ppt	
  =	
  one	
  part	
  per	
  trillion	
  

ppb	
  =	
  parts-­‐per-­‐billion	
  

pKa	
  =	
  acid	
  dissociation	
  constant	
  

PDMS	
  =	
  polydimethylsiloxane	
  polymer	
  

PH	
  =	
  phenyl	
  

PhC	
  =	
  Pharmaceutical	
  compounds	
  

q	
  =	
  adsorptive	
  capacity	
  



www.manaraa.com

	
   xiv	
  

R	
  =	
  absolute	
  recovery	
  

R2	
  =	
  regression	
  coefficient	
  

SBSE	
  =	
  stir-­‐bar	
  sorptive	
  extraction	
  

SMX	
  =	
  sulfamethoxazole	
  	
  

SPE	
  =	
  solid	
  phase	
  extraction	
  

SPME	
  =	
  solid-­‐phase	
  microextraction	
  

TD	
  =	
  thermal	
  desorption	
  

VB	
  =	
  breakthrough	
  volume	
  

VR	
  =	
  chromatographic	
  elution	
  volume	
  

VC	
  =	
  sample	
  volume	
  when	
  the	
  concentration	
  of	
  the	
  analyte	
  at	
  the	
  outlet	
  equals	
  to	
  C0	
  

V	
  =	
  volume	
  of	
  the	
  solution	
  

VOC	
  =	
  volatile	
  organic	
  compound	
  

W	
  =	
  absorption	
  weight	
  

YES	
  test	
  =	
  yeast	
  estrogen	
  screen	
  test	
  

	
  



www.manaraa.com

	
   1	
  

Chapter	
  1	
  	
  

	
  
1.	
  Introduction	
  

1.1	
  Background	
  
Water,	
  as	
  a	
  natural	
  resource,	
  is	
  valuable	
  throughout	
  the	
  world,	
  especially	
  in	
  the	
  

regions	
  experiencing	
  significant	
  industrialization	
  and	
  urbanization	
  due	
  to	
  

population	
  expansion.	
  Deforestation	
  and	
  man-­‐made	
  pollution	
  are	
  inflicting	
  

tremendous	
  pressure	
  on	
  the	
  depletion	
  of	
  freshwater	
  resources.	
  World	
  Health	
  

Organization	
  (WHO,	
  2004)	
  reported	
  a	
  nearly	
  2	
  million	
  death	
  rate	
  caused	
  by	
  

waterborne	
  diarrheal	
  diseases	
  each	
  year.	
  88%	
  of	
  these	
  deaths	
  are	
  a	
  result	
  of	
  

drinking	
  unsafe	
  water,	
  inadequate	
  sanitation,	
  and	
  poor	
  hygiene.	
  To	
  use	
  the	
  

freshwater	
  sustainably,	
  a	
  “radical	
  rethink”	
  of	
  policies	
  to	
  manage	
  competing	
  claims	
  

has	
  been	
  suggested	
  (Reuters,	
  2012).	
  A	
  long-­‐lasting	
  sustainability	
  of	
  safe	
  water	
  

supply	
  is	
  regulated	
  by	
  stringent	
  protection	
  and	
  management	
  of	
  water	
  sources	
  and	
  

an	
  efficient	
  reclamation	
  of	
  used	
  water	
  from	
  different	
  effluents.	
  However,	
  various	
  

organic	
  compounds	
  such	
  as	
  pharmaceuticals	
  and	
  personal	
  care	
  products	
  (PPCPs),	
  

which	
  can	
  include	
  prescription	
  drugs	
  and	
  nutraceuticals,	
  fragrances	
  and	
  sunscreen	
  

products,	
  etc.	
  were	
  reported	
  to	
  be	
  found	
  in	
  numerous	
  wastewater	
  effluents	
  and	
  

aquatic	
  systems.	
  Other	
  than	
  PPCPs,	
  endocrine-­‐disrupting	
  chemicals	
  (EDCs)	
  were	
  

also	
  reported	
  and	
  found	
  to	
  affect	
  the	
  aquatic	
  habitat	
  (Caliman	
  &	
  Gavrilescu,	
  2009;	
  

Onesios	
  et	
  al.,	
  2009;	
  Li	
  et	
  al.,	
  2010).	
  At	
  present,	
  there	
  are	
  no	
  legal	
  regulations	
  

established	
  for	
  the	
  discharge	
  of	
  these	
  persistent,	
  omnipresent	
  and	
  biologically	
  active	
  

substances	
  into	
  surface	
  water	
  bodies	
  (Verlicchi	
  et	
  al.,	
  2012;	
  Fürhacker,	
  2008;	
  Salgot	
  

et	
  al.,	
  2006;	
  Ternes	
  et	
  al.,	
  2007).	
  The	
  concentrations	
  of	
  PPCPs	
  and	
  EDCs	
  in	
  raw	
  

wastewater	
  are	
  generally	
  in	
  the	
  range	
  of	
  10-­‐3	
  to	
  10-­‐6	
  mgL-­‐1	
  (Chen	
  et	
  al.,	
  2007;	
  

Verlicchi	
  et	
  al.,	
  2012).	
  Moreover,	
  these	
  substances	
  have	
  very	
  different	
  physical	
  and	
  

chemical	
  properties	
  such	
  as	
  polarity,	
  solubility,	
  adsorbability,	
  absorbability,	
  and	
  

biodegradability	
  (Ziylan	
  &	
  Ince,	
  2011;	
  Le-­‐Minh	
  et	
  al.,	
  2010)	
  which	
  have	
  a	
  great	
  

influence	
  on	
  their	
  behavior	
  during	
  the	
  treatment	
  and	
  their	
  removal	
  efficiencies	
  in	
  

treatment	
  plants.	
  	
  Although	
  the	
  concentration	
  levels	
  of	
  PPCPs	
  and	
  EDCs	
  do	
  not	
  have	
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an	
  acute	
  toxicity	
  to	
  human	
  health	
  and	
  the	
  environment,	
  long-­‐term	
  exposure	
  to	
  these	
  

substances	
  might	
  adversely	
  impact	
  aquatic	
  and	
  terrestrial	
  ecosystems	
  and	
  human	
  

health	
  (Environment	
  Canada,	
  2009).	
  For	
  instance,	
  investigations	
  have	
  shown	
  an	
  

epidemiologic	
  link	
  between	
  genotoxic	
  substances	
  in	
  drinking	
  water	
  intake	
  and	
  an	
  

increasing	
  trend	
  in	
  certain	
  cancers	
  (Koivusalo	
  et	
  al.,	
  1997).	
  Ethynylestradiol	
  (EE2),	
  

the	
  main	
  components	
  in	
  oral	
  contraceptive	
  pills	
  for	
  birth	
  control	
  and	
  hormone	
  

therapy,	
  has	
  been	
  shown	
  to	
  result	
  in	
  the	
  induction	
  of	
  female-­‐specific	
  proteins	
  in	
  

male	
  fish	
  (Tyler	
  &	
  Routledge,	
  1998),	
  reduced	
  sperm	
  counts	
  (Haubruge	
  et	
  al.,	
  2000;	
  

Woods	
  &	
  Kumar,	
  2011),	
  feminize	
  wild	
  fish	
  populations,	
  (Papoulias	
  et	
  al.,	
  2000;	
  

Larsson	
  et	
  al.,	
  2000)	
  and	
  prevalence	
  of	
  intersexuality.	
  So,	
  it	
  is	
  vital	
  to	
  detect	
  and	
  

monitor	
  the	
  appearance	
  and	
  concentrations	
  of	
  these	
  micropollutants	
  in	
  various	
  

effluents	
  and	
  aquatic	
  environments.	
  

	
  

Because	
  of	
  the	
  intricacy	
  of	
  ecosystems	
  and	
  the	
  difficulties	
  of	
  the	
  potential	
  impacts	
  of	
  

the	
  anthropogenic	
  pollutants	
  to	
  be	
  quantified,	
  various	
  bioassays	
  have	
  been	
  

developed	
  over	
  the	
  years	
  to	
  address	
  different	
  aspects	
  of	
  environmental	
  pollution.	
  

Bioassays	
  use	
  simple	
  biological	
  systems	
  to	
  simulate	
  the	
  immediate	
  effect	
  of	
  a	
  

compound	
  or	
  mixtures	
  of	
  compounds	
  on	
  living	
  organisms	
  (Murphy	
  et	
  al.,	
  2009).	
  It	
  

relies	
  on	
  detecting	
  the	
  response	
  of	
  organisms	
  exposed	
  to	
  micropollutants	
  relative	
  to	
  

a	
  control	
  (Rizzo,	
  2011).	
  In	
  contrast	
  to	
  chemical	
  analysis,	
  the	
  results	
  of	
  bioassays	
  

reflect	
  biological	
  responses	
  instead	
  of	
  just	
  chemical	
  concentrations.	
  	
  However,	
  

different	
  compounds	
  have	
  different	
  levels	
  at	
  which	
  acute	
  toxicity	
  occurs,	
  similarly	
  

each	
  bioassay	
  only	
  responds	
  to	
  a	
  given	
  concentration	
  of	
  the	
  contaminant.	
  Therefore,	
  

current	
  bioassays	
  need	
  to	
  be	
  modified	
  to	
  detect	
  low	
  concentrations	
  of	
  target	
  

compounds	
  or	
  their	
  mixtures	
  in	
  aqueous	
  streams.	
  	
  

	
  

Sample	
  preparation,	
  the	
  step	
  taken	
  prior	
  to	
  a	
  bioassay,	
  makes	
  the	
  analytes	
  at	
  micro	
  

to	
  nano-­‐concentration	
  more	
  suitable	
  for	
  detection.	
  Sample	
  preparation	
  would	
  

impact	
  nearly	
  all	
  the	
  later	
  steps	
  in	
  the	
  bioassays	
  and	
  is	
  hence	
  very	
  critical	
  for	
  

unequivocal	
  identification,	
  confirmation	
  and	
  quantification	
  of	
  analytes	
  (Chen	
  et	
  al.,	
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2008).	
  A	
  proper	
  sample	
  preparation	
  method	
  would	
  assist	
  the	
  detection	
  and	
  reduce	
  

the	
  time	
  and	
  cost	
  of	
  the	
  bioassays.	
  	
  

	
  

Considerable	
  pre-­‐concentration	
  technologies	
  have	
  been	
  used	
  for	
  bioassays	
  such	
  as	
  

solid	
  phase	
  extraction,	
  continuous	
  liquid-­‐liquid	
  extraction	
  (Lippincott	
  et	
  al.,	
  1989),	
  

supercritical	
  fluid	
  extraction	
  (Wolfe	
  et	
  al.,	
  1994)	
  and	
  hollow	
  fiber-­‐liquid	
  phase	
  

micro-­‐extraction	
  (Kim	
  et	
  al.,	
  2012).	
  Solid	
  phase	
  extraction	
  (SPE)	
  is	
  the	
  most	
  

conventional	
  and	
  frequently	
  used	
  technique	
  for	
  isolation,	
  concentration,	
  clean-­‐up	
  

and	
  medium	
  exchange	
  for	
  trace	
  organics	
  (Kim	
  et	
  al.,	
  2012).	
  	
  Compared	
  with	
  other	
  

extraction	
  techniques,	
  SPE	
  has	
  the	
  advantages	
  of	
  simplicity,	
  rapidity	
  and	
  high	
  

recovery.	
  It	
  also	
  requires	
  low	
  consumption	
  of	
  organic	
  solvents,	
  which	
  reduces	
  the	
  

cost	
  of	
  the	
  extraction.	
  Furthermore,	
  SPE	
  may	
  be	
  successfully	
  used	
  in	
  combination	
  

with	
  some	
  analytical	
  methods	
  such	
  as	
  Gas	
  Chromatography	
  (GC)	
  and	
  Gas	
  

Chromatography-­‐Mass	
  Spectrometry	
  (GC-­‐MS)	
  for	
  a	
  variety	
  of	
  compounds	
  (Caliman	
  

&	
  Gavrilescu,	
  2009).	
  

	
  

Various	
  sampling	
  formats	
  and	
  sorbents	
  have	
  been	
  developed	
  and	
  modified	
  over	
  

time	
  to	
  facilitate	
  the	
  suitable	
  processing	
  of	
  different	
  samples	
  and	
  to	
  extend	
  the	
  

scopes	
  of	
  the	
  technique.	
  In	
  the	
  early	
  1980s,	
  disposable	
  cartridges	
  packed	
  with	
  silica-­‐

based	
  chemically	
  bonded	
  sorbents	
  started	
  to	
  be	
  used	
  in	
  the	
  laboratory	
  (Poole,	
  2003).	
  

SPE	
  cartridges	
  are	
  devices	
  that	
  sorbents	
  with	
  different	
  nominal	
  particle	
  sizes	
  and	
  

different	
  properties	
  are	
  packed	
  between	
  porous	
  plastic	
  frits	
  in	
  short	
  columns	
  

(generally	
  an	
  open	
  syringe	
  barrel).	
  Nowadays,	
  numerous	
  commercial	
  SPE	
  cartridges	
  

are	
  available	
  in	
  the	
  market.	
  However,	
  the	
  data	
  on	
  the	
  sorption	
  properties	
  of	
  

different	
  types	
  of	
  popular	
  commercial	
  SPE	
  columns	
  are	
  very	
  limited.	
  In	
  addition,	
  the	
  

sorption	
  isotherms	
  have	
  been	
  restricted	
  to	
  a	
  relatively	
  high	
  concentration	
  range	
  of	
  

the	
  analytes	
  (Foo	
  &	
  Hameed,	
  2010).	
  Isotherm	
  fitting	
  needs	
  to	
  be	
  better	
  examined	
  

and	
  statistically	
  tested	
  at	
  low	
  concentrations.	
  Finally,	
  an	
  optimized	
  SPE	
  procedure	
  is	
  

always	
  required	
  for	
  different	
  environmental	
  samples	
  being	
  tested	
  in	
  different	
  

bioassays.	
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Objectives	
  of	
  the	
  Present	
  Study	
  

	
  

Based	
  on	
  the	
  above,	
  further	
  research	
  and	
  development	
  are	
  required	
  in	
  both	
  solid	
  

phase	
  extraction	
  optimization	
  and	
  application	
  of	
  the	
  SPE	
  procedures	
  in	
  water	
  

quality	
  evaluation.	
  The	
  objective	
  of	
  this	
  work	
  was	
  to	
  address	
  both	
  issues,	
  specifically	
  

to	
  (i)	
  determine	
  adsorption	
  parameters	
  for	
  selected	
  micropollutants	
  on	
  various	
  

commercial	
  cartridges	
  and	
  determine	
  relationship	
  with	
  common	
  physico-­‐chemical	
  

properties	
  such	
  as	
  acid	
  dissociation	
  constant	
  (pKa),	
  octanol-­‐water	
  coefficient,	
  and	
  

solubility,	
  (ii)	
  optimize	
  the	
  sample	
  concentration	
  procedures	
  for	
  the	
  selected	
  SPE	
  

cartridges,	
  and	
  (iii)	
  apply	
  the	
  optimized	
  SPE	
  procedures	
  in	
  two	
  different	
  bioassays,	
  

the	
  Ames	
  Test	
  and	
  the	
  yeast	
  estrogen	
  screen	
  (YES)	
  test,	
  to	
  determine	
  the	
  effect	
  of	
  

environmental	
  matrices	
  on	
  SPE	
  extraction.	
  

	
  

Overview	
  of	
  Dissertation	
  

	
  

This	
  thesis	
  is	
  divided	
  into	
  the	
  following	
  chapters:	
  

Chapter	
  1	
  provides	
  the	
  background	
  and	
  the	
  objectives	
  of	
  the	
  research.	
  

	
  

Chapter	
  2	
  presents	
  a	
  literature	
  review	
  of	
  the	
  relevant	
  theories	
  for	
  the	
  stages	
  in	
  the	
  

research	
  project.	
  

	
  

Chapter	
  3	
  describes	
  the	
  first	
  stage	
  of	
  the	
  research,	
  in	
  which	
  the	
  properties	
  of	
  three	
  

different	
  cartridges	
  were	
  evaluated	
  by	
  using	
  four	
  antibiotics	
  as	
  the	
  model	
  

compounds	
  in	
  both	
  column	
  and	
  batch	
  sorption	
  experiments.	
  

	
  

Chapter	
  4	
  discusses	
  the	
  second	
  stage	
  of	
  the	
  research	
  where	
  the	
  toxicity	
  using	
  two	
  

bioassays	
  is	
  compared	
  for	
  the	
  environmental	
  water	
  samples	
  after	
  being	
  extracted	
  by	
  

the	
  optimized	
  SPE	
  cartridge	
  and	
  procedure.	
  

	
  

Chapter	
  5	
  reports	
  the	
  conclusions	
  and	
  recommendations	
  for	
  future	
  work.	
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Chapter	
  2	
  
	
  

2	
  Literature	
  Review	
  

2.1	
  Background	
  
The	
  widespread	
  occurrence	
  of	
  organic	
  micropollutants	
  such	
  as	
  pharmaceutical	
  

compounds	
  (PhCs)	
  and	
  personal	
  care	
  products,	
  flame	
  retardants,	
  pesticides,	
  and	
  

endocrine	
  disrupting	
  compounds	
  (EDCs)	
  in	
  receiving	
  aquatic	
  environments	
  and	
  

wastewater	
  plants	
  have	
  provoked	
  increasing	
  concern	
  all	
  over	
  the	
  world.	
  A	
  study	
  

conducted	
  in	
  Europe	
  stated	
  that	
  in	
  264	
  municipal	
  wastewater	
  treatment	
  plants	
  

(WWTPS)	
  around	
  the	
  world,	
  118	
  pharmaceutical	
  compounds	
  belonging	
  to	
  17	
  

different	
  classes	
  were	
  found	
  in	
  the	
  effluents	
  (Verlicchi	
  et	
  al.,	
  2012).	
  The	
  majority	
  of	
  

those	
  organic	
  compounds	
  have	
  not	
  been	
  proved	
  to	
  be	
  mutagenic	
  or	
  carcinogenic.	
  

However,	
  34%	
  of	
  71	
  compounds	
  detected	
  in	
  drinking	
  water	
  were	
  reported	
  to	
  be	
  

mutagens	
  (Ellis	
  et	
  al.,	
  1982).	
  Although	
  the	
  direct	
  effects	
  of	
  these	
  suspected	
  

mutagenic	
  micropollutants	
  on	
  human	
  health	
  and	
  aquatic	
  habitats	
  are	
  not	
  yet	
  fully	
  

understood,	
  the	
  pernicious	
  effects	
  of	
  the	
  EDCs	
  and	
  suspected	
  mutagenic	
  compounds	
  

have	
  already	
  been	
  demonstrated	
  (Sumpter,	
  2005).	
  For	
  example,	
  chloroform	
  was	
  

found	
  at	
  366	
  μgL-­‐1	
  and	
  Dieldrin	
  was	
  found	
  8	
  μgL-­‐1	
  in	
  drinking	
  water,	
  which	
  have	
  1.7

×10-­‐6	
  and	
  2.6×10-­‐4	
  lifetime	
  cancer	
  risk	
  per	
  μgL-­‐1	
  (Claxon,	
  et	
  al.,	
  2008).	
  

	
  

Bioassays,	
  as	
  one	
  of	
  the	
  most	
  precise	
  and	
  available	
  tools,	
  are	
  used	
  to	
  monitor	
  the	
  

quality	
  of	
  the	
  wastewater	
  treatment	
  by	
  using	
  genetically	
  modified	
  bacteria	
  or	
  yeast	
  

strains	
  to	
  detect	
  the	
  mutagenicity	
  or	
  estrogenicity	
  of	
  the	
  environmental	
  samples	
  

downstream	
  of	
  the	
  treatment	
  processes.	
  On	
  the	
  other	
  hand,	
  improving	
  the	
  

techniques	
  to	
  detect	
  micropollutants	
  at	
  very	
  low	
  concentrations	
  and	
  developing	
  the	
  

methodology	
  to	
  evaluate	
  the	
  toxicity	
  of	
  the	
  contaminants	
  should	
  be	
  fed	
  back	
  to	
  the	
  

upstream	
  process	
  to	
  optimize	
  the	
  operation	
  of	
  the	
  wastewater	
  treatment.	
  Because	
  

of	
  the	
  looming	
  water	
  scarcity	
  all	
  over	
  the	
  world,	
  supplying	
  safe	
  and	
  reliable	
  drinking	
  

water	
  and	
  sustainable	
  development	
  will	
  require	
  the	
  detection	
  and	
  removal	
  of	
  

potentially	
  harmful	
  contaminants	
  in	
  water	
  resources	
  (Falconer	
  et	
  al.,	
  2006).	
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Therefore,	
  extensive	
  research	
  and	
  development	
  in	
  the	
  methodology	
  of	
  

micropollutant	
  detection	
  and	
  monitoring	
  are	
  needed.	
  

	
  

2.2	
  Sample	
  preparation	
  
The	
  concentration	
  levels	
  of	
  the	
  suspected	
  mutagens	
  or	
  estrogens	
  in	
  environmental	
  

samples	
  are	
  usually	
  too	
  low	
  to	
  be	
  detected	
  in	
  a	
  bioassay.	
  Therefore,	
  it	
  is	
  necessary	
  to	
  

concentrate	
  and	
  purify	
  the	
  analytes	
  prior	
  to	
  chemical	
  analysis	
  or	
  bioassay.	
  In	
  

chemical	
  analysis,	
  sample	
  preparation,	
  as	
  the	
  foundation	
  step	
  for	
  the	
  experiment,	
  is	
  

often	
  the	
  most	
  time-­‐consuming	
  step.	
  A	
  survey	
  showed	
  that	
  sample	
  preparation	
  

accounted	
  for	
  nearly	
  61%	
  of	
  the	
  time	
  required	
  to	
  conduct	
  an	
  analytical	
  task	
  

(Bielicka-­‐Daszkiewicz	
  &	
  Voelkel,	
  2009).	
  Because	
  of	
  the	
  demand	
  to	
  perform	
  an	
  

accurate	
  and	
  precise	
  environmental	
  analysis,	
  liquid-­‐liquid	
  extraction	
  (LLE)	
  and	
  

solid-­‐phase	
  extraction	
  (SPE)	
  techniques	
  were	
  developed.	
  LLE	
  technique	
  uses	
  two	
  

immiscible	
  solvents	
  to	
  partition	
  the	
  analytes	
  from	
  one	
  media	
  to	
  the	
  other.	
  Although	
  

LLE	
  has	
  been	
  used	
  as	
  a	
  sample	
  preparation	
  procedure	
  for	
  analysis	
  of	
  trace	
  organics	
  

for	
  decades,	
  with	
  the	
  superiority	
  of	
  other	
  simple	
  preparation	
  techniques	
  developed	
  

over	
  the	
  past	
  twenty	
  years,	
  it	
  has	
  become	
  less	
  popular	
  over	
  time.	
  In	
  addition,	
  there	
  

are	
  many	
  drawbacks	
  of	
  liquid-­‐liquid	
  extraction.	
  For	
  example,	
  the	
  solvents	
  used	
  in	
  

LLE	
  must	
  be	
  immiscible	
  with	
  the	
  matrix,	
  which	
  makes	
  the	
  procedure	
  very	
  non-­‐

selective.	
  In	
  addition	
  to	
  emulsion	
  formation,	
  difficulty	
  in	
  automation,	
  and	
  time	
  

consumption,	
  LLE	
  also	
  requires	
  large	
  volumes	
  of	
  organic	
  solvents,	
  some	
  of	
  which	
  

are	
  toxic	
  and	
  can	
  also	
  be	
  expensive.	
  SPE,	
  on	
  the	
  other	
  hand,	
  can	
  overcome	
  all	
  of	
  

these	
  drawbacks.	
  

	
  

2.2.1	
  SPE	
  
Solid	
  phase	
  extraction	
  is	
  the	
  technique	
  to	
  clean-­‐up,	
  concentrate	
  and	
  solvent	
  

exchange	
  an	
  environmental	
  sample	
  for	
  chemical	
  or	
  biochemical	
  analysis.	
  Solid	
  

phase	
  procedure	
  is	
  based	
  on	
  the	
  equilibration	
  of	
  an	
  analyte	
  between	
  the	
  mobile	
  

phase	
  (gas	
  or	
  liquid)	
  and	
  the	
  sorbent	
  (Ann	
  &	
  González,	
  2011).	
  Analytes	
  are	
  

partitioned	
  onto	
  a	
  solid	
  sorbent	
  phase	
  mostly	
  from	
  a	
  liquid	
  phase.	
  Since	
  trace	
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solutes	
  are	
  adsorbed	
  and	
  then	
  desorbed	
  by	
  an	
  on/off	
  mechanism,	
  it	
  can	
  be	
  

considered	
  as	
  a	
  form	
  of	
  digital	
  liquid	
  chromatography,	
  a	
  term	
  created	
  by	
  Wells	
  and	
  

Michael	
  (Gonzalez,	
  2001).	
  For	
  purification	
  purpose,	
  there	
  are	
  two	
  possible	
  methods;	
  

one	
  simply	
  is	
  the	
  reverse	
  of	
  the	
  other.	
  	
  Either	
  the	
  interferences	
  or	
  the	
  analytes	
  may	
  

be	
  sorbed	
  onto	
  the	
  surface	
  of	
  the	
  sorbent	
  and	
  leave	
  the	
  others	
  in	
  the	
  mobile	
  phase,	
  

or	
  vice	
  versa.	
  In	
  either	
  case,	
  a	
  distribution	
  coefficient,	
  KD,	
  can	
  be	
  used	
  to	
  represent	
  

the	
  distribution	
  of	
  the	
  analytes	
  between	
  the	
  sample	
  (solvent)	
  and	
  the	
  sorbent,	
  such	
  

that:	
  

	
  

KD	
  =	
  [analyte]sorbent/[analyte]sample	
  (Simpson,	
  2000)	
  	
  	
  	
  	
  	
  	
  Eq.	
  2.1	
  

	
  

The	
  percent	
  of	
  analytes	
  being	
  extracted	
   from	
  one	
  phase	
   into	
  another,	
   represented	
  

by	
  %E,	
  can	
  also	
  be	
  expressed	
  in	
  term	
  of	
  distribution	
  coefficient,	
  such	
  that:	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  %E	
  =	
  100	
  ×	
  KD/(KD+1)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Eq.2.2	
  

	
  

For	
   a	
   successful	
   solid	
   phase	
   extraction,	
   the	
   distribution	
   coefficient	
   should	
   be	
   as	
  

large	
  as	
  possible.	
  Ideally,	
  in	
  a	
  SPE	
  process,	
  KD	
  for	
  an	
  analyte	
  should	
  be	
  large	
  and	
  the	
  

KD	
  for	
  interferences	
  should	
  be	
  small	
  (or	
  vice	
  versa)	
  (Portugal,	
  2008).	
  In	
  such	
  a	
  case,	
  

one	
  compound	
  (or	
  a	
  specie)	
  will	
  be	
  completely	
  retained	
  in	
  one	
  phase	
  and	
  leave	
  the	
  

rest	
  of	
  species	
  in	
  the	
  other	
  phase.	
  Thus,	
  selectivity	
  is	
  obtained.	
  Another	
  parameter,	
  R,	
  

is	
  used	
  to	
  indicate	
  the	
  absolute	
  recovery	
  for	
  a	
  SPE	
  process.	
  Similar	
  to	
  the	
  percentage	
  

of	
  analytes	
  extracted,	
  R	
  is	
  in	
  form	
  of	
  percentage	
  and	
  the	
  equation	
  can	
  be	
  expressed	
  

as:	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  %R	
  =	
  (ME/ML)	
  ×100%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Eq.2.3	
  

	
  

where	
   ME	
   is	
   the	
   amount	
   of	
   analytes	
   eluted	
   from	
   the	
   SPE	
   devices	
   and	
   ML	
   is	
   the	
  

amount	
  of	
  analytes	
  adsorbed	
  onto	
  the	
  SPE	
  devices.	
  The	
  retention	
  properties	
  for	
  the	
  

analyte	
  of	
  interest	
  are	
  a	
  function	
  of	
  temperature,	
  the	
  format	
  of	
  SPE,	
  the	
  nature	
  of	
  the	
  

mobile	
   phase,	
   and	
   the	
   stationary	
   phase	
   (sorbent).	
   As	
   a	
   typical	
   SPE	
   partition	
   is	
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conducted	
   under	
   isothermal	
   conditions	
   (room	
   temperature),	
   temperature	
   then	
  

becomes	
  a	
  minor	
  factor.	
  

	
  

2.2.2	
  Format	
  of	
  SPE	
  
Over	
  time,	
  SPE	
  has	
  been	
  developed	
  into	
  different	
  formats.	
  The	
  most	
  common	
  format	
  

of	
  SPE	
  is	
  in	
  form	
  of	
  a	
  cartridge	
  (column).	
  Sorbent	
  particles	
  (nominally	
  50	
  μm	
  in	
  

diameter)	
  are	
  packed	
  with	
  two	
  polyethylene	
  fritted	
  disks	
  above	
  a	
  male	
  Luer	
  tip	
  in	
  a	
  

disposable	
  short	
  column	
  (generally	
  an	
  open	
  polypropylene	
  syringe	
  barrel)	
  that	
  acts	
  

as	
  a	
  reservoir	
  for	
  the	
  environmental	
  samples	
  and	
  solvents,	
  as	
  seen	
  in	
  Figure	
  2.1(a).	
  

After	
  activating	
  the	
  sorbent	
  with	
  solvents,	
  the	
  liquid	
  sample	
  can	
  then	
  be	
  loaded	
  into	
  

the	
  column.	
  The	
  analytes	
  are	
  distributed	
  between	
  the	
  liquid	
  and	
  the	
  solid	
  phases	
  

where	
  they	
  are	
  retained	
  for	
  the	
  duration	
  of	
  the	
  sampling	
  process	
  by	
  adsorption	
  on	
  

the	
  bonded	
  phase	
  molecules	
  of	
  the	
  surface.	
  The	
  analytes	
  must	
  have	
  a	
  greater	
  affinity	
  

for	
  the	
  solid	
  phase	
  than	
  for	
  the	
  sample	
  matrix	
  in	
  order	
  to	
  be	
  partitioned	
  between	
  

these	
  two	
  phases	
  (Berrueta	
  et	
  al.,	
  1995).	
  Analytes	
  which	
  have	
  been	
  extracted	
  would	
  

be	
  afterward	
  isolated	
  from	
  the	
  solid	
  phase	
  by	
  desorption	
  and	
  the	
  analytes	
  would	
  

then	
  be	
  recovered	
  by	
  elution	
  with	
  a	
  correspondingly	
  small	
  amount	
  of	
  appropriate	
  

solvent	
  (typically	
  two	
  bed	
  volumes)	
  (Poole,	
  2003;	
  Raisglid,	
  1996).	
  Since	
  the	
  volume	
  

of	
  solvent	
  used	
  in	
  elution	
  of	
  the	
  analytes	
  is	
  far	
  less	
  than	
  the	
  original	
  volume	
  of	
  the	
  

sample,	
  the	
  sample	
  is	
  concentrated	
  several	
  times	
  which	
  increases	
  the	
  sensitivity	
  and	
  

preciseness	
  of	
  the	
  bioassays	
  as	
  well	
  as	
  chemical	
  analysis.	
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Figure	
  2.1(a)	
  The	
  SPE	
  column	
  is	
  a	
  common	
  device.	
  A	
  polypropylene	
  syringe	
  

barrel	
  contains	
  the	
  sorbent	
  packed	
  between	
  two	
  porous	
  frits.	
  

Figure	
  2.1(b)	
  The	
  SPE	
  disc	
  is	
  a	
  device	
  in	
  which	
  sorbents	
  are	
  loaded	
  in	
  a	
  

membrane.	
  (Sigma-­‐Aldrich,	
  3M	
  Empore	
  SPE	
  Extraction	
  Disk). 

(a)	
  

Reservoir	
  

Sorbent	
  Bed	
  

Luer	
  Tip	
  

Frits	
  
(polyethylene)	
  

(b)	
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SPE	
  discs	
  were	
  first	
  designed	
  to	
  treat	
  large	
  sample	
  volumes	
  with	
  higher	
  processing	
  

rate	
  than	
  columns	
  and	
  to	
  avoid	
  the	
  blockages	
  caused	
  by	
  suspended	
  particles	
  and	
  

matrix	
  components.	
  Sorbent	
  particles	
  with	
  8	
  to	
  12	
  μm	
  in	
  diameter	
  were	
  packed	
  

between	
  particle-­‐loaded	
  membranes	
  and	
  immobilized	
  in	
  a	
  web	
  of	
  micro-­‐fibrils,	
  as	
  

seen	
  in	
  Figure	
  2.1	
  (b)	
  (Berrueta	
  et	
  al.,	
  1995).	
  SPE	
  columns	
  and	
  discs	
  share	
  the	
  same	
  

sorbent	
  technology	
  and	
  the	
  only	
  difference	
  between	
  these	
  two	
  devices	
  is	
  the	
  format.	
  

Cartridges	
  can	
  be	
  easily	
  fabricated	
  in	
  a	
  laboratory	
  environment,	
  however,	
  discs,	
  so	
  

far,	
  can	
  only	
  be	
  produced	
  in	
  a	
  manufacturing	
  setting	
  which	
  results	
  in	
  a	
  limited	
  range	
  

of	
  sorbent	
  chemistry	
  selection	
  (Poole,	
  2003).	
  In	
  addition,	
  cartridges	
  are	
  easier	
  to	
  be	
  

scaled	
  up	
  for	
  larger	
  sample	
  loads	
  and	
  to	
  clean	
  up	
  the	
  samples	
  than	
  it	
  is	
  for	
  discs.	
  

Because	
  of	
  the	
  low	
  selectivity	
  of	
  sorbents	
  and	
  the	
  difficulty	
  of	
  manufacture,	
  there	
  

are	
  not	
  many	
  choices	
  of	
  commercial	
  SPE	
  discs	
  in	
  the	
  market	
  that	
  makes	
  discs	
  

significantly	
  more	
  costly	
  than	
  cartridges.	
  Although	
  SPE	
  discs	
  require	
  smaller	
  

amount	
  of	
  elutes	
  and	
  can	
  operate	
  at	
  higher	
  flow	
  rates	
  (Thurman	
  &	
  Snavely,	
  2000),	
  

taking	
  the	
  economy	
  and	
  requirement	
  of	
  simple,	
  routine	
  applications	
  into	
  account,	
  

cartridge	
  devices	
  are	
  always	
  recommended.	
  	
