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A b s t r a c t

T h e  developm ent of a m iniaturised m icrofluidic instrum ent for monitoring 

phosphoru s in natural w aters from the optim isation of the chem istry through to the 

fabrication of the m icrofluidic m anifold in polym eric m aterials is presented. T h e  

research  initially w as con cern ed  with optim ising the yellow  colorim etric m ethod for 

a phosphate determ ination and its transferral to a  S i-etched m icrofluidic chip  

configuration. T h is  sim ple m ethod em ploys on e  reagent m ixed in a  1:1 ratio with 

an orthophosphate-contain ing sam ple  to p roduce a  yellow  co lour absorbing  

strongly below  400nm .

A  stopped flow app roach  is used  w hich, together with the very rapid kinetics and  

sim ple reagent stream , en ab les  a  very uncom plicated  m icrofluidic m anifold design  

to be  adopted. T h e  working w avelength w a s 380nm , w hich co incided  with the 

p eak  output of a  recently developed  U V -L E D  narrow  bandwidth light source. T h e  

limit of detection for the yellow  m ethod is 0 .2  m gL '1 P O ^  - P  with a linear range  

from 0 - 5 0  m gL*1 P O 43“ - P  possib le. T h e  reaction time at room  tem perature is less  

than 3 m inutes, w hich m ean s up to 20  sa m p le s / hour can  be  analysed.

T h e  next stage in the research  involved applying the results obtained in the Si- 

etched  m icrofluidic ch ips to the design and fabrication of a  m icrofluidic m anifold in 

p olym er m aterials. C h ip s  w ere m ad e  by a com bination of m icrofabrication  

techn iques including a  C 0 2 laser ablation, hot em bossin g  and micromilling. 

Transferring the technology to a polym eric platform required a w hole new  set of 

experim ents to be  undertaken. T h e  key issu e s  a dd ressed  w ere multiple layer 

alignm ent, optical detection, bonding o f polym eric materials; the provision of leak- 

free fluidic interconnects to external tubing and reproducible analytical 

m easurem ents.



I n t r o d u c t i o n

Ph osph o ru s is essential for plant an d  anim al sp e c ie s  in natural waters. It is 

typically present in the form of phosphate, of w hich th e  inorganic orthophosphate  

form is the m ost stable state. P h osph ate  concentrations are predom inantly  

in fluenced by hum an interference and  this type of over-enrichm ent is com m only  

referred to a s  cultural Eutrophication.

Spectrophotom etric m ethods b a se d  on  colorim etric detection have been widely 

applied  to the determ ination o f orthophosphate. T h e re  are  two b a s ic  procedural 

step s to con sid er w hen w ater sa m p le s are  being an a lysed  for phosphorus, the 

con version  of the target phosphoru s to d isso lved  orthophosphate and the 

colorim etric detection o f the d isso lved  orthophosphate fraction. T h e  vast majority 

of m ethods em ploy the m olybdenum  blue m ethod, w hich is ideal for visual 

titrations, b e ca u se  of the deep  blue co loured  com plex  form ed. It is a lso  suitable for 

colorim etric m easurem en ts b a se d  on conventional tungsten filament sou rces  

b e ca u se  the m olybdenum  blue com plex  ab sorb s in the 650  - 700 nm region o f the 

visib le spectrum .

T h e re  are  m any exam p les of F low  Injection A n a lys is  (FIA) for the determination of 

phosphates. T h e s e  typically involve the m olybdenum  blue m ethod, and  with these  

m acro-bench  system s, the app roach  w orks well. H ow ever the transfer of this 

m ethod to a  m iniaturised, fie ld-deployable system  is difficult for several reasons. 

Firstly a sco rb ic  acid  h a s  limited stability, and  therefore limits the overall lifetime of 

the reagent cocktail u sed  and secon d ly  the generation of the blue colour is 

accom p an ied  by the form ation of a  fine precipitate, w hich w ould rapidly b lock the 

sm all d im ension s of the m icrofluidic ch anne ls. T h e  blue com plex  form ed can  a lso  

be problem atic due to its ten dency to coat the inner w alls of the vesse l through  

w hich it is pum ped. C le a rly  therefore, the blue m ethod can not m eet the key target 

requirem ent of o n e-year autonom ous functioning for future m iniaturised  

environm ental monitoring instrum ents.

