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a  b  s  t  r  a  c  t

A  sequential  injection  system  with  dual  analytical  line  was  developed  and  applied  in  the  comparison  of

two  different  detection  systems  viz;  a  conventional  spectrophotometer  with  a  commercial  flow  cell,  and  a

multi­reflective  flow  cell  coupled  with  a  photometric  detector  under  the  same  experimental  conditions.

The  study  was  based  on  the  spectrophotometric  determination  of  phosphate  using  the  molybdenum­

blue  chemistry.  The  two  alternative  flow  cells  were  compared  in  terms  of  their  response  to  variation  of

sample  salinity,  susceptibility  to  interferences  and  to  refractive  index  changes.  The  developed  method  was

applied  to  the  determination  of  phosphate  in  natural  waters  (estuarine,  river,  well  and  ground  waters).

The  achieved  detection  limit  (0.007  mM  PO4
3−)  is  consistent  with  the  requirement  of  the  target  water

samples,  and  a  wide  quantification  range  (0.024–9.5  mM)  was  achieved  using  both  detection  systems.

1.  Introduction

Phosphate  is  an  important  routine  parameter  in  water  analy­
sis,  being  simultaneously  an  essential  macronutrient  and  a  possible
pollutant,  when  its  concentration  is  abnormally  high.  The  quantifi­
cation  of  phosphate  in  different  water  bodies  is  important  since  the
increase  of  phosphate  concentrations  in  surface  waters  is  usually
linked  to  diffuse  sources  (like  agricultural  run­offs).

Methods  applicable  to  phosphate  determination  in  a  diverse
range  of  natural  waters  (estuarine,  river,  well  and  ground  waters)
with  highly  varying  intrinsic  characteristics,  are  needed.  Addition­
ally,  effective  methods  must  handle  the  problems  arising  from  the
salinity  gradient,  should  be  fast,  with  low  reagent  consumption
and  should  provide  the  possibility  of  real  time  assessment.  Flow
analysis  techniques  meet  these  requirements,  which  make  them  a
valuable  tool  for  monitoring  processes.

Flow  methods  for  the  determination  of  phosphate  in  waters
have  been  extensively  investigated  as  listed  in  comprehensive
reviews  by  Estela  and  Cerdà  [1],  Motomizu  and  Li  [2]  and  Mon­
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E­mail  address:  aorangel@esb.ucp.pt  (A.O.S.S.  Rangel).

bet  and  McKelvie  [3].  Among  the  different  flow  analysis  techniques
proposed  in  the  last  twenty  years,  sequential  injection  analysis
(SIA)  has  gained  particular  attention  for  water  analysis  [4].  Samples
and  reagents  are  sequentially  aspirated  to  a  holding  coil,  and  subse­
quently  transported  to  the  detector  by  flow  reversal.  The  protocol
sequence,  responsible  for  those  actions,  is  computer  controlled.
SIA  methods  have  recognised  merits  of  robustness  and  versatil­
ity  enabling  the  possibility  to  change  the  determination  conditions
without  physical  reconfiguration  of  the  manifolds.  In  this  scenario,
several  SIA  methods  have  been  reported  for  the  spectrophoto­
metric  determination  of  phosphate  [5–20]  as  listed  in  Table  1.
However,  these  methods  were  generally  developed  for  the  appli­
cation  to  a  single  type  of  water  (even  when  other  samples  were
also  used).  Within  these  applications,  some  were  designed  to  cope
with  the  low  concentration  of  the  analyte  and  proposed  distinct
strategies  to  handle  the  matrix  differences  and  the  interferents.  For
seawater  samples,  Ma  et  al.  [5]  adopted  a  strategy  to  directly  con­
centrate  phosphomolybdenium  blue  from  the  water  sample  to  an
HLB  cartridge,  this  way  minimizing  salinity  effect  of  the  samples,
but  compromised  sampling  frequency.  For  wastewater  and  micro
algae  medium  [11],  a  mixing  chamber  was  introduced  into  a  man­
ifold  to  enhance  the  mixing  conditions,  and  to  achieve  adjustable
dilution  of  the  samples  coupled  with  the  standard  addition  pro­
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cedure.  For  a  lake  and  a  tap  water  sample,  Wu  and  Růžička  [13]
applied  the  kinetic  stopped  flow  measurement  mode,  which  can
also  contribute  to  the  reduction  of  sample  matrix  effects  in  the
applied  Lab­on­Valve  SIA  mode.  The  same  stopped  flow  strategy
was  used  earlier  by  Mas­Torres  et  al.  [14],  to  simultaneously  mea­
sure  phosphate  and  silicate  in  waste  waters,  although  under  certain
conditions  the  mutual  interference  of  the  two  analytes  could  be
detected.  Another  interesting  approach  presented  by  the  same
research  group  [18]  was  based  on  the  use  of  the  sample  solution  as
carrier  to  detect  multiplicative  interferences  in  the  determination.

The  use  of  the  same  flow  manifold  and  protocol  sequence  for
water  samples  of  different  origins  does  not  usually  lead  to  good
quality  results,  due  to  both  chemical  and  physical  interferences.
For  example,  large  differences  in  sample  salinity  may  induce  shifts
in  the  equilibrium  of  chemical  reactions,  and  also  may  produce
interferences  in  the  spectrophotometric  detection,  by  creating  light
refraction  in  the  reaction  interfaces,  seriously  affecting  the  analyt­
ical  signal  [21].