  	
  

	
  

Simplification,	
  miniaturization	
  of	
  sample	
  preparation,	
  and	
  minimization	
  of	
  organic	
  

solvent,	
  and	
  sample	
  volumes	
  are	
  the	
  dominant	
  trends	
  in	
  analytical	
  chemistry.	
  

Solvent-­‐less	
  sample-­‐enrichment	
  techniques,	
  in	
  which	
  the	
  solutes	
  would	
  be	
  directly	
  

extracted	
  from	
  the	
  samples,	
  have	
  been	
  developed	
  over	
  time	
  (Lancas	
  et	
  al.,	
  2009).	
  

One	
  example	
  is	
  stir-­‐bar	
  sorptive	
  extraction	
  (SBSE)	
  that	
  was	
  developed	
  in	
  1999	
  

(Prieto	
  et	
  al.,	
  2010).	
  Stir	
  bars	
  are	
  coated	
  with	
  a	
  layer	
  of	
  polydimethylsiloxane	
  

polymer	
  (PDMS)	
  (typically	
  0.5-­‐1	
  mm	
  thick)	
  as	
  the	
  extraction	
  medium	
  (David	
  &	
  

Sandra,	
  2007).	
  During	
  the	
  extraction	
  procedure,	
  the	
  trace	
  solutes	
  would	
  be	
  isolated	
  

from	
  the	
  environmental	
  matrix	
  and	
  then	
  be	
  extracted	
  and	
  enriched	
  into	
  the	
  coating.	
  

Instead	
  of	
  using	
  the	
  solvent	
  to	
  elute	
  the	
  analytes,	
  SBSE	
  introduces	
  the	
  solutes	
  for	
  

identification	
  or	
  quantification	
  by	
  thermal	
  desorption	
  (TD)	
  or	
  liquid	
  desorption	
  

(LD).	
  TD	
  is	
  used	
  when	
  the	
  SBSE	
  technique	
  is	
  combined	
  with	
  gas	
  chromatograph	
  

(GC),	
  and	
  LD	
  process	
  can	
  be	
  applied	
  to	
  high	
  performance	
  liquid	
  chromatography	
  

(HPLC),	
  or	
  capillary	
  electrophoresis	
  (CE)	
  (Kawaguchi	
  et	
  al.,	
  2006).	
  Several	
  



www.manaraa.com

	
   14	
  

environmental	
  and	
  clinical	
  applications	
  indicated	
  that	
  SBSE	
  technique	
  has	
  an	
  

acceptable	
  recovery	
  and	
  precise	
  extractions	
  of	
  trace	
  solutes	
  from	
  surface	
  water	
  

(David	
  &	
  Sandra,	
  2007;	
  Guart	
  et	
  al.,	
  2014;	
  Portugal	
  et	
  al.,	
  2008),	
  biological	
  fluid	
  

(Kassem,	
  2010)	
  and	
  wine	
  (Hayasaka	
  et	
  al.,	
  2003;	
  Weldegergis	
  &	
  Crouch,	
  2008;	
  

Zalacain	
  et	
  al.,	
  2007).	
  In	
  addition	
  to	
  being	
  solventless,	
  other	
  advantages	
  of	
  SBSE	
  

devices	
  include	
  high	
  feasibility	
  and	
  application	
  to	
  volatile	
  organic	
  compounds	
  (VOCs)	
  

and	
  semi-­‐volatile	
  compounds	
  (Kawaguchi	
  et	
  al.,	
  2005;	
  Prieto	
  et	
  al.,	
  2010).	
  	
  

	
  

Except	
  stir-­‐bar	
  sorptive	
  extraction,	
  solid-­‐phase	
  microextraction	
  (SPME)	
  as	
  a	
  new	
  

solventless	
  sample-­‐enrichment	
  technique	
  that	
  allows	
  the	
  direct	
  extraction	
  of	
  

analytes	
  from	
  aqueous	
  matrix	
  has	
  experienced	
  an	
  increasing	
  acceptance	
  on	
  routine	
  

analytical	
  procedures	
  (Lancas	
  et	
  al.,	
  2009).	
  	
  SPME,	
  as	
  introduced	
  in	
  the	
  early	
  1990’s	
  

by	
  Arthur	
  and	
  Pawliszyn	
  (1990),	
  can	
  be	
  defined	
  as	
  an	
  extraction	
  technique	
  having	
  a	
  

very	
  small	
  extracting	
  phase	
  volume	
  compared	
  to	
  the	
  volume	
  of	
  the	
  sample.	
  	
  The	
  

principle	
  of	
  SPME	
  is	
  extraction	
  of	
  the	
  analytes	
  from	
  a	
  sample	
  solution	
  onto	
  an	
  

optical	
  fiber	
  coated	
  with	
  an	
  absorptive	
  layer	
  of	
  sorbent	
  and	
  the	
  fiber	
  is	
  attached	
  to	
  a	
  

holder	
  which	
  controls	
  the	
  contact	
  of	
  the	
  fiber	
  to	
  solution	
  or	
  headspace	
  (see	
  in	
  Figure	
  

2.2).	
  The	
  sorbent	
  coated	
  fiber	
  is	
  exposed	
  to	
  the	
  sample	
  with	
  the	
  analyte	
  of	
  interest	
  

for	
  a	
  predetermined	
  period	
  of	
  time	
  and	
  then	
  the	
  sorbed	
  analyte	
  is	
  either	
  desorbed	
  

thermally	
  in	
  the	
  injection	
  port	
  of	
  a	
  GC	
  for	
  further	
  chemical	
  analysis,	
  or	
  by	
  using	
  an	
  

appropriate	
  solvent	
  to	
  remove	
  the	
  target	
  compounds	
  from	
  the	
  fiber	
  (McClure,	
  2007).	
  

SPME	
  technique	
  can	
  combine	
  sampling,	
  isolation	
  and	
  enrichment	
  in	
  one	
  step	
  (Fatta-­‐

Kassinos,	
  et	
  al,	
  2011).	
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Figure	
  2.2	
  Apparatus	
  of	
  the	
  first	
  commercial	
  SPME	
  device	
  (Chromedia,	
  

Principles	
  of	
  SPME)	
  

	
  

There	
  are	
  three	
  basic	
  modes	
  for	
  fibre	
  SPME:	
  direct	
  extraction,	
  in	
  a	
  headspace	
  

configuration,	
  and	
  in	
  a	
  membrane-­‐protected	
  approach	
  (see	
  in	
  Figure	
  2.3).	
  

	
  
Figure	
  2.3	
  	
  Mode	
  of	
  fiber	
  SPME	
  operation:	
  (a)	
  direct	
  extraction,	
  (b)	
  headspace	
  

SPME,	
  (c)	
  membrane-­‐protected	
  SPME	
  (Chromedia,	
  Principles	
  of	
  SPME).	
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For	
  direct	
  extraction	
  mode,	
  the	
  coated	
  fibre	
  is	
  inserted	
  directly	
  into	
  the	
  sample	
  with	
  

analytes	
  and	
  the	
  analytes	
  are	
  adsorbed	
  directly	
  from	
  the	
  sample	
  matrix	
  to	
  the	
  

extracting	
  phase.	
  In	
  the	
  headspace	
  mode,	
  the	
  analytes	
  have	
  to	
  be	
  transported	
  

through	
  the	
  barrier	
  of	
  air	
  before	
  being	
  adsorbed	
  onto	
  the	
  coating	
  which	
  can	
  be	
  used	
  

to	
  extract	
  volatile	
  compounds.	
  	
  In	
  order	
  to	
  protect	
  the	
  fiber	
  against	
  damage,	
  the	
  

membrane-­‐protected	
  SPME	
  can	
  be	
  used	
  (Vas	
  &	
  Vekey,	
  2004).	
  	
  

	
  

Contrary	
  to	
  traditional	
  SPE	
  methods	
  and	
  to	
  the	
  classic	
  procedures,	
  SPME	
  relies	
  on	
  

quantitative	
  but	
  non-­‐exhaustive	
  transference	
  of	
  analytes	
  as	
  the	
  small	
  volume	
  of	
  the	
  

extraction	
  phase.	
  The	
  major	
  advantages	
  of	
  the	
  SPME	
  technique	
  are	
  the	
  easy	
  

miniaturization	
  and	
  automation.	
  It	
  is	
  also	
  a	
  quick	
  and	
  straightforward	
  approach	
  for	
  

on-­‐site	
  analysis	
  (Augusto	
  et	
  al.,	
  2009).	
  However,	
  the	
  extraction	
  happens	
  very	
  slowly	
  

and	
  has	
  a	
  considerably	
  low	
  recovery	
  compared	
  to	
  LLE	
  and	
  SPE	
  (Ulrich,	
  2000).	
  	
  In	
  

addition,	
  as	
  SPME	
  requires	
  the	
  application	
  of	
  coating	
  technology	
  during	
  

manufacturing,	
  the	
  SPME	
  apparatus	
  is	
  considerably	
  expensive.	
  

	
  

In	
  this	
  study,	
  SPE	
  cartridges	
  were	
  selected	
  as	
  the	
  device	
  to	
  extract	
  and	
  enrich	
  the	
  

solute	
  from	
  the	
  aqueous	
  samples.	
  SPE	
  cartridges,	
  developed	
  and	
  introduced	
  to	
  the	
  

laboratories	
  in	
  the	
  early	
  1980s,	
  are	
  a	
  more	
  mature	
  technique.	
  Significant	
  amount	
  of	
  

sorbent	
  materials	
  have	
  been	
  investigated	
  and	
  are	
  already	
  available	
  in	
  the	
  market.	
  

Because	
  of	
  the	
  low	
  cost	
  and	
  high	
  selectivity	
  of	
  sorbent	
  chemistry,	
  the	
  SPE	
  cartridge	
  

is	
  more	
  popular	
  than	
  SPE	
  disc	
  or	
  solventless	
  sample	
  enrichment	
  techniques.	
  	
  In	
  

addition,	
  SPE	
  cartridge	
  devices	
  have	
  a	
  faster	
  protocol,	
  greater	
  recoveries	
  and	
  more	
  

reproducible	
  results	
  (Prieto	
  et	
  al.,	
  2010;	
  Davies,	
  2010).	
  

	
  

2.2.3	
  Sorbent	
  Selection	
  
In	
  SPE,	
  the	
  solid	
  of	
  sorbent	
  is	
  usually	
  chemically	
  bonded	
  silica	
  particles	
  or	
  small	
  

particles	
  of	
  an	
  organic	
  polymer	
  resin	
  with	
  pores	
  to	
  enhance	
  the	
  surface	
  area	
  for	
  

interaction	
  between	
  the	
  liquid	
  sample	
  and	
  the	
  extractant	
  (Fritz	
  et	
  al.,	
  1995).	
  	
  Other	
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sorbents	
  also	
  have	
  been	
  developed	
  such	
  as	
  activated	
  carbon,	
  alumina,	
  silica	
  gel,	
  and	
  

magnesium	
  silicate	
  (Berrueta	
  et	
  al.,	
  1995).	
  	
  

	
  

Silica,	
  as	
  a	
  basic	
  support	
  material	
  in	
  SPE	
  cartridges,	
  has	
  an	
  average	
  diameter	
  of	
  50	
  

μm,	
  a	
  surface	
  area	
  of	
  400-­‐550	
  m2/g,	
  an	
  average	
  pore	
  diameter	
  of	
  60	
  Å	
  and	
  pore	
  

volumes	
  of	
  0.5-­‐2	
  mL/g	
  (Gonzalez,	
  2001).	
  As	
  silica	
  is	
  produced	
  by	
  the	
  polymerization	
  

of	
  tetra	
  alkyl	
  orthosilicate	
  under	
  acidic	
  condition,	
  long	
  polymer	
  chains	
  with	
  terminal	
  

hydroxyl	
  groups,	
  referred	
  to	
  as	
  silanols,	
  are	
  formed.	
  During	
  the	
  polymerization	
  

process,	
  different	
  silanol	
  groups	
  and	
  siloxane	
  linkages	
  are	
  formed	
  and	
  attached	
  to	
  

the	
  silica.	
  The	
  pKa	
  of	
  silanol	
  varies	
  between	
  4	
  and	
  6	
  in	
  water	
  that	
  results	
  in	
  a	
  weakly	
  

acidic	
  group	
  and	
  possible	
  cation	
  exchanger.	
  So,	
  when	
  the	
  pH	
  is	
  higher	
  than	
  8.0,	
  the	
  

surface	
  of	
  silica	
  will	
  be	
  negatively	
  charged.	
  Because	
  of	
  the	
  very	
  polar	
  nature	
  of	
  the	
  

bare	
  silica,	
  it	
  is	
  not	
  a	
  good	
  stationary	
  phase	
  for	
  samples	
  with	
  aqueous	
  solvent	
  

(solvents	
  for	
  most	
  of	
  the	
  environmental	
  samples	
  are	
  water).	
  Therefore,	
  it	
  needs	
  to	
  

be	
  modified	
  to	
  a	
  more	
  hydrophobic	
  sorbent	
  for	
  application	
  to	
  aqueous	
  systems.	
  

	
  

SPE	
  can	
  be	
  classified	
  into	
  three	
  major	
  groups	
  based	
  on	
  different	
  modified	
  silicic	
  

stationary	
  phases,	
  in	
  which	
  different	
  chemical	
  mechanisms	
  are	
  applied	
  to	
  partition	
  

the	
  analytes	
  from	
  a	
  particular	
  matrix.	
  These	
  three	
  groups	
  are:	
  normal	
  phase,	
  

reversed	
  phase,	
  and	
  ion	
  exchange.	
  Sorbent	
  selection	
  is	
  based	
  on	
  considerations	
  of	
  

the	
  properties	
  of	
  the	
  solution	
  and	
  the	
  target	
  analytes	
  that	
  is	
  summarized	
  in	
  Figure	
  

2.4.	
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Figure	
  2.4.	
  Method	
  selection	
  guide	
  for	
  the	
  isolation	
  of	
  organic	
  compounds	
  

from	
  solution	
  in	
  which	
  SAX	
  represents	
  strong	
  anion	
  exchanger,	
  SCX	
  

represents	
  strong	
  cation	
  exchanger,	
  WCX	
  is	
  weak	
  cation	
  exchanger,	
  RP,	
  NP	
  

and	
  IE	
  refer	
  to	
  reversed-­‐phase,	
  normal-­‐phase	
  and	
  ion-­‐exchange	
  sampling	
  

conditions,	
  respectively	
  (Poole,	
  2003).	
  

	
  

If	
  the	
  analyte	
  has	
  a	
  strong	
  hydrophobic	
  property,	
  a	
  sorbent	
  can	
  be	
  modified	
  to	
  have	
  

a	
  hydrophobic	
  surface	
  to	
  separate	
  the	
  analyte.	
  For	
  a	
  reversed	
  phase	
  separation,	
  the	
  

columns	
  are	
  intended	
  to	
  extract	
  nonpolar	
  to	
  moderately	
  polar	
  compounds	
  from	
  a	
  

polar	
  or	
  moderately	
  polar	
  matrix	
  (e.g.	
  water)	
  with	
  a	
  nonpolar	
  stationary	
  phase	
  

(Roubeuf	
  et	
  al.,	
  2000).	
  The	
  attractive	
  forces	
  between	
  the	
  carbon-­‐hydrogen	
  bonds	
  in	
  

the	
  analyte	
  and	
  the	
  functional	
  groups	
  on	
  the	
  sorbent	
  surface	
  separate	
  the	
  analyte	
  

from	
  the	
  polar	
  solutions	
  and	
  the	
  analyte	
  is	
  then	
  temporary	
  retained	
  onto	
  the	
  SPE	
  

sorbent.	
  This	
  force	
  is	
  also	
  known	
  as	
  the	
  van	
  der	
  Waals	
  force	
  or	
  dispersion	
  force	
  

(Biziuk,	
  2006).	
  Finally,	
  a	
  nonpolar	
  solvent	
  is	
  used	
  to	
  disrupt	
  the	
  forces	
  and	
  desorb	
  

the	
  compound	
  from	
  the	
  sorbent.	
  Typical	
  reversed	
  phase	
  materials	
  include	
  carbon-­‐

based	
  media,	
  polymer-­‐based	
  media,	
  polymer-­‐coated,	
  and	
  bonded	
  silica	
  media	
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(Biziuk,	
  2006).	
  C18	
  columns,	
  as	
  the	
  most	
  widely	
  used	
  and	
  traditional	
  reversed	
  phase	
  

extraction	
  device	
  in	
  SPE	
  and	
  HPLC,	
  are	
  utilized	
  to	
  partition	
  dissolved	
  organic	
  

compounds	
  such	
  as	
  antibiotics,	
  essential	
  oils,	
  drugs,	
  esters,	
  and	
  water	
  or	
  fat-­‐soluble	
  

vitamins	
  from	
  different	
  matrices.	
  Other	
  reversed	
  phase	
  sorbents	
  were	
  also	
  

developed	
  for	
  specific	
  needs.	
  For	
  example,	
  ENVI-­‐Chrom	
  P	
  packing	
  with	
  a	
  greater	
  

surface	
  area	
  was	
  specially	
  designed	
  to	
  extract	
  polar	
  aromatic	
  compounds	
  from	
  

aqueous	
  samples.	
  Some	
  other	
  examples	
  of	
  reversed	
  phase	
  sorbent	
  include	
  C8,	
  C2,	
  

cyclohexane	
  (CH),	
  and	
  phenyl	
  (PH)	
  (Raisglid,	
  1996).	
  	
  

	
  

Normal	
  phase	
  SPE,	
  on	
  the	
  other	
  hand,	
  is	
  typically	
  exploited	
  to	
  extract	
  a	
  polar	
  solute	
  

from	
  a	
  mid	
  polar	
  to	
  nonpolar	
  matrix	
  such	
  as	
  acetone,	
  hexane	
  and	
  chlorinated	
  

solvent	
  with	
  a	
  polar	
  stationary	
  phase	
  (Bulletin	
  910,	
  1998).	
  However,	
  since	
  this	
  

study	
  focuses	
  on	
  the	
  application	
  of	
  SPE	
  columns	
  on	
  environmental	
  samples,	
  which	
  

are	
  normally	
  in	
  aqueous	
  matrices,	
  cartridges	
  from	
  this	
  category	
  were	
  not	
  selected	
  in	
  

this	
  work.	
  

	
  

In	
  addition	
  to	
  hydrophobic	
  interaction,	
  ionic	
  interaction	
  between	
  an	
  analyte	
  and	
  the	
  

sorbent	
  in	
  aqueous	
  sample	
  matrix	
  can	
  also	
  be	
  utilized.	
  Ion	
  exchange	
  SPE	
  can	
  be	
  used	
  

to	
  extract	
  compounds	
  with	
  charges	
  in	
  a	
  solution.	
  Anionic	
  analytes	
  can	
  be	
  attracted	
  

to	
  the	
  silica	
  surface	
  bonding	
  with	
  an	
  aliphatic	
  quaternary	
  amine	
  group.	
  Cationic	
  

compounds	
  are	
  isolated	
  on	
  an	
  aliphatic	
  sulfonic	
  acid	
  group	
  that	
  is	
  bonded	
  to	
  the	
  

silica	
  surface.	
  The	
  electrostatic	
  attraction	
  forces	
  between	
  the	
  charged	
  functional	
  

group	
  in	
  the	
  compound	
  and	
  the	
  charged	
  group	
  bonded	
  to	
  the	
  silica	
  surface	
  is	
  the	
  

primary	
  retention	
  mechanism	
  of	
  ion	
  exchange	
  SPE	
  (Biziuk,	
  2006).	
  With	
  the	
  

development	
  of	
  SPE	
  technology,	
  mixed-­‐mode	
  sorbent	
  systems	
  that	
  are	
  the	
  

combinations	
  of	
  reversed-­‐phase	
  and	
  ion-­‐exchange	
  sorbent	
  are	
  available.	
  Some	
  

studies	
  have	
  already	
  addressed	
  that	
  mixed-­‐mode	
  sorbents	
  are	
  often	
  more	
  

advantageous	
  and	
  provide	
  better	
  separations	
  than	
  reversed	
  phase	
  or	
  ion-­‐exchange	
  

SPE	
  alone	
  (Landis,	
  2007;	
  Mroczek	
  et	
  al.,	
  2002;	
  Clauwaert	
  et	
  al.,	
  2000).	
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Based	
  on	
  the	
  above	
  information,	
  three	
  commercial	
  cartridges	
  belonging	
  to	
  two	
  

different	
  categories	
  were	
  selected	
  in	
  order	
  to	
  evaluate	
  the	
  performance	
  of	
  these	
  

cartridges	
  and	
  study	
  the	
  relationships	
  between	
  the	
  sorbents	
  and	
  the	
  physico-­‐

chemical	
  properties	
  of	
  target	
  analyte(s).	
  These	
  cartridges	
  are:	
  LC-­‐18	
  column	
  (500	
  

mg/3	
  mL)	
  obtained	
  from	
  Supelclean	
  (PA,	
  USA),	
  Oasis	
  MAX	
  (150	
  mg/6mL)	
  and	
  MCX	
  

(150	
  mg/6mL)	
  obtained	
  from	
  Waters	
  (PA,	
  USA).	
  	
  

	
  

The	
  LC-­‐18	
  cartridge,	
  belonging	
  to	
  reversed	
  phase	
  category,	
  uses	
  octadecyl	
  bonded	
  

end-­‐capped	
  silica	
  as	
  its	
  sorbent.	
  The	
  hydrophilic	
  silanol	
  groups	
  at	
  the	
  surface	
  of	
  the	
  

raw	
  silica	
  packing	
  (pore	
  size	
  and	
  particle	
  size	
  may	
  be	
  controlled	
  by	
  supplier’s	
  

manufacturing	
  processes,	
  but	
  it	
  is	
  typically	
  60	
  Å	
  pore	
  size,	
  40	
  μm	
  particle	
  size)	
  have	
  

been	
  chemically	
  modified	
  with	
  hydrophobic	
  alkyl	
  or	
  aryl	
  functional	
  groups	
  by	
  

reaction	
  with	
  the	
  corresponding	
  silicates	
  (Bulletin	
  910,	
  1998).	
  The	
  reaction	
  can	
  be	
  

expressed	
  as	
  following:	
  

	
  	
  

	
  	
   	
  Eq.	
  2.4	
  

In	
  the	
  reaction,	
  the	
  hydrophobic	
  alkyl	
  or	
  aryl	
  functional	
  group	
  substitutes	
  the	
  

chlorine	
  on	
  the	
  silicates	
  and	
  finally	
  the	
  new	
  alkyl-­‐	
  or	
  aryl-­‐bonded	
  silicas	
  and	
  

hydrochloric	
  acid	
  are	
  formed.	
  The	
  functional	
  group	
  of	
  LC-­‐18	
  cartridges	
  is	
  displayed	
  

below	
  in	
  Figure	
  2.5.	
  

	
  	
  	
  	
   	
  
Figure	
  2.5	
  The	
  functional	
  group	
  of	
  LC-­‐18	
  (Supelclean)	
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Some	
  studies	
  used	
  LC-­‐18	
  cartridges	
  as	
  SPE	
  devices	
  and	
  found	
  their	
  recovery	
  to	
  be	
  

60.08%	
  to	
  98.58%	
  for	
  polycyclic	
  aromatic	
  hydrocarbons	
  (PAHs)	
  in	
  water	
  matrix	
  

(Kursinszki	
  et	
  al.,	
  2005),	
  88.7%	
  to	
  91.5%	
  for	
  caffeine	
  (Ku	
  et	
  al.,	
  1999)	
  and	
  64.2%	
  to	
  

93.6%	
  for	
  17β-­‐estradiol	
  (E2)	
  spiked	
  in	
  different	
  matrices	
  (Shi	
  et	
  al.,	
  2011;	
  Hu	
  et	
  al.,	
  

2013).	
  

	
  

MAX	
  and	
  MCX	
  cartridges	
  are	
  both	
  in	
  the	
  mixed-­‐mode	
  ion	
  exchange	
  category	
  and	
  are	
  

synthesized	
  from	
  the	
  reversed	
  phase	
  SPE	
  column-­‐Oasis	
  HLB	
  (Water,	
  USA).	
  MAX	
  

(mixed-­‐mode	
  anion	
  exchange)	
  cartridges	
  contain	
  a	
  mixed-­‐mode	
  polymeric	
  

(patented)	
  sorbent	
  with	
  both	
  reversed-­‐phase	
  and	
  anion-­‐exchange	
  functionalities.	
  

The	
  sorbent	
  with	
  a	
  strong	
  anion-­‐exchange	
  quaternary	
  amine	
  group	
  has	
  an	
  ion-­‐

exchange	
  capacity	
  of	
  0.25	
  meq/g	
  and	
  is	
  on	
  the	
  surface	
  of	
  HLB	
  sorbent,	
  a	
  poly	
  

(divinylbenzene-­‐co-­‐N-­‐vinylpyrrolidone)	
  copolymer	
  (Oasis,	
  2002).	
  With	
  the	
  

modification	
  of	
  the	
  anion-­‐exchange	
  group,	
  the	
  MAX	
  cartridge	
  provides	
  high	
  

selectivity	
  for	
  acidic	
  compounds.	
  The	
  Oasis	
  MAX	
  sorbent	
  has	
  a	
  structure	
  as	
  shown	
  in	
  

Figure	
  2.6(a).	
  Whereas,	
  MCX	
  (mixed-­‐mode	
  cation	
  exchange)	
  sorbent	
  with	
  strong	
  

cation-­‐exchange	
  sulfonic	
  acid	
  groups	
  (1.0	
  meq/g	
  of	
  sulfonic-­‐acid-­‐ion-­‐exchange	
  

capacity)	
  bonded	
  onto	
  the	
  surface	
  of	
  the	
  Oasis	
  HLB	
  sorbent	
  has	
  dual	
  modes	
  of	
  

retention	
  -­‐	
  reversed	
  phase	
  and	
  cation	
  exchange	
  (Oasis,	
  2002).	
  Because	
  of	
  the	
  

sulfonic	
  acid	
  groups,	
  the	
  MCX	
  cartridge	
  provides	
  high	
  selectivity	
  for	
  basic	
  

compounds.	
  The	
  structure	
  of	
  Oasis	
  MCX	
  sorbent	
  is	
  shown	
  in	
  Figure	
  2.6(b).	
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Figure	
  2.6	
  The	
  structure	
  of	
  Oasis	
  (a)	
  MAX	
  and	
  (b)	
  MCX	
  sorbent	
  (Waters,	
  Oasis	
  

sample	
  extraction	
  products).	
  

	
  

The	
  hydrophobic	
  part	
  of	
  the	
  copolymer	
  (divinylbenzene)	
  gives	
  the	
  both	
  MAX	
  and	
  

MCX	
  sorbents	
  their	
  reversed-­‐phase	
  characters,	
  while	
  the	
  hydrophilic	
  part	
  (N-­‐

vinylpyrrolidone)	
  increases	
  water	
  wettability	
  that	
  allows	
  the	
  sorbent	
  to	
  retain	
  the	
  

capacities	
  even	
  when	
  the	
  sorbents	
  run	
  dry	
  (Dobrev	
  &	
  Kaminek,	
  2002).	
  On	
  contrary	
  

to	
  the	
  traditional	
  silica	
  SPE	
  sorbent,	
  Oasis	
  MAX	
  and	
  MCX	
  sorbent	
  are	
  stable	
  from	
  pH	
  

0	
  to	
  14,	
  	
  and	
  have	
  two	
  to	
  three	
  times	
  higher	
  capacity	
  due	
  to	
  their	
  larger	
  surface	
  area	
  

and	
  the	
  water	
  wettability.	
  The	
  analyte	
  is	
  charged	
  at	
  low	
  pH	
  for	
  MCX	
  sorbent	
  (and	
  at	
  

high	
  pH	
  for	
  MAX	
  sorbent)	
  and	
  experiences	
  maximum	
  retention	
  primarily	
  from	
  the	
  

ion-­‐exchange	
  mechanism,	
  accompanying	
  with	
  minor	
  reversed	
  phase	
  mechanism.	
  At	
  

high	
  pH	
  for	
  MCX	
  (and	
  at	
  low	
  pH	
  for	
  MAX)	
  sorbent,	
  the	
  ion-­‐exchange	
  retention	
  

mechanism	
  switches	
  off	
  since	
  the	
  analyte	
  is	
  unionized.	
  Then,	
  reversed-­‐phase	
  

retention	
  is	
  the	
  dominant	
  retention	
  mechanism.	
  MAX	
  cartridge	
  is	
  reported	
  to	
  have	
  a	
  

recovery	
  of	
  76%	
  to	
  100%	
  for	
  antibiotics	
  (Benito-­‐Peña	
  et	
  al.,	
  2006)	
  and	
  83.4%	
  for	
  

estradiol	
  (E2)	
  (Arai	
  et	
  al.,	
  2010).	
  For	
  MCX	
  cartridges,	
  the	
  recovery	
  ranges	
  from	
  36%	
  

(b)	
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to	
  106%	
  for	
  different	
  pharmaceuticals,	
  92%	
  for	
  E2	
  (Zhang	
  et	
  al.,	
  2011;	
  Castiglioni	
  et	
  

al.,	
  2005).	
  

	
  

2.2.4	
  New	
  trends	
  of	
  sorbent	
  in	
  solid-­‐phase	
  extraction	
  
Except	
  the	
  trends	
  in	
  the	
  format	
  modification	
  in	
  SPE	
  technique	
  introduced	
  in	
  Section	
  

2.2.2,	
  the	
  development	
  of	
  new	
  sorbents	
  would	
  improve	
  the	
  sensitivity	
  and	
  the	
  

selectivity	
  of	
  the	
  analytical	
  methods.	
  All	
  those	
  new	
  developed	
  sorbents	
  can	
  be	
  

classified	
  into	
  following	
  classes:	
  

	
  

Surfactant-­‐modified	
  sorbents	
  

When	
  the	
  concentration	
  of	
  surfactant	
  solutions	
  is	
  higher	
  than	
  its	
  critical	
  micellar	
  

concentration	
  (CMC),	
  molecules	
  arrange	
  themselves	
  in	
  micelles.	
  However,	
  when	
  the	
  

concentration	
  is	
  slightly	
  below	
  the	
  CMC,	
  molecules	
  of	
  ionic	
  surfactants	
  would	
  be	
  

adsorbed	
  on	
  the	
  surface	
  of	
  active	
  solids	
  contacting	
  with	
  the	
  solution,	
  forming	
  

hemimicelles	
  and	
  admicelles	
  (see	
  in	
  Figure	
  2.7)	
  which	
  have	
  a	
  monolayer	
  or	
  bi-­‐layer	
  

structures	
  on	
  the	
  surface	
  of	
  the	
  solids	
  (Augusto	
  et	
  al.,	
  2013).	
  

	
  
Figure	
  2.7	
  Micelles,	
  hemimicelles	
  and	
  admicelles	
  structures	
  (Augusto	
  et	
  al.,	
  

2013).	
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For	
  hemimicelle-­‐based	
  sorbents,	
  as	
  the	
  hydrophobic	
  tail	
  of	
  the	
  surfactant	
  is	
  exposed	
  

to	
  the	
  solution,	
  it	
  is	
  easier	
  to	
  retain	
  non-­‐polar	
  analytes	
  on	
  them.	
  On	
  the	
  contrary,	
  

admicelles-­‐based	
  sorbents	
  are	
  more	
  suitable	
  for	
  polar	
  compound	
  extraction,	
  as	
  the	
  

portion	
  of	
  the	
  coacervates	
  exposed	
  to	
  the	
  sample	
  comprises	
  the	
  ionic	
  tails	
  of	
  the	
  

molecules.	
  

	
  

Nanostructured	
  materials	
  

The	
  development	
  of	
  namomaterials	
  affects	
  several	
  other	
  fields	
  of	
  technology,	
  

including	
  analytical	
  chemistry.	
  The	
  applications	
  of	
  nanomaterials	
  as	
  SPE	
  sorbents	
  

were	
  suggested	
  in	
  recent	
  literature.	
  Two	
  most	
  well	
  known	
  sorbents	
  are:	
  electrospun	
  

polymer	
  nanofibers	
  (NFs)	
  and	
  carbon	
  nanotubes	
  (CNTs).	
  	
  

	
  

Electrospinning	
  is	
  a	
  technique	
  in	
  which	
  a	
  viscoelastic	
  solution	
  is	
  drawn	
  into	
  

nanofibers	
  by	
  repulsive	
  electrostatic	
  forces	
  (Chigome	
  et	
  al.,	
  2011).	
  It	
  can	
  be	
  seen	
  in	
  

Figure	
  2.8,	
  the	
  electrospining	
  setup	
  consists	
  of	
  three	
  components:	
  a	
  high	
  voltage	
  

power	
  supply,	
  a	
  way	
  to	
  deliver	
  a	
  visco-­‐elastic	
  solution	
  and	
  a	
  means	
  to	
  collect	
  the	
  

fibers	
  (Chigome	
  &	
  Torto,	
  2012).	
  Electrospinning,	
  as	
  one	
  of	
  the	
  nanofiber	
  fabrication	
  

methods,	
  is	
  able	
  to	
  easily	
  control	
  the	
  orientation	
  of	
  the	
  nanofibers	
  which	
  has	
  a	
  

significant	
  effect	
  on	
  the	
  performance	
  of	
  the	
  SPE	
  devices.	
  

	
  



www.manaraa.com

	
   25	
  

	
  
Figure	
  2.8	
  The	
  common	
  setup	
  and	
  working	
  principle	
  of	
  electrospinning	
  (Li	
  et	
  

al.,	
  2010).	
  