A n  alternative app roach  known a s  the 'yellow' or van adom olybdophosph oric  acid  

m ethod h a s  beco m e a  m ore viab le  option. T h is  colorim etric technique involves the
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form ation of a  yellow  coloured  heteropoly acid, van adom olybdophosph oric acid, 

w hereby am m onium  m olybdate, (NH4)6Mo7024-7H20 is reacted with am m onium  

m etavanadate, N H 4V 0 3 under acid ic  conditions. T h e  com bined reagent and  

sa m p le  containing orthophosphate react to form  the (N H 4)3P 04N H 4\/0 3 .16M o 03 

com plex, resulting in a  distinct yellow  colour arising from strong ab sorb an ce  below  

400 nm. T h e  reagent is very stable an d  no precipitation o ccu rs  during the reaction 

or in storage. B atch es of this reagent have b een  used  continuously in our 

laboratory for o ver one  y e a r with no  significant loss in perform ance.

Lam in ar flow dom inates in m icrofluidic channels, and  while reagent / sam ple  mixing 

can  be  ach ieved  through incorporation o f custom ised  mixing cham bers, a  stopped- 

flow approach  h as b een  adopted  to take advantage o f the rapid diffusion occurring  

in narrow  ch an n e ls and  to keep  the m icrofluidic m anifold a s  sim ple a s  possib le. 

Through  miniaturisation, flow -rates can  be vastly reduced com pared  to 

conventional FIA system s. F o r exam ple , at a  flow rate o f 1 / min the reagent

consum ption is le ss  than 500 m L / y e a r for continuous operation.

T h e  goal of the research  w as to produce d e v ice s  cap ab le  of functioning  

autonom ously  in the field for o ver o n e  year that generate  minimum  w aste and  

require minimal m aintenance (12 m onths m aintenance-free) due to low-powered  

operation and excellent reagent stability. If th ese  m icrosystem s are configured to 

w ork in a “sleep  m od e” (1 m easurem en t / day), reagent consum ption (10 jj.L / 

m easurem ent) will be dram atically reduced (less 10 m L  / year). T h e  project’s  long

term goal w as to develop  a rem ote, autonom ous device , which could be  positioned  

on any w ater body (river, lake, w astew ater facility, agricultural site etc.) and would  

be autom ated to carry out periodic analyses. T h e  analytical data would then be 

retrieved and transm itted to a  w eb-b ased  program  via G S M -com m un ications. T h e  

distribution and u se  of w ire less sen sin g  d e v ice s  w ould allow rapid detection and  

location of pollution, with co n seq u en t m iniaturisation o f a ssoc ia ted  d am ag e to the 

environm ent and identification of offenders. T h e  ability to dynam ically track trends 

w ould facilitate both early w arning o f em erging p rob lem s on a  longer sca le  and  the 

effect of rem edial strategies.

In order to a ch ieve  this the prototype system  m ust be sm all, environm entally  

com patible, robust, in expen sive  to own and operate, and  cap ab le  of providing

xiv



reliable analytical information o v e r extended periods o f auton om ous operation. A t  

p resen t a  num ber of the key is s u e s  in realising the project g oa l have  been  

a ch ieved  and a re  presented  in this thesis including the optim isation o f the yellow  

m ethod chem istry, the im plem entation of the yellow  m ethod in an  integrated 

m icrofluidic manifold, the ana lys is of real sa m p le s  and the design  and  fabrication of 

a new  polym eric m icrofluidic m anifold with two m icrofabrication techniques, C 0 2 

la se r ablation and hot em bossin g .
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1 .1  P h o s p h a t e s

P h osph o ru s is one  of the m ost b a sic  nutrients required by all o rgan ism s to exist. 

Naturally occurring phosphorus is rare, can  only found in certain rocks, soils and  

organic material, and am ounts to about only 0.12 % in the lithosphere. It readily 

form s bonds with organic matter and soil particles, which accou nts for why there 

are low concentrations naturally occurring. H ow ever it is it’s extensive inclusion in 

fertilisers, and other chem ica ls from  hum an activity, w hich c a u se  the problem s.