In  this  work,  we  propose  the  use  of  a  multi­reflective  cell  (MRC)
[22]  coupled  to  a  sequential  injection  system  to  tackle  this  prob­
lem.  In  these  conditions,  the  SIA  manifold  provides  the  necessary
“a  la  carte”  in­line  sample  treatment  and  the  miniaturized  spec­
trophotometer  (MRC  with  a  LED  light  source  and  detector)  provides
detection  with  minimum  schlieren  effect.  To  highlight  the  mer­
its  of  the  flow  cell,  a  manifold  that  allows  the  comparison  with  a
conventional  flow  cell  (CFC)  placed  in  a  UV–Vis  spectrophotome­
ter  is  presented.  The  SIA  methodology  was  based  on  the  widely
used  phospho­molybdenum  blue  reaction.  This  reaction  has  been
reported  as  highly  sensitive  and  selective  with  few  possible  inter­
ferences,  namely  As(V),  Si  and  Ge  [23].  The  best  conditions  for  the
colorimetric  reaction  were  assessed  and  the  minimization  of  possi­
ble  interferences  was  effectively  carried  out  in­line.  The  developed
system,  was  effectively  applied  to  estuarine  (salinity  gradient),
river,  well  and  ground  waters.

2.  Experimental

2.1.  Reagents  and  solutions

All  solutions  were  prepared  with  analytical  grade  chemicals  and
deionised  water  (specific  conductance  less  than  0.1  mS  cm−1).

The  20  g  L−1 ascorbic  acid  solution  was  weekly  prepared  by
dissolving  2.0  g  of  ascorbic  acid  (Normapur,  France)  in  100  mL  of
deionised  water  and  was  kept  in  a  dark  glass  flask.

The  molybdate  reagent  was  weekly  prepared  by  dissolving
1.6  g  of  ammonium  heptamolybdate­tetra­hydrate  from  Merck,
Germany  (16  g  L−1),  40  mg  of  potassium  antimony(III)  oxide  tar­
trate  hemi­hydrate  from  Sigma,  Germany  (0.4  g  L−1)  and  0.75  g
of  tartaric  acid  from  Merck,  Germany  (7.5  g  L−1)  in  deionised
water,  followed  by  addition  of  10  mL  of  6  M  sulphuric  acid  from
Merck,  Germany  (0.6  M).  After  homogenisation,  deionised  water
was  added  to  100  mL  and  the  solution  was  kept  in  dark  glass  flask.

Phosphate  stock  solution  (29.4  mM)  was  prepared  by  dissolving
0.40  g  of  potassium  di­hydrogen  phosphate  (from  Merck,  Germany)
previously  dried  in  100  mL  of  deionised  water  and  stored  in  a
refrigerator.  Phosphate  intermediate  standard  solutions  of  595  mM
and  11.9  mM  were  prepared  every  fortnight  by  appropriate  dilu­
tion  of  the  stock  solution  and  stored  in  the  refrigerator.  Working
standards,  0.024–9.52  mM,  were  prepared  weekly  by  appropriate
dilution  and  stored  in  the  refrigerator  when  not  in  use.

2.2.  Sample  collection  and  preparation

Different  water  samples  were  collected  and  analysed:  estuarine
waters  (with  a  salinity  gradient  along  the  estuary),  river  waters,
well  waters  and  ground  water.

The  estuarine  water  samples  were  collected  from  three  different
Portuguese  estuaries  located  in  NW  Portugal:  Ave  (41.3◦N,  08.7◦W),
Cávado  (41.5◦N,  08.7◦W)  and  Douro  (41.1◦N,  08.6◦W)  rivers.  For

Fig.  1.  SIA  manifold  for  the  spectrophotometric  determination  of  phosphate:  molybdate  reagent,  ammonium  heptamolybdate­tetra­hydrate  16  g  L−1 ,  potassium  antimony(III)

oxide  tartrate  hemi­hydrate  0.40  g  L−1 ,  tartaric  acid  7.5  g  L−1 and  sulphuric  acid  0.60  M;  ascorbic  acid,  20  g  L−1;  S,  sample  or  phosphate  standard;  W,  waste;  PP,  peristaltic

pump;  HC,  holding  coil,  400  cm  long;  Ri ,  reaction  coils,  270  cm  long;  SV,  eight  port  selection  valve;  CFC,  spectrophotometer  at  660  nm  with  a  conventional  flow  cell;  MRC,

spectrophotometer  with  a  multi­reflective  flow  cell  and  LED  light  source  (660  nm).



         

each  estuary,  the  water  was  collected  from  the  surface  at  three  dif­
ferent  locations:  at  close  to  the  ocean  (location  1)  and  two  other
upstream  (locations  2  and  3),  location  3  having  the  less  influ­
ence  from  the  ocean.  (Maps  of  locations  can  be  found  in  Electronic
Supporting  Information.)

Samples  were  also  collected  from  the  same  rivers,  but  further
upstream  from  the  river  mouth  to  ensure  that  they  were  not  influ­
enced  by  the  estuary,  as  indicated  by  the  measured  salinity  values.

Well  and  ground  waters  were  also  collected  in  the  north  of
Portugal.  All  the  water  samples  were  introduced  directly  into  the
SIA  system.  Therefore,  results  on  phosphate  analysis  correspond  to
the  fraction  of  Total  Reactive  Phosphorous  [24].

2.3.  Sequential  injection  manifold  and  procedure

The  sequential  injection  manifold  used  for  the  colorimetric
determination  of  phosphate  with  the  two  possible  detection  sys­
tems  is  depicted  in  Fig.  1.