	
  

Carbon	
  nanotubes	
  (CNT),	
  an	
  allotropic	
  form	
  of	
  graphitic	
  carbon,	
  were	
  first	
  reported	
  

by	
  Iijima	
  in	
  1991	
  (Ravelo-­‐Perez	
  et	
  al.,	
  2009).	
  CNT	
  has	
  	
  tubular	
  structures	
  formed	
  by	
  

either	
  a	
  single	
  rolled	
  graphite	
  lamella	
  in	
  a	
  cylinder	
  or	
  by	
  several	
  of	
  these	
  single	
  

tubes	
  concentrically	
  arranged	
  around	
  a	
  common	
  axis	
  (Figure	
  2.9)	
  (Augusto	
  et	
  al.,	
  

2010,	
  Duran	
  et	
  al.,	
  2009).	
  The	
  adsorptive	
  behavior	
  of	
  CNT	
  is	
  expected	
  to	
  be	
  similar	
  

to	
  that	
  of	
  carbon-­‐based	
  alternates,	
  in	
  which	
  weak	
  intermolecular	
  Van	
  der	
  Waals	
  

forces	
  hold	
  the	
  large	
  graphitic	
  lamellae	
  together.	
  Therefore,	
  non-­‐polar,	
  polar	
  and	
  

even	
  ionic	
  analytes	
  can	
  be	
  strongly	
  adsorbed	
  on	
  to	
  CNTs	
  under	
  the	
  hydrophobic	
  and	
  

electronic	
  interactions	
  (Augusto	
  et	
  al.,	
  2010).	
  As	
  CNTs	
  have	
  a	
  large	
  surface-­‐to-­‐

volume	
  ratio,	
  it	
  has	
  a	
  much	
  larger	
  adsorptive	
  capacity	
  than	
  other	
  carbon-­‐based	
  

adsorbents.	
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Figure	
  2.9	
  Scanning	
  electronic	
  (a	
  and	
  b)	
  and	
  transmission	
  electronic	
  

micrographs	
  (c	
  and	
  d)	
  of	
  crude	
  multi-­‐walled	
  carbon	
  nanotubes	
  (MWCNTs)	
  (a	
  

and	
  c)	
  and	
  MWCNT-­‐molecularly-­‐imprinted	
  polymer	
  (MIP)	
  (b	
  and	
  d)	
  (Augusto	
  

et	
  al.,	
  2013).	
  	
  

	
  

At	
  the	
  present	
  time,	
  no	
  commercial	
  cartridges,	
  disks	
  or	
  SPME	
  fibers	
  are	
  available	
  in	
  

both	
  surfactant-­‐modified	
  and	
  nanomaterial	
  sorbents	
  because	
  the	
  potential	
  of	
  these	
  

sorbents	
  in	
  analytical	
  chemistry	
  has	
  not	
  been	
  fully	
  demonstrated	
  and	
  the	
  capital	
  

cost	
  to	
  produce	
  these	
  sorbents	
  in	
  batch	
  is	
  enormous.	
  It	
  is	
  likely	
  that	
  with	
  the	
  

development	
  of	
  efficient	
  purification	
  and	
  characterization	
  procedures	
  the	
  

commercial	
  SPE	
  cartridges	
  packing	
  with	
  new	
  sorbents	
  will	
  be	
  soon	
  available.	
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2.2.5	
  Overview	
  of	
  SPE	
  Procedure	
  
A	
  typical	
  SPE	
  procedure	
  involves	
  the	
  following	
  steps:	
  1.	
  Column	
  conditioning;	
  2.	
  

Sample	
  loading;	
  3.	
  Interference	
  removal,	
  and	
  4.	
  Analyte	
  elution.	
  This	
  procedure	
  is	
  

shown	
  in	
  Figure	
  2.10.	
  The	
  overall	
  analyte	
  recovery	
  is	
  subjected	
  to	
  the	
  variety	
  of	
  the	
  

factors	
  in	
  each	
  one	
  of	
  the	
  steps.	
  

	
  
Figure	
  2.10	
  Typical	
  procedure	
  of	
  SPE	
  (Crawford	
  scientific,	
  SPE	
  cartridges).	
  

	
  

First,	
  the	
  modified	
  silica	
  surface	
  needs	
  to	
  be	
  conditioned	
  in	
  order	
  for	
  it	
  to	
  be	
  active	
  

(wetted)	
  and	
  available	
  for	
  the	
  analytes	
  (Berrueta	
  et	
  al.,	
  1995).	
  The	
  long	
  hydrophobic	
  

chains	
  will	
  collapse	
  upon	
  themselves.	
  Then,	
  an	
  organic	
  solvent,	
  such	
  as	
  methanol	
  

can	
  be	
  used	
  to	
  condition	
  the	
  surface.	
  The	
  purpose	
  of	
  conditioning	
  step	
  is	
  for	
  chain	
  

extension.	
  During	
  the	
  extension	
  process,	
  an	
  organic	
  solvent	
  is	
  added	
  to	
  the	
  matrix	
  as	
  

a	
  wetting	
  agent	
  to	
  keep	
  the	
  chains	
  fully	
  extended	
  for	
  the	
  interactions	
  between	
  the	
  

sorbent	
  and	
  analytes	
  (Figure	
  2.11).	
  After	
  that,	
  excess	
  organic	
  solvent	
  is	
  removed	
  

from	
  the	
  sorbent	
  by	
  Milli	
  Q	
  water	
  to	
  achieve	
  equilibrium.	
  If	
  the	
  solvent	
  used	
  in	
  the	
  

conditioning	
  is	
  present	
  during	
  the	
  sample	
  loading,	
  analytes	
  may	
  pass	
  through	
  the	
  

solid	
  phase	
  without	
  being	
  extracted	
  from	
  the	
  highly	
  organic	
  mobile	
  phase.	
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Figure	
  2.11	
  Impact	
  of	
  conditioning	
  (Raisglid,	
  1996).	
  

	
  

In	
  the	
  second	
  step,	
  the	
  sample	
  containing	
  analytes	
  of	
  interest	
  is	
  loaded	
  onto	
  the	
  

column	
  with	
  vacuum.	
  The	
  loading	
  rate	
  may	
  be	
  varied	
  significantly	
  depending	
  on	
  the	
  

nature	
  of	
  the	
  analytes	
  and	
  the	
  retention	
  mechanism	
  of	
  the	
  column.	
  Although	
  the	
  

sample	
  with	
  large	
  volume	
  has	
  a	
  high	
  sampling	
  speed,	
  it	
  is	
  still	
  necessary	
  to	
  ensure	
  

that	
  the	
  analytes	
  will	
  have	
  enough	
  contact	
  time	
  with	
  the	
  sorbent	
  surface.	
  	
  

	
  

An	
  interference	
  removal	
  step	
  usually	
  follows	
  sample	
  loading.	
  In	
  this	
  step,	
  the	
  

cartridge	
  would	
  be	
  rinsed	
  with	
  a	
  suitable	
  solvent	
  to	
  remove	
  the	
  interference	
  that	
  

may	
  affect	
  accurate	
  determination	
  of	
  the	
  analytes.	
  After	
  that,	
  the	
  cartridge	
  will	
  be	
  

left	
  with	
  vacuum	
  open	
  to	
  remove	
  water	
  in	
  the	
  column.	
  Water	
  would	
  also	
  be	
  

considered	
  as	
  interference	
  if	
  water	
  miscible	
  solvents	
  were	
  used	
  (Raisglid,	
  1996).	
  

	
  

The	
  final	
  and	
  most	
  important	
  step	
  is	
  elution	
  of	
  the	
  analytes	
  from	
  the	
  sorbent.	
  In	
  

order	
  to	
  use	
  minimum	
  volume	
  of	
  elution	
  solvent,	
  an	
  appropriate	
  solvent	
  must	
  be	
  

chosen	
  to	
  enhance	
  the	
  interactions	
  between	
  matrix	
  and	
  sorbent	
  or	
  between	
  matrix	
  

and	
  analytes,	
  and	
  minimize	
  the	
  interactions	
  between	
  sorbent	
  and	
  analytes.	
  In	
  



www.manaraa.com

	
   29	
  

addition	
  to	
  solvent	
  selection,	
  sufficient	
  contact	
  time	
  between	
  the	
  sorbent	
  and	
  

solvent	
  is	
  important	
  to	
  ensure	
  a	
  high	
  quantitative	
  removal	
  of	
  the	
  analytes	
  from	
  the	
  

sorbent.	
  	
  

	
  

The	
  efficiency	
  of	
  the	
  extraction	
  is	
  impacted	
  by	
  temperature,	
  sample	
  and	
  solvent	
  flow	
  

rates,	
  solvent	
  composition,	
  ionic	
  strength,	
  pH,	
  concentration	
  of	
  analytes,	
  and	
  choice	
  

of	
  bonded	
  phase	
  in	
  different	
  steps	
  of	
  SPE	
  procedures.	
  So,	
  during	
  a	
  SPE	
  process,	
  all	
  

those	
  factors	
  must	
  be	
  carefully	
  and	
  precisely	
  taken	
  into	
  account.	
  

	
  

2.3	
  Model	
  Compounds	
  
Antibiotics,	
  used	
  to	
  manage	
  human	
  as	
  well	
  as	
  veterinary	
  diseases,	
  are	
  reported	
  to	
  be	
  

detected	
  in	
  wastewater	
  (Yang	
  et	
  al.,	
  2011;	
  Watkinson	
  et	
  al.,	
  2007;	
  Zhou	
  et	
  al.,	
  2013),	
  

groundwater	
  (Barnes	
  et	
  al.,	
  2008;	
  Batt	
  et	
  al.,	
  2006a),	
  drinking	
  water	
  (Focazio	
  et	
  al.,	
  

2008),	
  surface	
  water	
  (Yang	
  et	
  al.,	
  2011;	
  Watkinson	
  et	
  al.,2007),	
  sediments	
  (Zhou	
  et	
  

al.,	
  2011)	
  and	
  agricultural	
  land	
  (Hu	
  et	
  al.,	
  2010;	
  Karci	
  &	
  Balcioglu,	
  2009).	
  They	
  are	
  

emitted	
  in	
  large	
  quantities	
  during	
  fertilization	
  with	
  manure	
  on	
  agricultural	
  fields	
  

and	
  in	
  aquaculture	
  facilities,	
  wastewater	
  influents	
  from	
  hospital	
  and	
  medicine	
  

testing	
  laboratories	
  to	
  small	
  sewage	
  treatment	
  plants,	
  discharges	
  into	
  lakes,	
  

disposal	
  of	
  unused	
  drugs	
  and	
  so	
  on	
  (Isidori	
  et	
  al.,	
  2005).	
  	
  	
  

	
  

Because	
  of	
  the	
  widespread	
  presence	
  of	
  various	
  antibiotics,	
  four	
  suspected	
  

mutagenic	
  antibiotics	
  with	
  different	
  physical	
  and	
  chemical	
  properties	
  (shown	
  in	
  

Table	
  2.1)	
  were	
  selected	
  as	
  the	
  model	
  compounds	
  to	
  evaluate	
  the	
  SPE	
  columns	
  and	
  

determine	
  adsorption	
  parameters	
  for	
  the	
  analytes	
  on	
  the	
  cartridges	
  and	
  develop	
  

relationships	
  with	
  their	
  physical	
  properties.	
  They	
  are:	
  sulfamethoxazole	
  (SMX),	
  

metronidazole	
  (MNZ),	
  ofloxacin	
  (OFL)	
  and	
  lincomycin	
  (LCM).	
  All	
  these	
  antibiotics	
  

were	
  detected	
  at	
  different	
  concentration	
  levels	
  in	
  various	
  aqueous	
  matrices.	
  SMX	
  

was	
  detected	
  at	
  trace	
  levels	
  in	
  some	
  groundwater	
  samples	
  in	
  the	
  United	
  States	
  

(Barnes	
  et	
  al.,	
  2008).	
  	
  MNZ	
  and	
  OFL	
  were	
  detected	
  at	
  concentrations	
  of	
  3.6	
  to	
  101	
  

μgL-­‐1	
  and	
  0.2	
  to	
  7.6	
  μgL-­‐1,	
  respectively	
  at	
  Kalmar	
  County	
  Hospital	
  effluents	
  in	
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Sweden	
  (Lindberg	
  et	
  al.,	
  2004).	
  LCM	
  was	
  reported	
  at	
  concentrations	
  between	
  10	
  

and	
  100	
  ngL-­‐1	
  at	
  all	
  the	
  sampling	
  sites	
  in	
  the	
  rivers	
  Po	
  and	
  Lambro	
  in	
  Northern	
  Italy	
  

(Castiglioni	
  et	
  al.,	
  2004;	
  Isidori	
  et	
  al.,	
  2005).	
  These	
  four	
  antibiotics	
  were	
  selected	
  as	
  

they	
  have	
  very	
  diverse	
  solubility,	
  pKa,	
  and	
  log	
  KOW	
  values.	
  These	
  properties	
  might	
  

have	
  potential	
  relationships	
  with	
  the	
  performance	
  of	
  the	
  SPE	
  columns.	
  In	
  addition,	
  

limited	
  data	
  have	
  been	
  reported	
  on	
  the	
  ecotoxicity,	
  genotoxicity	
  and	
  mutagenicity	
  of	
  

these	
  four	
  antibiotics	
  by	
  using	
  bioassays	
  (Isidori	
  et	
  al.,	
  2005;	
  Sekis	
  et	
  al.,	
  2008;	
  

Minnich	
  et	
  al.,	
  1976;	
  Reifferscheid	
  &	
  Heil,	
  1996).	
  	
  

	
  

Table	
  2.1	
  General	
  properties	
  of	
  LCM,	
  MNZ,	
  OFL	
  and	
  SMX.	
  
Antibiotics	
   LCM	
   MNZ	
   OFL	
   SMX	
  
Structure	
  

	
   	
  
	
   	
  

Chemical	
  

Formula	
  
C18H34N2O6S	
   C6H9N3O3	
   C18H20FN3O4	
   C10H11N3O3S	
  

Molecular	
  

Mass	
  
406.538	
  gmol-­‐1	
   171.15	
  gmol-­‐1	
   361.368	
  gmol-­‐1	
   253.279	
  gmol-­‐1	
  

Water	
  

Solubility	
  
29.3	
  gL-­‐1	
   10	
  gL-­‐1	
   28.3	
  gL-­‐1	
   0.5	
  gL-­‐1	
  

Acid	
  

dissociation	
  

constant	
  

(pKa)	
  

7.6	
   2.62	
   7.9	
   5.81	
  

Octanol-­‐

water	
  

Partition	
  

Coefficient	
  

(log	
  KOW)	
  

0.2	
   -­‐0.1	
   -­‐0.39	
   0.89	
  

	
  

One	
  of	
  the	
  most	
  studied	
  aqueous	
  estrogenic	
  micropollutants	
  is	
  17β-­‐Estradiol	
  (E2)	
  

due	
  to	
  its	
  widespread	
  use	
  as	
  the	
  active	
  ingredient	
  in	
  birth	
  control	
  pills.	
  E2	
  as	
  a	
  

natural	
  hormone	
  is	
  a	
  compound	
  strongly	
  linked	
  with	
  affecting	
  the	
  fertility	
  and	
  the	
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development	
  of	
  fish,	
  reptiles	
  and	
  aquatic	
  invertebrates	
  in	
  aqueous	
  environments	
  

(González,	
  2011)	
  was	
  also	
  selected	
  as	
  a	
  model	
  compound.	
  The	
  basic	
  properties	
  of	
  E2	
  

are	
  shown	
  in	
  Table	
  2.2.	
  Major	
  routes	
  of	
  E2	
  to	
  enter	
  the	
  aqueous	
  environment	
  are	
  the	
  

ineffective	
  removal	
  of	
  pharmaceuticals,	
  endocrine	
  disrupting	
  compounds	
  or	
  their	
  

metabolites	
  in	
  a	
  traditional	
  water	
  treatment	
  plant	
  (Falconer	
  et	
  al.,	
  2006;	
  Racz	
  &	
  Goel,	
  

2010;	
  Scruggs	
  et	
  al.,	
  2004)	
  and	
  improper	
  disposal	
  of	
  pharmaceuticals.	
  Falconer	
  et	
  al.	
  

(2006)	
  studied	
  the	
  occurrence	
  of	
  E2	
  in	
  secondary	
  treated	
  effluent	
  and	
  found	
  the	
  

concentration	
  to	
  be	
  less	
  than	
  5	
  (the	
  minimum	
  limit	
  for	
  reporting)	
  to	
  20	
  ngL-­‐1.	
  And	
  

the	
  maximum	
  concentration	
  detected	
  in	
  surface	
  water	
  in	
  United	
  States	
  is	
  200	
  ngL-­‐1	
  

(Chen	
  et	
  al.,	
  2007).	
  

	
  

Table	
  2.2	
  General	
  properties	
  of	
  E2.	
  
Compound	
   17β-­‐Estradiol	
  
Structure	
  

	
  
Chemical	
  Formula	
   C18H24O2	
  
Molecular	
  Mass	
   272.38	
  g	
  mol-­‐1	
  

Water	
  Solubility	
   0.0036	
  g	
  L-­‐1	
  
Acid	
  dissociation	
  constant	
  (pKa)	
   10.4	
  
Octanol-­‐water	
  Partition	
  Coefficient	
  

(log	
  KOW)	
  
4.01	
  

	
  

Furthermore,	
  as	
  in	
  Yeast	
  estrogen	
  screen	
  (YES)	
  assay,	
  E2	
  is	
  used	
  as	
  a	
  standard	
  

compound,	
  so	
  it	
  is	
  feasible	
  to	
  test	
  E2	
  in	
  bioassays	
  and	
  chemical	
  analysis	
  after	
  

extraction	
  in	
  SPE	
  columns.	
  Due	
  to	
  its	
  proven	
  estrogenicity,	
  various	
  detection	
  

methods,	
  and	
  occurrence	
  in	
  a	
  variety	
  of	
  aqueous	
  pathways,	
  E2	
  is	
  a	
  very	
  good	
  

representative	
  compound	
  for	
  use	
  in	
  this	
  research.	
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2.4	
  Mutagenicity	
  Analysis	
  of	
  Water	
  
A	
  mutagenic	
  substance	
  is	
  the	
  one	
  that	
  can	
  cause	
  permanent,	
  nonreversible	
  and	
  

propagable	
  changes	
  to	
  the	
  genetic	
  material	
  in	
  the	
  cells	
  of	
  an	
  organism	
  which	
  is	
  a	
  

change	
  in	
  inheritable	
  properties	
  of	
  an	
  organism.	
  These	
  mutations	
  can	
  cause	
  

alterations	
  in	
  the	
  expression	
  of	
  genes	
  or	
  changes	
  in	
  the	
  structure	
  of	
  gene	
  products	
  

(Höfer	
  et	
  al.,	
  2004).	
  Using	
  current	
  analytical	
  approaches	
  there	
  is	
  no	
  possibility	
  of	
  

routine	
  examination	
  of	
  the	
  full	
  spectrum	
  of	
  micropollutants	
  present	
  in	
  wastewater	
  

(Guzzellaa	
  et	
  al.	
  2002).	
  This	
  situation	
  has	
  aroused	
  great	
  interest	
  in	
  biological	
  

methods	
  of	
  assaying	
  the	
  water	
  consumer’s	
  health	
  risk	
  –	
  bioassays	
  (Ohe	
  et	
  al.	
  2004).	
  

The	
  major	
  use	
  of	
  in-­‐vitro	
  mutagenic	
  bioassays	
  is	
  as	
  an	
  initial	
  screening	
  for	
  genotoxic	
  

or	
  mutagenic	
  carcinogens,	
  as	
  there	
  is	
  a	
  high	
  degree	
  of	
  correlation	
  between	
  the	
  

carcinogenicity	
  of	
  a	
  compound	
  and	
  its	
  mutagenicity	
  (Ames	
  et	
  al.,	
  1975;	
  Ashby	
  &	
  

Tennant,	
  1988).	
  The	
  primary	
  advantage	
  of	
  in	
  vitro	
  bioassays	
  is	
  that	
  the	
  investigators	
  

can	
  concentrate	
  on	
  a	
  limited	
  number	
  of	
  components	
  instead	
  of	
  a	
  whole	
  living	
  

organism.	
  This	
  makes	
  the	
  results	
  much	
  easier	
  to	
  analyze	
  than	
  in	
  vivo	
  bioassay.	
  They	
  

also	
  decrease	
  the	
  requirement	
  of	
  experienced	
  personnel	
  in	
  the	
  laboratory	
  to	
  handle	
  

the	
  living	
  organisms	
  such	
  as	
  small	
  animals	
  for	
  in	
  vivo	
  bioassays.	
  Although	
  many	
  

bioassays	
  are	
  developed	
  to	
  determine	
  specific	
  mutagenic	
  mechanisms,	
  only	
  a	
  few	
  

have	
  been	
  applied	
  to	
  water	
  quality	
  analysis	
  (Ohe	
  et	
  al.,	
  2004).	
  The	
  most	
  used	
  

bioassays	
  (>60%)	
  to	
  test	
  the	
  mutagenicity	
  of	
  the	
  aqueous	
  samples,	
  by	
  far,	
  is	
  the	
  

Salmonella	
  assay	
  which	
  will	
  be	
  discussed	
  in	
  the	
  following	
  section.	
  Only	
  few	
  studies	
  

found	
  mutagenic	
  responses	
  of	
  SMX,	
  LCM,	
  OFL	
  and	
  MNZ	
  by	
  testing	
  the	
  antibiotics	
  

using	
  several	
  in-­‐vitro	
  assays:	
  the	
  Ames	
  test,	
  chronic	
  toxicity	
  testing,	
  chromosome	
  

aberration	
  (ABS)	
  assays,	
  the	
  SOS-­‐chromotest	
  and	
  the	
  umu	
  test	
  (Isidori	
  et	
  al.,	
  2005;	
  

Reifferscheid	
  &	
  Heil,	
  1996;	
  Herbold	
  et	
  al,	
  2001).	
  The	
  use	
  of	
  mutagenic	
  bioassays	
  in	
  

water	
  quality	
  analysis	
  can	
  assist	
  inspection	
  for	
  compounds	
  that	
  might	
  result	
  in	
  

genetic	
  damage	
  without	
  identifying	
  the	
  mutagenic	
  compound	
  and	
  recognizing	
  the	
  

physical	
  and	
  chemical	
  properties	
  of	
  the	
  water.	
  These	
  tests	
  can	
  be	
  utilized	
  as	
  a	
  

battery	
  of	
  tests	
  to	
  verify	
  the	
  mutagenicity	
  level	
  of	
  the	
  mutagens	
  in	
  aqueous	
  samples.	
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2.4.1	
  The	
  Ames	
  Test	
  
The	
  Ames	
  Assay	
   (Salmonella	
  typhimurium/microsome	
  assay)	
   is	
   a	
  widely	
  used	
  and	
  

standardized	
   bioassay	
   to	
   determine	
   whether	
   a	
   chemical	
   substance	
   has	
   a	
   high	
  

probability	
   of	
   being	
   a	
   carcinogen.	
   	
   Ames	
   test	
   involves	
   determining	
   whether	
   the	
  

chemical	
   to	
   be	
   tested	
   causes	
   a	
   histidine-­‐requiring	
   mutant	
   of	
   the	
   gram-­‐negative	
  

bacteria	
  Salmonella	
  typhimurium	
  that	
  has	
  a	
  base	
  substitution	
  or	
  frameshift	
  mutation	
  

in	
  a	
  his	
  gene	
  to	
  revert	
  to	
  the	
  His	
  phenotype.	
  Each	
  of	
  these	
  bacteria	
  strains	
  tests	
  for	
  a	
  

DNA	
   damage;	
   a	
   positive	
   mutagen	
   will	
   cause	
   a	
   reversion	
   of	
   the	
   gene	
   and	
   the	
  

Salmonella	
   typhimurium	
   will	
   be	
   able	
   to	
   grow	
   without	
   histidine	
   (Gilmour,	
   2012).	
  

Different	
  mutagenic	
  mechanisms	
  have	
  been	
  studied	
  and	
  developed	
  to	
  be	
  tasted	
  by	
  

different	
  Salmonella	
  bacteria	
   strains.	
  Strains	
  TA	
  1535	
  and	
  TA	
  100	
  are	
  sensitive	
   to	
  

base-­‐pair	
  substitutions	
  within	
  DNA;	
  whereas	
  TA	
  1537,	
  TA	
  1538,	
  and	
  TA	
  98	
  detect	
  

frameshift	
  mutations	
  due	
  to	
  a	
  shift	
  at	
  the	
  DNA	
  base	
  code	
  reading	
  frame	
  level	
  (Ames	
  

et	
   al.	
   1985).	
   Some	
   strains	
   that	
   are	
   more	
   sensitive	
   have	
   been	
   developed	
   such	
   as	
  

strains	
  TA	
  97	
  and	
  TA	
  102.	
  These	
  bacteria	
  can	
  detect	
  two	
  different	
  types	
  of	
  mutation.	
  

For	
  example,	
  TA	
  98	
  is	
  a	
  frameshift	
  mutation	
  tester.	
  It	
  will	
  respond	
  when	
  there	
  is	
  an	
  

addition	
   or	
   deletion	
   of	
   a	
   number	
   of	
   bases	
   (that	
   is	
   not	
   a	
  multiple	
   of	
   three)	
   in	
   the	
  

amino	
  acids	
  (Figure	
  2.12)	
  that	
  shifts	
  the	
  reading	
  frame	
  of	
  the	
  codons	
  in	
  the	
  mRNA.	
  

This	
   insertion	
   or	
   deletion	
   of	
   nucleotides	
   might	
   also	
   result	
   in	
   a	
   protein	
   that	
   is	
   a	
  

different	
   length	
  than	
  the	
  original	
  protein,	
  with	
  a	
  new	
  section	
  of	
  seemingly	
  random	
  

amino	
   acid	
   attached	
   to	
   the	
   end	
   of	
   the	
   protein	
   that	
   have	
   nothing	
   to	
   do	
   with	
   the	
  

sequence	
   of	
   amino	
   acids	
   that	
   was	
   there	
   before.	
   TA	
   100	
   responds	
   to	
   a	
   base-­‐pair	
  

substitution	
  mutation	
  which	
   involves	
   a	
   replacement	
   of	
   one	
   pair	
   of	
   nucleotides	
   by	
  

another	
  (Figure	
  2.13).	
  This	
  replacement	
  could	
  cause	
  a	
  nonsense	
  mutation	
  which	
  a	
  

sense	
  codon	
   is	
   changed	
   to	
  a	
  nonsense	
   (stop)	
  codon	
   that	
   results	
   in	
   the	
  stopping	
   in	
  

protein	
  synthesis	
  or	
  a	
  silent	
  mutation	
  which	
  causes	
  no	
  change	
  in	
  the	
  encoded	
  amino	
  

acid	
   and	
   gene	
   expression.	
   In	
   case	
   of	
   TA	
   100,	
   this	
   replacement	
   would	
   result	
   in	
   a	
  

missense	
  mutation.	
  A	
  sense	
  codon	
   is	
  substituted	
  with	
  a	
  different	
  sense	
  codon	
  that	
  

specifies	
  a	
  different	
  amino	
  acid	
  which	
  could	
  result	
  in	
  an	
  abnormal	
  gene	
  expression	
  

(Chigome	
  &	
  Torto.	
  2011).	
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Figure 2.12 Frame-shift mutation mechanism (U.S. National Library of Medicine, 

Genetics Home Reference, 2010). 

 

Figure 2.13 Base pair substitution resulting in a missense mutation (U.S. National 
Library of Medicine, Genetics Home Reference, 2010). 
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The	
  Ames	
  test	
  was	
  first	
  designed	
  to	
  be	
  conducted	
  in	
  an	
  agar	
  plate.	
  With	
  the	
  

improvement	
  of	
  this	
  technology,	
  an	
  alternative	
  method	
  has	
  been	
  developed	
  which	
  is	
  

known	
  as	
  the	
  “fluctuation	
  method”	
  (Bridges,	
  1980).	
  Instead	
  of	
  counting	
  the	
  number	
  

of	
  colonies	
  observed	
  in	
  the	
  plates	
  (Ames	
  et	
  al.	
  1975),	
  the	
  number	
  of	
  yellow	
  wells	
  

showed	
  in	
  a	
  96-­‐microplates	
  is	
  enumerated.	
  If	
  the	
  chemical	
  to	
  be	
  tested	
  causes	
  a	
  

histidine-­‐requiring	
  mutant	
  of	
  Salmonella	
  bacteria,	
  the	
  dye	
  in	
  the	
  wells	
  will	
  be	
  

converted	
  from	
  purple	
  to	
  yellow	
  (Bridges,	
  1980).	
  The	
  mutagenicity	
  of	
  a	
  substance	
  

(represented	
  in	
  certainty	
  in	
  percentage)	
  is	
  proportional	
  to	
  the	
  number	
  of	
  yellow	
  

wells	
  enumerated.	
  	
  

	
  

The	
  determination	
  of	
  water	
  genotoxicity	
  aims	
  to	
  control	
  the	
  exposure	
  of	
  these	
  

mutagenic	
  potentials	
  to	
  the	
  population.	
  	
  In	
  addition	
  to	
  the	
  testing	
  of	
  the	
  genotoxicity	
  

of	
  water	
  samples,	
  the	
  Ames	
  assay	
  also	
  has	
  the	
  potential	
  of	
  (1)	
  comparing	
  the	
  final	
  

water	
  quality	
  of	
  different	
  treatment	
  processes,	
  (2)	
  helping	
  to	
  identify	
  the	
  suspected	
  

carcinogens,	
  and	
  (3)	
  ensuring	
  that	
  the	
  water	
  sample	
  quality	
  is	
  the	
  same	
  for	
  different	
  

studies	
  (Claxton	
  et	
  al.,	
  2008).	
  	
  Although	
  Ames	
  assay	
  is	
  an	
  easy	
  and	
  widely	
  used	
  

process	
  to	
  check	
  the	
  mutagenicity,	
  it	
  has	
  limitations:	
  	
  

1) Different	
  compounds	
  have	
  different	
  level	
  at	
  which	
  acute	
  toxicity	
  occurs,	
  

similarly	
  Ames	
  bioassay	
  only	
  responds	
  to	
  a	
  given	
  concentration.	
  Pre-­‐

concentrating	
  procedure	
  might	
  be	
  necessary.	
  

2) The	
  working	
  of	
  Ames	
  assay	
  is	
  based	
  on	
  the	
  mutation	
  of	
  Salmonella	
  

typhimurium.	
  	
  So,	
  Ames	
  test	
  might	
  not	
  be	
  adoptable	
  if	
  the	
  test	
  chemicals	
  

interact	
  with	
  the	
  bacteria.	
  For	
  example,	
  Ames	
  test	
  cannot	
  be	
  used	
  to	
  detect	
  

the	
  mutagenicity	
  of	
  antibiotics	
  with	
  high	
  concentration	
  which	
  would	
  kill	
  the	
  

bacteria.	
  

3) Because	
  of	
  the	
  sensitive	
  nature	
  of	
  the	
  Ames	
  assay,	
  two	
  or	
  more	
  bacteria	
  

strains	
  with	
  different	
  mutagenic	
  mechanisms	
  are	
  required	
  in	
  the	
  test	
  to	
  

obtain	
  the	
  acute	
  genotoxic	
  responses.	
  

4) The	
  mutagenic	
  substance	
  being	
  identified	
  in	
  the	
  Ames	
  test	
  is	
  not	
  necessarily	
  

to	
  be	
  carcinogenic.	
  Potential	
  carcinogenicity	
  of	
  the	
  substance	
  requires	
  to	
  be	
  

further	
  tested.	
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2.5	
  Yeast	
  Estrogen	
  Screen	
  
In	
  addition	
  to	
  the	
  genotoxic	
  chemical	
  compounds,	
  endocrine	
  disrupting	
  compounds	
  

(EDCs)	
   are	
   also	
   released	
   daily	
   into	
  water	
   bodies.	
   EDCs	
   have	
   been	
   reported	
   to	
   be	
  

detected	
  in	
  wastewater,	
  sediments,	
  drinking	
  water,	
  groundwater	
  and	
  surface	
  water	
  

(Eertmans	
  et	
  al.,	
  2003).	
  EDCs	
  can	
  hormonally	
  affect	
  organisms	
  at	
  concentrations	
  as	
  

low	
  as	
  nanograms	
  per	
  liter	
  (Campbell	
  et	
  al.,	
  2006).	
  However,	
  Eggen	
  et	
  al	
  (2003)	
  and	
  

Sumpter	
  (2005)	
  reported	
  the	
  presence	
  of	
  EDCs	
  in	
  different	
  water	
  bodies	
  worldwide	
  

at	
   significantly	
   higher	
   concentrations	
   causing	
   public	
   concern.	
   Some	
   reviews	
   and	
  

research	
   found	
   evidence	
   of	
   adverse	
   reproductive	
   outcomes	
   such	
   as	
   infertility,	
  

cancers,	
   malformations,	
   and	
   effects	
   on	
   other	
   endocrine	
   systems	
   from	
   long-­‐term	
  

exposure	
   to	
   EDCs	
   (Campbell	
   et	
   al.,	
   2006;	
   Diamanti-­‐Kandarakis	
   et	
   al.,	
   2009;	
  

Woodruff,	
  2011).	
  YES	
  assay	
  as	
  a	
  method	
  for	
  EDCs	
  detection	
  is	
  the	
  very	
  first	
  step	
  in	
  

wastewater	
  treatment	
  for	
  aquatic	
  environment	
  protection	
  (Spengler	
  et	
  al.,	
  2001).	
  

The	
   YES	
   assay,	
   first	
   developed	
   by	
   Routledge	
   and	
   Sumptar	
   in	
   1996,	
   is	
   a	
   cellular	
  

bioassay	
  to	
  detect	
  the	
  estrogenically	
  active	
  substances	
  in	
  the	
  aqueous	
  samples.	
  This	
  

test	
  can	
  be	
  done	
  without	
  having	
  the	
  knowledge	
  of	
  the	
  composition	
  of	
  the	
  pollutants	
  

and	
  their	
  concentrations	
  (Gilmour,	
  2012).	
   	
  The	
  YES	
  bioassay	
  employs	
  a	
  genetically	
  

modified	
  strain	
  of	
  yeast	
  Saccharomyces	
  cerevisiae	
  in	
  which	
  the	
  chromosome	
  has	
  the	
  

human	
  estrogen	
  receptor	
  	
  (hER)	
  DNA	
  sequence	
  and	
  it	
  links	
  to	
  a	
  lac-­‐Z	
  reporter	
  gene	
  

(Mcdonnell	
  &	
  Norris,	
  2014).	
  When	
  an	
  estrogenically	
  active	
  substance	
  is	
  detected,	
  it	
  

binds	
   to	
   the	
  hER	
  which	
   causes	
   the	
   expression	
  of	
   lac-­‐Z	
   gene.	
   Lac-­‐Z	
   encodes	
   for	
   an	
  

enzyme	
   (β-­‐galactosidase).	
  The	
  presence	
  of	
  β-­‐galactosidase	
  will	
   turn	
   the	
   color	
  of	
   a	
  

dye	
   (4-­‐methylumbelliferyl-­‐β-­‐digalactopyranoside)	
   in	
   the	
   test	
   solution	
   from	
  yellow	
  

to	
  red	
  (fluorescent	
  4-­‐methylumbelliferon).	
  The	
  change	
  of	
  color	
  is	
  directly	
  related	
  to	
  

the	
   existence	
   of	
   estrogenically	
   active	
   substances.	
   The	
   assay	
   has	
   been	
   used	
   to	
  

monitor	
  the	
  removal	
  of	
  estrogenicity	
  after	
  water	
  treatment.	
  In	
  this	
  study,	
  YES	
  assay	
  

is	
  used	
   to	
  detect	
   the	
  recoveries	
  of	
  SPE	
  columns	
  by	
  quantifying	
  E2	
  eluted	
   from	
  the	
  

cartridges.	
  