Sm all am ounts of phosphorus are  found in m any so u rce s  and are a necessity for 

several different p ro cesses. In the hum an body it is vital for m uscle  contraction 

and bone formation, which involves the building of a tricalcium phosphate com plex. 

In agriculture, com m on fertilisers contain calcium  dihydrogen phosphate, 

C a (H 2P 0 4)2.

P h osph o ru s is essential for aquatic life playing a pivotal role in growth developm ent 

in natural w aters [1]. P h osph o ru s exists in a particulate or d issolved  form. T h e  

d issolved  matter is of both the organ ic and inorganic variety [2]. Ph osph orus (P), 

in w ater and / or wastew ater, is typically present in the form of a  phosphate ( P 0 43'), 

which can  be divided into three m ajor categories, the orthophosphates, the 

co n d e n se d  phosphates (pyro-, meta-, poly-), and the organic phosphorus  

co m po u n d s (see T a b le  1-1). W h e n  natural conditions apply to any w ater body, 

phosphate concentrations, ca lcu lated  as hydrogen phosphate ions, are alm ost 

alw ays less  than 0.1 m g L '1. H ow ever m ost w ater bod ies are affected by hum an  

interference. W h erever ph osph oru s is the growth-limiting nutrient in the water 

body, it is usually a com bination o f raw or untreated wastew ater, agricultural runoff 

and / or industrial waste, which stim ulate the growth of m icroorganism s in e x cess  

quantities, which ultimately leads to the p ro cess known as Eutrophication. T h e  

im portance of m easuring  ph osph oru s levels in aquatic bod ies relates to the role 

p hosphoru s h as in Eutrophication, and photosynthetic and decom position  

p ro cesses.
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Table 1-1 Phosphorus forms typically found in water/wastewater
C au se Com pound Form ula

Hard Water Treatment Hexametaphosphate 

Commercial Plasticiser Triphenyl Phosphate 

Additive in Petrol Tricresyl Phosphate

Scale Preventative Hydroxyapatite

Fertiliser Superphosphate Ca(H2P 0 4)2 

3Ca8(P0 4).Ca(0H )2 

Na6P60 181 (N aP03)6

(C6H5)3P 0 4

(Cresyl)3P 0 4

Pesticides Parathion, Malathion, Ethion, Thimet Organophosphates

Eutrophication is a p ro cess rapidly acce lerated  by hum an activity causing  

e x ce ss iv e  growth of nutrients in lakes, rivers or other w ater bodies. Shallow  lakes 

or rivers with very slow  flow are the m ost susceptib le  to Eutrophication. This  

growth d epen d s upon the am ount of phosphorus and nitrate available. T h e  

outcom e is that huge quantities of a lg ae  and aquatic plants grow, then die and are 

su bsequen tly  d e co m p o se d  by bacteria, which in turn exhausts the d issolved  

oxygen supp ly  in the water, causing  large sc a le  fish kills. S cu m  lying on the water 

su rface  and the stench of d ecom p osin g  algae, i.e. hydrogen su lphide gas, indicate 

that the body of w ater is in an advan ced  stage of Eutrophication.

P h osph ate  concentrations are in fluenced predom inantly by hum an interference. 

W astew ater effluent, in the form of body w aste and food residues, contributes 

strongly to levels of phosphate present in surface w aters. Detergents, fertilisers, 

anim al waste, industrial d ischarge and potable w ater treatm ent a lso  extensively 

prom ote an in crease  in phosphate  concentration [3].

If an e x ce ss  of orthophosphate is present, rapid algal growth leads to so-called  

“b lo o m s”, which re lease  toxic fu m es into the environm ent [4]. W h e n  a lgae die 

bacteria system atically d e co m p o se  them, which sequentially exhausts all oxygen  

reserves. W ith deficient oxygen supp ly  life cannot be sustained and large fish kills 

transpire. T h is  overkill enrichm ent of w ater with nutrients can  be exclusively  

attributed to hum an intrusion, and  is according ly referred to as  cultural 

Eutrophication, w hich h as been  the ca s e  in recent years in Ireland w here water 

pollution has b eco m e a m ajor ca u se  for concern  [5-9].