Solutions  were  propelled  by  a  Gilson  Minipuls  3  peristaltic
pump,  with  PVC  pumping  tube.  This  was  connected  to  the  cen­
tral  channel  of  an  eight  port  selection  valve  (Valco  VICI  51652­E8).
All  tubing  connecting  the  different  components  was  made  of  PTFE
(Omnifit),  with  0.8  mm  i.d.

A  personal  computer  (Samsung  SD  700)  equipped  with  a
PCL818L  interface  card,  running  homemade  software  written  in
QuickBasic  4.5,  was  used  to  control  the  selection  valve  position  and
the  peristaltic  pump  direction  and  speed.

A  conventional  spectrophotometer  (Hitachi  UV­Vis,  100­40)
was  set  at  the  wavelength  of  660  nm  and  equipped  with  a  Hellma
178.711­QS  flow­cell  (10  mm  light  path,  30  mL  inner  volume).
While  the  optimal  detection  wavelength  for  ascorbic  acid  reduced
phosphomolybdate  is  ca.  880  nm  [25],  the  spectral  absorption  band
is  very  broad,  and  a  wavelength  of  660  nm  was  selected  for  the
spectrophotometer  in  order  to  allow  direct  comparison  with  the
other  detection  system  used,  which  was  especially  designed  multi­
reflective  flow  cell  (MRC)  previously  described  by  Ellis  et  al.  [22].
The  light  source  in  this  detector  was  a  red  LED  (�max at  660  nm)  light
source  connected  to  a  12  V  power  supply  regulated  to  5  V  using  a
multimeter.  The  output  voltage  was  set  to  0  V  while  the  LED  was  on
and  using  deionised  water.  For  detailed  description  of  the  detector
the  readers  should  refer  to  the  original  paper  [22].  Analytical  signals
were  recorded  on  a  Kipp  &  Zonen  BD  chart  recorder.

The  sequence  of  steps  with  the  respective  time  and  volumes  for
the  determination  of  phosphate  is  shown  in  Table  2.

The  first  step  is  the  aspiration  of  sample  (step  A),  followed  by
the  aspiration  of  the  molybdate  reagent  and  ascorbic  acid  (steps  B
and  C).  Mixing  is  then  promoted  by  the  reversal  of  the  flow  while
propelling  the  plugs  towards  the  detector  (step  H).

For  the  linear  dynamic  range  of  0.025–0.25  mM,  four  extra  steps
(steps  D–G)  were  added.  Steps  D  and  E  enable  to  obtain  a  double
plug  of  sample  and  reagent,  respectively,  and  the  steps  F  and  G

result  in  a  stopping  period  before  the  determination.  The  flow  was
stopped  in  the  reaction  coil  for  30  s  to  ensure  higher  sensitivity.

No  adsorption  of  molybdenum  blue  on  the  surface  of  the  Teflon
tubing  was  observed,  and  no  carryover  between  peaks  was  detected
under  the  working  conditions  presented  in  Table  2.  Yet,  the  flow
system  was  rinsed  with  a  diluted  (0.05  M)  NaOH  solution  at  the
end  of  a  working  week.

2.4.  Reference  procedure

For  the  accuracy  assessment,  samples  were  analysed  using  the
vanadomolybdophosphoric  acid  colorimetric  method  (APHA  4500­
P  C)  [25].  The  assays  were  performed  in  triplicate  and  quantified
from  standard  curves  prepared  daily.

3.  Results  and  discussion

3.1.  Study  of  the  determination  parameters

Optimization  of  the  colorimetric  reaction  was  carried  out  using
the  UV–Vis  spectrophotometer  with  the  conventional  flow  cell.  The
wavelength  was  selected  to  660  nm,  corresponding  to  the  maxi­
mum  emission  of  the  LED  to  be  used  subsequently.

3.1.1.  Aspiration  sequence  to  the  holding  coil

According  to  the  molybdenum  blue  chemistry,  the  intensely
coloured  compound  results  from  the  reduction  of  the  phospho­
molybdic  acid  by  ascorbic  acid,  APHA  4500­P  E  [25].  The  phospho­
molybdic  acid  results  from  the  reaction  between  orthophosphate
and  the  mixture  of  ammonium  molybdate/potassium  antimonyl
tartrate  in  acidic  medium.

Two  possible  sequences  were  investigated:
sample–molybdenum  solution–ascorbic  acid  and  ascorbic
acid–molybdenum  solution–sample.  The  results  obtained  when
the  sample  was  aspirated  first  showed  an  8.5%  increase  in
sensitivity,  so  this  order  was  chosen.

3.1.2.  Reagent  concentration

The  molybdate  reagent  solution  is  composed  of  ammo­
nium  heptamolybdate,  potassium  antimony(III)  oxide  tartrate
and  sulphuric  acid.  Firstly,  the  sulphuric  acid  concentration
was  fixed  and  the  concentration  of  heptamolybdate  and  anti­
mony(III)  oxide  tartrate  was  studied.  This  test  was  carried  out  by
maintaining  a  concentration  proportion  of  40:1  (ammonium  hep­
tamolybdate  tetra­hydrate:potassium  antimony(III)  oxide  tartrate
hemi­hydrate)  as  reported  by  Morais  et  al.  [11].  The  concentration
of  ammonium  heptamolybdate  tetra­hydrate  was  varied  from  8  to
18  g  L−1,  resulting  in  a  concentration  range  of  0.20–0.45  g  L−1 for
the  antimony(III)  compound.  The  highest  sensitivity  was  observed
for  16  g  L−1 of  ammonium  heptamolybdate  tetra­hydrate  with

Table  2

Protocol  sequence  for  the  determination  of  phosphate.