	
  

	
  



www.manaraa.com

	
   37	
  

2.6	
  Summary	
  of	
  Literature	
  Review	
  and	
  Literature	
  Gaps	
  
The	
  broad	
  literature	
  review	
  indicated	
  that	
  although	
  exhaustive	
  scientific	
  studies	
  

have	
  utilized	
  SPE	
  columns	
  as	
  a	
  tool	
  to	
  concentrate	
  or	
  purify	
  aqueous	
  samples,	
  

limited	
  studies	
  have	
  been	
  conducted	
  on	
  the	
  sorption	
  properties	
  of	
  different	
  

commercial	
  SPE	
  columns.	
  Especially,	
  the	
  relationship	
  of	
  the	
  physico-­‐chemical	
  

properties	
  of	
  the	
  analytes	
  and	
  the	
  commercial	
  cartridges,	
  are	
  never	
  reported.	
  On	
  the	
  

other	
  hand,	
  the	
  effect	
  of	
  water	
  matrix	
  on	
  sample	
  preparation	
  for	
  bioassays	
  using	
  the	
  

same	
  SPE	
  cartridges	
  is	
  never	
  reported.	
  	
  These	
  are	
  the	
  objectives	
  of	
  this	
  study,	
  which	
  

are	
  elaborated	
  in	
  Chapters	
  3	
  &	
  4.	
  In	
  this	
  chapter,	
  an	
  extensive	
  literature	
  review	
  with	
  

respect	
  to	
  various	
  aspects	
  of	
  SPE	
  has	
  been	
  presented.	
  A	
  short	
  background	
  on	
  

current	
  literature	
  pertinent	
  to	
  the	
  specific	
  objectives	
  of	
  this	
  work	
  is	
  presented	
  in	
  

Chapter	
  3	
  and	
  Chapter	
  4.	
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Chapter	
  3	
  
	
  

3	
  	
  Performance	
  of	
  the	
  Cartridges	
  and	
  their	
  Relationships	
  with	
  the	
  

Properties	
  of	
  the	
  Analytes	
  

3.1	
  Introduction	
  
Pharmaceutical	
  compounds	
  (PhCs),	
  endocrine	
  disrupting	
  coumpounds	
  (EDCs),	
  their	
  

precursors,	
  and	
  degradation	
  products	
  are	
  discharged	
  to	
  the	
  environment	
  during	
  

their	
  manufacture,	
  use	
  and	
  improper	
  disposal.	
  Although	
  pharmaceuticals,	
  as	
  a	
  new	
  

class	
  of	
  contaminants	
  to	
  the	
  aqueous	
  environment,	
  have	
  been	
  released	
  into	
  the	
  

environment	
  for	
  decades,	
  with	
  the	
  development	
  of	
  medicine	
  to	
  treat	
  various	
  

diseases,	
  the	
  drugs	
  and	
  their	
  mixtures	
  might	
  have	
  increasing	
  impacts	
  on	
  human	
  

health.	
  	
  Recently,	
  many	
  studies	
  have	
  been	
  conducted	
  by	
  environmental	
  scientists	
  

and	
  government	
  agencies	
  on	
  PhCs	
  and	
  EDCs	
  detection	
  and	
  quantification	
  at	
  trace	
  

concentrations.	
  To	
  ensure	
  a	
  successful	
  detection	
  and	
  quantification	
  process,	
  the	
  

aqueous	
  samples	
  are	
  required	
  to	
  be	
  extracted	
  and	
  purified.	
  Typically,	
  the	
  extraction	
  

of	
  PhCs	
  from	
  waste	
  and	
  environmental	
  water	
  is	
  accomplished	
  using	
  solid	
  phase	
  

extraction	
  (SPE)	
  and	
  analysis	
  of	
  water	
  quality	
  is	
  performed	
  using	
  either	
  bioassays	
  

with	
  unknown	
  contaminants	
  or	
  a	
  high-­‐performance	
  liquid	
  chromatography	
  (HPLC)	
  

with	
  specified	
  target	
  compounds.	
  	
  Processing	
  by	
  SPE	
  allows	
  simultaneous	
  extraction	
  

of	
  multiple	
  samples	
  and	
  generally	
  gives	
  good	
  recovery	
  of	
  target	
  compounds	
  

(Watkinson	
  et	
  al.,	
  2007),	
  while	
  analysis	
  by	
  bioassays	
  or	
  HPLC	
  allows	
  for	
  high	
  

selectivity	
  and	
  sensitivity.	
  As	
  such,	
  these	
  techniques	
  are	
  well	
  suited	
  for	
  the	
  analysis	
  

of	
  PhCs	
  and	
  EDCs	
  in	
  the	
  environment.	
  	
  

	
  

Much	
  work	
  has	
  been	
  conducted	
  to	
  study	
  the	
  chemical	
  and	
  surface	
  properties	
  of	
  

silica	
  that	
  has	
  been	
  modified	
  with	
  alkyl	
  groups	
  that	
  is	
  the	
  sorbent	
  of	
  a	
  reversed	
  

phase	
  extraction	
  (Roubeuf	
  et	
  al.,	
  2000;	
  Biziuk,	
  2006;	
  Raisglid,	
  1996).	
  However,	
  there	
  

is	
  a	
  lack	
  of	
  literature	
  that	
  addresses	
  the	
  properties	
  of	
  a	
  strong	
  anion-­‐exchange	
  

quaternary	
  amine	
  group	
  or	
  a	
  strong	
  cation-­‐exchange	
  sulfonic	
  acid	
  group	
  on	
  the	
  end	
  

of	
  a	
  hydrocarbon	
  linker	
  as	
  the	
  modified	
  phase.	
  These	
  materials	
  are	
  excellent	
  cation	
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and	
  anion	
  exchangers	
  with	
  reversed	
  phase	
  properties	
  and	
  are	
  very	
  effective	
  in	
  the	
  

separation	
  and	
  isolation	
  of	
  acidic	
  and	
  basic	
  compounds.	
  The	
  typical	
  pH	
  range	
  for	
  

mixed	
  mode	
  mechanisms	
  of	
  these	
  strong	
  cation	
  exchangers	
  is	
  2	
  -­‐	
  10	
  and	
  for	
  anion	
  is	
  

2	
  –	
  8.	
  Outside	
  of	
  this	
  range,	
  the	
  Si-­‐O-­‐Si	
  bond	
  linkages	
  may	
  be	
  hydrolyzed.	
  The	
  

surface	
  silanols	
  are	
  deprotonated	
  and	
  charged	
  above	
  pH	
  8,	
  and	
  only	
  the	
  ion	
  

exchange	
  capacity	
  of	
  these	
  materials	
  will	
  be	
  the	
  dominant	
  mechanism	
  for	
  analyte	
  

retention.	
  

	
  

The	
  focus	
  of	
  this	
  study	
  is	
  based	
  on	
  the	
  fact	
  that	
  an	
  analytical	
  method	
  can	
  be	
  

developed	
  using	
  SPE	
  followed	
  by	
  bioassays	
  or	
  chemical	
  analysis	
  to	
  detect	
  a	
  wide	
  

spectrum	
  of	
  PhCs	
  or	
  EDCs	
  in	
  water	
  at	
  low	
  concentration	
  (ppb	
  and	
  ppt	
  level).	
  The	
  

objective	
  of	
  the	
  work	
  presented	
  in	
  this	
  chapter	
  is	
  to	
  compare	
  the	
  performance	
  of	
  

three	
  different	
  types	
  of	
  commercial	
  SPE	
  cartridges	
  based	
  on	
  the	
  following	
  

parameters:	
  (a)	
  sorption	
  capacity;	
  (b)	
  sorbate	
  per	
  unit	
  of	
  sorbent;	
  and	
  (c)	
  recovery	
  

efficiency.	
  Once	
  the	
  better	
  cartridge	
  has	
  been	
  identified	
  and	
  validated,	
  it	
  will	
  be	
  

applied	
  for	
  the	
  detection	
  and	
  analysis	
  of	
  mutagenicity	
  and	
  estrogenicity	
  of	
  surface	
  

water	
  and	
  wastewater	
  in	
  bioassays	
  and	
  chemical	
  analysis.	
  In	
  this	
  chapter,	
  

experimental	
  results	
  for	
  the	
  applications	
  of	
  three	
  commercial	
  cartridges	
  in	
  

extracting	
  four	
  antibiotics	
  are	
  presented.	
  The	
  characteristics	
  of	
  the	
  cartridges	
  were	
  

presented	
  earlier	
  in	
  Chapter	
  2	
  and	
  the	
  physical	
  properties	
  of	
  the	
  cartridges	
  are	
  

shown	
  in	
  table	
  3.1.	
  Both	
  column	
  sorption	
  experiments	
  and	
  batch	
  equilibrium	
  

experiments	
  were	
  performed	
  to	
  determine	
  the	
  sorption	
  parameters	
  of	
  LC-­‐18,	
  MAX	
  

and	
  MCX	
  cartridges.	
  Subsequently,	
  the	
  relationships	
  between	
  the	
  physico-­‐chemical	
  

properties	
  of	
  the	
  analytes	
  and	
  the	
  sorption	
  capacity	
  were	
  also	
  investigated.	
  	
  

	
  

3.2	
  Laboratory	
  experiments	
  –	
  conception	
  and	
  objectives	
  
Two	
  experimental	
  techniques	
  were	
  applied	
  in	
  the	
  laboratory	
  to	
  study	
  the	
  

adsorption	
  of	
  the	
  target	
  analytes:	
  1)	
  batch	
  and	
  2)	
  column	
  experiments.	
  As	
  discussed	
  

earlier	
  the	
  target	
  analytes	
  include	
  the	
  four	
  antibiotics	
  commonly	
  found	
  in	
  different	
  

aquatic	
  systems.	
  	
  Henceforth,	
  these	
  target	
  analytes	
  will	
  be	
  called	
  as	
  micropollutants	
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as	
  all	
  of	
  them	
  are	
  present	
  in	
  water	
  at	
  small	
  concentrations.	
  	
  Typically,	
  batch	
  

equilibrium	
  experiments	
  are	
  designed	
  to	
  study	
  equilibrium	
  sorption	
  of	
  the	
  target	
  

analytes	
  where	
  all	
  the	
  SPE	
  solids	
  are	
  well	
  mixed	
  in	
  an	
  aqueous	
  suspension.	
  However,	
  

since	
  SPE	
  material	
  is	
  typically	
  used	
  in	
  a	
  column	
  format	
  (cartridge)	
  in	
  actual	
  sample	
  

preparation,	
  column	
  tests	
  were	
  also	
  performed	
  in	
  the	
  selected	
  cartridges.	
  	
  In	
  the	
  

cartridge,	
  the	
  analytes	
  interact	
  with	
  the	
  packed	
  sorbent	
  where	
  not	
  all	
  of	
  the	
  sorbent	
  

is	
  exposed	
  to	
  or	
  available	
  for	
  the	
  interaction	
  with	
  the	
  analytes,	
  thus	
  often	
  resulting	
  

in	
  early	
  saturation.	
  

	
  

3.2.1	
  Reagents	
  
Lincomycin	
  and	
  ofloxacin	
  were	
  purchased	
  from	
  Enzo	
  Life	
  Sciences	
  (Farmingdale,	
  NY,	
  

USA).	
  Metronidazole	
  and	
  sulfamethoxazole	
  were	
  purchased	
  from	
  Sigma-­‐Aldrich	
  

(Oakville,	
  Canada).	
  All	
  standards	
  were	
  pharmaceutical	
  grade.	
  Analyte	
  structures	
  

were	
  shown	
  in	
  Table	
  2.1.	
  Stock	
  solutions	
  of	
  antibiotics	
  at	
  a	
  concentration	
  of	
  

approximately	
  400	
  mg/L	
  were	
  prepared	
  in	
  distilled	
  water	
  and	
  stored	
  in	
  amber	
  vials	
  

at	
  4	
  °C.	
  The	
  antibiotics	
  solutions	
  were	
  brought	
  to	
  room	
  temperature	
  before	
  use	
  and	
  

remade	
  every	
  two	
  to	
  three	
  months.	
  99.5%	
  acetone	
  was	
  purchased	
  from	
  VWR	
  

(Radnor,	
  PA,	
  USA).	
  Methanol	
  and	
  ethanol	
  (HPLC	
  Grade)	
  were	
  obtained	
  from	
  Fisher	
  

Scientific	
  (Fair	
  Lawn,	
  NJ,	
  USA).	
  Laboratory-­‐grade	
  water	
  (LGW,	
  18MΩ)	
  was	
  produced	
  

from	
  a	
  Millipore	
  purification	
  system	
  (model	
  Integral	
  5,	
  EMD	
  Millipore	
  Corporation,	
  

Billerica,	
  MA,	
  USA).	
  All	
  reagents	
  were	
  used	
  as	
  received.	
  	
  

	
  

3.2.2	
  Batch	
  sorption	
  experiments	
  
Batch	
  equilibrium	
  experiments	
  in	
  an	
  aqueous	
  system	
  were	
  performed	
  in	
  order	
  to	
  

determine	
  the	
  sorption	
  parameters	
  (e.g,	
  C*	
  and	
  its	
  corresponding	
  qmax).	
  Usually,	
  a	
  

solution	
  of	
  micropollutant(s)	
  is	
  added	
  to	
  water	
  containing	
  a	
  given	
  amount	
  of	
  

sorbent.	
  In	
  this	
  process,	
  either	
  the	
  concentration	
  of	
  the	
  micropollutant	
  or	
  the	
  

amount	
  of	
  sorbent	
  can	
  be	
  varied.	
  By	
  monitoring	
  the	
  decrease	
  in	
  the	
  aqueous	
  

concentration	
  of	
  the	
  solute,	
  the	
  adsorbed	
  amount	
  of	
  the	
  micropollutant	
  is	
  

determined.	
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The	
  isothermal	
  equilibrium	
  parameter	
  C*[ML-­‐3]	
  can	
  be	
  plotted	
  vs	
  its	
  adsorptive	
  

capacity	
  q[MM-­‐1].	
  C*	
  is	
  the	
  aqueous-­‐phase	
  concentration	
  at	
  equilibrium	
  and	
  q	
  can	
  be	
  

calculated	
  as:	
  

𝑞 = !(!!!!∗)
!

                          Eq. 3.1 

In	
  the	
  equation,	
  C0	
  [ML-­‐3]	
  is	
  the	
  initial	
  concentration	
  of	
  the	
  micropollutant	
  in	
  

solution	
  and	
  m[M]	
  is	
  the	
  mass	
  of	
  the	
  sorbent	
  in	
  water.	
  

	
  

3.2.2.1	
  Experimental	
  set-­‐up	
  and	
  procedure	
  
All	
  batch	
  experiments	
  were	
  carried	
  out	
  in	
  500	
  ml	
  Erlenmeyer	
  flasks.	
  First,	
  the	
  flasks	
  

were	
  filled	
  with	
  antibiotics	
  solution	
  with	
  very	
  low	
  concentrations	
  (1	
  μg/ml,	
  1.18	
  

μg/ml,	
  1.76	
  μg/ml,	
  2.17	
  μg/ml,	
  for	
  LCM,	
  MNZ,	
  OFL,	
  and	
  SMX,	
  respectively).	
  Certain	
  

amount	
  of	
  sorbent	
  taken	
  from	
  the	
  SPE	
  columns	
  were	
  added	
  to	
  the	
  systems	
  (i.e.,	
  100	
  

mg	
  of	
  MCX	
  and	
  MAX,	
  and	
  300	
  mg	
  of	
  LC-­‐18).	
  The	
  systems	
  were	
  mixed	
  on	
  magnetic	
  

plate	
  stirrers	
  to	
  keep	
  the	
  sorbent	
  in	
  suspension	
  and	
  be	
  available	
  for	
  the	
  interactions	
  

with	
  the	
  micropollutant.	
  Preliminary	
  tests	
  indicated	
  an	
  equilibrium	
  time	
  of	
  1-­‐2	
  

hours	
  depending	
  on	
  the	
  micropollutant	
  and	
  sorbents	
  ratio.	
  At	
  equilibrium,	
  2	
  ml	
  of	
  

the	
  sample	
  was	
  withdrawn	
  from	
  the	
  system.	
  The	
  solids	
  were	
  immediately	
  separated	
  

from	
  the	
  aqueous	
  solution	
  through	
  filtration	
  using	
  0.2µm	
  cellulose	
  acetate	
  syringe	
  

filters.	
  The	
  absorbance	
  of	
  the	
  samples	
  was	
  measured	
  by	
  a	
  UV-­‐Vis	
  

spectrophotometry.	
  	
  A	
  small	
  amount	
  of	
  stock	
  solution	
  with	
  much	
  higher	
  

micropollutant	
  concentration	
  was	
  added	
  to	
  the	
  system	
  to	
  achieve	
  a	
  new	
  equilibrium.	
  

These	
  procedures	
  were	
  repeated	
  until	
  the	
  q	
  value	
  reached	
  constant	
  regardless	
  of	
  

the	
  increasing	
  concentration	
  of	
  the	
  micropollutant	
  solution	
  in	
  the	
  aqueous	
  system	
  

(See	
  figure	
  3.1).	
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Figure	
  3.1	
  Flowchart	
  for	
  batch	
  equilibrium	
  adsorption	
  experiments	
  
	
  

3.2.3	
  Continuous	
  operation:	
  column	
  experiments	
  
The	
  classical	
  laboratory	
  experiment	
  for	
  the	
  simulation	
  of	
  adsorption	
  of	
  an	
  

environmental	
  pollutant	
  in	
  the	
  subsurface	
  environment	
  is	
  the	
  column	
  experiment.	
  

Generally	
  an	
  aqueous	
  solution	
  with	
  micropollutant(s)	
  was	
  allowed	
  to	
  flow	
  through	
  

the	
  column	
  packed	
  with	
  SPE	
  solids	
  from	
  a	
  sample	
  reservoir	
  which	
  is	
  connected	
  by	
  a	
  

pump.	
  The	
  commercial	
  columns	
  were	
  first	
  equilibrated	
  with	
  a	
  slightly-­‐polar	
  solvent	
  

(i.e.	
  methanol)	
  and	
  deionized	
  water,	
  which	
  wetted	
  the	
  surface	
  and	
  penetrate	
  the	
  

bonded	
  phase.	
  A	
  solution	
  with	
  micropollutant	
  was	
  fed	
  into	
  the	
  column.	
  The	
  

concentration,	
  C,	
  of	
  the	
  micropollutant	
  appearing	
  in	
  the	
  effluent	
  reservoir	
  was	
  

measured	
  over	
  time	
  and	
  the	
  results	
  were	
  plotted	
  in	
  the	
  form	
  of	
  solute	
  breakthrough	
  

curve,	
  or	
  relative	
  concentration,	
  C/C0,	
  versus	
  volume,	
  where	
  C0	
  was	
  the	
  influent	
  

concentration	
  of	
  the	
  micropollutant.	
  	
  

	
  

3.2.3.1	
  Column	
  apparatus	
  and	
  experimental	
  set-­‐up	
  
The	
  column	
  experiments	
  were	
  performed	
  using	
  three	
  types	
  of	
  commercial	
  SPE	
  

cartridge	
  columns	
  with	
  different	
  materials.	
  MAX	
  and	
  MCX	
  columns	
  (Waters)	
  have	
  

150	
  mg	
  ion-­‐exchanger	
  SPE	
  solids	
  with	
  80	
  Å	
  and	
  79	
  Å	
  in	
  pore	
  sizes,	
  respectively	
  with	
  

6	
  ml	
  capacities.	
  LC-­‐18	
  column	
  (Segma-­‐Aldrich)	
  is	
  a	
  reversed-­‐phase	
  column	
  packed	
  

with	
  500	
  mg	
  C-­‐18	
  solids	
  with	
  55	
  μm	
  in	
  size	
  and	
  it	
  can	
  take	
  up	
  to	
  3	
  ml	
  sample	
  

solution.	
  The	
  surface	
  areas	
  of	
  LC-­‐18,	
  MAX	
  and	
  MCX	
  sorbents	
  are	
  529	
  m2/g,	
  796	
  m2/g,	
  

and	
  806	
  m2/g,	
  respectively.	
  The	
  breakthrough	
  time	
  of	
  SMX,	
  OFL,	
  LCM	
  and	
  MNZ	
  was	
  

measured	
  using	
  an	
  off-­‐line	
  UV	
  absorbance	
  detection	
  set-­‐up	
  which	
  consists	
  of	
  the	
  

Add	
  high	
  
concentration	
  stock	
  

solution	
  

Absorbance	
  
measurement	
  	
  	
  

Mix	
  the	
  sorbent	
  and	
  
the	
  analytes	
  	
  	
  

Withdraw	
  2ml	
  of	
  
sample	
  	
  	
  

Filter	
  with	
  0.2µm	
  
syringe	
  filters	
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solution	
  reservoir,	
  SPE	
  column	
  containing	
  different	
  sorbents,	
  a	
  peristaltic	
  pump,	
  an	
  

effluent	
  reservoir,	
  which	
  were	
  all	
  connected	
  with	
  silica	
  tubes	
  (Figure	
  3.2).	
  	
  

Optimized	
  UV	
  absorption	
  wavelengths	
  were	
  obtained	
  by	
  means	
  of	
  scanning	
  the	
  

reference	
  solutions.	
  The	
  maximum	
  signal	
  was	
  obtained	
  at	
  UV	
  wavelengths	
  (nm)	
  of	
  

190,	
  320,	
  287	
  and	
  197	
  for	
  LCM,	
  MNZ,	
  OFL	
  and	
  SMX,	
  respectively.	
  

Figure	
  3.2	
  Experimental	
  set-­‐up	
  for	
  continuous	
  column	
  operation.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Table	
  3.1	
  Physical	
  properties	
  of	
  Oasis	
  MAX,	
  MCX	
  and	
  LC-­‐18	
  cartridges	
  

	
   	
   Oasis	
  MAX	
   	
   Oasis	
  MCX	
   	
   LC-­‐18	
  

Specific	
  Surface	
  Area	
  (m2g-­‐1)	
   	
   796	
   	
   806	
   	
   529	
  

Average	
  Pore	
  Diameter	
  (Å)	
   	
   80	
   	
   79	
   	
   61	
  

Total	
  Pore	
  Volume	
  (cm3g-­‐1)	
   	
   1.26	
   	
   1.26	
   	
   	
  

Average	
  Particle	
  Diameter	
  (μm)	
   	
   31.0	
   	
   29.0	
   	
   55	
  

Fines	
  Content	
   	
   <0.1	
   	
   0.2	
   	
   	
  

Anion	
  Exchange	
  Capacity	
  (meq	
  g-­‐1)	
   	
   0.2	
   	
   	
   	
   	
  

Sulfonic	
  Acid	
  Content	
  (meq	
  g-­‐1)	
   	
   	
   	
   1.05	
   	
   	
  

	
  

3.2.3.2	
  Experimental	
  procedure	
  
5	
  ml	
  99%	
  methanol	
  followed	
  by	
  5	
  ml	
  deionized	
  water	
  were	
  used	
  to	
  wet	
  the	
  surface	
  

and	
  penetrate	
  the	
  bonded	
  phase	
  in	
  MAX	
  and	
  MCX	
  cartridges.	
  	
  For	
  LC-­‐18	
  cartridge,	
  2	
  

Vacuum	
  

Sample	
  reservoir	
  
Peristaltic	
  pump	
  

Effluent	
  reservoir	
  

SPE	
  cartridge	
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ml	
  99%	
  methanol	
  and	
  2	
  ml	
  deionized	
  water	
  were	
  used	
  to	
  equilibrate	
  the	
  column.	
  

The	
  speed	
  of	
  peristaltic	
  pump	
  was	
  adjusted	
  to	
  supply	
  a	
  constant	
  flow	
  rate	
  of	
  the	
  

solutions	
  from	
  the	
  reservoir	
  to	
  the	
  columns	
  between	
  1.4	
  and	
  1.5	
  ml/min.	
  	
  

Dilution	
  of	
  the	
  effluent	
  was	
  performed	
  prior	
  to	
  the	
  UV	
  absorbance	
  measurement	
  to	
  

follow	
  the	
  linearity	
  of	
  Beer-­‐Lambert’s	
  Law.	
  	
  

	
  

3.3	
  	
  Results	
  and	
  Discussions	
  

3.3.1	
  Adsorption	
  isotherms	
  of	
  antibiotics	
  

3.3.1.1	
  Effect	
  of	
  concentration	
  
The	
  removal	
  of	
  antibiotics	
  by	
  MAX,	
  MCX	
  and	
  LC-­‐18	
  sorbents	
  at	
  different	
  initial	
  

concentrations	
  keeping	
  the	
  doses	
  of	
  sorbent	
  was	
  investigated.	
  The	
  percent	
  removal	
  

of	
  antibiotics	
  decreased	
  with	
  increasing	
  concentration	
  due	
  to	
  lower	
  availability	
  of	
  

the	
  sorbent.	
  Figure	
  3.3	
  describes	
  the	
  effect	
  of	
  antibiotics	
  initial	
  concentrations	
  on	
  

the	
  removal	
  percentage	
  by	
  different	
  sorbents.	
  However,	
  the	
  amount	
  of	
  antibiotics	
  

adsorbed	
  per	
  unit	
  sorbent	
  mass	
  increases	
  with	
  the	
  increase	
  in	
  initial	
  antibiotics	
  

concentration	
  due	
  to	
  the	
  decrease	
  of	
  uptake	
  resistance	
  of	
  solute	
  from	
  solution	
  of	
  

antibiotics	
  (refer	
  Figure	
  3.4).	
  	
  For	
  example,	
  the	
  increase	
  in	
  initial	
  concentration	
  from	
  

2.2	
  ppm	
  to	
  65.3	
  ppm	
  resulted	
  in	
  a	
  decrease	
  from	
  89.9%	
  to	
  32.8%	
  in	
  adsorption	
  of	
  

SMX	
  in	
  MAX	
  cartridge	
  while	
  the	
  adsorption	
  of	
  SMX	
  per	
  unit	
  weight	
  of	
  adsorbent	
  

increased	
  from	
  1.9	
  to	
  126.3	
  mg	
  g-­‐1.	
  The	
  phenomenon	
  is	
  consistent	
  to	
  the	
  trend	
  

reported	
  in	
  various	
  studies	
  (Stephen	
  et	
  al.,	
  2005;	
  Azam	
  et	
  al.,	
  2009).	
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Figure	
  3.3	
  Removal	
  profiles	
  of	
  (a)	
  LCM,	
  (b)	
  MNZ,	
  (c)	
  OFL	
  and	
  (d)	
  SMX	
  in	
  LC-­‐18	
  

(represented	
  by	
  solid	
  line),	
  MAX	
  (represented	
  by	
  dash	
  line)	
  and	
  MCX	
  columns	
  

(represented	
  by	
  dot	
  line).	
  In	
  some	
  graphs,	
  the	
  errors	
  are	
  too	
  small	
  to	
  show.	
  

	
  

	
  

	
  

	
  

	
  

Sorbent	
   R2	
  
MCX	
   0.923	
  
	
  

Sorbent	
   R2	
  
MAX	
   0.971	
  
MCX	
   0.955	
  
	
  

Sorbent	
   R2	
  
LC-­‐18	
   0.405	
  
MAX	
   0.639	
  
MCX	
   0.954	
  
	
  

Sorbent	
   R2	
  
LC-­‐18	
   0.927	
  
MAX	
   0.954	
  
MCX	
   0.858	
  
	
  

(a)	
   (b)	
  

(c)	
   (d)	
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Figure	
  3.4	
  Adsorption	
  isotherms	
  of	
  	
  (a)	
  LCM,	
  (b)	
  MNZ,	
  (c)	
  OFL	
  and	
  (d)	
  SMX	
  in	
  

LC-­‐18	
  (represented	
  by	
  solid	
  line),	
  MAX	
  (represented	
  by	
  dash	
  line)	
  and	
  MCX	
  

columns	
  (represented	
  by	
  dot	
  line).	
  In	
  some	
  graphs,	
  the	
  errors	
  are	
  too	
  small	
  to	
  

show.	
  	
  

	
  

It	
  can	
  be	
  seen	
  that	
  most	
  of	
  the	
  micropollutants	
  followed	
  Lamgmuir	
  isotherm	
  for	
  all	
  

three	
  sorbents.	
  The	
  equilibrium	
  adsorption	
  capacity	
  is	
  presented	
  in	
  Table	
  3.2.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

(a)	
   (b)	
  

(c)	
   (d)	
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Table	
  3.2	
  The	
  equilibrium	
  uptake	
  capacities	
  and	
  extent	
  of	
  adsorption	
  of	
  LCM	
  

obtained	
  at	
  different	
  initial	
  concentrations.	
  

C0	
  	
  (mg	
  L-­‐1)	
   MCX	
  

q	
  (mg	
  g-­‐1)	
   %	
  adsorption	
  

20	
   38.18	
   86.15	
  

100	
   170.74	
   62.63	
  

200	
   233.64	
   38.26	
  

400	
   268.92	
   11.13	
  

500	
   270.81	
   7.03	
  

	
  

	
  

	
  

Table	
  3.3	
  The	
  equilibrium	
  uptake	
  capacities	
  and	
  extent	
  of	
  adsorption	
  of	
  MNZ	
  

obtained	
  at	
  different	
  initial	
  concentrations.	
  

C0	
  	
  (mg	
  L-­‐1)	
   MAX	
   	
   MCX	
  

q	
  (mg	
  g-­‐1)	
   %	
  adsorption	
   	
   q	
  (mg	
  g-­‐1)	
   %	
  adsorption	
  

1	
   0.26	
   5.50	
   	
   1.86	
   78.62	
  

10	
   1.83	
   4.32	
   	
   14.98	
   63.59	
  

20	
   2.47	
   3.31	
   	
   31.08	
   50.43	
  

30	
   2.56	
   1.52	
   	
   32.08	
   45.72	
  

40	
   2.54	
   0.63	
   	
   38.00	
   33.41	
  

60	
   2.56	
   0.38	
   	
   38.12	
   21.60	
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Table	
  3.4	
  The	
  equilibrium	
  uptake	
  capacities	
  and	
  extent	
  of	
  adsorption	
  of	
  OFL	
  

obtained	
  at	
  different	
  initial	
  concentrations.	
  

C0	
  	
  	
  

(mg	
  L-­‐1)	
  

LC-­‐18	
   	
   MAX	
   	
   MCX	
  

q	
  	
  

(mg	
  g-­‐1)	
  

%	
  

adsorption	
  

	
   q	
  	
  

(mg	
  g-­‐1)	
  

%	
  

adsorption	
  

	
   q	
  	
  

(mg	
  g-­‐1)	
  

%	
  

adsorption	
  

2	
   0.64	
   54.28	
   	
   3.27	
   93.11	
   	
   3.28	
   93.11	
  

100	
   22.99	
   14.22	
   	
   115.13	
   32.25	
   	
   325.44	
   83.27	
  

200	
   109.05	
   24.21	
   	
   181.97	
   22.20	
   	
   457.85	
   43.45	
  

300	
   179.99	
   20.66	
   	
   373.43	
   22.39	
   	
   587.83	
   28.67	
  

400	
   233.72	
   18.03	
   	
   590.52	
   13.36	
   	
   606.27	
   18.92	
  

500	
   233.71	
   16.43	
   	
   594.41	
   9.90	
   	
   606.02	
   9.53	
  

	
  

	
  

Table	
  3.5	
  The	
  equilibrium	
  uptake	
  capacities	
  and	
  extent	
  of	
  adsorption	
  of	
  SMX	
  

obtained	
  at	
  different	
  initial	
  concentrations.	
  