3



1.1.1 Sampling and Storage of Orthophosphate-containing 
samples

Sampling Preparation

T h e  sim plest form of sam pling is filtration, w hereby the w ater sam ple  containing  

the target analyte is filtered through a m em brane filter of specific  pore size. T h e  

ch o ice  of filter is b ased  on the purity of the sam ple  required, the s ize  of the 

particulate matter and the d im ension s of the tubing / ch annels  the sam ple is 

introduced into. Filtration through a 0 .45 |im pore diam eter m em brane filter 

sep arates d issolved  from  su sp e n d e d  form s of phosphorus. T h is  is a convenient 

and reproducible m ethod of m aking a g ro ss distinction betw een d issolved  and  

su sp en d ed  particulate. M em b rane is preferred to depth filtration b ecau se  it 

consistently sep a ra tes particulate m atter b ased  on size. Pre-filtration through a 

g la ss  fibre filter can  be undertaken, although it is not strictly necessary .

Types of storage

W h en  w ater sam ples are stored num erous p ro ce sse s  can o ccu r that greatly affect 

the com position of the phosphoru s fraction therein. Ideally sa m p le s should be 

ana lysed  directly after collection to m inim ise ch an g es in phosphorus  

concentrations over time. H ow ever there are five or six key factors that determ ine  

how effective a storage technique is. T h e s e  include filtration, sam ple  com position, 

m aterial com position and pre-treatm ent of container, light sensitivity, storage  

tem perature and duration of storage.

W h eth er a sam ple  is filtered or not is significant in term s of how long a sam ple can  

then be stored before p hosphoru s concentration b e co m e s unstable or is affected  

by biological activity in the sam ple. W h en  m easuring reactive phosphorus water 

sa m p le s need to be filtered through 0.45 (im filter paper im m ediately upon  

collection to avoid e x ch an ge  of particles in the storage container. Filtration is 

carried out to rem ove bacteria, plankton and su sp en d ed  solid, w hich can affect 

nutrient concentrations, but colloidal particulate matter can  still affect the nutrient 

balance. It has been reported in the literature that there is a significant loss of

4
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phosphoru s concentration, if sa m p le s are  stored unfiltered. Filtration elim inates 

particles that can absorb  phosphorus, and  bacteria that utilise phosphoru s to leach  

onto g la ss  su rfaces [10-11].

T h e  type of sam ple  to be an a lysed  can  have m any different chem ica l and  

biological com positions. Th ere  are severa l main types of sam ple  including 

seaw ater, freshw ater, groundw ater, estuarine, potable and wastewater. T h e  

acidity (or pH) of the sam ple  in fluences the type of phosphorus com plexes that can  

form. P h osph oru s has a habit of adsorb ing  onto container walls due to bacterial 

p ro cesses, so  the ch o ice  of storage v e sse l is critical; m ore specifically the material 

from which the ve sse l is co m po sed  of and  any pre-treatm ent the material is 

subjected to. S o m e  typical m aterials u sed  are  g lass, polyethylene, polypropylene  

and polycarbonate and  the m ost com m on pre-treatm ents involve w ashing the 

storage ve sse l with either deion ised  w ater or dilute acid followed by rinsing in 

deion ised  water. A ll containers ab sorb  a quantity o f phosphorus. Plastic  

containers rinsed in dilute acid have show n less adsorption [11]. S a m p le s  stored 

in the dark, at either room  tem perature or under refrigeration, have limited algal 

growth. Photosynthesis, which a lso  d e c re a s e s  the phosphorus concentration in a 

sam ple, is im peded in the dark [3].

1 .2  D e t e r m i n a t i o n  o f  P h o s p h o r u s

T h e re  are a variety of analytical m ethods for the determ ination of phosphate, som e  

of w hich are show n in T a b le  1-2.