Step  SV  position  Time  (s)  Flow  rate  (mL  min−1)  Pump  direction  Volume  (mL)  Action

A  1  12/7.5a 3.9  a  780/488a Aspiration  of  sample/standard

B  2  1.5  2.9  a  72  Aspiration  of  molybdate  reagent

C 3  3.5  3.9  a  228  Aspiration  of  ascorbic  acid

Db 4  1.5  2.9  a  72  Aspiration  of  molybdate  reagent

Eb 5  7.5  3.9  a  488  Aspiration  of  sample/standard

Fb 6/7c 17  3.9  b  1105  Propel  to  reaction  coil

Gb 6/7c 30  0  –  0  Stop  flow

H 6/7c 70  3.9  b  4550  Propel  to  detector  (l  =  660  nm)  and  system  washing

a Time  and  respective  volume  for  the  linear  dynamic  range  0.025–0.25  mM.
b Steps  added  in  case  of  the  dynamic  range  0.025–0.25  mM.
c The  position  was  different  accordingly  with  the  detector.



         

Table  3

Summary  of  the  chemical  and  physical  parameters  studies.

Parameter  Studied  range  Selected  condition

[(NH4)6Mo7O24 .4H2O)]  (g  L−1)  8–18  16

[C4H4KO7Sb]  (g  L−1) 0.20–0.45 0.40

[H2SO4]  (M)  0.45–0.90  0.45

[C6H8O6]  (g  L−1)  10–50  20

VMolybdate  reagent (mL)  51–163  72

Vascorbic  acid (mL)  195–325  228

Vsample (mL)  488–910  780

0.40  g  L−1 of  the  antimony(III)  compound  so  these  reagent  condi­
tions  were  chosen.

The  concentration  of  sulphuric  acid  was  also  studied;  the  acid  is
required  to  ensure  that  the  pH  was  <1  in  the  final  reaction  mixture
as  well  as  to  increase  the  solubility  of  the  reagent  components.  Con­
centrations  of  0.45,  0.60  and  0.90  M  of  sulphuric  acid  were  tested.
With  a  concentration  of  0.45  M  it  was  not  possible  to  dissolve  the
reagents,  and  a  minimum  concentration  of  0.60  M  was  required
to  obtain  full  dissolution.  Higher  acid  concentrations  resulted  in  a
decrease  in  sensitivity,  so  0.60  M  of  sulphuric  acid  was  the  chosen
concentration.

The  ascorbic  acid  concentration  was  also  studied  within  the
range  10–50  g  L−1 and  the  highest  sensitivity  was  obtained  for
20  g  L−1,  so  that  was  the  concentration  chosen.  A  summary  of  all
studied  parameters  and  the  chosen  values  is  shown  in  Table  3.

3.1.3.  Linear  dynamic  range  0.25–9  �M

For  obtaining  the  maximum  sensitivity  in  this  application  range,
the  study  was  initiated  by  testing  the  influence  of  the  volume  of  the
molybdate  reagent  (sample  volume  set  to  488  mL,  within  the  range
1–4  mM).  The  tested  volumes  were:  51,  72,  98,  and  163  mL.  A  volume
of  72  mL  gave  increased  sensitivity  and  better  linearity,  and  was  the
chosen  volume.

Optimization  of  the  ascorbic  acid  volume  was  performed  within
the  range  195–325  mL.  The  volume  of  ascorbic  acid  which  provided
the  highest  sensitivity  was  228  mL,  so  this  was  the  volume  chosen.
This  result  can  be  explained  by  the  limited  overlapping  (or  mutual
dispersion)  between  the  reagent  and  sample  solutions  induced  by
the  increase  of  the  ascorbic  acid  volume  introduced  between  them.

The  sample  volume  was  studied  and  a  volume  of  780  mL  was
chosen  from  the  range  488–910  mL  as  it  gave  the  highest  sensitivity.
With  this  reassessment  of  sample  volume,  a  linear  dynamic  range
of  0.25–9.5  mM  was  obtained.

3.1.4.  Linear  dynamic  range  up  to  0.25  �M

Considering  that  some  uncontaminated  natural  waters  may
have  phosphate  concentrations  below  0.25  mM  [26],  different
approaches  were  tested  to  achieve  a  lower  limit  of  quantification.

3.1.4.1.  Effect  of  different  reagent  sequences—the  double  sample  plug.

To  obtain  a  linear  dynamic  range  of  0.05–0.25  mM  it  is  necessary  to
maximize  the  volume  of  sample  and,  at  the  same  time,  to  guaran­
tee  efficient  mixing  with  the  reagents.  To  achieve  both  conditions,
the  sample  was  introduced  as  two  plugs,  with  one  on  either  side
of  the  reagent  plugs.  A  program  sequence  including  the  double
plugs  for  both  sample  and  molybdate  reagent  was  tested.  The  order
of  aspiration  with  the  two  extra  plugs  was:  sample–molybdate
reagent–ascorbic  acid–molybdate  reagent–sample.  The  sample
volume  of  each  plug  was  set  to  about  500  mL  and  the  volumes  of
molybdate  reagent  and  ascorbic  acid  were  maintained  at  the  same
values  derived  from  the  previous  study  (Section  3.1.3).

3.1.4.2.  Effect  of  reaction  time—stop­flow.  In  order  to  further
increase  sensitivity,  an  increase  in  the  reaction  time  was  tested.
After  the  aspiration  of  all  the  plugs,  the  mixture  was  propelled
towards  the  detector  and  then  stopped  in  the  reaction  coil.  To
ensure  that  all  the  plugs  were  in  the  reaction  coil,  the  coil  length
was  set  to  270  cm,  a  value  that  was  obtained  from  previous  tests
employing  a  dye  solution.  Several  stop  times  were  tested  ranging
from  0  to  90  s  and  a  stop  time  of  30  s  was  chosen.  While  sensi­
tivity  increased  with  the  increased  stop  time,  the  linearity  of  the
calibration  curve  decreased,  so  a  30  s  stop  time  was  selected  as  a
compromise  between  sensitivity  and  linearity  of  response.