C0	
  	
  	
  

(mg	
  L-­‐1)	
  

LC-­‐18	
   	
   MAX	
   	
   MCX	
  

q	
  	
  

(mg	
  g-­‐1)	
  

%	
  

adsorption	
  

	
   q	
  	
  

(mg	
  g-­‐1)	
  

%	
  

adsorption	
  

	
   q	
  	
  

(mg	
  g-­‐1)	
  

%	
  

adsorption	
  

10	
   1.08	
   13.00	
   	
   25.20	
   97.75	
   	
   21.81	
   85.00	
  

20	
   2.69	
   8.55	
   	
   85.09	
   85.37	
   	
   69.10	
   72.04	
  

30	
   3.05	
   5.65	
   	
   103.83	
   70.57	
   	
   99.05	
   59.17	
  

50	
   3.33	
   4.02	
   	
   126.78	
   46.15	
   	
   102.72	
   35.65	
  

60	
   3.38	
   3.00	
   	
   126.32	
   32.76	
   	
   102.68	
   30.73	
  

	
  

3.3.1.2	
  Adsorption	
  isotherms	
  
Adsorption	
  isotherm	
  helps	
  to	
  study	
  the	
  relationship	
  between	
  the	
  amount	
  of	
  a	
  

substrate	
  adsorbed	
  onto	
  the	
  adsorbent	
  at	
  constant	
  temperature	
  and	
  its	
  

concentration	
  in	
  the	
  equilibrium	
  solution.	
  It	
  provides	
  essential	
  physico-­‐chemical	
  

data	
  for	
  assessing	
  the	
  applicability	
  of	
  the	
  adsorption	
  process	
  as	
  a	
  complete	
  unit	
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operation	
  (Aydın	
  &	
  Baysal,	
  2006).	
  Two	
  famous	
  models	
  used	
  to	
  investigate	
  the	
  

adsorption	
  process	
  are	
  Langmuir	
  and	
  Freundlish	
  isotherm	
  models	
  (Chan	
  et	
  al.,	
  2008;	
  

Lata	
  et	
  al.,	
  2008).	
  Some	
  parameters	
  in	
  those	
  models	
  can	
  be	
  construed	
  further	
  to	
  

investigate	
  the	
  sorption	
  mechanisms,	
  surface	
  properties	
  and	
  an	
  affinity	
  of	
  the	
  

adsorbent	
  (Nayak	
  &	
  Singh,	
  2007).	
  The	
  application	
  of	
  Langmuir	
  isotherm	
  is	
  based	
  on	
  

the	
  assumption	
  that	
  the	
  adsorbent	
  sites	
  are	
  monolayer.	
  The	
  adsorption	
  process	
  only	
  

occurs	
  at	
  specific	
  homogenous	
  sites	
  on	
  the	
  adsorbent	
  surface	
  with	
  energy	
  level	
  

evenly	
  distributed	
  (Mohd	
  Din	
  et	
  al.,	
  2009).	
  Once	
  the	
  activated	
  site	
  is	
  occupied	
  by	
  the	
  

adsorbate,	
  no	
  further	
  adsorption	
  could	
  take	
  place	
  at	
  the	
  same	
  site.	
  Freundlish	
  

isotherm,	
  on	
  the	
  other	
  hand,	
  was	
  developed	
  on	
  the	
  assumption	
  that	
  the	
  adsorption	
  

takes	
  place	
  on	
  heterogeneous	
  sites	
  with	
  uneven	
  distribution	
  of	
  energy	
  level	
  (Mohd	
  

Din	
  et	
  al.,	
  2009).	
  The	
  Freundlish	
  studies	
  reversible	
  adsorption	
  and	
  is	
  not	
  restricted	
  

to	
  the	
  formation	
  of	
  monolayer	
  (Mall	
  et	
  al.,	
  2006;	
  Ng	
  et	
  al.,	
  2002).	
  The	
  linearized	
  form	
  

of	
  Langmuir	
  and	
  Freundlich	
  isotherm	
  models	
  can	
  be	
  represented	
  by	
  the	
  following	
  

equations:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Langmuir	
  isotherm:	
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  Eq.	
  3.2	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Freundlich	
  isotherm:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  𝑙𝑜𝑔𝑞 = 𝑙𝑜𝑔𝐾! +
!
!
𝑙𝑜𝑔𝐶∗	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Eq.	
  3.3	
  

	
  

where	
  q	
  is	
  the	
  amount	
  of	
  adsorbate	
  adsorbed	
  at	
  equilibrium	
  (mgg-­‐1),	
  𝐶∗	
  is	
  the	
  

equilibrium	
  concentration	
  of	
  the	
  adsorbate	
  solution	
  (mgL-­‐1),	
  KL	
  (Lg-­‐1)	
  and	
  aL	
  (Lmg-­‐1)	
  

are	
  Langmuir	
  isotherm	
  constants.	
  Ideally	
  for	
  Langmuir	
  isotherm,	
  plots	
  of	
  C*/q	
  

versus	
  C*	
  gives	
  a	
  line	
  with	
  aL/KL	
  as	
  its	
  slope	
  and	
  1/KL	
  as	
  intercept.	
  KL/aL	
  also	
  has	
  a	
  

relation	
  to	
  the	
  maximum	
  adsorption	
  capacity	
  at	
  monolayer,	
  Qe	
  (mgg-­‐1).	
  As	
  for	
  

Freundlich,	
  after	
  plotting	
  log	
  q	
  versus	
  log	
  C*,	
  two	
  heterogeneity	
  factors	
  can	
  be	
  

determined:	
  the	
  slope	
  1/n	
  (dimensionless)	
  and	
  the	
  intercept	
  KF	
  (mg	
  g-­‐1)(L	
  mg-­‐1)1/n	
  

which	
  are	
  also	
  known	
  as	
  the	
  Freundlich	
  constants.	
  	
  	
  

	
  

Figure	
  3.5	
  and	
  3.6	
  exhibit	
  the	
  linear	
  plots	
  of	
  Langmuir	
  and	
  Freundlich	
  for	
  the	
  model	
  

micropollutants	
  adsorption	
  onto	
  MAX,	
  MCX	
  and	
  LC-­‐18	
  sorbents.	
  	
  The	
  values	
  of	
  R2,	
  a	
  

measure	
  of	
  goodness-­‐of-­‐fit	
  of	
  linear	
  regression,	
  given	
  in	
  Table	
  3.6-­‐3.9	
  indicates	
  that	
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all	
  the	
  micropollutants	
  adsorption	
  in	
  this	
  study	
  can	
  be	
  better	
  fitted	
  into	
  Langmuir	
  

isotherm	
  than	
  Freundlich	
  isotherm;	
  a	
  possibility	
  of	
  monolayer	
  antibiotics	
  formation	
  

on	
  the	
  adsorbent	
  surface.	
  The	
  adsorption	
  power	
  was	
  affected	
  by	
  the	
  fact	
  that	
  

different	
  intensity	
  and	
  uneven	
  distribution	
  of	
  active	
  functional	
  group	
  may	
  result	
  in	
  

differences	
  in	
  the	
  energy	
  level	
  of	
  the	
  active	
  sites	
  available	
  on	
  the	
  sorbent	
  surface.	
  In	
  

mixed	
  mode	
  ion	
  exchanger	
  sorbent,	
  active	
  sites	
  with	
  lower	
  energy	
  level	
  will	
  form	
  

monolayer	
  coverage	
  due	
  to	
  electrostatic	
  forces	
  (Mohd	
  Din	
  et	
  al.,	
  2009).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  3.5	
  Langmuir	
  isotherm	
  plots	
  of	
  antibiotics:(a)	
  LCM,	
  (b)	
  MNZ,	
  (c)	
  OFL	
  

and	
  (d)	
  SMX	
  in	
  LC-­‐18	
  (represented	
  by	
  solid	
  line),	
  MAX	
  (represented	
  by	
  dash	
  

line)	
  and	
  MCX	
  columns	
  (represented	
  by	
  dot	
  line).	
  In	
  some	
  graphs,	
  the	
  errors	
  

are	
  too	
  small	
  to	
  show.	
  

Sorbent	
   R2	
  
MCX	
   0.996	
  
	
  

Sorbent	
   R2	
  
MAX	
   0.976	
  
MCX	
   0.983	
  
	
  

Sorbent	
   R2	
  
LC-­‐18	
   0.993	
  
MAX	
   0.925	
  
MCX	
   0.984	
  
	
  

Sorbent	
   R2	
  
LC-­‐18	
   0.987	
  
MAX	
   0.998	
  
MCX	
   0.987	
  
	
  

(a)	
   (b)	
  

(c)	
   (d)	
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Figure	
  3.6	
  Freundlich	
  isotherm	
  plots	
  of	
  antibiotics:(a)	
  LCM,	
  (b)	
  MNZ,	
  (c)	
  OFL	
  

and	
  (d)	
  SMX	
  in	
  LC-­‐18	
  (represented	
  by	
  solid	
  line),	
  MAX	
  (represented	
  by	
  dash	
  

line)	
  and	
  MCX	
  columns	
  (represented	
  by	
  dot	
  line).	
  In	
  some	
  graphs,	
  the	
  errors	
  

might	
  be	
  too	
  small	
  to	
  show.	
  

	
  

	
  

	
  

	
  

Sorbent	
   R2	
  
MCX	
   0.854	
  
	
  

Sorbent	
   R2	
  
MAX	
   0.897	
  
MCX	
   0.960	
  
	
  

Sorbent	
   R2	
  
LC-­‐18	
   0.856	
  
MAX	
   0.688	
  
MCX	
   0.971	
  
	
  

Sorbent	
   R2	
  
LC-­‐18	
   0.666	
  
MAX	
   0.684	
  
MCX	
   0.738	
  
	
  

(a)	
   (b)	
  

(c)	
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Table	
  3.6	
  Langmuir	
  and	
  Freundlich	
  coefficients	
  for	
  LCM	
  on	
  MAX,	
  MCX	
  and	
  LC-­‐

18	
  	
  

Adsorbent	
   Langmuir	
  isotherm	
  parameter	
   	
   Freundlich	
  isotherm	
  parameter	
  

	
   Qe	
  	
  

(mg	
  g-­‐1)	
  

KL	
  	
  

(L	
  g-­‐1)	
  

aL	
  	
  

(L	
  mg-­‐1)	
  

R2	
   	
   KF	
  	
  

(mg	
  g-­‐1)(L	
  mg-­‐1)1/n	
  

n	
   R2	
  

MCX	
   285.71	
   11.69	
   0.041	
   0.999	
   	
   14.34	
   1.82	
   0.875	
  

	
  

	
  

	
  

Table	
  3.7	
  Langmuir	
  and	
  Freundlich	
  coefficients	
  for	
  MNZ	
  on	
  MAX,	
  MCX	
  and	
  LC-­‐

18	
  	
  

Adsorbent	
   Langmuir	
  isotherm	
  parameter	
   	
   Freundlich	
  isotherm	
  parameter	
  

	
   Qe	
  	
  

(mg	
  g-­‐1)	
  

KL	
  	
  

(L	
  g-­‐1)	
  

aL	
  	
  

(L	
  mg-­‐1)	
  

R2	
   	
   KF	
  	
  

(mg	
  g-­‐1)(L	
  mg-­‐1)1/n	
  

n	
   R2	
  

MAX	
   3.50	
   0.35	
   0.099	
   0.946	
   	
   0.29	
   1.45	
   0.923	
  

MCX	
   44.84	
   6.30	
   0.14	
   0.995	
   	
   5.38	
   1.67	
   0.965	
  

	
  

	
  

	
  

Table	
  3.8	
  Langmuir	
  and	
  Freundlich	
  coefficients	
  for	
  OFL	
  on	
  MAX,	
  MCX	
  and	
  LC-­‐

18	
  	
  

Adsorbent	
   Langmuir	
  isotherm	
  parameter	
   	
   Freundlich	
  isotherm	
  parameter	
  

	
   Qe	
  	
  

(mg	
  g-­‐1)	
  

KL	
  	
  

(L	
  g-­‐1)	
  

aL	
  	
  

(L	
  mg-­‐1)	
  

R2	
   	
   KF	
  	
  

(mg	
  g-­‐1)(L	
  mg-­‐1)1/n	
  

n	
   R2	
  

LC-­‐18	
   119.05	
   11.68	
   0.098	
   0.999	
   	
   0.17	
   0.85	
   0.870	
  

MAX	
   569.23	
   28.57	
   0.046	
   0.998	
   	
   9.91	
   1.55	
   0.974	
  

MCX	
   625	
   42.37	
   0.068	
   0.985	
   	
   65.66	
   2.31	
   0.719	
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Table	
  3.9	
  Langmuir	
  and	
  Freundlich	
  coefficients	
  for	
  SMX	
  on	
  MAX,	
  MCX	
  and	
  LC-­‐

18	
  	
  

Adsorbent	
   Langmuir	
  isotherm	
  parameter	
   	
   Freundlich	
  isotherm	
  parameter	
  

	
   Qe	
  	
  

(mg	
  g-­‐1)	
  

KL	
  	
  

(L	
  g-­‐1)	
  

aL	
  	
  

(L	
  mg-­‐1)	
  

R2	
   	
   KF	
  	
  

(mg	
  g-­‐1)(L	
  mg-­‐1)1/n	
  

n	
   R2	
  

LC-­‐18	
   4.91	
   0.22	
   0.044	
   0.940	
   	
   0.40	
   1.77	
   0.872	
  

MAX	
   140.85	
   35.21	
   0.25	
   0.923	
   	
   25.34	
   1.84	
   0.723	
  

MCX	
   113.64	
   36.63	
   0.32	
   0.998	
   	
   19.88	
   1.78	
   0.857	
  

	
  

In	
  Table	
  3.6-­‐3.9,	
  the	
  Qe	
  values,	
  the	
  maximum	
  adsorption	
  capacities	
  at	
  monolayer,	
  of	
  

MCX	
  columns	
  for	
  LCM,	
  MNZ	
  and	
  OFL	
  adsorption	
  were	
  higher	
  than	
  the	
  other	
  

sorbents	
  which	
  were	
  285.7,	
  44.84	
  and	
  625	
  mg	
  g-­‐1,	
  respectively.	
  For	
  SMX,	
  MAX	
  had	
  a	
  

slightly	
  higher	
  Qe	
  than	
  MCX	
  column.	
  It	
  can	
  be	
  concluded	
  that	
  MCX	
  was	
  the	
  better	
  

sorbent	
  of	
  the	
  three	
  selected	
  sorbents	
  based	
  on	
  the	
  maximum	
  adsorption	
  capacity.	
  

	
  

Table	
  3.10	
  exhibits	
  the	
  qmax	
  values	
  from	
  the	
  adsorption	
  isotherms	
  (Figure	
  3.4)	
  

which	
  represents	
  the	
  maximum	
  weight	
  of	
  sorbate	
  per	
  unit	
  of	
  sorbent	
  retained	
  in	
  the	
  

columns.	
  Comparing	
  the	
  values	
  of	
  qmax	
  obtained	
  from	
  direct	
  plots	
  and	
  Qe	
  calculated	
  

from	
  isotherm	
  fittings,	
  it	
  showed	
  the	
  same	
  trend	
  that	
  the	
  absorption	
  capacities	
  

reduced	
  as	
  the	
  pKa	
  value	
  of	
  model	
  compounds	
  decreased	
  (pKa	
  values:	
  OFL	
  >	
  

LCM>SMX>MNZ).	
  OFL	
  has	
  the	
  highest	
  qmax	
  values	
  in	
  all	
  sorbents.	
  As	
  OFL	
  has	
  the	
  

highest	
  pKa	
  value	
  (pKa	
  =	
  7.9)	
  among	
  the	
  antibiotics,	
  both	
  ion	
  exchange	
  and	
  

reversed-­‐phase	
  characteristics	
  influenced	
  the	
  adsorption	
  procedures.	
  OFL	
  also	
  has	
  

the	
  lowest	
  log	
  KOW	
  value	
  (log	
  KOW	
  	
  =	
  -­‐0.39)	
  which	
  indicates	
  that	
  it	
  can	
  be	
  considered	
  

relatively	
  hydrophilic	
  and	
  polar.	
  This	
  suggested	
  that	
  all	
  the	
  selected	
  sorbents	
  could	
  

be	
  used	
  to	
  extract	
  hydrophilic	
  micropollutants	
  from	
  aqueous	
  solutions.	
  However,	
  

for	
  LCM,	
  another	
  hydrophilic	
  and	
  polar	
  micropollutant	
  (pKa	
  =	
  7.6	
  and	
  log	
  KOW	
  	
  =	
  0.2)	
  

having	
  a	
  higher	
  adsorption	
  capacity	
  than	
  SMX	
  (pKa	
  =	
  5.81	
  and	
  log	
  KOW	
  	
  =	
  0.89)	
  in	
  

MCX	
  cartridge,	
  could	
  not	
  be	
  retained	
  in	
  MAX	
  and	
  LC-­‐18	
  sorbents	
  indicates	
  that	
  the	
  



www.manaraa.com

	
   64	
  

sorption	
  capacity	
  was	
  not	
  a	
  function	
  of	
  hydrophilicity	
  and	
  octanol-­‐water	
  partition	
  

coefficients,	
  but	
  only	
  a	
  function	
  of	
  pKa	
  values.	
  	
  

	
  

Table	
  3.10	
  Qmax	
  values	
  of	
  LCM,	
  MNZ,	
  OFL,	
  and	
  SMX	
  on	
  different	
  sorbents	
  

	
   Antibiotics	
  

Sorbents	
   LCM	
   MNZ	
   OFL	
   SMX	
  

	
   qmax	
  (mg	
  g-­‐1)	
  

LC-­‐18	
   No	
  adsorption	
   No	
  adsorption	
   116.62	
   3.36	
  

MAX	
   No	
  adsorption	
   2.56	
   594.41	
   126.33	
  

MCX	
   270.81	
   38.06	
   606.27	
   102.06	
  

	
  

	
  

3.3.2	
  Breakthrough	
  of	
  the	
  cartridges	
  
The	
  performance	
  of	
  the	
  SPE	
  columns	
  was	
  compared	
  based	
  on	
  some	
  critical	
  SPE	
  

parameters:	
  breakthrough	
  volume,	
  retention	
  factor,	
  elution	
  volume,	
  and	
  recovery	
  

efficiency,	
  which	
  depend	
  on	
  the	
  properties	
  of	
  the	
  SPE	
  bed.	
  

	
  

The	
  effect	
  of	
  sample	
  volume	
  on	
  SPE	
  recovery	
  is	
  important	
  in	
  environmental	
  

sampling.	
  Because	
  of	
  the	
  low	
  level	
  of	
  the	
  contaminants	
  in	
  the	
  environment,	
  SPE	
  

columns	
  are	
  expected	
  to	
  treat	
  a	
  large	
  volume	
  of	
  sample.	
  Once	
  the	
  retention	
  

mechanism,	
  the	
  sorbent	
  and	
  an	
  elution	
  solvent	
  are	
  decided,	
  it	
  was	
  necessary	
  to	
  

perform	
  a	
  breakthrough	
  experiment	
  to	
  compare	
  the	
  breakthrough	
  volumes	
  of	
  the	
  

model	
  compounds	
  in	
  different	
  cartridges.	
  The	
  breakthrough	
  is	
  the	
  maximum	
  

volume	
  of	
  the	
  sample	
  that	
  may	
  be	
  passed	
  through	
  the	
  sorbent	
  before	
  the	
  analyte	
  of	
  

interest	
  is	
  no	
  longer	
  retained	
  (Thurman,	
  1998).	
  	
  As	
  the	
  equilibrium	
  concentration	
  is	
  

different	
  for	
  all	
  compounds	
  and	
  cartridges,	
  adsorbed	
  weight	
  (W)	
  was	
  used	
  to	
  

replace	
  breakthrough	
  volume	
  as	
  one	
  of	
  the	
  comparison	
  parameters.	
  Adsorbed	
  

weight	
  represents	
  the	
  binding	
  amount	
  of	
  the	
  target	
  analytes	
  on	
  the	
  sorbent	
  which	
  

was	
  estimated	
  by	
  either	
  subtracting	
  the	
  amount	
  of	
  eluted	
  analytes	
  from	
  the	
  total	
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amount	
  of	
  analytes	
  passed	
  through	
  the	
  cartridge	
  or	
  integrating	
  the	
  area	
  under	
  the	
  

breakthrough	
  curve	
  	
  (Figure	
  3.6).	
  	
  

	
  

Figure	
  3.7	
  Typical	
  representation	
  of	
  the	
  breakthrough	
  curve	
  (Bielicka-­‐

Daszkiewicz	
  &	
  Voelkel,	
  2009).	
  

	
  

Figure	
  3.7	
  shows	
  a	
  typical	
  representation	
  of	
  the	
  breakthrough	
  curve	
  (i.e.	
  

concentration	
  of	
  the	
  analyte	
  at	
  the	
  outlet	
  of	
  the	
  SPE	
  column	
  vs.	
  	
  sample	
  volume	
  

percolated	
  through	
  the	
  system),	
  where	
  C0	
  is	
  the	
  initial	
  analyte	
  concentration	
  in	
  the	
  

sample.	
  VB	
  is	
  the	
  breakthrough	
  volume,	
  VR	
  is	
  the	
  chromatographic	
  elution	
  volume,	
  

and	
  VC	
  is	
  the	
  sample	
  volume	
  when	
  the	
  concentration	
  of	
  the	
  analyte	
  at	
  the	
  outlet	
  

equals	
  to	
  C0.	
  

	
  

When	
  a	
  sample	
  spiked	
  with	
  traces	
  of	
  a	
  solute	
  having	
  an	
  initial	
  UV	
  absorbance	
  A0,	
  is	
  

percolated	
  through	
  a	
  SPE	
  cartridge,	
  a	
  breakthrough	
  curve	
  can	
  be	
  observed,	
  

beginning	
  at	
  a	
  volume,	
  VB	
  is	
  usually	
  defined	
  at	
  1%	
  of	
  initial	
  sample	
  concentration	
  up	
  

to	
  a	
  volume,	
  VE	
  is	
  defined	
  at	
  99%	
  of	
  sample	
  concentration	
  where	
  the	
  effluent	
  has	
  the	
  

same	
  concentration	
  as	
  that	
  of	
  the	
  spiked	
  water	
  sample	
  (Hennion,	
  1999).	
  The	
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breakthrough	
  curves	
  of	
  each	
  antibiotic	
  in	
  LC-­‐18,	
  MAX	
  and	
  MCX	
  cartridges	
  are	
  shown	
  

in	
  Figure	
  3.8.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  3.8	
  Breakthrough	
  curves	
  for	
  (a)	
  LCM,	
  (b)	
  MNZ,	
  (c)	
  OFL	
  and	
  (d)	
  SMX	
  in	
  

LC-­‐18	
  (represented	
  by	
  solid	
  line),	
  MAX	
  (represented	
  by	
  dash	
  line)	
  and	
  MCX	
  

columns	
  (represented	
  by	
  dot	
  line).	
  	
  

	
  

Extraction	
  parameters	
  of	
  sulfamethoxazole	
  (SMX),	
  metronidazole	
  (MNZ),	
  ofloxacin	
  

(OFL),	
  and	
  lincomycin	
  (LCM)	
  from	
  water	
  samples	
  using	
  LC-­‐18,	
  MAX	
  and	
  MCX	
  

sorbents	
  are	
  presented	
  in	
  Tables	
  3.1-­‐3.4.	
  Significant	
  similarities	
  were	
  found	
  when	
  

these	
  data	
  were	
  analyzed.	
  For	
  all	
  analytes,	
  better	
  efficiency	
  of	
  SPE	
  columns	
  

represented	
  by	
  the	
  number	
  of	
  theoretical	
  plates	
  corresponded	
  to	
  the	
  highest	
  

adsorptive	
  capacity.	
  The	
  equation	
  used	
  to	
  calculate	
  the	
  theoretical	
  plates	
  number	
  (N)	
  

can	
  be	
  presented	
  as	
  follow:	
  

(a)	
   (b)	
  

(c)	
   (d)	
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  Eq.	
  3.4	
  

Oasis	
  MCX	
  was	
  found	
  to	
  be	
  the	
  most	
  efficient	
  sorbent	
  for	
  both	
  metronidazole	
  and	
  

lincomycin:	
  the	
  numbers	
  of	
  theoretical	
  plates	
  are	
  25.27	
  and	
  21.95,	
  respectively	
  and	
  

maximum	
  adsorbed	
  amounts	
  are	
  equal	
  to	
  9.04	
  mg	
  and	
  30.25	
  mg,	
  respectively.	
  	
  The	
  

most	
  efficient	
  sorbent	
  for	
  sulfamethoxazole	
  is	
  Oasis	
  MAX	
  where	
  the	
  number	
  of	
  

theoretical	
  plates	
  is	
  41	
  and	
  the	
  adsorptive	
  weight	
  was	
  18.4	
  mg.	
  Although	
  Oasis	
  MCX	
  

has	
  a	
  lower	
  number	
  of	
  theoretical	
  plates	
  for	
  SMX,	
  it	
  has	
  a	
  similar	
  adsorbed	
  weight	
  

(W	
  =	
  18.01	
  mg)	
  as	
  Oasis	
  MAX	
  column.	
  LC-­‐18	
  column	
  was	
  the	
  most	
  efficient	
  sorbent	
  

for	
  Ofloxacin	
  (N=	
  44.08	
  	
  and	
  	
  W	
  =	
  55.1	
  mg).	
  	
  

	
  

Table	
  3.11	
  Parameters	
  determined	
  for	
  SMX	
  on	
  different	
  sorbents.	
  
Sorbent	
   CE	
  (ppm)	
   VR	
  (ml)	
   VB	
  (ml)	
   VE	
  (ml)	
   σv 

(ml)	
  

σv
* 

(ml)	
  

W	
  (mg)	
   N	
  

LC-­‐18	
   101.7	
   171	
   137	
   267	
   17	
   48	
   17.619	
   4.04	
  

MAX	
   101.7	
   180	
   128	
   210	
   26	
   15	
   18.359	
   41.01	
  

MCX	
   101.7	
   168	
   88	
   278	
   40	
   55	
   18.006	
   13.44	
  

	
  

	
  

Table	
  3.12	
  Parameters	
  determined	
  for	
  MNZ	
  on	
  different	
  sorbents.	
  
Sorbent	
   CE	
  (ppm)	
   VR	
  (ml)	
   VB	
  (ml)	
   VE	
  (ml)	
   σv 

(ml)	
  

σv
* 

(ml)	
  

W	
  (mg)	
   N	
  

LC-­‐18	
   50.58	
   43	
   3	
   83	
   20	
   10	
   2.187	
   2.47	
  

MAX	
   10	
   53	
   33	
   103	
   10	
   25	
   0.586	
   22.79	
  

MCX	
   50	
   146	
   93.4	
   240	
   26.3	
   47	
   9.044	
   25.27	
  

	
  

	
  

Table	
  3.13	
  Parameters	
  determined	
  for	
  OFL	
  on	
  different	
  sorbents.	
  
Sorbent	
   CE	
  (ppm)	
   VR	
  (ml)	
   VB	
  (ml)	
   Equilibrium	
  

VE	
  (ml)	
  

σv 

(ml)	
  

σv
* 

(ml)	
  

W	
  (mg)	
   N	
  

LC-­‐18	
   408.8	
   136	
   98	
   168	
   19	
   16	
   55.089	
   44.08	
  

MAX	
   101.07	
   96	
   1.7	
   294	
   90.7	
   99	
   9.599	
   0.0618	
  

MCX	
   404	
   96	
   56	
   168	
   20	
   36	
   42.255	
   18.24	
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Table	
  3.14	
  Parameters	
  determined	
  for	
  LCM	
  on	
  different	
  sorbents.	
  
Sorbent	
   CE	
  (ppm)	
   VR	
  (ml)	
   VB	
  (ml)	
   VE	
  (ml)	
   σv 

(ml)	
  

σv
* 

(ml)	
  

W	
  (mg)	
   N	
  

LC-­‐18	
   37.27	
   190	
   26	
   713	
   82	
   261.5	
   6.895	
   3.05	
  

MAX	
   NA	
   NA	
   NA	
   NA	
   NA	
   NA	
   NA	
   NA	
  

MCX	
   352	
   86	
   53	
   132	
   16.5	
   23	
   30.245	
   21.95	
  

	
  

As	
  the	
  pH	
  of	
  SMX,	
  MNZ,	
  OFL	
  and	
  LCM	
  solution	
  used	
  in	
  the	
  experiments	
  varied	
  from	
  

weak	
  acidic	
  to	
  neutral	
  (pH	
  range	
  from	
  5.45	
  to	
  7.33),	
  the	
  analytes	
  experienced	
  both	
  

reversed-­‐phase	
  and	
  ion	
  exchange	
  mechanisms	
  in	
  MAX	
  and	
  MCX	
  cartridges.	
  LCM	
  has	
  

a	
  pKa1	
  of	
  7.6	
  suggesting	
  the	
  presence	
  of	
  the	
  cationic	
  species	
  of	
  LCM	
  at	
  pH	
  4.7	
  (Figure	
  

3.9)	
  (Tölgyesi	
  et	
  al.,	
  2012).	
  As	
  the	
  pH	
  of	
  LCM	
  was	
  not	
  high	
  enough	
  to	
  be	
  charged	
  for	
  

MAX	
  sorbent	
  and	
  its	
  poor	
  retention	
  of	
  the	
  analyte	
  on	
  reverse-­‐phase	
  packings	
  

(Bergwerff	
  et	
  al.,	
  1998;	
  Carson	
  &	
  Heller,	
  1998;	
  Haagsma	
  et	
  al.,	
  1993),	
  LCM	
  can	
  not	
  be	
  

retained	
  on	
  MAX	
  column	
  (see	
  Table	
  3.15).	
  	
  

	
  

	
  

	
  
Figure	
  3.9	
  Cationic	
  species	
  in	
  lincomycin	
  present	
  at	
  pH	
  4.7.	
  

	
  

For	
  SMX	
  and	
  MNZ,	
  MAX	
  and	
  MCX	
  sorbents	
  have	
  better	
  efficiencies	
  than	
  LC-­‐18	
  

sorbent	
  indicated	
  by	
  a	
  larger	
  number	
  of	
  theoretical	
  plates.	
  	
  Some	
  studies	
  have	
  the	
  

same	
  outcome	
  that	
  mixed-­‐mode	
  sorbents	
  are	
  more	
  advantageous	
  than	
  reversed	
  

phase	
  or	
  ion-­‐exchange	
  SPE	
  alone	
  (Landis,	
  2007;	
  Mroczek	
  et	
  al.,	
  2002;	
  Clauwaert	
  et	
  

at.,	
  2000).	
  However,	
  LC-­‐18	
  was	
  a	
  better	
  column	
  to	
  retain	
  OFL,	
  and	
  MCX	
  was	
  better	
  

for	
  LCM.	
  In	
  addition,	
  the	
  adsorbed	
  weight	
  of	
  OFL	
  was	
  the	
  highest	
  among	
  all	
  the	
  

antibiotics	
  in	
  all	
  the	
  cartridges	
  making	
  it	
  to	
  be	
  the	
  easiest	
  compound	
  to	
  be	
  extracted.	
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Mixed-­‐mode	
  Cation	
  eXchange	
  (MCX)	
  sorbent	
  has	
  a	
  better	
  extraction	
  efficiency	
  than	
  

the	
  others.	
  

	
  

Table	
  3.15	
  	
  Adsorptive	
  capacities	
  (mg	
  g-­‐1).	
  

	
   LC-­‐18	
   	
   MAX	
   	
   MCX	
  

	
   Column	
   Batch	
   	
   Column	
   Batch	
   	
   Column	
   Batch	
  

LCM	
   13.79	
   NA	
   	
   NA	
   NA	
   	
   201.63	
   285.71	
  

MNZ	
   4.37	
   NA	
   	
   3.91	
   3.5	
   	
   60.29	
   44.84	
  

OFL	
   110.18	
   119.05	
   	
   63.99	
   569.23	
   	
   281.7	
   625	
  

SMX	
   35.24	
   4.91	
   	
   122.39	
   140.85	
   	
   120.04	
   113.64	
  

	
  

Table	
  3.15	
  compares	
  the	
  adsorptive	
  capacities	
  obtained	
  from	
  batch	
  equilibrium	
  and	
  

column	
  sorption	
  experiments.	
  It	
  can	
  be	
  observed	
  that	
  LC-­‐18	
  cannot	
  extract	
  LCM	
  and	
  

MNZ	
  and	
  has	
  a	
  much	
  lower	
  adsorptive	
  capacity	
  for	
  SMX	
  in	
  column	
  than	
  in	
  the	
  batch.	
  

Table	
  3.15	
  also	
  presents	
  that	
  LCM	
  and	
  MNZ	
  cannot	
  be	
  adsorbed	
  on	
  LC-­‐18	
  sorbent	
  in	
  

the	
  batch,	
  but	
  can	
  be	
  retained	
  in	
  the	
  cartridge	
  format.	
  In	
  the	
  batch	
  experiments,	
  LC-­‐

18	
  could	
  not	
  be	
  kept	
  in	
  suspension	
  as	
  it	
  is	
  very	
  light	
  and	
  would	
  float	
  at	
  the	
  surface,	
  

therefore,	
  reducing	
  the	
  interaction	
  with	
  the	
  adsorbates	
  in	
  batch	
  operation.	
  MAX	
  and	
  

MCX	
  sorbents	
  had	
  comparable	
  or	
  much	
  larger	
  adsorptive	
  capacities	
  (especially	
  for	
  

OFL)	
  in	
  batch	
  experiments	
  than	
  in	
  the	
  columns	
  because	
  in	
  the	
  batches,	
  the	
  liquid	
  

phase	
  can	
  fully	
  contact	
  and	
  attach	
  to	
  the	
  active	
  sites	
  on	
  the	
  sorbents	
  with	
  mixing.	
  On	
  

contrary,	
  some	
  channeling	
  might	
  occur	
  during	
  the	
  column	
  operation	
  and	
  thus	
  not	
  

exposing	
  all	
  of	
  the	
  sorbent	
  materials	
  to	
  the	
  solution	
  yielding	
  lower	
  adsorption	
  

capacity	
  values.	
  	
  

	
  

3.3.3	
  Recovery	
  studies	
  
When	
  the	
  sorbate	
  and	
  sorbent	
  reached	
  equilibrium	
  in	
  the	
  columns,	
  the	
  analytes	
  

were	
  eluted	
  by	
  different	
  amount	
  of	
  100%	
  acetone	
  (typically	
  5	
  ml	
  for	
  MAX	
  and	
  MCX,	
  

and	
  3	
  ml	
  for	
  LC-­‐18	
  columns).	
  	
  The	
  eluent	
  was	
  evaporated	
  to	
  dryness	
  under	
  nitrogen	
  

and	
  resuspended	
  in	
  distilled	
  water.	
  The	
  concentrations	
  of	
  the	
  samples	
  were	
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determined	
  by	
  measuring	
  the	
  absorbance	
  in	
  a	
  UV-­‐Vis	
  spectrophotometer.	
  In	
  order	
  

to	
  study	
  the	
  recovery	
  of	
  columns,	
  the	
  antibiotics	
  were	
  passed	
  through	
  the	
  columns	
  

until	
  their	
  maximum	
  adsorption	
  capacities	
  were	
  reached.	
  Tables	
  3.16	
  -­‐3.19	
  show	
  

the	
  recoveries	
  of	
  each	
  column	
  and	
  the	
  amount	
  of	
  solvent	
  it	
  required.	
  CE	
  represents	
  

the	
  amount	
  of	
  antibiotics	
  being	
  eluted	
  from	
  the	
  column	
  per	
  ml	
  of	
  solvent.	
  As	
  OFL	
  has	
  

the	
  highest	
  adsorption	
  capacity	
  in	
  all	
  types	
  of	
  sorbent,	
  it	
  required	
  higher	
  amount	
  of	
  

solvent	
  to	
  be	
  desorbed	
  and	
  eluted	
  from	
  the	
  columns.	
  The	
  recovery	
  of	
  test	
  

compounds	
  in	
  LC-­‐18	
  varied	
  from	
  72%	
  ~104%.	
  The	
  recovery	
  reported	
  by	
  other	
  

studies	
  fell	
  into	
  this	
  range	
  (Kovalczuk	
  et	
  al.,	
  2008;	
  Batt	
  et	
  al.,	
  2008;	
  Kursinszki	
  et	
  al.,	
  

2006).	
  The	
  recovery	
  of	
  antibiotics	
  in	
  MAX	
  and	
  MCX	
  sorbents	
  were	
  near	
  100%	
  that	
  

indicates	
  that	
  mixed-­‐mode	
  sorbents	
  have	
  higher	
  recovery	
  than	
  reversed	
  phase	
  

alone,	
  which	
  was	
  found	
  earlier	
  in	
  the	
  literature	
  (Culleré	
  et	
  al.,	
  2010;	
  Fontanals	
  et	
  al.,	
  

2010;	
  Benito-­‐Peña	
  et	
  al.,	
  2006).	
  	