Table 1-2 Popular Techniques employed in Phosphorus Analysis
Tech n iq u e__________________ ________Method______________________

Spectrophotometric Atomic Emission, Colorimetry, Fluorescence 

Electrochemical Potentiometry, Enzyme Electrode, Voltammetry

Separation_________ Ion Chromatography, Capillary Electrophoresis, HPLC

Spectrophotom etric m ethods b ased  on colorim etric chem istry are possib ly the 

easiest and  m ost frequently used  analytical m ethods in a chem ica l laboratory.
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Th ere  are two general procedural steps w hen considering  the spectrophotom etric  

analysis of phosphorus:

1. T h e  conversion of the target p hosphoru s form  to d issolved  orthophosphate.

2. T h e  colorim etric detection of d isso lved  orthophosphate [12],

Th ere  are num erous colorim etric m ethods reported in the literature, including the 

heteropoly blue, stannous chloride, ascorb ic  acid, m alachite green  and the 

van adom olybdophosph oric  acid m ethod. T h e  m ost com m on of th ese  is based  on 

the form ation of 12-m olybdophosphoric acid  from  phosphate and m olybdate in acid  

solution and su b seq u en t reduction to a heteropoly blue com pound, often referred 

to as  m olybdenum  blue as show n in Equation  1-5 [13-14],

PO\- + \2{Mo02i)+ 2 1 H + -> H3P04(Mo0 3)u + 12H 20

H^PO^ (MoOi )12 — Asc°rbic Acid > phosphmQiybrfgnum ^lue Equation 1-1

T h e  reduction product above ab so rb s in the w avelength region of 650-700nm  and  

is known as "m olybdenum  blue". A ls o  there is a "heterpoly blue" product absorbing  

in the 820-830nm  region, both of w hich w ere co ined  by Boltz and M ellon [15]. Th is  

m ethod is recom m ended  for phosphate an a lys is  in w ater sam ples b e ca u se  it is 

selective, detecting phosphate in the low concentration region of 0.01-10 m gL '1, 

with a m inim um  detectable concentration of 0.01 m gL '1 phosphorus [16], Th ere  

are at least five other colorim etric m ethods of determ ination involving, 2-amino-4- 

chlorobenzenethio l, chloranilate and carm in ic acid.

M any spectrophotom etric techn iques are m erely variations on the blue m ethod  

them e, utilising a d iverse  group of reducing reagents, ranging from ascorb ic  acid  

and potassium  antim onyl tartrate [17], to stannou s chloride and glycerol [18], all 

producing the sa m e  intense blue co lour detectable at either 650nm  or 800nm . 

B e ca u se  all th ese  reagents are em ployed  in the reduction step of the colorimetric 

reaction they are not stable in solution for long periods of time.

A noth er consideration is the im plem entation of a com pletely alternative technique. 

A  wide variety of techn iques and m ethods are described  in the literature, but 

several stand out as  being of particular re levance  to this study. Determ inations



b ased  on Flow  Injection A n a lysis  (FIA) are of prim e im portance considering the 

integrated m icrofluidic device  design. A  thorough account of FI techn iques and  

applicability to m icro d ev ices is given in S ection  1.2.2.

O ther techn iques of secon d ary  interest are chrom atographic and  electrochem ical 

approach es. By im plem enting a chrom atographic m ethod orthophosphate can be  

separated  according  to its relative affinity for a m obile and / or stationary phase. 

Ion C hrom atography (IC) is m ost com m only used, but can be slow  and relatively 

insensitive. O ften trace enrichm ent techn iques are required for the detection of low  

levels of phosphate  [19]. Capillary E lectroph oresis  (C E ) offers quick separations at 

the e x p en se  of sensitive m easurem ent; how ever in recent years high ionic strength 

m atrices have proved su ccessfu l in lowering the limit of detection of C E  system s by 

introducing on-capillary pre-concentration [20].

Electrochem ically , a  num ber of potentiom etric m ethods have been cited in the 

literature. T h e s e  involve direct m easurem en ts using phosphate electrodes and  

indirect via lead, ca lcium , or cadm ium  ion selective  e lectrodes (IS E ’s), although 

lack of sensitivity in the form er and poor selectivity in the latter greatly underm ine  

the techn iques [21]. Am perom etric techn iques involve either m easuring  

orthophosphate a s  phosphom olybdate or using en zym e electrodes, w hereby  

orthophosphate generates H 20 2, which is then, m easured  am perom etrically, 

resulting in both high specificity and good  sensitivity [22].

T h ere  are severa l other techn iques worth m entioning that are currently under

utilised or being deve loped  including enzym atic and X -ray flu orescence  ion pair 

and radioactivation ana lys is [23].