Under  the  optimized  conditions  with  the  double  sample  plug
set  up  it  was  possible  to  reach  the  detection  limit  of  0.007  mM,  and
the  quantification  limit  of  0.023  mM.

3.2.  Comparison  of  the  two  possible  detection  systems

The  conditions  obtained  from  previous  studies  (Section  3.1)  for
the  linear  dynamic  range  of  0.25–9.5  mM  phosphate  were  used
(unless  otherwise  stated)  in  order  to  compare  the  relative  merits
of  the  two  detection  cells.

3.2.1.  Schlieren  effect

In  flow  analysis,  the  phenomenon  known  as  the  schlieren  effect,
results  from  the  deflection  of  the  light  beam  (signal  refraction)
caused  by  the  created  concentration  gradient  [21]  if  the  refractive
indices  of  carrier  sample  and  reagents  are  significantly  differ­

Fig.  2.  SIA  traces  showing  a  comparison  between  the  sample  (s)  and  the  deionised  water  (w)  peaks:  (a)  with  the  MRC,  (b)  with  the  CFC;  and  comparison  of  a  partial  calibration

curves  (c)  with  the  MRC,  and  (d)  with  CFC.



         

ent.  The  interface  between  these  solutions  can  produce  optical
lenses  and  so  a  signal  resulting  of  light  deflection  is  registered,
schlieren  effect.  If  this  signal  is  concomitant  with  the  one  to  be  mea­
sured  at  the  same  wavelength  (light  absorption),  erratic  results  are
obtained,  with  more  evident  effects  at  low  analyte  concentrations.
This  problem  is  particularly  important  in  SIA  systems  because,
unlike  FIA  manifolds,  no  confluence  points  are  used  to  improve  the
mixing.  Different  strategies  were  effectively  applied  to  minimize
the  impact  of  this  phenomenon  on  the  accuracy  and  precision  of
spectrophotometric  determinations,  Dias  et  al.  suggested  the  use
of  dual  wavelength  measurement  [21]  and  McKelvie  et  al.  [27]
applied  the  matrix  matching  strategy  for  salinity  compensation.
The  MRC  was  specially  designed  by  Ellis  et  al.  [22]  to  minimize
the  schlieren  effect.  To  assess  this  capacity  under  SIA  based  flow
conditions,  sample  and  blank  were  injected  and  the  signals  (ampli­
fied  view  in  Fig.  2a  and  b)  were  compared.  The  results  presented
on  the  figure  correspond  to  the  double  plug  program  (lower  linear
dynamic  range)  as  this  particular  effect  is  more  pronounced  when
increased  numbers  of  plugs  are  injected.  SIA  peaks  were  produced
using  an  MRC  and  the  conventional  flow  cell,  and  it  can  be  observed
that,  when  using  a  CFC,  the  signals  are  much  more  prone  to  erratic
signals  close  to  the  baseline  (Fig.  2c  and  d).

These  results  indicate  that  the  SIA­MRC  can  be  used  in  matrices
with  quite  different  refraction  indices,  with  no  significant  opti­
cal  interference  in  the  main  signal.  Additionally,  the  use  of  a  MRC
contributes  to  the  miniaturization  of  the  overall  apparatus.  This
detection  system  proved  to  be  advantageous  for  the  estuarine
water  samples.

3.2.2.  Chemical  interferences

Distinctively  from  other  spectrophotometric  or  chemilumino­
metric  determinations  of  phosphate,  the  molybdenum  blue  method
is  only  subject  to  a  small  variety  of  interferences  under  flow  analysis
conditions.  Interfering  species  in  the  determination  of  phosphorous
by  the  phosphomolybdenium  blue  method  are  As(V),  Si  and  Ge  [23],
which  also  react  with  molybdate  to  form  the  corresponding  acids
which  are  reduced  to  the  respective  heteropoly  blues  by  ascorbic
acid.

Considering  that  the  proposed  method  was  directed  at  natural
waters  (estuarine,  river  and  well  waters)  the  most  likely  interfer­
ence  would  be  from  silica.  This  is  a  chemical  interference  therefore
it  was  not  expected  to  produce  different  behaviour  in  the  two  detec­
tion  system.

This  interference  was  assessed  at  phosphate  concentrations  of
0.25  mM,  with  different  amounts  of  silicate  added.  Using  the  CFC
detection  system,  there  was  no  significant  interference  up  to  a  sil­
icate  concentration  of  32.9  mM,  however  with  the  MRC  detection
system  significant  (>5%)  interference  was  found  in  the  presence  of
1.3  mM  silicate.  The  interference,  caused  by  the  formation  of  molyb­

dosilicate  heteropoly  acid  complex  at  reduced  pH  can  explain  this
effect,  which  becomes  more  pronounced  using  the  detector  cell
with  higher  sensitivity.  Estuarine  waters  are  expected  to  be  affected
by  sea  water  with  values  up  to  60  mM  of  silica  [28].  The  presence  of
tartaric  acid  has  been  reported  to  effectively  reduce  silicate  inter­
ference  [23]  so  it  was  added  to  the  molybdate  reagent.  Different
concentrations  of  tartaric  acid  were  used  (1.7,  3.2,  6.4,  7.5  g  L−1)  for
a  silicate  concentration  of  65.7  mM.  As  expected,  with  an  increase
in  the  tartaric  acid  concentration,  there  was  a  decrease  of  the  per­
centage  of  interference.  The  percentage  interference  dropped  from
18%,  with  no  tartaric  acid,  to  2%,  with  the  7.5  g  L−1 tartaric  acid.