  

	
  

Table	
  3.16	
  Recovery	
  of	
  LCM	
  in	
  MCX	
  and	
  LC-­‐18	
  columns	
  

LC-­‐18	
   	
   MCX	
  

Velute	
  (ml)	
   CE	
  (mg/ml)	
   Recovery	
  (%)	
   	
   Velute	
  (ml)	
   CE	
  (mg/ml)	
   Recovery	
  (%)	
  

5	
   2.619	
   88.286	
   	
   5	
   0.036	
   0.640	
  

	
   	
   	
   	
   25	
   0.540	
   38.952	
  

	
   	
   	
   	
   80	
   0.610	
   101.000	
  

	
  

	
  

Table	
  3.17	
  Recovery	
  of	
  MNZ	
  in	
  MAX,	
  MCX	
  and	
  LC-­‐18	
  columns	
  

LC-­‐18	
   	
   MAX	
   	
   MCX	
  

Velute	
  

(ml)	
  

CE	
  

(mg/ml)	
  

Recovery	
  

(%)	
  

	
   Velute	
  

(ml)	
  

CE	
  

(mg/ml)	
  

Recovery	
  

(%)	
  

	
   Velute	
  

(ml)	
  

CE	
  

(mg/ml)	
  

Recovery	
  

(%)	
  

5	
   0.362	
   104.220	
   	
   5	
   0.330	
   97.709	
   	
   5	
   0.271	
   14.798	
  

	
   	
   	
   	
   	
   	
   	
   	
   25	
   0.345	
   98.297	
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Table	
  3.18	
  Recovery	
  of	
  OFL	
  in	
  MAX,	
  MCX	
  and	
  LC-­‐18	
  columns	
  

LC-­‐18	
   	
   MAX	
   	
   MCX	
  

Velute	
  

(ml)	
  

CE	
  

(mg/ml)	
  

Recovery	
  

(%)	
  

	
   Velute	
  

(ml)	
  

CE	
  

(mg/ml)	
  

Recovery	
  

(%)	
  

	
   Velute	
  

(ml)	
  

CE	
  

(mg/ml)	
  

Recovery	
  

(%)	
  

5	
   3.043	
   39.757	
   	
   5	
   0.410	
   38.938	
   	
   5	
   0.234	
   11.215	
  

25	
   1.010	
   72.741	
   	
   25	
   0.340	
   103.531	
   	
   25	
   0.225	
   22.004	
  

	
   	
   	
   	
   	
   	
   	
   	
   180	
   0.238	
   100.200	
  

	
  

Table	
  3.19	
  Recovery	
  of	
  SMX	
  in	
  MAX,	
  MCX	
  and	
  LC-­‐18	
  columns	
  

LC-­‐18	
   	
   MAX	
   	
   MCX	
  

Velute	
  

(ml)	
  

CE	
  

(mg/ml)	
  

Recovery	
  

(%)	
  

	
   Velute	
  

(ml)	
  

CE	
  

(mg/ml)	
  

Recovery	
  

(%)	
  

	
   Velute	
  

(ml)	
  

CE	
  

(mg/ml)	
  

Recovery	
  

(%)	
  

5	
   3.826	
   77.912	
   	
   5	
   5.963	
   102.741	
   	
   5	
   4.543	
   108.159	
  

	
  

Comparing	
  the	
  recovery	
  values,	
  it	
  seems	
  LC-­‐18	
  had	
  the	
  worst	
  performance	
  while	
  

MAX	
  and	
  MCX	
  had	
  comparable	
  performances.	
  In	
  addition,	
  maximum	
  concentration	
  

of	
  the	
  eluent	
  (CE)	
  could	
  be	
  achieved	
  for	
  MAX	
  for	
  SMX	
  elution.	
  	
  

	
  

3.4	
  Error	
  analysis	
  
Both	
  batch	
  adsorption	
  experiment	
  and	
  continuous	
  operation	
  were	
  repeated	
  three	
  

times	
  to	
  investigate	
  the	
  accuracy	
  of	
  the	
  data.	
  Table	
  3.20	
  shows	
  the	
  relative	
  standard	
  

deviation	
  of	
  adsorption	
  capacities	
  and	
  recoveries	
  of	
  different	
  micropollutants	
  from	
  

different	
  sorbents	
  in	
  each	
  experiment.	
  

Table	
  3.20	
  Relative	
  percentage	
  standard	
  deviation	
  of	
  the	
  experiment	
  data.	
  

	
   Batch	
  sorption	
  (Qe)	
   	
   Continuous	
  operation	
  (qmax)	
  	
   	
   Recoveries	
  

LC-­‐18	
   MAX	
   MCX	
   	
   LC-­‐18	
   MAX	
   MCX	
   	
   LC-­‐18	
   MAX	
   MCX	
  

LCM	
   NA	
   NA	
   2.83	
   	
   15.87	
   NA	
   4.16	
   	
   1.92	
   NA	
   0.69	
  

MNZ	
   NA	
   1.95	
   0.73	
   	
   28.41	
   14.35	
   9.06	
   	
   1.22	
   0.68	
   1.36	
  

OFL	
   0.92	
   5.77	
   0.99	
   	
   2.52	
   16.36	
   8.41	
   	
   3.92	
   1.05	
   1.82	
  

SMX	
   4.87	
   0.21	
   0.96	
   	
   1.75	
   2.71	
   2.28	
   	
   2.15	
   0.81	
   1.07	
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It	
  was	
  indicated	
  in	
  Table	
  3.20	
  that	
  the	
  performance	
  of	
  the	
  selected	
  sorbents	
  was	
  

very	
  consistent	
  and	
  stable.	
  Especially	
  for	
  MCX	
  sorbent,	
  it	
  had	
  a	
  lower	
  relative	
  

standard	
  deviation	
  compared	
  with	
  MAX	
  and	
  LC-­‐18	
  sorbents	
  which	
  suggests	
  that	
  

MCX	
  has	
  more	
  steady	
  performance	
  than	
  the	
  other	
  sorbents.	
  Overall,	
  the	
  results	
  

obtained	
  in	
  this	
  stage	
  of	
  study	
  were	
  very	
  reliable	
  and	
  promising	
  based	
  on	
  the	
  low	
  

relative	
  standard	
  deviation.	
  	
  

	
  

3.5	
  Conclusions	
  and	
  Summary	
  for	
  Solid	
  Phase	
  Extraction	
  

Application	
  
SPE,	
  as	
  a	
  well-­‐established	
  technique,	
  has	
  many	
  advantages	
  over	
  other	
  sample	
  

preparation	
  methods	
  and	
  it	
  has	
  been	
  used	
  for	
  the	
  analysis	
  of	
  numerous	
  different	
  

classes	
  of	
  compounds	
  in	
  a	
  variety	
  of	
  matrices.	
  For	
  environmental	
  samples,	
  reversed-­‐

phase	
  and	
  ion-­‐exchange	
  sorbents	
  are	
  largely	
  used	
  for	
  the	
  determination	
  of	
  organic	
  

micropollutants	
  in	
  aqueous	
  environmental	
  samples.	
  	
  

	
  

The	
  study	
  in	
  this	
  chapter	
  demonstrated	
  the	
  comparison	
  of	
  two	
  mixed-­‐mode	
  

sorbents:	
  Oasis®	
  MAX	
  and	
  MCX	
  and	
  one	
  reversed-­‐phase	
  sorbent:	
  Supelco®	
  LC-­‐18.	
  

For	
  MAX	
  and	
  MCX	
  sorbents,	
  the	
  adsorption	
  processes	
  were	
  monolayer	
  as	
  indicated	
  

by	
  the	
  correlation	
  coefficients	
  of	
  Langmuir.	
  In	
  addition,	
  the	
  increase	
  of	
  maximum	
  

adsorption	
  capacity	
  per	
  unit	
  sorbent	
  of	
  the	
  compounds	
  in	
  a	
  column	
  followed	
  the	
  

trend	
  of	
  the	
  increase	
  of	
  pKa	
  values	
  of	
  the	
  compounds.	
  	
  

	
  

Oasis®	
  MCX	
  sorbent	
  had	
  higher	
  recoveries	
  and	
  adsorption	
  capacities	
  for	
  

micropollutants	
  in	
  distilled	
  water	
  than	
  other	
  commercially	
  available	
  sorbents	
  such	
  

as	
  Oasis®	
  MAX	
  and	
  LC-­‐18.	
  And	
  for	
  a	
  more	
  general	
  conclusion,	
  mixed-­‐mode	
  sorbent	
  

was	
  better	
  than	
  reversed-­‐phase	
  sorbent	
  both	
  in	
  recovery	
  and	
  adsorption	
  capacity	
  

for	
  the	
  four	
  tested	
  compounds	
  which	
  are	
  all	
  fairly	
  hydrophilic	
  and	
  polar.	
  

	
  

	
  

	
  



www.manaraa.com

	
   73	
  

Reference	
  

Ahmaruzzaman, M, and D K Sharma. 2005. “Adsorption of Phenols from Wastewater.” 
Journal of Colloid and Interface Science 287 (1) (July 1): 14–24.  

Allen, Stephen J, Quan Gan, Ronan Matthews, and Pauline a Johnson. 2005. “Kinetic 
Modeling of the Adsorption of Basic Dyes by Kudzu.” Journal of Colloid and 
Interface Science 286 (1) (June 1): 101–109.  

Ames,	
  Bruce	
  N,	
  Joyce	
  Mccann,	
  and	
  EDITH	
  Yamasaki.	
  1975.	
  “METHODS	
  FOR	
  
DETECTING	
  CARCINOGENS	
  AND	
  MUTAGENS	
  WITH	
  THE	
  
SALMONELLA/MAMMALIAN-­‐MICROSOME	
  MUTAGENICITY	
  TEST.”	
  Mutation	
  
Research	
  31(	
  June	
  17):	
  347–363.	
  

Arai, Seiji, Yoshimichi Miyashiro, Yasuhiro Shibata, Bunzo Kashiwagi, Yukio Tomaru, 
Mikio Kobayashi, Yoko Watanabe, Seijiro Honma, and Kazuhiro Suzuki. 2010. 
“New Quantification Method for Estradiol in the Prostatic Tissues of Benign 
Prostatic Hyperplasia Using Liquid Chromatography-Tandem Mass Spectrometry.” 
Steroids 75 (1) (January): 13–19.  

Ashby, J, and R W Tennant. 1988. “Chemical Structure, Salmonella Mutagenicity and 
Extent of Carcinogenicity as Indicators of Genotoxic Carcinogenesis among 222 
Chemicals Tested in Rodents by the U.S. NCI/NTP.” Mutation Research 204 (1) 
(January): 17–115.  

Augusto, Fabio, Eduardo Carasek, Raquel Gomes Costa Silva, Sandra Regina Rivellino, 
Alex Domingues Batista, and Edmar Martendal. 2010. “New Sorbents for Extraction 
and Microextraction Techniques.” Journal of Chromatography. A 1217 (16) (April 
16): 2533–2542.  

Aydın, Haluk, and Gülay Baysal. 2006. “Adsorption of Acid Dyes in Aqueous Solutions 
by Shells of Bittim (Pistacia Khinjuk Stocks).” Desalination 196 (1-3) (September): 
248–259.  

Baltussen, Erik, Pat Sandra, Frank David, and Carel Cramers. 1999. “Stir Bar Sorptive 
Extraction (SBSE), a Novel Extraction Technique for Aqueous Samples: Theory and 
Principles.” Journal of Microcolumn Separations 11 (10): 737–747. . 

Barnes, Kimberlee K, Dana W Kolpin, Edward T Furlong, Steven D Zaugg, Michael T 
Meyer, and Larry B Barber. 2008. “A National Reconnaissance of Pharmaceuticals 
and Other Organic Wastewater Contaminants in the United States--I) Groundwater.” 
The Science of the Total Environment 402 (2-3) (September 1): 192–200.  

Batt, Angela L, Ian B Bruce, and Diana S Aga. 2006. “Evaluating the Vulnerability of 
Surface Waters to Antibiotic Contamination from Varying Wastewater Treatment 



www.manaraa.com

	
   74	
  

Plant Discharges.” Environmental Pollution (Barking, Essex  : 1987) 142 (2) (July): 
295–302.  

Batt, Angela L, Mitch S Kostich, and James M Lazorchak. 2008. “Analysis of 
Ecologically Relevant Pharmaceuticals in Wastewater and Surface Water Using 
Selective Solid-Phase Extraction and UPLC-MS/MS.” Analytical Chemistry 80 (13) 
(July 1): 5021–5030.  

Beck, Iris-Constanze, Regina Bruhn, and Juergen Gandrass. 2006. “Analysis of 
Estrogenic Activity in Coastal Surface Waters of the Baltic Sea Using the Yeast 
Estrogen Screen.” Chemosphere 63 (11) (June): 1870–1878.  

Beecher, Lance. 2013. “ASSESSMENT OF 17BETA-ESTRADIOL REMOVAL FROM 
WASTEWATER VIA ABIOTIC AND BIOTIC ROUTES AND POTENTIAL 
EFFECTS ON FOOD CHAIN PATHWAYS.” 

Benito-Peña, E., a.I. Partal-Rodera, M.E. León-González, and M.C. Moreno-Bondi. 2006. 
“Evaluation of Mixed Mode Solid Phase Extraction Cartridges for the 
Preconcentration of Beta-Lactam Antibiotics in Wastewater Using Liquid 
Chromatography with UV-DAD Detection.” Analytica Chimica Acta 556 (2) 
(January): 415–422.  

Bergwerff, a a, P Scherpenisse, and N Haagsma. 1998. “HPLC Determination of 
Residues of Spectinomycin in Various Tissue Types from Husbandry Animals.” The 
Analyst 123 (10) (October): 2139–2144.  

Berrueta,	
  L.A.,	
  Gallo,	
  B.,	
  Vicente.	
  1995.	
  "A	
  Review	
  of	
  Solid	
  Phase	
  Extraction:	
  Basic	
  
Principles	
  and	
  New	
  Developments."	
  Chromatographia	
  40(7/8)	
  (April):474-­‐483.	
  

Bhatnagar, Amit. 2007. “Removal of Bromophenols from Water Using Industrial Wastes 
as Low Cost Adsorbents.” Journal of Hazardous Materials 139 (1) (January 2): 93–
102. 

Bielicka-Daszkiewicz, Katarzyna, and Adam Voelkel. 2009. “Theoretical and 
Experimental Methods of Determination of the Breakthrough Volume of SPE 
Sorbents.” Talanta 80 (2) (December 15): 614–621.  

Bielicka-Daszkiewicz, Katarzyna, Adam Voelkel, Danuta Rusińska-Roszak, and Paweł K 
Zarzycki. 2013. “Estimation of the Breakthrough Volume of Selected Steroids for 
C-18 Solid-Phase Extraction Sorbent Using Retention Data from Micro-Thin Layer 
Chromatography.” Journal of Separation Science 36 (6) (March): 1104–1111.  

Biziuk, M. 2006. “Solid Phase Extraction Technique – Trends , Opportunities and 
Applications” Polish J. of Environ. Stud. 15 (5): 677–690. 



www.manaraa.com

	
   75	
  

Buchberger, Wolfgang, and Pola Zaborsky. 2007. “Sorptive Extraction Techniques for 
Trace Analysis of Organic Pollutants in the Aquatic Environment.” ChemInform 38 
(31) (July 31): 1–13.  

Bulletin 910. 1998. " Guide to Solid Phase Extraction." 

Camel, Valerie. 2003. " Review: Solid phase extraction of trace elements." 
Spectrochimica Acta Part B 58: 1177-1233. 

Carson, M C, and D N Heller. 1998. “Confirmation of Spectinomycin in Milk Using Ion-
Pair Solid-Phase Extraction and Liquid Chromatography-Electrospray Ion Trap 
Mass Spectrometry.” Journal of Chromatography. B, Biomedical Sciences and 
Applications 718 (1) (October 23): 95–102.  

Castiglioni, Sara, Renzo Bagnati, Davide Calamari, Roberto Fanelli, and Ettore Zuccato. 
2005. “A Multiresidue Analytical Method Using Solid-Phase Extraction and High-
Pressure Liquid Chromatography Tandem Mass Spectrometry to Measure 
Pharmaceuticals of Different Therapeutic Classes in Urban Wastewaters.” Journal 
of Chromatography. A 1092 (2) (October 28): 206–215.  

Chan, L.S., W.H. Cheung, and G. McKay. 2008. “Adsorption of Acid Dyes by Bamboo 
Derived Activated Carbon.” Desalination 218 (1-3) (January): 304–312.  

Clauwaert,	
  Karine	
  M,	
  Jan	
  F	
  Van	
  Bocxlaer,	
  Els	
  A	
  De	
  Letter,	
  Serge	
  Van	
  Calenbergh,	
  and	
  
Willy	
  E	
  Lambert.	
  2000.	
  “Determination	
  of	
  the	
  Designer	
  Drugs	
  and	
  Fluorescence	
  
Detection	
  in	
  Whole	
  Blood	
  ,	
  Serum	
  ,	
  Vitreous	
  Humor	
  ,	
  and	
  Urine”	
  	
  Clinical	
  
Chemistry	
  46(20):	
  1968–1977.	
  

Culleré, Laura, Mónica Bueno, Juan Cacho, and Vicente Ferreira. 2010. “Selectivity and 
Efficiency of Different Reversed-Phase and Mixed-Mode Sorbents to Preconcentrate 
and Isolate Aroma Molecules.” Journal of Chromatography. A 1217 (10) (March 5): 
1557–1566.  

David, Frank, and Pat Sandra. 2007. “Stir Bar Sorptive Extraction for Trace Analysis.” 
Journal of Chromatography. A 1152 (1-2) (June 8): 54–69.  

Denier, Xavier, Elisabeth M Hill, Jeanette Rotchell, and Christophe Minier. 2009. 
“Estrogenic Activity of Cadmium, Copper and Zinc in the Yeast Estrogen Screen.” 
Toxicology in Vitro  : An International Journal Published in Association with BIBRA 
23 (4) (June): 569–573. 

Dobrev, Petre Ivanov, and Miroslav Kamínek. 2002. “Fast and Efficient Separation of 
Cytokinins from Auxin and Abscisic Acid and Their Purification Using Mixed-
Mode Solid-Phase Extraction .” Journal of Chromatography. A 950 (1-2) (March 
15): 21–29.  



www.manaraa.com

	
   76	
  

Falconer,	
  Ian	
  R,	
  Heather	
  F	
  Chapman,	
  Michael	
  R	
  Moore,	
  and	
  Geetha	
  Ranmuthugala.	
  
2006.	
  “Endocrine-­‐Disrupting	
  Compounds :	
  A	
  Review	
  of	
  Their	
  Challenge	
  to	
  
Sustainable	
  and	
  Safe	
  Water	
  Supply	
  and	
  Water	
  Reuse”	
  Environmental	
  Toxicology	
  
(January):	
  181–191.	
  	
  

Focazio, Michael J, Dana W Kolpin, Kimberlee K Barnes, Edward T Furlong, Michael T 
Meyer, Steven D Zaugg, Larry B Barber, and Michael E Thurman. 2008. “A 
National Reconnaissance for Pharmaceuticals and Other Organic Wastewater 
Contaminants in the United States--II) Untreated Drinking Water Sources.” The 
Science of the Total Environment 402 (2-3) (September 1): 201–216.  

Fontanals, N., R.M. Marcé, and F. Borrull. 2005. “New Hydrophilic Materials for Solid-
Phase Extraction.” TrAC Trends in Analytical Chemistry 24 (5) (May): 394–406.  

Fontanals, Núria, Rosa M. Marcé, Francesc Borrull, and Peter a.G. Cormack. 2010. 
“Mixed-Mode Ion-Exchange Polymeric Sorbents: Dual-Phase Materials That 
Improve Selectivity and Capacity.” TrAC Trends in Analytical Chemistry 29 (7) 
(July): 765–779.  

Fontanals, Núria, Brian C. Trammell, Marina Galià, Rosa Maria Marcé, Pamela C. 
Iraneta, Francesc Borrull, and Uwe D. Neue. 2006. “Comparison of Mixed-Mode 
Anion-Exchange Performance ofN-Vinylimidazole-Divinylbenzene Sorbent.” 
Journal of Separation Science 29 (11) (July): 1622–1629.  

Fritz, J S, Dumont, P J and Schmidt L W. 1995. " Methods and materials for solid-phase 
extraction." Journal of Chromatography A. 691 : 133-140. 

Fritz, J S, and J J Masso. 2001. “Miniaturized Solid-Phase Extraction with Resin Disks.” 
Journal of Chromatography. A 909 (1) (February 9): 79–85.  

Guart, Albert, Ignacio Calabuig, Silvia Lacorte, and Antonio Borrell. 2014. “Continental 
Bottled Water Assessment by Stir Bar Sorptive Extraction Followed by Gas 
Chromatography-Tandem Mass Spectrometry (SBSE-GC-MS/MS).” Environmental 
Science and Pollution Research International 21 (4) (February): 2846–2855.  

Guzzella, Licia, Donatella Feretti, and Silvano Monarca. 2002. “Advanced Oxidation and 
Adsorption Technologies for Organic Micropollutant Removal from Lake Water 
Used as Drinking-Water Supply.” Water Research 36 (17) (October): 4307–4318.  

Haagsma, N, J R Keegstra, and P Scherpenisse. 1993. “High-Performance Liquid 
Chromatographic Determination of Spectinomycin in Swine, Calf and Chicken 
Plasma.” Journal of Chromatography 615 (2) (June 2): 289–295.  

Hackett, Jeffery, Michael J Telepchak, and Michael J Coyer. 2008. “Analysis of Total 
Caffeine and Other Xanthines in Specialty Coffees Using Mixed Mode Solid-Phase 



www.manaraa.com

	
   77	
  

Extraction and Liquid Chromatography-Diode-Array Detection after Microwave 
Digestion.” Journal of Analytical Toxicology 32 (8) (October): 695–701.  

Hayasaka, Yoji, Kevin MacNamara, Gayle a Baldock, Randell L Taylor, and Alan P 
Pollnitz. 2003. “Application of Stir Bar Sorptive Extraction for Wine Analysis.” 
Analytical and Bioanalytical Chemistry 375 (7) (April): 948–55.  

He, Man, Beibei Chen, and Bin Hu. 2014. “Recent Developments in Stir Bar Sorptive 
Extraction.” Analytical and Bioanalytical Chemistry 406 (8) (March): 2001–26.  

Hennion, M C. 1999. “Solid-Phase Extraction: Method Development, Sorbents, and 
Coupling with Liquid Chromatography.” Journal of Chromatography. A 856 (1-2) 
(September 24): 3–54.  

Herrero, P, F Borrull, E Pocurull, and R M Marcé. 2012. “Novel Amide Polar-Embedded 
Reversed-Phase Column for the Fast Liquid Chromatography-Tandem Mass 
Spectrometry Method to Determine Polyether Ionophores in Environmental Waters.” 
Journal of Chromatography. A 1263 (November 9): 7–13.  

Hirsch, R, T Ternes, K Haberer, and K L Kratz. 1999. “Occurrence of Antibiotics in the 
Aquatic Environment.” The Science of the Total Environment 225 (1-2) (January 12): 
109–118.  

Hu, Xiangang, Qixing Zhou, and Yi Luo. 2010. “Occurrence and Source Analysis of 
Typical Veterinary Antibiotics in Manure, Soil, Vegetables and Groundwater from 
Organic Vegetable Bases, Northern China.” Environmental Pollution (Barking, 
Essex  : 1987) 158 (9) (September): 2992–2998.  

Jamal, Alandur, Jacob Kunjumman, and Mathuram Lalgudi Narayanan. 2012. 
“COMPATIBILITY OF DIFFERENT SOLVENTS WITH SALMONELLA 
TYPHIMURIUM MUTANT” 4 (1): 4–5. 

Karci, Akin, and Işil Akmehmet Balcioğlu. 2009. “Investigation of the Tetracycline, 
Sulfonamide, and Fluoroquinolone Antimicrobial Compounds in Animal Manure 
and Agricultural Soils in Turkey.” The Science of the Total Environment 407 (16) 
(August 1): 4652–4664.  

Kasprzyk-Hordern, B, R M Dinsdale, and a J Guwy. 2007. “Multi-Residue Method for 
the Determination of Basic/neutral Pharmaceuticals and Illicit Drugs in Surface 
Water by Solid-Phase Extraction and Ultra Performance Liquid Chromatography-
Positive Electrospray Ionisation Tandem Mass Spectrometry.” Journal of 
Chromatography. A 1161 (1-2) (August 17): 132–145.  

Kassem, Mohamed Gabr. 2011. “Stir Bar Sorptive Extraction for Central Nervous 
System Drugs from Biological Fluids.” Arabian Journal of Chemistry 4 (1) 
(January): 25–35.  



www.manaraa.com

	
   78	
  

Kawaguchi, Migaku, Rie Ito, Koichi Saito, and Hiroyuki Nakazawa. 2006. “Novel Stir 
Bar Sorptive Extraction Methods for Environmental and Biomedical Analysis.” 
Journal of Pharmaceutical and Biomedical Analysis 40 (3) (February 24): 500–508.  

Kovalczuk, Tomáš, Jan Poustka, and Jana Hajšlová. 2001. “HPLC-MS / MS Method for 
Analysis of Isoproturon in Difficult Matrix  : Poppy Seeds” Czech J. Food Sci. 26 (2): 
146–152. 

Ku, Y R, K C Wen, L K Ho, and Y S Chang. 1999. “Solid-Phase Extraction for the 
Determination of Caffeine in Traditional Chinese Medicinal Prescriptions 
Containing Theae Folium by High Performance Liquid Chromatography.” Journal 
of Pharmaceutical and Biomedical Analysis 20 (1-2) (June): 351–356.  

Kuchta, Sandra Louise. 2008. " Lincomycin and Spectinomycin: Persistence in Liquid 
Swine Manure and Their Transport from Manure-Amended Soil."  

Kursinszki, L., Á. Sárközi, Á. Kéry, and É. Szöke. 2006. “Improved RP-HPLC Method 
for Analysis of Isoquinoline Alkaloids in Extracts of Chelidonium Majus.” 
Chromatographia 63 (S13) (May 19): S131–S135.  

Kursinszki, László, Hajnalka Hank, Imre László, and Éva Szőke. 2005. “Simultaneous 
Analysis of Hyoscyamine, Scopolamine, 6β-Hydroxyhyoscyamine and Apoatropine 
in Solanaceous Hairy Roots by Reversed-Phase High-Performance Liquid 
Chromatography.” Journal of Chromatography A 1091 (1-2) (October): 32–39.  

Lancas, Fernando M, Maria Eugênia C Queiroz, Paula Grossi, and Igor R B Olivares. 
2009. “Recent Developments and Applications of Stir Bar Sorptive Extraction.” 
Journal of Separation Science 32 (5-6) (March): 813–824.  

Landis, Margaret S. 2007. “The Use of Mixed-Mode Ion-Exchange Solid Phase 
Extraction to Characterize Pharmaceutical Drug Degradation.” Journal of 
Pharmaceutical and Biomedical Analysis 44 (5) (September 3): 1029–1039.  

Lata, Hem, V.K. Garg, and R.K. Gupta. 2008. “Adsorptive Removal of Basic Dye by 
Chemically Activated Parthenium Biomass: Equilibrium and Kinetic Modeling.” 
Desalination 219 (1-3) (January): 250–261.  

Leusch, Frédéric D L, Michael R van den Heuvel, Heather F Chapman, S Ravi 
Gooneratne, Anna M E Eriksson, and Louis a Tremblay. 2006. “Development of 
Methods for Extraction and in Vitro Quantification of Estrogenic and Androgenic 
Activity of Wastewater Samples.” Comparative Biochemistry and Physiology. 
Toxicology & Pharmacology  : CBP 143 (1) (May): 117–126.  

Lindsey, M E, T M Meyer, and E M Thurman. 2001. “Analysis of Trace Levels of 
Sulfonamide and Tetracycline Antimicrobials in Groundwater and Surface Water 



www.manaraa.com

	
   79	
  

Using Solid-Phase Extraction and Liquid Chromatography/mass Spectrometry.” 
Analytical Chemistry 73 (19) (October 1): 4640–4646.  

Logan, B K. 2003. “Effects on Human Performance and Behavior Effects on Human 
Performance and Behavior” 

Malkoc, Emine, Yasar Nuhoglu, and Murat Dundar. 2006. “Adsorption of chromium(VI) 
on Pomace--an Olive Oil Industry Waste: Batch and Column Studies.” Journal of 
Hazardous Materials 138 (1) (November 2): 142–151.  

Mall, Indra D., Vimal C. Srivastava, and Nitin K. Agarwal. 2006. “Removal of Orange-G 
and Methyl Violet Dyes by Adsorption onto Bagasse Fly Ash—kinetic Study and 
Equilibrium Isotherm Analyses.” Dyes and Pigments 69 (3) (January): 210–223.  

Mcdonnell, Donald P, and John D Norris. 2014. “All Use Subject to JSTOR Terms and 
Conditions Connections Regulation of Estrogen Receptor.” Science 296 (5573): 
1642–1644. 

Mohd Din, Azam T, B H Hameed, and Abdul L Ahmad. 2009. “Batch Adsorption of 
Phenol onto Physiochemical-Activated Coconut Shell.” Journal of Hazardous 
Materials 161 (2-3) (January 30): 1522–1529.  

Molins-Legua, C., and P. Campins-Falcó. 2005. “Solid Phase Extraction of Amines.” 
Analytica Chimica Acta 546 (2) (August): 206–220. 

Mroczek, Tomasz, Kazimierz Głowniak, and Joanna Kowalska. 2006. “Solid-Liquid 
Extraction and Cation-Exchange Solid-Phase Extraction Using a Mixed-Mode 
Polymeric Sorbent of Datura and Related Alkaloids.” Journal of Chromatography. A 
1107 (1-2) (February 24): 9–18.  

Mroczek, Tomasz, Kazimierz Glowniak, and Anna Wlaszczyk. 2002. “Simultaneous 
Determination of N-Oxides and Free Bases of Pyrrolizidine Alkaloids by Cation-
Exchange Solid-Phase Extraction and Ion-Pair High-Performance Liquid 
Chromatography.” Journal of Chromatography. A 949 (1-2) (March 8): 249–262.  

Nayak, Preeti Sagar, and Binay Kumar Singh. 2007. “Removal of Phenol from Aqueous 
Solutions by Sorption on Low Cost Clay.” Desalination 207 (1-3) (March): 71–79.  

Nazarkina, S G, A V Bulanova, and O G Larionov. 2001. “Solid-Phase Extraction of 
Polycyclic Aromatic Hydrocarbons Using Polymer Sorbents” Journal of Analytical 
Chemistry 56 (4): 348–350. 

Ng, Chilton, Jack N Losso, Wayne E Marshall, and Ramu M Rao. 2002. “Physical and 
Chemical Properties of Selected Agricultural Byproduct-Based Activated Carbons 
and Their Ability to Adsorb Geosmin.” Bioresource Technology 84 (2) (September): 
177–185.  



www.manaraa.com

	
   80	
  

Ozkaya, Bestamin. 2006. “Adsorption and Desorption of Phenol on Activated Carbon 
and a Comparison of Isotherm Models.” Journal of Hazardous Materials 129 (1-3) 
(February 28): 158–163.  

Portugal, F, M Pinto, and J Nogueira. 2008. “Optimization of Polyurethane Foams for 
Enhanced Stir Bar Sorptive Extraction of Triazinic Herbicides in Water Matrices.” 
Talanta 77 (2) (December 15): 765–773.  

Prieto, a, O Basauri, R Rodil, a Usobiaga, L a Fernández, N Etxebarria, and O Zuloaga. 
2010. “Stir-Bar Sorptive Extraction: A View on Method Optimisation, Novel 
Applications, Limitations and Potential Solutions.” Journal of Chromatography. A 
1217 (16) (April 16): 2642–2666.  

Resende, Flavia Aparecida, Wagner Vilegas, Lourdes Campaner Dos Santos, and Eliana 
Aparecida Varanda. 2012. “Mutagenicity of Flavonoids Assayed by Bacterial 
Reverse Mutation (Ames) Test.” Molecules (Basel, Switzerland) 17 (5) (January): 
5255–5268.  

Roubeuf, V, S Mounier, and J Y Benaim. 2000. “Solid Phase Extraction Applied to 
Natural Waters  : Effiiency and Selectivity.”  

Shi, Yun, Dong-Dong Peng, Chang-Hua Shi, Xia Zhang, Ya-Ting Xie, and Bin Lu. 2011. 
“Selective Determination of Trace 17β-Estradiol in Dairy and Meat Samples by 
Molecularly Imprinted Solid-Phase Extraction and HPLC.” Food Chemistry 126 (4) 
(June): 1916–1925.= 

Thurman, E M, and Kirk Snavely. 2000. “Advances in Solid-Phase Extraction Disks for 
Environmental Chemistry” Trends in analytical chemistry 19 (1): 18–26. 

Tienpont, B, F David, K Desmet, and P Sandra. 2002. “Stir Bar Sorptive Extraction-
Thermal Desorption-Capillary GC-MS Applied to Biological Fluids.” Analytical 
and Bioanalytical Chemistry 373 (1-2) (May): 46–55.  

Tölgyesi, Adám, Jenõ Fekete, Szabolcs Fekete, Virender K Sharma, Katalin Békési, and 
Edina Tóth. 2012. “Analysis of Sub Μg/kg Lincomycin in Honey, Muscle, Milk, 
and Eggs Using Fast Liquid Chromatography-Tandem Mass Spectrometry.” Journal 
of Chromatographic Science 50 (3) (March): 190–198.  

Urbe, I, and J Ruana. 1997. “Application of Solid-Phase Extraction Discs with a Glass 
Fiber Matrix to Fast Determination of Polycyclic Aromatic Hydrocarbons in Water.” 
Journal of Chromatography. A 778 (1-2) (August 22): 337–445.  

Watkinson, A.J., Murby, E.J., Costanzo, S.D. 2007. "Removal of antibiotics in 
conventional and advanced wastewater treatment: Implications for environmental 
discharge and wastewater recycling." Water Research. 41: 4164-4176. 



www.manaraa.com

	
   81	
  

Yang, Ji-Feng, Guang-Guo Ying, Jian-Liang Zhao, Ran Tao, Hao-Chang Su, and You-
Sheng Liu. 2011. “Spatial and Seasonal Distribution of Selected Antibiotics in 
Surface Waters of the Pearl Rivers, China.” Journal of Environmental Science and 
Health. Part. B, Pesticides, Food Contaminants, and Agricultural Wastes 46 (3) 
(January): 272–280.  