1.2.1 Colorimetric Detection 

VanadomolvbdoDhosphoric Acid (Yellow) Method

A n  alternative m ethod, in preference over the m olybdenum  blue m ethod, is the 

standard yellow  m ethod (vanadom olybdophosphoric acid method). Th is  

colorim etric techn ique involves the form ation of a  heteropoly com plex, the yellow
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van adom olybdophosph oric  acid, w hereby am m onium  molybdate, 

(NH4)6M o 7024.7H20  is reacted with am m onium  m etavanadate N H 4V 0 3, under 

acid ic conditions [24], T h e  reagent form ed and a sam ple  containing  

orthophosphate react to form the above-m entioned heteropoly acid, 

(N H 4)3P 04N H 4V 0 3 .16M o 0 3 , resulting in a distinct yellow colour. Th e  

orthophosphate concentration is directly proportional to the co lour intensity of the 

yellow  com plex  created.

T h e  Beer-Lam bert law is an em pirical expression, which relates to the variation in 

the intensity of light a s  it p a s se s  through an absorbing m edium , and is written as:

log  y -  = A(=  e c I Equation 1-2

w here l0 is the incident intensity, I is the intensity after p a ssa g e  through a sam ple  of 

length / [cm], and c  [mol L '1] is the m olar concentration o f an absorbing sam ple. 

T h e  m olar absorption coefficient is denoted by the sym bol, s [cm '1 m ol'1 L] and  

refers to the sam ple  at the frequency of the incident light. T h e  ab sorb an ce  of a 

sam ple  is represented  by the d im en sion less quantity, A.

1.2.2 Flow Injection Analysis

Flow  injection ana lys is (FIA) is a techn ique involving the injection of a liquid sam ple  

into a m oving non -segm en ted  flowing carrier stream  [25]. T h e  sam ple  zon e  or 

plug, a s  it p a s se s  through a coil, d isp erses on-route to a detector. Ruzicka  

d eve loped  the first FIA  system  and described  it in its sim plest form to consist of 

four m ajor com ponents, a  pum p, an injection port, a mixing coil and a flow-through 

detector. T h e  pum ping unit drives the flow through the system . T h e  sm all, well- 

defined aliquot of a liquid sam ple  is injected into a carrier stream  at an injection 

port. T h e  sam ple  plug then d isp e rse s  in the carrier stream  as it p a s se s  through a 

mixing coil, of sp ecific  d im ensions, depending  on the sp e e d  of the reaction of the 

sam ple  in the carrier stream . A s  the reaction rea ch es com pletion the d ispersed  

sam ple  plug arrives at the flow-through detector, w here it is analysed. T h e  data 

from the detector is usually in the form of a sharp  peak  w here the height is directly 

proportional to the concentration of the analyte.
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Figure 1-1 Schematic of a simple FI A system and recorded sample plug

N ow adays FIA is a s  well estab lished  a s  a spectrom etric or titrimetric determination. 

In Figure 1-1 the sim ple  FIA  system  is represented schem atica lly  and the expected  

recorded signal is given, w here R, is reagent stream , P  is pum p, S  is sam ple, D  is 

detector, W  is w aste, T  is tim e and H is peak height [25],

In short, FIA  is a very reproducible technique, which is relatively sim ple, thus 

facilitating high sam ple  throughput and e a sy  adaptability to automation. FIA has  

been frequently applied to the determ ination of phosphoru s and techniques have  

been reported for a large nu m b er of w ater bodies. B en son  and M e Kelvie carried  

out an extensive optim isation and validation of a flow injection (FI) procedure for 

d issolved  reactive p h osp h oru s (D R P ) in w astewater, followed by an on-line 

autom ation of the entire p rocess. T h e  FI procedure em ployed a colorimetric 

reaction, the form ation of m olybdophosphoric acid and its su bsequen t reduction to 

m olybdenum  blue with tin(ll)chloride [26]. T in(ll)chloride w as ch osen  as the 

reductant b e ca u se  of its long-term stability in solution. T h e  w avelength m axim um  

for this m ethod is the 690-700 nm range com pared to 882 nm w hen ascorb ic  acid  

is used, therefore an  im provem ent in sensitivity w as ach ieved  w hen the 

transm ittance w as recorded using a solid-state photom eter and a red L E D  (7imax 

635 nm) [27], Follow ing the validation study the m ethod w as applied to an on-line
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autom ated procedure. In its favour the system  show ed good reliability, low  

operational costs, a reduction in reagent consum ption and m inimal m aintenance  

requirem ents. T h e  data w as retrieved and w irelessly transm itted via a radio- 

frequ ency com m unications link and  the results com pared  favourably with a 

validated laboratory m ethod [28].