So,  even  though  only  some  estuarine  samples  were  likely  to  have
silicate  values  up  to  60  mM  of  silica,  7.5  g  L−1 of  tartaric  acid  was
included  in  the  molybdate  reagent.  The  reason  for  adding  the  tar­
taric  acid  to  the  molybdate  reagent  instead  of  to  the  ascorbic  acid
solution  was  based  on  the  aspiration  order,  to  ensure  that  it  contacts
directly  with  the  sample.

The  possible  interference  from  nitrate  was  also  studied,  at  the
concentration  level  of  200  mM  of  nitrate,  and  resulted  in  <3%  inter­
ference  on  the  signal  of  a  0.25  mM  phosphate  standard  solution.
This  nitrate  concentration  is  about  the  maximum  found  in  these
estuarine  waters  [29].

3.2.3.  Salinity  interference

As  the  aim  of  the  developed  method  was  the  application  to  water
samples  with  a  wide  salinity  range,  i.e.:  estuarine  waters,  a  study  of
salinity  interference  was  of  high  priority.  The  salinity  interference
was  assessed  by  comparing  calibration  curves  using  standard  solu­
tions  with  different  salinity  values;  these  solutions  were  prepared
by  adding  sodium  chloride  to  the  standards.  The  salinity  values
were  adjusted  to  an  intermediate  and  a  maximum  level  of  salin­
ity  in  estuarine  waters,  of  9‰  and  19‰,  respectively  [30],  although
it  is  recognised  that  salinities  at  35‰  can  be  found  in  estuaries  at  the
seaward  extent,  being  also  dependent  on  the  tidal  river  flow  con­
ditions.  The  calibration  curve  with  pure  standards  was  compared
to  the  calibration  curve  with  standards  with  adjusted  salinities.
The  estimated  slopes  of  the  curves  were  assessed  at  the  confidence
intervals  at  95%.  The  quality  of  the  regression  was  tested  by  resid­
ual  analysis  (i.e.  randomness  and  normality)  and  by  the  coefficient
of  determination  (i.e.  R2,  which  was  above  0.981  in  all  cases).  For
the  CFC  there  is  only  overlapping  of  the  limits  while  for  the  MRC
there  is  an  almost  perfect  overlapping  of  the  entire  interval.  So
the  salinity  affects  more  the  spectrophotometric  detection  with  the
conventional  cell  (Fig.  S1  in  Electronic  Supporting  Information).

3.3.  Features  of  the  developed  SIA  method

A  summary  of  the  main  analytical  features:  the  dynamic  concen­
tration  ranges  for  the  typical  calibration  curves,  limits  of  detection

Table  4

Features  of  the  developed  SIA  method  with  both  detection  systems.

Detection  system  Linear  dynamic

range  (mM)

Calibration  curvea LOD  (mM)  LOQ  (mM)  RSD  (%)b Determination

rate  (h−1)

Effluent

volume

(mL)

Spectrophotometer

and  conventional

flow  cell

0.30–9.50  A  =  0.0869

(±0.0035)

[PO4
3−]  −  0.039

(±0.025);

R2 =  0.999  (±0.001)

0.089  0.297  0.6%

(2.47  ±  0.02)

0.6%

(7.33  ±  0.04)

37  4.6

Multi­reflective

flow  cell

0.25–7.10  Hc =  15.2  (±0.5)

[PO4
3−]  +  2.6

(±1.4);  R2 =  0.998

(±0.001)

0.066  0.219  1.3%

(2.92  ±  0.04)

0.2%

(7.04  ±  0.01)

37  4.6

a Values  in  brackets  correspond  to  the  standard  deviation,  n  =  5,  of  the  equation  parameters  (inter  day  precision).
b Values  in  brackets  correspond  to  the  concentration  and  the  standard  deviation,  n  =  10  (intra  day  precision).
c Peak  height  (mm).



         

(LOD)  and  quantification  (LOQ),  repeatability  (RSD),  determina­
tion  rate  and  effluent  production,  for  the  two  detection  systems,
is  shown  in  Table  4.

The  typical  calibration  curves  correspond  to  a  mean  of  four  cal­
ibration  curves  with  the  standard  errors  between  brackets.  The
LOD  and  LOQ  of  both  linear  dynamic  ranges  were  calculated  as  the
concentration  corresponding  to  three  and  ten  times  the  standard
deviation  of  the  blank,  respectively,  according  to  IUPAC  recommen­
dation  [31,32].

The  repeatability  was  assessed  by  calculation  of  the  relative
standard  deviation  (RSD)  obtained  by  the  mean  of  ten  consecutive
injections  of  an  estuarine  water  sample  [31].

The  determination  rate  was  calculated  based  on  the  time  spent
per  cycle.  A  complete  analytical  cycle  must  take  into  account  not
only  the  sum  of  times  in  the  protocol  sequence  but  also  the  time
required  to  change  the  valve  position  and  to  activate  the  pump.  The
analytical  cycle  took  2.6  min  for  the  double  plug  method  (lower  lin­
ear  dynamic  range)  and  1.6  min  for  the  single  plug  method  (higher
linear  dynamic  range).