Yawney, J, S Treacy, K W Hindmarsh, and F J Burczynski. 2002. “A General Screening 
Method for Acidic, Neutral, and Basic Drugs in Whole Blood Using the Oasis MCX 
Column.” Journal of Analytical Toxicology 26 (6) (September): 325–332.  

Zalacain, a, J Marín, G L Alonso, and M R Salinas. 2007. “Analysis of Wine Primary 
Aroma Compounds by Stir Bar Sorptive Extraction.” Talanta 71 (4) (March 15): 
1610–1615.  

Zhang, Rui, Na Li, Chuanliu Wang, Yuping Bai, Ruibing Ren, Shiqian Gao, Wenzhi Yu, 
Tianqi Zhao, and Hanqi Zhang. 2011. “Ionic Liquid Foam Floatation Coupled with 
Solid Phase Extraction for Separation and Determination of Hormones by High-
Performance Liquid Chromatography.” Analytica Chimica Acta 704 (1-2) (October 
17): 98–109.  

Zhong, Xianwen, Fang Deng, Yuehua Wang, and Xubiao Luo. 2013. “A Molecularly 
Imprinted Polymer for Solid Phase Extraction of Allantoin.” Microchimica Acta 180 
(15-16) (October 4): 1453–1460.  

Zhou, Li-Jun, Guang-Guo Ying, Jian-Liang Zhao, Ji-Feng Yang, Li Wang, Bin Yang, 
and Shan Liu. 2011. “Trends in the Occurrence of Human and Veterinary 
Antibiotics in the Sediments of the Yellow River, Hai River and Liao River in 
Northern China.” Environmental Pollution (Barking, Essex  : 1987) 159 (7) (July): 
1877–1885. 

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



www.manaraa.com

	
   82	
  

Chapter	
  4	
  
	
  

4	
  Assessment	
  of	
  the	
  Mutagenicity	
  and	
  Estrogenicity	
  of	
  River	
  Water	
  

and	
  Wastewater	
  Secondary	
  Effluent	
  Following	
  SPE	
  treatment	
  

4.1	
  Introduction	
  
The	
  expanding	
  application	
  of	
  bioassays	
  to	
  monitor	
  water	
  quality	
  is	
  due	
  to	
  the	
  

concern	
  over	
  the	
  occurrence	
  of	
  a	
  large	
  number	
  of	
  suspected	
  mutagenic	
  or	
  

estrogenic	
  chemical	
  substances	
  found	
  in	
  different	
  water	
  matrices	
  such	
  as	
  surface	
  

water,	
  ground	
  water,	
  wastewater	
  effluents,	
  and	
  even	
  in	
  drinking	
  water.	
  There	
  are	
  

two	
  types	
  of	
  bioassasys:	
  In	
  vivo	
  and	
  in	
  vitro	
  bioassays.	
  

	
  

In	
  vivo	
  tests,	
  as	
  known	
  as	
  “Direct	
  Toxicity	
  Assessment	
  (DTA)”,	
  can	
  be	
  conducted	
  

either	
  in	
  the	
  laboratory	
  or	
  in	
  the	
  field	
  (in	
  situ	
  bioassay)	
  by	
  conducting	
  tests	
  on	
  

whole	
  and	
  living	
  organisms	
  (Murphy	
  et	
  al.,	
  2009).	
  They	
  measure	
  changes	
  on	
  

parameters	
  such	
  as	
  growth	
  rate,	
  feeding	
  activity,	
  reproduction,	
  and	
  mortality.	
  They	
  

also	
  measure	
  the	
  effects	
  based	
  on	
  more	
  specific	
  biochemical	
  endpoints	
  (Margot	
  et	
  al.,	
  

2013).	
  Sometimes,	
  in	
  vivo	
  bioassays	
  might	
  be	
  employed	
  over	
  in	
  vitro	
  bioassays	
  in	
  

order	
  to	
  observe	
  the	
  overall	
  effects	
  of	
  the	
  mutagenicity	
  or	
  carcinogenicity	
  of	
  the	
  

micropollutants	
  in	
  wastewater	
  on	
  a	
  living	
  subject.	
  In	
  vivo	
  test	
  reflects	
  the	
  

complexity	
  of	
  contaminant	
  responses	
  in	
  the	
  living	
  organisms.	
  However,	
  it	
  is	
  more	
  

logistically	
  difficult	
  to	
  conduct	
  and	
  it	
  also	
  has	
  too	
  many	
  uncertainties	
  that	
  may	
  result	
  

in	
  hard-­‐interpreting	
  results.	
  

	
  

In	
  vitro	
  test	
  systems,	
  also	
  known	
  as	
  “bioanalytical	
  tools”,	
  based	
  on	
  particular	
  cellular	
  

mechanisms,	
  measures	
  cellular	
  effects	
  specific	
  to	
  groups	
  of	
  mutagens	
  with	
  similar	
  

modes	
  of	
  action	
  (Margot	
  et	
  al.,	
  2013).	
  They	
  usually	
  use	
  part	
  of	
  the	
  organisms	
  such	
  as	
  

cell	
  culture	
  or	
  transgenic	
  bacteria	
  or	
  yeast	
  to	
  detect	
  changes	
  in	
  receptor	
  activation	
  

or	
  enzyme	
  function	
  such	
  as	
  genotoxicity,	
  mutagenicity	
  or	
  endocrine	
  secretion	
  

(Margot	
  et	
  al.,	
  2013).	
  Although	
  the	
  mechanistic	
  assays,	
  which	
  use	
  the	
  cell	
  lines,	
  

usually	
  have	
  minimal	
  metabolic	
  capacity	
  that	
  makes	
  them	
  hard	
  to	
  show	
  the	
  effects	
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of	
  bioactivation	
  of	
  toxicants	
  in	
  the	
  animal,	
  in	
  vitro	
  bioassays	
  are	
  less	
  time	
  and	
  

resource	
  consuming	
  (Asker,	
  2011).	
  The	
  primary	
  advantage	
  of	
  in	
  vitro	
  bioassays	
  is	
  

that	
  the	
  investigators	
  can	
  concentrate	
  on	
  a	
  limited	
  number	
  of	
  components	
  instead	
  of	
  

a	
  whole	
  living	
  organism.	
  This	
  makes	
  the	
  results	
  much	
  easier	
  to	
  analyze	
  than	
  in	
  vivo	
  

bioassays.	
  They	
  also	
  decrease	
  the	
  requirement	
  of	
  experienced	
  personnel	
  in	
  the	
  

laboratory	
  to	
  handle	
  the	
  living	
  organisms	
  such	
  as	
  small	
  animals	
  for	
  in	
  vivo	
  bioassays.	
  

	
  

Two	
  very	
  important	
  toxicity	
  measures	
  are	
  to	
  monitor	
  estrogenicity	
  and	
  

mutagenicity	
  of	
  a	
  substance.	
  The	
  most	
  widely	
  used	
  in	
  vitro	
  bioassay	
  for	
  testing	
  

estrogenicity	
  is	
  the	
  Yeast	
  Estrogen	
  Screen	
  (YES)	
  test	
  which	
  uses	
  a	
  strain	
  of	
  yeast	
  

Saccharomyces	
  cerevisiae	
  that	
  respond	
  to	
  estrogenically	
  active	
  substances.	
  The	
  

strain	
  is	
  genetically	
  modified	
  to	
  harbor	
  a	
  human	
  estrogen	
  receptor	
  (hER)	
  expression	
  

cassette	
  and	
  a	
  reporter	
  gene.	
  The	
  presence	
  of	
  estrogenic	
  substance	
  changes	
  the	
  

receptor	
  and	
  enables	
  the	
  estrogen	
  receptor	
  complex	
  binding	
  to	
  the	
  estrogen-­‐

responsive	
  element.	
  Finally,	
  β-­‐galactosidase	
  is	
  produced	
  and	
  it	
  metabolizes	
  4-­‐

methylumbelliferyl-­‐β-­‐digalactopyranoside.	
  The	
  estrogenic	
  activity	
  can	
  be	
  expressed	
  

by	
  estradiol	
  equivalent	
  concentration	
  (EEQs)	
  which	
  can	
  be	
  determined	
  by	
  

measuring	
  the	
  absorbance	
  of	
  the	
  dye.	
  

	
  

The	
  Ames	
  fluctuation	
  test,	
  as	
  the	
  most	
  commonly	
  used	
  bioassay	
  for	
  mutagenicity	
  

testing,	
  uses	
  a	
  variety	
  of	
  modified	
  Salmonella	
  typhimurium	
  strains	
  that	
  respond	
  to	
  

different	
  mutagenic	
  mechanisms.	
  The	
  test	
  uses	
  genetically	
  defective	
  Salmonella	
  

strains	
  unable	
  to	
  synthesize	
  histidine,	
  an	
  enzyme	
  Salmonella	
  requires	
  to	
  grow.	
  

When	
  the	
  tested	
  substance	
  triggers	
  a	
  reversion	
  mutation	
  the	
  bacteria	
  can	
  then	
  

produce	
  histidine	
  for	
  survival.	
  Based	
  on	
  the	
  statistical	
  deviation	
  of	
  the	
  sample	
  

relative	
  to	
  the	
  background	
  and	
  positive	
  control,	
  the	
  determination	
  of	
  the	
  

probabilistic	
  mutagenicity	
  of	
  the	
  contaminants	
  can	
  be	
  made	
  (Ashby	
  &	
  Tennant,	
  

1998).	
  As	
  there	
  is	
  a	
  strong	
  correlation	
  between	
  mutagenicity	
  and	
  carcinogenicity,	
  a	
  

substance	
  which	
  has	
  a	
  positive	
  response	
  in	
  Ames	
  test	
  warrants	
  further	
  investigation	
  

using	
  other	
  in	
  vivo	
  or	
  in	
  vitro	
  tests	
  such	
  as	
  human	
  carcinogenic	
  tests.	
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The	
  mutagenicity	
  of	
  river	
  water,	
  as	
  a	
  source	
  of	
  surface	
  water	
  has	
  been	
  extensively	
  

evaluated,	
  as	
  it	
  is	
  a	
  main	
  influent	
  source	
  to	
  drinking	
  water	
  treatment	
  facilities.	
  In	
  

various	
  articles,	
  it	
  was	
  addressed	
  that	
  wastewater,	
  especially	
  hospital	
  and	
  industry	
  

wastewater,	
  are	
  the	
  major	
  discharge	
  sources	
  of	
  mutagenic	
  and	
  estrogenic	
  

substances	
  due	
  to	
  laboratory	
  activity	
  and	
  commercial	
  production	
  all	
  over	
  the	
  world	
  

(Tabrez	
  et	
  al.,	
  2010;	
  Vargas	
  et	
  al.,	
  1993;	
  Jolibois	
  et	
  al.,	
  2003;	
  Bistan	
  et	
  al.,	
  2011;	
  

Citulski	
  et	
  al.,	
  2001).	
  Thus,	
  it	
  is	
  important	
  to	
  monitor	
  the	
  quality	
  of	
  the	
  effluents	
  

from	
  the	
  wastewater	
  treatment	
  facilities.	
  Solid	
  phase	
  extraction	
  is	
  an	
  efficient	
  

technology	
  to	
  concentrate	
  and	
  extract	
  the	
  potential	
  mutagenic	
  and	
  estrogenic	
  

substances	
  in	
  surface	
  water	
  and	
  wastewater	
  samples	
  in	
  order	
  to	
  make	
  the	
  sample	
  

concentration	
  lower	
  than	
  the	
  detection	
  limit	
  in	
  the	
  bioassays.	
  Meanwhile,	
  bioassays	
  

and	
  chemical	
  analysis	
  could	
  evaluate	
  the	
  recovery	
  of	
  the	
  SPE	
  columns	
  if	
  the	
  amount	
  

of	
  target	
  substance	
  is	
  known.	
  In	
  this	
  chapter,	
  17β-­‐Estradiol	
  (E2)	
  was	
  spiked	
  into	
  

river	
  water	
  and	
  wastewater	
  in	
  order	
  to	
  imitate	
  aqueous	
  samples	
  with	
  estrogenic	
  

substance	
  in	
  low	
  concentration.	
  	
  Initially,	
  an	
  attempt	
  was	
  made	
  to	
  concentrate	
  the	
  

positive	
  mutagen	
  Sodium	
  azide	
  for	
  Sal	
  TA	
  100	
  and	
  2-­‐nitrofluorene	
  for	
  Sal	
  TA	
  98	
  

from	
  different	
  water	
  samples,	
  however,	
  the	
  experiments	
  were	
  not	
  successful	
  due	
  to	
  

low	
  solubility	
  and	
  high	
  toxicity	
  of	
  both	
  the	
  compounds	
  and	
  low	
  resolution	
  in	
  UV-­‐Vis	
  

spectroscopy	
  for	
  chemical	
  analysis.	
  	
  Although,	
  E2	
  is	
  estrogenic,	
  it	
  is	
  not	
  toxic	
  to	
  

handle	
  at	
  different	
  concentrations,	
  and	
  was	
  used	
  as	
  the	
  model	
  compound	
  to	
  

determine	
  the	
  matrix	
  effect	
  on	
  the	
  SPE	
  performance.	
  	
  	
  

	
  

	
  

4.2	
  Materials	
  and	
  methods	
  

4.2.1	
  Chemicals	
  
17β-­‐Estradiol	
  (E2)	
  (MW:	
  C18H24O2,	
  CAS:	
  CAS	
  50-­‐28-­‐2)	
  was	
  purchased	
  from	
  Sigma-­‐

Aldrich	
  (Oakville,	
  Ontario,	
  Canada)	
  with	
  98%	
  purity.	
  	
  The	
  stock	
  at	
  a	
  concentration	
  of	
  

approximately	
  200	
  mg/L	
  were	
  prepared	
  in	
  ethanol	
  (99.5	
  %	
  purity)	
  purchased	
  from	
  

Fisher	
  Scientific	
  (Ottawa,	
  Canada)	
  and	
  stored	
  in	
  amber	
  vials	
  at	
  4	
  °C.	
  The	
  standard	
  

was	
  brought	
  to	
  room	
  temperature	
  before	
  use	
  and	
  freshly	
  prepared	
  every	
  two	
  to	
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three	
  months.	
  Acetonitrile	
  (minimum	
  99.8%)	
  was	
  obtained	
  from	
  Caledon	
  

Laboratories	
  (Georgetown,	
  Ontario,	
  Canada).	
  HPLC	
  grade	
  methanol	
  and	
  ethanol	
  

were	
  obtained	
  from	
  Fisher	
  Scientific	
  (Fair	
  Lawn,	
  NJ,	
  USA).	
  99.5%	
  acetone	
  was	
  

purchased	
  from	
  VWR	
  (Radnor,	
  PA,	
  USA).	
  No	
  further	
  purification	
  was	
  required	
  for	
  all	
  

the	
  reagents.	
  A	
  Nanopure	
  Ultrapure	
  Water	
  System	
  (model	
  Integral	
  5,	
  EMD	
  Millipore	
  

Corporation,	
  Billerica,	
  MA,	
  USA)	
  provided	
  nanopure	
  (LGW,	
  18MΩ)	
  water	
  used	
  in	
  the	
  

experiments.	
  	
  

	
  

4.2.2	
  Sample	
  collection	
  and	
  preparation	
  
Surface	
  water	
  grab	
  samples	
  (large	
  volumes)	
  were	
  collected	
  from	
  a	
  stream	
  (which	
  is	
  

hydrologically	
  connected	
  to	
  the	
  Thames	
  River	
  in	
  London,	
  Ontario,	
  Canada)	
  in	
  a	
  glass	
  

container	
  that	
  had	
  been	
  thoroughly	
  washed	
  and	
  rinsed	
  before	
  use.	
  	
  Secondary	
  

effluent	
  wastewater	
  samples	
  with	
  large	
  volumes	
  were	
  taken	
  from	
  Adelaide	
  

Pollution	
  Control	
  Center	
  in	
  London,	
  Ontario.	
  Each	
  sample	
  was	
  collected	
  in	
  a	
  4-­‐L	
  

glass	
  bottle	
  which	
  had	
  been	
  washed	
  and	
  rinsed	
  thoroughly	
  with	
  ultra-­‐pure	
  water.	
  

	
  

Upon	
  return	
  to	
  the	
  laboratory,	
  the	
  samples	
  were	
  immediately	
  filtered	
  through	
  

0.2μm	
  Supor	
  200	
  filters	
  (PALL,	
  Mississauga,	
  Ontario,	
  Canada)	
  to	
  remove	
  all	
  solid	
  

particles	
  and	
  microorganisms	
  to	
  minimize	
  possible	
  biological	
  degradation	
  and	
  the	
  

possibility	
  of	
  blockage	
  in	
  the	
  SPE	
  column.	
  Water	
  samples	
  were	
  stored	
  at	
  4	
  °C	
  in	
  the	
  

dark	
  for	
  no	
  longer	
  than	
  three	
  days	
  before	
  use.	
  From	
  this	
  large	
  batch,	
  a	
  portion	
  of	
  

surface	
  water	
  and	
  secondary	
  effluent	
  was	
  spiked	
  and	
  the	
  respective	
  blank	
  water	
  

matrix	
  (e.g.	
  non-­‐spiked)	
  was	
  taken	
  from	
  the	
  same	
  batch.	
  E2	
  standard	
  solution	
  was	
  

spiked	
  into	
  both	
  river	
  water	
  and	
  wastewater	
  samples	
  to	
  simulate	
  an	
  aqueous	
  

concentration	
  of	
  3	
  μg/L	
  E2.	
  

	
  

Solid	
  phase	
  extraction	
  was	
  performed	
  by	
  following	
  the	
  SPE	
  protocol	
  from	
  Waters.	
  

Briefly,	
  the	
  SPE	
  was	
  effectuated	
  using	
  Waters	
  Corp.	
  Oasis	
  MCX	
  6	
  mL	
  cartridge	
  

(Mississauga,	
  Ontario,	
  Canada)	
  with	
  150	
  mg	
  of	
  sorbent	
  material.	
  The	
  cartridges	
  

were	
  pre-­‐conditioned	
  with	
  5	
  mL	
  of	
  methanol	
  followed	
  by	
  5	
  mL	
  of	
  ultra-­‐pure	
  (Milli	
  Q)	
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water.	
  SPE	
  cartridges	
  were	
  then	
  submerged	
  in	
  a	
  sample	
  reservoir	
  filled	
  with	
  spiked	
  

and	
  non-­‐spiked	
  water	
  samples.	
  A	
  peristaltic	
  pump	
  was	
  used	
  to	
  extract	
  the	
  sample	
  

out	
  of	
  the	
  cartridges	
  from	
  the	
  reservoir	
  at	
  a	
  flow	
  rate	
  of	
  1.35	
  to	
  1.5	
  mL	
  per	
  minute	
  

(Figure	
  4.1).	
  After	
  the	
  extraction	
  was	
  complete,	
  5	
  mL	
  of	
  Milli	
  Q	
  water	
  was	
  passed	
  

through	
  the	
  SPE	
  column	
  to	
  remove	
  the	
  impurities	
  and	
  interference.	
  The	
  retained	
  E2	
  

was	
  eluted	
  into	
  a	
  20	
  mL	
  glass	
  vial	
  using	
  3	
  mL	
  of	
  acetonitrile	
  at	
  a	
  rate	
  of	
  about	
  one	
  

drop	
  every	
  5	
  to	
  6	
  seconds	
  by	
  vacuum.	
  The	
  eluent	
  was	
  evaporated	
  to	
  dryness	
  using	
  a	
  

nitrogen	
  evaporation	
  system	
  operating	
  at	
  50	
  ±	
  5	
  °C.	
  The	
  samples	
  were	
  then	
  

reconstituted	
  by	
  adding	
  3	
  mL	
  of	
  Milli	
  Q	
  water.	
  Finally,	
  E2	
  samples	
  were	
  sterilized	
  by	
  

filtering	
  through	
  sterile	
  MicroLiter	
  PTFE	
  syringe	
  filters	
  purchased	
  from	
  VWR	
  

(Mississauga,	
  Ontario,	
  Canada)	
  before	
  being	
  applied	
  for	
  analysis.	
  

	
  

	
  

	
  

	
  

Figure	
  4.1	
  Experimental	
  set-­‐up	
  of	
  large	
  sample	
  extraction.	
  

	
  

	
  

4.2.3	
  Instrumental	
  analysis	
  
The	
  estrogenic	
  substance	
  E2	
  was	
  chemically	
  analyzed	
  by	
  a	
  high	
  performance	
  liquid	
  

chromatographic	
  (HPLC)	
  system	
  (Agilent	
  1260	
  Infinity	
  series	
  consists	
  with	
  

Quaternary	
  pump:	
  G1311B,	
  Auto	
  sampler:	
  G1329B	
  and	
  diode	
  array	
  detector:	
  

G1315C,	
  Agilent,	
  Clara,	
  USA).	
  E2	
  was	
  separated	
  from	
  different	
  matrices	
  on	
  an	
  

Agilent	
  Poroshell	
  120	
  EC-­‐C18	
  reversed	
  phase	
  (4.6	
  ×	
  50	
  mm,	
  2.7	
  μm)	
  analytical	
  

Peristaltic	
  pump	
  
Sample	
  reservoir	
  

Effluent	
  reservoir	
  
SPE	
  cartridge	
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column	
  (Agilent	
  Technologies,	
  Clara,	
  USA).	
  The	
  mobile	
  phase	
  was	
  a	
  mixture	
  of	
  

acetonitrile	
  and	
  Milli-­‐Q	
  water	
  (55:45,	
  v/v)	
  and	
  its	
  flow	
  rate	
  was	
  set	
  at	
  0.8	
  mL/min.	
  

The	
  injection	
  volume	
  was	
  20	
  μL	
  from	
  2	
  mL	
  amber	
  HPLC	
  vials,	
  capped	
  and	
  sealed	
  

with	
  PTFE	
  lids.	
  The	
  separated	
  E2	
  was	
  detected	
  by	
  a	
  UV	
  spectrophotometer	
  at	
  a	
  

wavelength	
  of	
  210	
  nm.	
  Figure	
  4.2	
  shows	
  the	
  flow	
  diagram	
  of	
  the	
  experiment	
  

procedures.	
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Figure	
  4.2	
  Flow	
  chart	
  for	
  SPE	
  procedure	
  for	
  bioassays	
  and	
  HPLC	
  analysis	
  	
  

Column	
  conditioning:	
  
5	
  mL	
  of	
  methanol	
  
5	
  mL	
  of	
  ultra-­‐pure	
  (Milli	
  Q)	
  
water	
  
	
  

Sample	
  loading	
  
	
  

Interference	
  removal	
  with	
  
5	
  mL	
  of	
  Milli	
  Q	
  water	
  
	
  

Analyte	
  elution:	
  
3	
  mL	
  of	
  acetonitrile	
  

In	
  a	
  nitrogen	
  evaporation	
  
system:	
  evaporate	
  acetonitrile	
  

Reconstitution:	
  
3ml	
  of	
  ethanol	
  (YES	
  assay)	
  
17.5	
  ml	
  of	
  Milli	
  Q	
  water	
  (Ames	
  
test)	
  

	
  HPLC	
  analysis	
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4.2.4	
  Ames	
  fluctuation	
  assay	
  
The	
  mutagenicity	
  of	
  the	
  water	
  was	
  determined	
  by	
  using	
  the	
  Ames	
  Assay	
  (Ames	
  et	
  al.,	
  

1975).	
  The	
  test	
  employs	
  two	
  Salmonella	
  typhimurium	
  strains	
  with	
  different	
  

mutation	
  mechanisms:	
  TA	
  97	
  and	
  TA	
  98	
  which	
  carry	
  a	
  mutation	
  in	
  the	
  operon	
  

coding	
  for	
  histidine	
  biosynthesis.	
  All	
  the	
  bacteria	
  and	
  reagents	
  for	
  Ames	
  test	
  were	
  

supplied	
  by	
  Environmental	
  bio-­‐detection	
  product	
  inc.	
  (EBPI)	
  (Mississauga,	
  ON,	
  

Canada).	
  Reverse-­‐mutation	
  assays	
  were	
  performed	
  using	
  the	
  “Fluctuation	
  method”.	
  

Instead	
  of	
  counting	
  the	
  number	
  of	
  colonies	
  observed	
  in	
  the	
  agar	
  plates	
  the	
  method	
  

originally	
  designed	
  by	
  Ames,	
  the	
  number	
  of	
  yellow	
  wells	
  showed	
  in	
  a	
  96-­‐

microplates	
  is	
  enumerated	
  (if	
  the	
  chemical	
  to	
  be	
  tested	
  causes	
  a	
  histidine-­‐requiring	
  

mutant	
  of	
  Salmonella	
  bacteria,	
  the	
  color	
  of	
  the	
  dye	
  in	
  the	
  wells	
  will	
  be	
  converted	
  

from	
  purple	
  to	
  yellow.)	
  

	
  

A	
  17.5	
  mL	
  sample	
  was	
  filtered	
  through	
  0.22	
  μm	
  PTFE	
  membrane	
  filter,	
  mixed	
  with	
  

2.5	
  mL	
  of	
  reaction	
  mixture	
  (consists	
  of	
  72.1%	
  Dacis	
  Salts	
  solution,	
  15.8%	
  Glucose,	
  

7.9%	
  Bromocresol	
  Purple,	
  4%	
  Biotin	
  and	
  0.2%	
  Histidine)	
  and	
  10	
  μL	
  of	
  the	
  

Salmonella	
  strain	
  cultured	
  overnight	
  (16	
  to	
  18	
  hours	
  at	
  37	
  °C)	
  with	
  an	
  optical	
  

density	
  of	
  0.5	
  to	
  1	
  at	
  600	
  nm.	
  The	
  positive	
  control	
  was	
  prepared	
  by	
  adding	
  0.1	
  mL	
  of	
  

standard	
  mutagen	
  (9-­‐aminoacridine	
  and	
  2-­‐nitrofluorene)	
  to	
  2.5	
  mL	
  of	
  the	
  Reaction	
  

Mixture,	
  17.4	
  mL	
  sterile	
  distilled	
  water,	
  and	
  10	
  μL	
  of	
  bacteria.	
  The	
  background	
  was	
  

prepared	
  by	
  mixing	
  17.5	
  mL	
  of	
  sterile	
  distilled	
  water,	
  2.5	
  mL	
  of	
  the	
  Reaction	
  Mixture,	
  

and	
  10	
  μL	
  of	
  bacteria.	
  The	
  blank	
  (the	
  sterility	
  check)	
  was	
  prepared	
  by	
  adding	
  17.5	
  

mL	
  of	
  sterile	
  distilled	
  water	
  to	
  2.5	
  mL	
  of	
  the	
  Reaction	
  Mixture	
  only.	
  After	
  the	
  

solution	
  had	
  been	
  well	
  mixed	
  in	
  centrifuge	
  tubes	
  and	
  transferred	
  into	
  reagent	
  

reservoirs,	
  200	
  μL	
  of	
  the	
  mixtures	
  were	
  dispensed	
  into	
  each	
  well	
  in	
  a	
  96-­‐microtitre	
  

plates	
  (Corning	
  Costar,	
  USA)	
  by	
  a	
  multichannel	
  pipette.	
  The	
  plates	
  were	
  then	
  

covered	
  with	
  lids	
  and	
  put	
  into	
  an	
  air-­‐tight	
  plastic	
  bag	
  to	
  prevent	
  evaporation.	
  The	
  

plates	
  had	
  to	
  stay	
  in	
  a	
  37°C	
  incubator	
  for	
  five	
  days	
  before	
  the	
  yellow	
  wells	
  could	
  be	
  

enumerated.	
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The	
  level	
  of	
  the	
  mutagenicity	
  of	
  the	
  water	
  matrix	
  after	
  extraction	
  from	
  MCX	
  

cartridges	
  was	
  determined	
  visually	
  by	
  enumerating	
  the	
  number	
  of	
  wells	
  changed	
  

from	
  purple	
  to	
  yellow	
  as	
  a	
  positive	
  reaction.	
  The	
  “Background”	
  plate	
  showed	
  the	
  

level	
  of	
  spontaneous	
  mutation	
  of	
  the	
  assay	
  organism.	
  The	
  test	
  results	
  correspond	
  to	
  

the	
  total	
  number	
  of	
  positive	
  wells	
  (yellow	
  color)	
  scored	
  in	
  a	
  96-­‐microtitre	
  plate	
  for	
  

the	
  sample	
  plate	
  in	
  comparison	
  to	
  the	
  background	
  plate.	
  Mutagenicity	
  of	
  a	
  test	
  

substance	
  (and	
  certainty	
  in	
  percentage)	
  is	
  proportional	
  to	
  the	
  number	
  of	
  yellow	
  

wells	
  enumerated.	
  	
  The	
  statistical	
  significance	
  of	
  the	
  results	
  is	
  determined	
  by	
  

comparing	
  the	
  standard	
  test	
  tables	
  provided	
  by	
  EBPI.	
  	
  

	
  

4.2.5	
  Yeast	
  Estrogen	
  Screen	
  assay	
  

4.2.5.1	
  YES	
  assay	
  Procedures	
  
Recombinant	
  yeast	
  cells	
  (Saccharomyces	
  cerevisiase)	
  were	
  provided	
  by	
  Trojan	
  UV	
  

(Ontario,	
  Canada).	
  The	
  YES	
  assay	
  was	
  performed	
  as	
  previously	
  described	
  in	
  

Routledge	
  and	
  Sumpter	
  (1996).	
  Briefly,	
  250	
  μL	
  concentrated	
  yeast	
  stock	
  from	
  a	
  

cryogenic	
  vial	
  was	
  seeded	
  into	
  the	
  growth	
  medium	
  in	
  a	
  conical	
  flask.	
  Growth	
  

medium	
  consists	
  of	
  glucose,	
  L-­‐aspartic	
  acid,	
  vitamin	
  solution,	
  L-­‐threonine	
  solution,	
  

copper	
  sulfate	
  solution	
  and	
  minimal	
  medium.	
  The	
  whole	
  culture	
  was	
  incubated	
  at	
  

28	
  °C,	
  180	
  rpm	
  for	
  approximately	
  24	
  hours	
  or	
  until	
  turbid,	
  on	
  an	
  orbital	
  shaker.	
  The	
  

following	
  day,	
  assay	
  medium	
  was	
  prepared	
  by	
  adding	
  2	
  mL	
  of	
  the	
  24-­‐h	
  yeast	
  culture	
  

and	
  0.5	
  mL	
  Chlorophenol	
  red-­‐β-­‐D-­‐galactopyranoside	
  (CPRG,	
  Sigma-­‐Aldrich,	
  Oakville,	
  

Ontario,	
  Canada)	
  solution	
  (10	
  mg	
  mL-­‐1)	
  to	
  50	
  mL	
  growth	
  medium	
  (approximately	
  4	
  

×	
  107	
  yeast	
  cells	
  in	
  the	
  medium).	
  For	
  a	
  standard	
  test,	
  E2	
  stock,	
  at	
  a	
  concentration	
  of	
  

54.48	
  μg/L,	
  for	
  the	
  standard	
  curve	
  was	
  prepared	
  using	
  absolute	
  ethanol.	
  E2	
  stock	
  

solution	
  was	
  diluted	
  in	
  absolute	
  methanol	
  by	
  a	
  twofold	
  serial	
  dilution	
  method	
  and	
  

the	
  concentration	
  of	
  12	
  dilutions	
  of	
  E2	
  in	
  the	
  plate	
  was	
  in	
  the	
  range	
  of	
  54.48	
  μg/L	
  to	
  

26.6	
  ng/L.	
  10	
  μL	
  of	
  the	
  E2	
  standard	
  dilutions	
  were	
  transferred,	
  in	
  triplicate,	
  into	
  the	
  

wells	
  in	
  a	
  96-­‐microtitre	
  plate	
  (Corning	
  Costar,	
  USA)	
  and	
  allowed	
  to	
  dry	
  

(approximately	
  20	
  min).	
  One	
  or	
  two	
  rows	
  of	
  the	
  blank	
  were	
  prepared	
  by	
  adding	
  10	
  

μL	
  of	
  the	
  absolute	
  ethanol	
  to	
  190	
  μL	
  of	
  the	
  assay	
  media	
  to	
  terminate	
  the	
  growth	
  of	
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the	
  yeast	
  cells.	
  100	
  μL	
  out	
  of	
  3	
  mL	
  of	
  reconstituted	
  extraction	
  samples	
  were	
  twofold	
  

serially	
  diluted	
  in	
  two	
  rows	
  of	
  the	
  microplates	
  using	
  ethanol,	
  and	
  were	
  left	
  to	
  

completely	
  evaporate.	
  Upon	
  the	
  dryness	
  of	
  the	
  standard	
  and	
  sample	
  wells,	
  200	
  μL	
  of	
  

the	
  seeded	
  assay	
  medium	
  was	
  added	
  to	
  each	
  well.	
  The	
  plates	
  then	
  were	
  sealed	
  with	
  

autoclave	
  tape	
  and	
  shaken	
  vigorously	
  for	
  2	
  min	
  in	
  a	
  plate	
  shaker	
  (VWR).	
  

Subsequently,	
  the	
  plates	
  were	
  incubated	
  at	
  32	
  °C	
  in	
  a	
  naturally	
  ventilated	
  heating	
  

cabinet	
  for	
  three	
  days	
  with	
  2	
  min	
  vigorously	
  shaking	
  every	
  day.	
  In	
  day	
  four,	
  the	
  

plates	
  were	
  shaken	
  for	
  3	
  min,	
  and	
  left	
  for	
  approximately	
  1	
  hour	
  to	
  allow	
  the	
  yeast	
  to	
  

settle.	
  	
  

	
  

	
  
Figure	
  4.3	
  Photo	
  of	
  YES	
  assay	
  plate.	
  Yellow	
  well	
  indicates	
  that	
  no	
  estrogenicity	
  

was	
  detected.	
  Other	
  well	
  with	
  color	
  changing	
  from	
  orange	
  to	
  purple	
  

represents	
  the	
  normal	
  growth	
  of	
  yeast.	
  First	
  three	
  rows	
  were	
  E2	
  standard	
  and	
  

last	
  two	
  rows	
  were	
  blank.	
  

	
  

4.2.5.2	
  YES	
  assay	
  Calculation	
  and	
  Sample	
  Response	
  
The	
   estrogenic	
   activities	
   can	
   be	
   expressed	
   by	
   estradiol	
   equivalent	
   concentration	
  

(EEQs).	
  The	
  absorbance	
  of	
  samples	
  at	
  540	
  nm	
  and	
  620	
  nm	
  and	
  the	
  blank	
  (medium)	
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at	
  620	
  nm	
  were	
  measured	
  in	
  a	
  plate	
  reader	
  (Tecan	
  Infinite	
  200	
  PRO,	
  Switzerland).	
  