J a n s e  et al. a lso  optim ised an FIA  m ethod for the determ ination of phosphate using  

the sa m e  m ethod as  B en son  and M cK e lv ie  with the outstanding difference being  

that J a n s e ’s study w a sn ’t specifically  targeted at w astew ater determinations. 

Perform an ce  characteristics su ch  a s  peak  height, peak  width, signal-to-noise ratio 

and the correlation coefficient o f the calibration graph w ere asse sse d . 

Experim ental param eters such  a s  injection volum e, tube diam eter, pum p rates, coil 

lengths, concentrations of reagents and tem perature w ere analysed. Considering  

the num ber of variab les to be  optim ised a factorial experim ental system  w as 

d esig n ed  to limit the num ber of experim ents n ecessary  to ach ieve  an im proved  

system  optim isation [29], FIA  h as been applied to m ore unusual colorimetric 

determ inations involving R h od am in e  B and phosphom olybdate, resulting in 

detection limits reported in the ppb range [30]. A noth er m ethod boasting ppt 

phosphate trace determ inations is b a se d  on the form ation of the coloured ion 

form ed betw een m olybdophosphate  and M alachite G re e n  at a w avelength of 627  

nm. Th is  m ethod utilised sm all vo lum es of sam ple  solutions, an organic solvent 

(Methyl Ce lloso lve) and  a tiny m em brane filter for collection of the 

m olybdophosphate with M alach ite  G reen . T h e  trace level determ inations are 

possib le  by sam ple  filtration through a cellu lose nitrate m em brane filter under 

suction [31].

O th er noteworthy papers d escrib e  the determ inations of phosphate in w astewater, 

su rface  w aters and seaw ater [32-35].

1 .3  M i c r o  S y s t e m s  T e c h n o l o g y  ( M S T )

All quantitative chem ica l an a lyse s  perform ed in a laboratory involve m any  

procedural steps, w here the m easurem en t o f the analyte of interest is but one of
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m any [36]. Typical analytical p roced u res usually involve a m inim um  of five steps  

including:

1. Collection and introduction of a representative sam ple  of the analyte of 

interest

2. Pre-treatm ent of the sam ple, i.e. filtration, dissolution, dilution

3. Separation of the analyte or m asking of interfering sp e c ie s

4. M easurem en t of the analyte

5. Evaluation and interpretation of the results

M ore accurate and reproducible m easu rem en ts are ach ieved  by adhering to these  

steps, how ever the p ro cess can b e  very tim e-consum ing and labour-intensive [37], 

In the early eighties Prof. H. M ichael W idm er coined the term “Total (chem ical) 

A n a lysis  S yste m ” or T A S , for short. T h e  concept, in its sim plest form, w as based  

on the autom ation of chem ical a n a lyse s  with ben ch-sca le  instrumentation [38]. 

Autom ation sp e e d s  up p ro ce sse s , limits hum an involvem ent and is ach ieved by the 

optim isation of flow system  d e sig n s to facilitate m ore efficient manipulation and  

sam ple  analysis. T h e  first T A S -typ e  instrum ent constructed by W idm er et al. w as 

d esig n ed  to be easily  controllable and portable. T h e  first step  in realising a fully 

autom ated system  w as to incorporate the sam ple  handling and treatment 

procedures into a flow system  [39-40]. T h e  m ajor advantages of the system  

included high sensitivity, specificity for trace su bstan ces, versatility and a 

robustness w hen perform ing field m easurem ents. T h e  prototype integrated 

ana lysis system  operated  continuously perform ing one to ten an a lyses per hour 

and the autom ation had  a nu m b er of steps including calibration, trace enrichm ent 

and a g a s  chrom atographic (G C ) separation. Firstly a sam ple  w as taken and pre

treated, secon d ly  a separation w as perform ed and detected and thirdly the data  

w as p ro ce sse d  and converted to either an acoustic or optical signal, which  

indicated a sam ple  had su rp a sse d  a critical concentration limit.