The  most  significant  conclusion  that  can  be  drawn  from  the
observations  in  Table  4  is  that  lower  detection  and  quantifica­
tion  limits  are  obtained  with  the  multi­reflective  cell.  This  may  be
attributed  to  the  higher  blank  value  and  an  increase  in  the  blank
variability  obtained  when  using  the  spectrophotometer  equipped
with  the  commercial  flow  cell  (Fig.  2).  The  detection  limit  can  be
further  decreased  if  needed  with  the  multi­reflective  cell  and  using
the  double  sample  plug  strategy  presented  Section  3.1.4.

The  reagent  consumption  values  for  the  single  plug  method  val­
ues  were:  1.52  mg  of  ammonium  heptamolybdate­tetra­hydrate;
28.8  mg  of  potassium  antimony(III)  oxide  tartrate  hemi­hydrate;
0.54  mg  tartaric  acid;  4.24  mg  sulphuric  acid  and  4.56  mg  ascorbic
acid.

3.4.  Application  to  water  samples

The  developed  SI  method  was  used  for  the  analysis  of  a  variety
of  natural  waters,  with  different  sources  and  characteristics,  and
the  results  were  compared  to  the  ones  obtained  by  the  reference
procedure.

3.4.1.  Phosphate  determination  in  natural  waters

The  estuarine  and  river  water  samples  were  collected  in  differ­
ent  locations  of  the  Ave  river,  as  mentioned  in  Section  2.2.  Some  of
those  samples  were  considered  estuarine  waters  due  to  their  prox­
imity  to  the  river  mouth;  one  was  considered  river  water  due  to  the

distance  to  the  sea.  Therefore  the  salinity  values  were  significantly
different  ranging  from  0.4‰  to  7.2‰.

Some  well  and  ground  waters  were  also  analysed  and  their
salinity  values  were  negligible  and  were  not  listed.  The  values  are
reported  in  Table  5  as  mean  with  the  standard  deviation  (three
replicate  determinations  for  each  sample).

The  F  test  indicates  that  the  variance  detected  in  the  reference
method  in  most  cases  is  greater  than  the  one  from  the  proposed
methods.  Therefore,  unequal  variances  were  considered  [33]  in
the  t­test  for  the  comparison  of  the  means.  Calculated  |t|  values
in  Table  S1  (ESI)  for  the  two  detection  systems  indicate  that  the
results  obtained  using  the  MRC  based  SIA  system  showed  a  better
overall  agreement  with  the  reference  method.

To  evaluate  accuracy,  a  linear  relationship  between  the  results
obtained  with  the  reference  procedure  and  each  one  of  the
two  possible  detection  systems,  CFC  and  MRC,  was  established
(Fig.  S2  in  the  Electronic  Supporting  Information).  The  regression
of  CCFC (mM)  vs  CRef.  Met. (mM)  resulted  in  the  linear  equation:
CCFC =  0.930  (±0.196)  ×  CRef.  Met. −  0.004  (±1.199),  R  =  0.953.  The  lin­
ear  relationship  between  CMRC (mM)  and  CRef.  Met. (mM)  resulted
in  the  equation:  CMRC =  0.966  (±0.133)  ×  CRef.  Met. +  0.185  (±0.811),
R  =  0.979.  The  values  in  parenthesis  represent  the  95%  confidence
limits.  In  both  cases  the  figures  show  that  the  estimated  slope  and
intercept  do  not  differ  statistically  from  values  1  and  0,  respectively.
Therefore,  no  evidence  of  systematic  differences  can  be  pointed  out
between  the  two  sets  of  results  [33].

3.4.2.  Recovery  studies  for  several  different  types  of  water

samples

To  further  assess  the  efficacy  of  the  developed  system,  recov­
ery  studies  were  performed  on  water  samples  previously  collected
from  other  estuaries  in  the  north  of  Portugal  (Section  2.2)  and  stored
frozen.

Samples  were  spiked  with  volumes  of  100  mL,  120  mL,  150  mL
and  160  mL  of  phosphate  standard  solution  (595  mM)  were  added
to  10  or  20  mL  of  sample.  The  calculation  of  the  recovery  percent­
age  was  made  according  to  IUPAC  [34].  The  analysis  was  carried
out  using  both  detection  systems  (Table  S1  in  Electronic  Support­
ing  Information).

The  SIA  methodology  provided  recovery  ratios  with  an  average
of  98%  (standard  deviation  6.1%)  and  100%  (standard  deviation  5.5%)
for  the  CFC  and  MRC,  respectively.  A  statistical  test  (t­test)  showed
that  for  a  95%  significance  level  the  recovery  values  did  not  differ
from  100%  as  the  calculated  t­values  were  1.639  and  0.096  with
correspondent  critical  values  2.475  and  2.445  for  the  CFC  and  MRC,

Table  5

Application  of  the  developed  sequential  injection  method  with  the  two  possible  detections,  the  conventional  flow  cell  with  the  spectrophotometer  (SIA­CFC)  and  the  multi­

reflective  cell  (SIA­MRC)  to  the  phosphate  determination  in  different  water  samples  and  comparison  with  the  reference  procedure  (Ref.  Met.);  SD,  standard  deviation  from

3  replicas,  RD  relative  deviation.