In	
  order	
   to	
  correct	
   for	
   turbidity,	
   the	
  data	
  need	
   to	
  be	
  processed	
  with	
   the	
   following	
  

equation:	
  

Corrected	
  value	
  =	
  chem.	
  abs.	
  (540	
  nm)	
  -­‐	
  [chem.	
  abs.	
  (620	
  nm)-­‐blank	
  abs.	
  (620	
  nm)]	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Eq.	
  4.1	
  

A	
   response	
   of	
   a	
   proper	
   concentration	
   can	
   be	
   interpolated	
   into	
   a	
   dose-­‐response	
  

curve	
  (using	
  17β-­‐estradiol	
  (E2)	
  as	
  reference	
  compound)	
  (Figure	
  4.4).	
  The	
  curve	
  was	
  

fitted	
  to	
  the	
  Eq.	
  4.2,	
  using	
  Origin	
  Labs	
  software	
  (Northampton,	
  USA).	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
              𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝑎 + !!!
!!!"(!"#!"!"!!"#$)×!

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Eq.	
  4.2	
  

	
  

where	
  a	
   is	
  the	
  baseline	
  response	
  (bottom),	
   	
  b	
   is	
  the	
  maximum	
  response	
  (top),	
  C	
   is	
  

the	
   concentration,	
   m	
   is	
   the	
   Hill	
   slop,	
   and	
   EC50	
   is	
   the	
   half-­‐maximal	
   effect	
  

concentration.	
  Hill	
  slope	
  quantifies	
  the	
  steepness	
  of	
  the	
  curve	
  and	
  is	
  also	
  known	
  as	
  

the	
  slope	
  factor	
  (Fent	
  et	
  al.,	
  2006).	
  

	
  
Figure	
  4.4	
  Estradiol	
  (E2)	
  dose-­‐response	
  curve	
  using	
  ethanol.	
  

	
  

The	
   data	
   were	
   processed	
   as	
   per	
   the	
   methodology	
   explained	
   by	
   Huber	
   (Gilmour,	
  

2012).	
   The	
   curve	
   constants	
   a,	
   b,	
  m	
   and	
   EC50	
  were	
   determined	
   by	
   the	
   non-­‐linear	
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curve	
  fitting	
  for	
  the	
  standard.	
  The	
  corrected	
  absorbance	
  calculated	
  by	
  Eq.	
  4.1	
  verse	
  

concentration	
  factor	
  of	
  the	
  sample	
  was	
  plotted	
  and	
  fitted	
  into	
  Eq.	
  4.2	
  with	
  fixed	
  a,	
  b	
  

and	
  m	
  obtained	
  from	
  standard	
  curve	
  fitting.	
  If	
  a	
  concentration	
  gives	
  a	
  response	
  that	
  

can	
  be	
   fitted	
   into	
   the	
   linear	
  part	
   of	
   the	
  dose-­‐response	
   curve,	
   it	
   is	
   considered	
   as	
   a	
  

suitable	
   concentration	
   (Bistan	
   et	
   al.,	
   2012).	
   Finally,	
   EEQs	
   are	
   the	
   quotients	
   of	
  

EC5017β-­‐estradiol	
  	
  and	
  EC50samples.	
  

	
  

4.3	
  Results	
  and	
  Discussion	
  

4.3.1	
  Determination	
  of	
  Estradiol	
  in	
  liquid	
  chromatography	
  and	
  YES	
  

assay	
  
The	
  quantitative	
  parameters	
  of	
   the	
  proposed	
  HPLC	
  method	
  were	
  calculated	
  under	
  

the	
   optimized	
   conditions	
   described	
   in	
   Section	
   4.2.3.	
   The	
   calibration	
   curve	
   was	
  

obtained	
  by	
  plotting	
  the	
  peak	
  areas	
  of	
  E2	
  against	
  the	
  concentration	
  of	
  the	
  E2	
  in	
  the	
  

Acetonitrile	
  sample.	
  The	
  linear	
  range	
  was	
  obtained	
  between	
  1	
  –	
  100	
  mg	
  L-­‐1,	
  with	
  a	
  

correlation	
   coefficient	
   of	
   0.99996	
   by	
   using	
   a	
   weighted	
   linear	
   regression	
   method.	
  

With	
   this	
   HPLC	
   method,	
   the	
   limit	
   of	
   detection	
   of	
   E2	
   was	
   1	
   mg	
   L-­‐1.	
   When	
   the	
  

concentration	
   of	
   E2	
   is	
   below	
   that	
   limit,	
   too	
   much	
   noise	
   would	
   appear.	
   The	
  

calibration	
  equation	
  is	
  shown	
  in	
  Table	
  4.1	
  where	
  Y	
  is	
  the	
  area	
  of	
  the	
  peak	
  and	
  X	
  is	
  

the	
  amount	
  of	
  E2	
  being	
  detected.	
  

	
  

Table	
  4.1	
  Main	
  method	
  parameters	
  of	
  the	
  HPLC	
  method	
  

	
  

	
  

	
  

LOD	
  (limit	
  of	
  detection)	
  (mg	
  L-­‐1)	
   1	
  

Regression	
  equation	
   Y	
  =	
  67537.714	
  X	
  	
  (Eq.	
  4.3)	
  

DLR	
  (mg	
  L-­‐1)	
   1	
  –	
  100	
  

R2	
   0.99996	
  

Retention	
  time	
  (min)	
   1.253	
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  Surface	
  water	
  with	
   2L	
   in	
   volume	
   from	
  Thames	
  River	
   and	
  6L	
   of	
  wastewater	
   from	
  

Adelaide	
   Pollution	
   Control	
   Center	
  were	
   extracted	
   and	
   concentrated	
   in	
   Oasis	
  MCX	
  

columns.	
  The	
  final	
  volumes	
  of	
  the	
  tested	
  samples	
  were	
  3mL.	
  	
  

The	
   presence	
   of	
   hormones	
   17β-­‐estradiol	
   within	
   the	
   limit	
   of	
   detection	
   was	
   not	
  

observed	
   in	
   river	
   water	
   and	
   wastewater	
   samples	
   by	
   HPLC	
   analysis.	
   Either	
   the	
  

concentrations	
   of	
   E2	
   in	
   concentrated	
  water	
   samples	
  were	
   lower	
   than	
   the	
   LOD	
   (1	
  

mgL-­‐1)	
  in	
  this	
  HPLC	
  method	
  or	
  there	
  was	
  no	
  E2	
  present	
  in	
  the	
  Thames	
  River.	
  

	
  

	
  

	
  
Figure	
  4.5	
  Chromatograms	
  of	
  the	
  surface	
  water	
  collected	
  in	
  Thames	
  River.	
  The	
  

split	
  peak	
  corresponds	
  to	
  the	
  E2	
  peak	
  detected	
  in	
  Figure	
  4.7.	
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Figure	
  4.6	
  Chromatograms	
  of	
   the	
  wastewater	
  collected	
   in	
  Adelaide	
  Pollution	
  

Control	
  Center.	
  The	
  split	
  peak	
  corresponds	
  to	
  the	
  E2	
  peak	
  detected	
  in	
  Figure	
  

4.8.	
  

	
  

To	
  further	
  determine	
  the	
  presence	
  of	
  estrogenic	
  substance	
  in	
  these	
  water	
  samples,	
  

Yeast	
  Estrogen	
  Screen	
  (YES)	
  assay	
  was	
  performed.	
  	
  However,	
  the	
  response	
  given	
  by	
  

the	
  results	
  in	
  the	
  YES	
  test	
  cannot	
  be	
  fitted	
  into	
  the	
  linear	
  part	
  of	
  the	
  dose-­‐response	
  

curve.	
   These	
   results	
   indicated	
   that	
   the	
   concentrations	
   of	
   E2	
   presented	
   in	
  

concentrated	
   surface	
  water	
   and	
  wastewater	
   samples	
  were	
   lower	
   than	
   the	
   lowest	
  

limits	
  of	
  quantification	
  (LLOQ)	
  for	
  which	
  were	
  0.34	
  ngL-­‐1	
  E2	
  equivalent	
  for	
  surface	
  

water	
  and	
  0.68	
  ngL-­‐1	
  E2	
  equivalent	
  for	
  WWTP	
  effluents	
  (Krein	
  et	
  al.,	
  2012).	
  	
  

	
  

It	
  can	
  be	
  concluded	
  that	
  for	
  E2	
  detection,	
  YES	
  assay	
  was	
  more	
  sensitive	
  than	
  HPLC	
  

analysis.	
   Otherwise,	
   HPLC	
   was	
   capable	
   to	
   separate	
   the	
   compounds	
   in	
   the	
   water	
  

samples	
   and	
   more	
   accurate	
   in	
   quantification.	
   Both	
   HPLC	
   analysis	
   and	
   YES	
   assay	
  

suggested	
   that	
   no	
   E2	
   could	
   be	
   detected	
   after	
   600	
   times	
   concentration	
   for	
   surface	
  

water	
  and	
  2000	
  times	
  concentration	
  for	
  wastewater.	
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4.3.2	
  Recovery	
  test	
  of	
  Oasis	
  MCX	
  in	
  surface	
  water	
  and	
  wastewater	
  

matrices	
  
After	
   selecting	
   the	
   Waters	
   Oasis	
   MCX	
   based	
   on	
   the	
   results	
   of	
   Chapter	
   3,	
   the	
  

performance	
   of	
   the	
   established	
   method	
   was	
   tested	
   in	
   the	
   more	
   relevant	
  

environmental	
   matrices	
   such	
   as	
   surface	
   water	
   and	
   wastewater.	
   As	
   revealed	
   in	
  

section	
  4.3.1,	
  the	
  concentration	
  of	
  background	
  E2	
  in	
  the	
  extracted	
  surface	
  water	
  and	
  

wastewater	
  samples	
  were	
   lower	
   than	
   the	
  detection	
   limits.	
   	
  17β-­‐estradiol	
  standard	
  

was	
   spiked	
   into	
   2L	
   of	
   surface	
   water	
   and	
   6L	
   of	
   wastewater	
   samples.	
   The	
   spiked	
  

aqueous	
   samples	
   were	
   extracted	
   by	
   Oasis	
   MCX	
   cartridges	
   and	
   finally	
   eluted	
   to	
   a	
  

3mL	
  sample	
  with	
  E2	
  concentration	
  of	
  2	
  mgL-­‐1.	
  The	
  elutes	
  were	
  tested	
  in	
  HPLC	
  and	
  

YES	
  assay	
  to	
  determine	
  the	
  recovery	
  of	
  MCX	
  cartridges.	
  	
  

	
  

4.3.2.1	
  Recovery	
  in	
  liquid	
  chromatography	
  
From	
  the	
  chromatograms	
  of	
  surface	
  water	
  and	
  wastewater	
  samples	
  shown	
  in	
  Figure	
  

4.5-­‐4.8,	
   it	
   is	
   likely	
   that	
   aqueous	
   samples	
   experienced	
   some	
   matrices	
   effects	
   as	
   a	
  

large	
  amount	
  of	
  interferences	
  passed	
  through	
  the	
  MCX	
  sorbent	
  simultaneously	
  with	
  

E2	
   standard;	
   much	
   of	
   that	
   likely	
   being	
   co-­‐extracted	
   and	
   then	
   co-­‐eluted	
   with	
  

methanol	
  and	
  acetone.	
  The	
  spike	
  recoveries	
  of	
  2	
  river	
  water	
  samples	
  ranged	
   from	
  

106	
  -­‐109%.	
  As	
  shown	
  in	
  Figure	
  4.5	
  and	
  4.6,	
  some	
  unidentified	
  interference	
  had	
  been	
  

detected	
   in	
   the	
   same	
   retention	
   time	
   and	
  wavelength.	
   In	
   order	
   to	
   quantify	
   the	
   E2	
  

standard	
   in	
   surface	
   water	
   and	
   wastewater	
   samples,	
   the	
   area	
   of	
   those	
   unknown	
  

substances	
  in	
  Figure	
  4.5	
  and	
  4.6	
  were	
  subtracted	
  from	
  the	
  area	
  of	
  the	
  peaks	
  of	
  E2	
  in	
  

Figure	
  4.7	
  and	
  4.8.	
  Table	
  4.2	
  revealed	
  the	
  peak	
  areas,	
  corresponding	
  concentrations	
  

and	
  the	
  recoveries	
  in	
  surface	
  water	
  samples.	
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Figure	
  4.7	
  Chromatograms	
  of	
  the	
  surface	
  water	
  spiked	
  with	
  E2	
  standard.	
  

	
  

Figure	
  4.8	
  Chromatograms	
  of	
  the	
  wastewater	
  spiked	
  with	
  E2	
  standard.	
  
	
  

Estradiol	
  

Estradiol	
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Table	
   4.2	
   shows	
   the	
   recovery	
   of	
   E2	
   standard	
   in	
   Oasis	
   MCX	
   cartridges	
   in	
   surface	
  

water	
   samples	
   measured	
   by	
   HPLC.	
   Asp	
   represents	
   the	
   peak	
   areas	
   of	
   spiked	
   E2	
  

standards,	
  Ansp	
  was	
  the	
  area	
  of	
  non-­‐spiked	
  sample	
  integrated	
  in	
  the	
  same	
  retention	
  

time	
  as	
  the	
  spiked	
  samples,	
  Ctheoretical	
  is	
  the	
  theoretical	
  concentration	
  of	
  E2	
  after	
  SPE	
  

treatment	
   in	
   the	
   surface	
  water	
   samples	
   and	
  CE2	
   indicates	
   the	
   concentration	
   of	
   E2	
  

being	
  detected	
  and	
  calculated	
  in	
  Eq	
  4.3.	
  

	
  

Table	
  4.2	
  Recovery	
  of	
  E2	
  in	
  Oasis	
  MCX	
  sorbent	
  from	
  HPLC	
  analysis.	
  

Asp	
   	
   278.773	
   	
   2650.02	
  

Ansp	
   	
   130.972	
   	
   1212.37	
  

Ctheoretical,	
  mgL-­‐1	
   	
   2	
   	
   20	
  

CE2,	
  mgL-­‐1	
   	
   2.188	
   	
   21.29	
  

Recovery	
   	
   109.4%	
   	
   106.4%	
  

	
  

As	
  elaborated	
  in	
  Chapter	
  3,	
  Oasis	
  MCX	
  cartridges	
  had	
  a	
  nearly	
  100%	
  recovery	
  for	
  

polar	
  and	
  hydrophilic	
  sample	
  extraction	
  in	
  distilled	
  water	
  matrix.	
  In	
  this	
  chapter,	
  

HPLC	
  analysis	
  indicates	
  that	
  Oasis	
  MCX	
  is	
  highly	
  efficient	
  for	
  pre-­‐concentration	
  of	
  

relatively	
  nonpolar	
  and	
  hydrophobic	
  substance	
  E2.	
  	
  Surface	
  water,	
  as	
  a	
  matrix	
  with	
  

high	
  dissolved	
  organic	
  concentration	
  (TOC	
  ≈800	
  mg/L),	
  seems	
  to	
  have	
  insignificant	
  

influence	
  on	
  the	
  MCX	
  sorbent.	
  On	
  the	
  other	
  hand,	
  the	
  HPLC	
  signal	
  of	
  E2	
  spiked	
  in	
  

wastewater	
  was	
  quite	
  broad	
  and	
  could	
  not	
  be	
  deconvoluted	
  for	
  accurate	
  analysis.	
  

Since	
  it	
  was	
  difficult	
  to	
  define	
  the	
  border	
  of	
  the	
  peak,	
  quantification	
  of	
  E2	
  in	
  

concentrated	
  wastewater	
  samples	
  indicated	
  a	
  recovery	
  of	
  300%	
  indicating	
  

significant	
  interference	
  from	
  the	
  water	
  matrix.	
  	
  

	
  

4.3.2.2	
  Recovery	
  in	
  YES	
  bioassays	
  
For	
  further	
  E2	
  concentration	
  verification,	
  the	
  concentrated	
  spiked	
  E2	
  samples	
  in	
  

different	
  aqueous	
  matrices	
  were	
  applied	
  in	
  YES	
  assay.	
  As	
  no	
  detectable	
  estrogenicity	
  

was	
  found	
  in	
  both	
  concentrated	
  surface	
  water	
  and	
  wastewater	
  samples,	
  the	
  positive	
  

responses	
  in	
  the	
  YES	
  assay	
  were	
  from	
  the	
  spiked	
  E2.	
  The	
  calculated	
  EEQs	
  were	
  the	
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actual	
  concentrations	
  of	
  E2	
  being	
  assessed	
  in	
  YES	
  assays.	
  Table	
  4.3	
  presents	
  the	
  

EEQs	
  of	
  spiked	
  and	
  concentrated	
  surface	
  water	
  and	
  wastewater	
  samples	
  and	
  the	
  

calculated	
  recoveries	
  of	
  MCX	
  sorbents.	
  

	
  

Table	
  4.3	
  Estrogenic	
  activity	
  of	
  E2	
  in	
  surface	
  and	
  wastewater	
  samples	
  

determined	
  by	
  YES	
  assay	
  and	
  the	
  recovery	
  of	
  MCX	
  sorbent.	
  

	
   	
   River	
  water	
   	
   Wastewater	
  

Ctheoretical,	
  mgL-­‐1	
   	
   2	
   20	
   	
   2	
  

EC50	
   	
   0.000573	
   0.0000595	
   	
   0.00197	
  

EEQ,	
  mgL-­‐1	
   	
   2.191	
   21.12	
   	
   1.693	
  

Recovery	
   	
   109.55%	
   105.6%	
   	
   84.65%	
  

	
  

	
  

It	
  can	
  be	
  seen	
  in	
  Table	
  4.3	
  that	
  the	
  recoveries	
  of	
  MCX	
  sorbent	
  for	
  E2	
  extraction	
  from	
  

surface	
  water	
  obtained	
  in	
  YES	
  assays	
  were	
  quite	
  consistent	
  with	
  the	
  recoveries	
  

measured	
  in	
  HPLC	
  analysis,	
  which	
  were	
  in	
  the	
  range	
  of	
  105%	
  to	
  110%.	
  	
  The	
  more-­‐

than	
  100%	
  recovery	
  could	
  be	
  explained	
  as	
  experimental	
  error,	
  since	
  the	
  volume	
  as	
  

small	
  as	
  30	
  μL	
  of	
  E2	
  standard	
  was	
  added	
  into	
  2L	
  of	
  surface	
  water	
  and	
  6L	
  of	
  

wastewater	
  to	
  make	
  the	
  concentration	
  of	
  E2	
  in	
  the	
  water	
  samples	
  to	
  be	
  3	
  μg	
  L-­‐1	
  and	
  

1	
  μg	
  L-­‐1,	
  respectively.	
  	
  

	
  

YES	
  assays	
  confirmed	
  that	
  E2	
  can	
  be	
  extracted	
  by	
  MCX	
  sorbent	
  from	
  different	
  

aqueous	
  matrices	
  and	
  the	
  recoveries	
  were	
  acceptable.	
  In	
  addition,	
  the	
  effect	
  of	
  

matrix	
  was	
  minimal	
  for	
  YES	
  assay	
  as	
  compared	
  to	
  the	
  HPLC	
  method.	
  HPLC	
  analysis	
  

could	
  not	
  resolve	
  the	
  impact	
  of	
  wastewater	
  matrix	
  on	
  the	
  SPE	
  sorbent,	
  since	
  various	
  

compounds	
  in	
  the	
  matrix	
  were	
  co-­‐extracted	
  and	
  co-­‐eluted	
  with	
  the	
  target	
  analytes	
  

which	
  resulted	
  in	
  large	
  interference	
  in	
  the	
  chromatograms.	
  However,	
  using	
  the	
  non-­‐
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spiked	
  wastewater	
  sample	
  as	
  the	
  blank,	
  the	
  concentration	
  of	
  spiked	
  E2	
  can	
  easily	
  be	
  

determined	
  by	
  the	
  YES	
  assay.	
  These	
  two	
  methods	
  also	
  demonstrated	
  that	
  surface	
  

water	
  matrix	
  has	
  insignificant	
  influence	
  on	
  the	
  performance	
  of	
  SPE	
  cartridges.	
  On	
  

the	
  other	
  hand,	
  under	
  the	
  impact	
  of	
  wastewater	
  matrix,	
  the	
  recovery	
  of	
  MCX	
  sorbent	
  

was	
  reduced	
  by	
  at	
  least	
  15%.	
  The	
  recoveries	
  determined	
  in	
  HPLC	
  and	
  YES	
  assays	
  

substantiated	
  that	
  despite	
  the	
  diversity	
  and	
  complexity	
  of	
  surface	
  water	
  and	
  

wastewater	
  matrices,	
  MCX	
  sorbent	
  was	
  able	
  to	
  successfully	
  extract	
  and	
  recover	
  the	
  

target	
  analyte,	
  E2.	
  

	
  

4.3.3	
  Mutagenicity	
  of	
  Wastewater	
  in	
  London	
  
While	
  it	
  had	
  been	
  demonstrated	
  by	
  YES	
  tests	
  that	
  there	
  were	
  minor	
  estrogenic	
  

substance	
  in	
  London’s	
  wastewater,	
  the	
  mutagenicity	
  of	
  wastewater	
  matrix	
  was	
  

unknown.	
  Ames	
  test,	
  as	
  a	
  quick	
  bioassay	
  can	
  provide	
  valuable	
  information	
  about	
  the	
  

safety	
  of	
  resultant	
  water	
  after	
  MCX	
  sorbent	
  extraction.	
  The	
  results	
  of	
  the	
  Salmonella	
  

mutagenicity	
  assay	
  for	
  wastewater	
  in	
  TA	
  98	
  and	
  TA	
  100	
  Salmonella	
  strains	
  are	
  

summarized	
  in	
  Figure	
  4.9.	
  	
  The	
  level	
  of	
  mutagenicity	
  is	
  determined	
  by	
  the	
  statistical	
  

deviation	
  of	
  the	
  number	
  of	
  reverts	
  relative	
  to	
  the	
  background.	
  If	
  the	
  deviation	
  is	
  

more	
  than	
  15%,	
  the	
  sample	
  can	
  be	
  considered	
  mutagenic.	
  	
  A	
  3L	
  of	
  secondary	
  

effluent	
  was	
  passed	
  through	
  the	
  MCX	
  cartridge	
  and	
  finally	
  reconstituted	
  in	
  distilled	
  

water	
  to	
  make	
  a	
  17.5mL	
  sample	
  to	
  be	
  tested	
  with	
  a	
  single	
  bacterial	
  strain	
  in	
  Ames	
  

test.	
  It	
  can	
  be	
  seen	
  in	
  Figure	
  4.9	
  that	
  both	
  non-­‐extracted	
  and	
  extracted	
  wastewater	
  

samples	
  had	
  some	
  positive	
  responses	
  in	
  Ames	
  assay.	
  However,	
  the	
  numbers	
  of	
  

deviations	
  were	
  not	
  large	
  enough	
  to	
  conclude	
  that	
  the	
  raw	
  and	
  SPE	
  concentrated	
  

wastewater	
  were	
  mutagenic.	
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There	
  is	
  an	
  increase	
  in	
  the	
  number	
  of	
  positive	
  response	
  wells	
  after	
  extraction.	
  Hence,	
  

it	
  is	
  likely	
  that	
  the	
  detection	
  of	
  positive	
  mutagenicity	
  occurred	
  after	
  the	
  extraction	
  of	
  

a	
  larger	
  amount	
  of	
  wastewater	
  in	
  MCX	
  sorbent.	
  

	
  
Figure	
  4.9	
  Mutagenicity	
  analysis	
  using	
  Ames	
  test	
  for	
  concentrated	
  surface	
  

water	
  and	
  wastewater	
  in	
  City	
  of	
  London.	
  

	
  

As	
  the	
  level	
  of	
  mutagenicity	
  in	
  Ames	
  test	
  was	
  expressed	
  as	
  the	
  clear	
  significance	
  

(either	
  95%,	
  99%	
  or	
  99.9%),	
  distinct	
  from	
  YES	
  assay,	
  it	
  was	
  unable	
  to	
  quantify	
  the	
  

mutagenic	
  substances	
  in	
  the	
  tested	
  samples.	
  Therefore,	
  Ames	
  assay	
  is	
  unqualified	
  to	
  

verify	
  the	
  recovery	
  of	
  MCX	
  cartridge	
  for	
  target	
  analyte	
  extraction.	
  

	
  

In	
  addition,	
  the	
  wastewater	
  samples	
  were	
  collected	
  and	
  extracted	
  in	
  June.	
  Some	
  

literatures	
  suggested	
  that	
  the	
  mutagenicity	
  of	
  wastewater	
  varies	
  depending	
  on	
  the	
  

time	
  of	
  sampling	
  (Atasoy	
  et	
  al.,	
  2012;	
  Jolibois	
  &	
  Guerbet,	
  2005;	
  Jolibois	
  et	
  al.,	
  2002).	
  

Furthermore,	
  the	
  flowrates	
  of	
  wastewater	
  are	
  diverse	
  in	
  a	
  year	
  or	
  even	
  in	
  a	
  day	
  in	
  

the	
  wastewater	
  treatment	
  plant.	
  (i.e.	
  in	
  a	
  day,	
  the	
  peak	
  hours	
  appear	
  right	
  before	
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noon	
  and	
  at	
  8	
  p.m.	
  and	
  in	
  a	
  year,	
  the	
  flowrates	
  of	
  domestic	
  wastewater	
  in	
  summer	
  is	
  

higher	
  than	
  in	
  winter).	
  The	
  high	
  flowrates	
  might	
  result	
  in	
  the	
  higher	
  possibility	
  of	
  

mutagenicity	
  in	
  wastewater	
  samples	
  (Jolibois	
  et	
  al.,	
  2002).	
  Therefore,	
  further	
  tests	
  

need	
  to	
  be	
  conducted	
  for	
  the	
  samples	
  collected	
  in	
  different	
  time	
  of	
  the	
  day,	
  and	
  year	
  

to	
  determine	
  the	
  mutagenicity	
  of	
  wastewater	
  in	
  Adelaide	
  Pollutant	
  Control	
  Center.	
  

	
  

Conclusions	
  
As	
  demonstrated	
  in	
  Chapter	
  3,	
  Oasis	
  MCX	
  is	
  an	
  ideal	
  mixed-­‐mode	
  ion	
  exchanger	
  SPE	
  

sorbent	
  for	
  water	
  sample	
  extractions.	
  In	
  this	
  chapter,	
  the	
  effects	
  of	
  background	
  

water	
  quality	
  on	
  the	
  performance	
  of	
  SPE	
  for	
  known	
  analytes	
  were	
  examined.	
  First,	
  

two	
  water	
  matrices:	
  surface	
  water	
  and	
  wastewater	
  were	
  collected	
  and	
  pre-­‐

concentrated	
  in	
  MCX	
  cartridges.	
  By	
  testing	
  with	
  HPLC	
  and	
  YES	
  assay,	
  the	
  

background	
  concentrations	
  of	
  E2	
  in	
  surface	
  water	
  and	
  wastewater	
  were	
  found	
  

lower	
  than	
  the	
  limit	
  of	
  detection.	
  E2	
  recovery	
  from	
  spiked	
  surface	
  water	
  and	
  

wastewater	
  samples	
  using	
  MCX	
  sorbent	
  was	
  in	
  the	
  range	
  of	
  85%-­‐109%.	
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Chapter	
  5	
  

	
  

5	
  Conclusions	
  and	
  Recommendations	
  

5.1	
  Conclusions	
  

From	
  the	
  first	
  stage	
  of	
  research	
  in	
  Chapter	
  3,	
  the	
  major	
  conclusions	
  are	
  as	
  follow:	
  	
  

(i)	
  	
  	
  	
  Mixed-­‐mode	
  ion	
  exchanger	
  sorbents	
  were	
  better	
  suited	
  for	
  extraction	
  of	
  polar	
  

and	
  hydrophilic	
  compounds	
  as	
  compared	
  to	
  reversed-­‐phase	
  only	
  sorbents.	
  	
  

	
  

(ii)	
  	
  	
  	
  In	
  column	
  sorption	
  experiments,	
  Oasis	
  MCX	
  was	
  the	
  most	
  efficient	
  sorbent	
  for	
  

metronidazole	
  and	
  lincomycin	
  extraction.	
  Oasis	
  MAX	
  was	
  better	
  in	
  sulfamethoxazole	
  

extraction.	
  Ofloxacin	
  was	
  better	
  to	
  be	
  extracted	
  in	
  LC-­‐18	
  sorbent.	
  	
  The	
  efficiency	
  of	
  

sorption	
  was	
  correlated	
  to	
  the	
  acid	
  dissociation	
  constants,	
  pKa,	
  of	
  the	
  compounds.	
  

The	
  compounds	
  with	
  neutral	
  pKa	
  values	
  were	
  removed	
  better	
  in	
  LC-­‐18	
  sorbent.	
  	
  	
  

	
  

(iii)	
  	
  	
  	
  Lincomycin	
  could	
  not	
  be	
  retained	
  on	
  MAX	
  sorbent	
  because	
  the	
  pH	
  of	
  the	
  

solution	
  was	
  not	
  high	
  enough	
  to	
  be	
  charged	
  for	
  MAX	
  sorbent	
  and	
  its	
  poor	
  retention	
  

of	
  lincomycin	
  on	
  reverse-­‐phase	
  packings.	
  

	
  

(iv)	
  	
  	
  	
  The	
  capacity	
  of	
  the	
  sorbents	
  for	
  target	
  analytes	
  can	
  be	
  determined	
  by	
  routine	
  

laboratory	
  batch	
  and	
  column	
  experiments.	
  	
  In	
  most	
  cases,	
  the	
  maximum	
  capacity	
  

determined	
  by	
  batch	
  and	
  column	
  tests	
  matched	
  closely;	
  deviation	
  occurred	
  only	
  

when	
  the	
  sorbents	
  were	
  difficult	
  to	
  keep	
  in	
  suspension.	
  	
  

	
  

(v)	
  	
  	
  The	
  packing	
  format	
  of	
  SPE	
  cartridge	
  ensured	
  	
  good	
  contact	
  between	
  the	
  

analytes	
  and	
  the	
  sorbent.	
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The	
  following	
  conclusions	
  can	
  be	
  drawn	
  based	
  on	
  the	
  results	
  presented	
  in	
  Chapter	
  4.	
  

(i)	
  	
  	
  	
  The	
  presence	
  of	
  17β-­‐estradiol	
  was	
  not	
  observed	
  in	
  river	
  water	
  and	
  wastewater	
  

samples	
  within	
  the	
  limit	
  of	
  detection	
  by	
  HPLC	
  analysis.	
  	
  

	
  

(ii)	
  YES	
  assays	
  confirmed	
   that	
   the	
  concentrations	
  of	
  E2	
  presented	
   in	
  concentrated	
  

surface	
  water	
  and	
  wastewater	
  samples	
  were	
  lower	
  than	
  0.34	
  ngL-­‐1	
  E2	
  equivalent	
  for	
  

surface	
  water	
  and	
  0.68	
  ngL-­‐1	
  E2	
  equivalent	
  for	
  WWTP	
  effluents.	
  

	
  

(iii)	
   	
  HPLC	
  analysis	
  verified	
  the	
  recovery	
  of	
  Oasis	
  MCX	
  sorbent	
  was	
  approximately	
  

100%	
   in	
   surface	
   water	
   matrix.	
   However,	
   quantification	
   of	
   E2	
   standard	
   in	
  

wastewater	
  matrix	
  was	
  difficult	
  as	
  too	
  much	
  interference	
  was	
  co-­‐extracted	
  and	
  co-­‐

eluted.	
  

	
  

(iv)	
  	
  	
  YES	
  assays	
  confirmed	
  the	
  recovery	
  of	
  E2	
  in	
  Oasis	
  MCX	
  from	
  wastewater	
  matrix	
  

was	
   84.65%.	
   The	
   efficiency	
   of	
   the	
   SPE	
   sorbents	
   decreased	
   as	
   the	
   complexity	
   of	
  

water	
  matrices	
  increased.	
  

	
  

(v)	
  	
  Ames	
  assay	
  was	
  not	
  an	
  effective	
  tool	
  to	
  determine	
  the	
  quantitative	
  performance	
  

of	
  the	
  SPE	
  cartridges,	
  while	
  YES	
  assay	
  can	
  determine	
  this	
  effectively.	
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5.2	
  Recommendations	
  

The	
   results	
   obtained	
   from	
   each	
   stage	
   of	
   the	
   study	
   were	
   very	
   promising.	
   Some	
  

recommendations	
  are	
  presented	
  below	
  for	
  further	
  investigations.	
  

(i)	
   	
   	
   	
  As	
  for	
  commercial	
  SPE	
  cartridges,	
   limited	
  amount	
  of	
  sorbent	
   is	
  packed	
  in	
  the	
  

open	
  polypropylene	
   syringe	
  barrel,	
   the	
   total	
   volume	
  of	
   sample	
   that	
   can	
  be	
   loaded	
  

into	
  the	
  cartridge	
  is	
  also	
  limited.	
  Therefore,	
  the	
  commercial	
  cartridge	
  could	
  only	
  be	
  

used	
  in	
  a	
  laboratory	
  scale.	
  For	
  a	
  larger	
  scale	
  use	
  such	
  as	
  biomonitoring,	
  online	
  SPE	
  

could	
  be	
  coupled	
  with	
  HPLC	
  to	
  monitor	
  the	
  substance	
  right	
  away.	
  

	
  

(ii)	
   In	
   this	
   study,	
   solvents	
   used	
   in	
   SPE	
   procedures	
   were	
   recommended	
   by	
   the	
  

cartridge	
   manufacturer.	
   To	
   optimize	
   the	
   SPE	
   performance,	
   conditioning	
   solvent,	
  

sample	
   loading	
   rates,	
   and	
   composition	
   of	
   the	
   elute	
   solvents	
   can	
   be	
   further	
  

investigated.	
  

	
  

	
  (iii)	
   	
   Further	
   testing	
   of	
   various	
   micropollutants	
   with	
   different	
   properties	
   in	
   SPE	
  

cartridges	
   should	
   be	
   carried	
   out	
   to	
   determine	
   the	
   effect	
   of	
   polarity,	
   ionic	
   state,	
  

solubility	
  and	
  hydrophobicity	
  (log	
  KOW)	
  of	
  the	
  compounds.	
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