Sample  type  Sample  ID  Salinity  (‰)  Ref.  Met.  SIA­CFC  SIA­MRC

[PO4
3−]  ±  SD  (mM)  [PO4

3−]  ±  SD  (mM)  RD  (%)  [PO4
3−]  ±  SD  (mM)  RD  (%)

Estuarine  water  (Ave  river)  A1  5.9  6.94  ±  0.14  5.93  ±  0.05  −14.6  6.72  ±  0.02  −3.2

A2  1.2  6.13  ±  0.28  5.87  ±  0.03  −4.2  6.16  ±  0.01  0.5

A3  0.1  6.53  ±  0.01  6.34  ±  0.05  −2.9  6.35  ±  0.01  −2.8

A4  7.2  4.75  ±  0.14  3.82  ±  0.02  −19.5  4.71  ±  0.03  −0.7

A5  0.8  5.89  ±  0.14  5.60  ±  0.03  −4.9  5.86  ±  0.02  −0.5

A6  0.1  6.54  ±  0.24  6.31  ±  0.05  −3.5  6.32  ±  0.01  −3.3

A7 6.5  7.84  ±  0.14  7.40  ±  0.05  −5.6  8.05  ±  0.01  2.7

A8  1.1  5.40  ±  0.14  5.59  ±  0.01  3.5  5.75  ±  0.02  6.6

A9  0.5  6.94  ±  0.14  6.82  ±  0.04  −1.8  7.40  ±  0.01  6.6

Ground  water G1  –  3.53  ±  0.01  3.36  ±  0.06  −4.8  3.54  ±  0.03  0.3

G2 –  8.41  ±  0.14  7.30  ±  0.03  −13.2  7.88  ±  0.01  −6.2

Well  water W0  –  4.23  ±  0.15  4.35  ±  0.04  2.9  4.58  ±  0.01  8.3

River  water R0  0.4  4.10  ±  0.01  3.05  ±  0.02  −25.6  3.68  ±  0.01  −10.3



         

respectively,  thus  indicating  the  absence  of  multiplicative  matrix
interference  [33].

4.  Conclusions

The  developed  method  enabled  the  evaluation  of  two  alterna­
tive  detection  cells  under  the  same  experimental  conditions,  and
resulted  in  a  SIA  procedure  for  phosphate  determination  applicable
to  different  types  of  water  with  high  salinity  and  large  matrix  vari­
ability.  The  use  of  a  sequential  injection  technique,  to  fully  explore
its  versatility,  proved  to  be  a  suitable  choice.  The  approach  of  using
two  protocol  sequences,  resulting  in  two  linear  dynamic  ranges,
can  be  applied  to  samples  with  trace  concentration  of  the  analyte.

In  comparing  the  two  detection  systems,  the  multi­reflective
flow  cell  proved  to  be  better  for  lower  phosphate  concentrations
with  an  achievable  detection  limit  of  0.007  mM.

With  respect  to  the  possible  interferences  of  silicate,  the  inter­
ference  was  effectively  minimized,  in­line,  by  adding  tartaric
acid  to  the  molybdenum  reagent.  The  percentage  interference,
observed  for  68  mM  of  silicate,  decreased  from  18%  to  2%  as  a
result.

When  compared  to  previously  described  procedures  based  on
the  same  principles  (Table  1),  the  most  significant  advantage  of  the
work  described  is  the  use  of  a  single  manifold  for  the  determination
of  phosphate  in  different  matrices  (well,  estuarine,  river,  and  sea
waters).  The  achievable  detection  limit  compares  favourably  to  the
previously  published  SI  alternatives  (Table  1)  without  the  need  for
a  pre­concentration  procedure.  The  analysed  water  samples  were
compared  to  a  reference  procedure  and  proved  the  accuracy  of  the
developed  method  for  both  detection  systems.
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[16]  J.  Růžička,  Analyst  125  (2000)  1053–1060.
[17] J.F.  van  Staden,  R.E.  Taljaard,  Mikrochim.  Acta  128  (1998)  223–228.
[18]  F.  Mas­Torres,  A.  Cladera,  J.M.  Estela,  V.  Cerdà,  Analyst  123  (1998)  1541–1546.
[19]  F.  Mas­Torres,  A.  Munõz,  J.M.  Estela,  V.  Cerdà,  Analyst  122  (1997)  1033–1038.
[20]  A.  Munõz,  F.  Mas­Torres,  J.M.  Estela,  V.  Cerdà,  Anal.  Chim.  Acta  350  (1997)

21–29.
[21]  A.C.B.  Dias,  E.P.  Borges,  E.A.G.  Zagatto,  P.J.  Worsfold,  Talanta  68  (2006)

1076–1082.
[22]  P.S.  Ellis,  A.J.  Lyddy­Meaney,  P.J.  Worsfold,  I.D.  McKelvie,  Anal.  Chim.  Acta  499

(2003)  81–89.
[23]  Z.  Marczenko,  M.  Balcerzak,  Separation  Preconcentration  and  Spectrophotom­

etry  in  Inorganic  Analysis.  Chapter  37.  Phosphorus,  Elsevier,  Amsterdam,  2000,
pp.  326–333.

[24] P.J.  Worsfold,  L.J.  Gimbert,  U.  Mankasingh,  O.N.  Omaka,  G.  Hanrahan,  P.C.F.C.
Gardolinski,  P.M.  Haygarth,  B.L.  Turner,  M.J.  Keith­Roach,  I.D.  McKelvie,  Talanta
66  (2005)  273–293.

[25]  APHA­AWWA­WPCF,  Standard  Methods  for  the  Examination  of  Water  and
Wastewater,  20th  ed.,  American  Public  Health  Association,  Washington,  DC,
1998  (4500­P).

[26]  M.  Yaqoob,  A.  Nabi,  P.J.  Worsfold,  Anal.  Chim.  Acta  510  (2004)  213–218.
[27]  I.D.  McKelvie,  D.M.W.  Peat,  G.P.  Matthews,  P.J.  Worsfold,  Anal.  Chim.  Acta  351

(1997)  265–271.
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