T A S -b a s e d  instrum ents w ere widely recogn ised  a s  a step forward and generated

huge interest. By the late e ighties A n d re a s  M anz, a co lleague of W idm er’s, probed

the theoretical im plications of m iniaturising T A S  instruments, which lead to the

frequently-used term inology “M icro  Total A n a lys is  System  (u T A S )” [41], T h e

continuous monitoring of the concentration levels of m any chem ical sp ecies,

p ioneered  by W idm er, had beco m e increasingly important in multiple disciplines
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including biotechnology, p ro cess control and the environm ental and m edical 

sc ie n c e s  [42]. A lthough T A S  instrum ents w ere m ultipurpose system s capable  of 

producing highly reproducible and p recise  m easurem ents, analysis tim es w ere still 

lengthy. It w as p roposed  that ¿ iTAS  be  defined in term s of both a chem ical sen so r  

and a T A S . T h e  sim plest definition of |j.TAS is a T A S , w here the sam pling and pre

treatm ent steps are perform ed in im m ediate proximity to the point of detection. 

l iT A S  not only con cern ed  itself with autom ation of multiple functions, but with the 

physical integration of two or m ore of th e se  functions on one platform.

Figure 1-2 The relationship between a TAS (A), an ideal chemical sensor (B) and 
a miniaturised TAS, /iTAS (C) [43]

In F igure  1-2(C) the ^ TA S  with multiple functions taking p lace  on a platform differs 

from the T A S  in F igure 1-2(A) in term s of d istance the sam ple  has to travel before  

it is detected. In Figure 1-2(B ) the se n so r selectively interacts with the sam ple to 

the exclusion of all interfering sp e c ie s . T h e  ( iT A S  resem b les the chem ical sen so r  

with the added  benefit of com plete  control of the p ro cess from  start to finish.

F low  Injection ana lysis (FIA) h as been instrum ental in the developm ent of, initially, 

T A S  and then (¿TAS. C oup lin g  FIA  with separation m ethods like g as / liquid 

chrom atography or capillary e lectrophoresis resulted in very powerful, robust T A S  

instrum ents. S o m e  early exam p les included a gas-chrom atograph-based  m onitor 

for trace ana lysis in air, a  h igh-speed  capillary e lectrophoresis detection m ethod for 

high perform ance liquid chrom atography (H P L C ) and an on-line g lu co se  analyser 

for b ioprocess control [39, 44-45], C hrom atography and electrophoresis w ere first 

introduced to the con cept o f miniaturisation, w hen particles of m icrom eter 

dim ension s w ere u se d  to pack co lu m n s to ach ieve im proved separation efficiency.
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T h e  advan tages of utilising m icro co lu m n s w ere a reduction in w aste generation, 

lower cost, increased  sp eed  of an a lysis  and an overall im provem ent in the 

analytical perform ance of the system .

To  ach ieve  (¿TAS, m icro fabrication techn iques had to be developed  and perfected. 

T h e  fabrication of three-dim ensional m icro d ev ices w as b ased  on m icrom achining. 

In the last twenty years m any d e v ice s  including m icro-valves, -pum ps and -flow  

se n so rs  have been developed in silicon and  have since been  integrated into 

m iniaturised chem ical and b iochem ical ana lysis system s. Integration of micro flow  

devices e n h a n ce s  precise  liquid handling and stricter flow control [46-47], (¿FIA 

system s b ased  on m icro flow system s have been  su ccessfu lly  fabricated and have  

dem onstrated the usefu lness of a com bination of partly integrated and discrete  

com pon ents [48],

T h e  co n cep t of miniaturisation, a s  h as been dem onstrated, can  be described  and  

defined in a multitude of w ays, with the m ost popular definitions including 

M icrosystem s Tech n o lo g y  (M ST), m iniaturised Total A n a lys is  S ystem s (^TAS), 

Lab-on -a-C h ip  and M icroE lectroM ech an ica l S y ste m s (M EM S ). T o  properly define  

the field o f miniaturisation it is best to quote the key instigators in this em erging  

technology. T h e re  are m any conflicting opin ions in the literature and b ecau se  the 

field is still very m uch in a growth stage  there is no one abso lute  definition that 

e n c o m p a sse s  all a sp ects  of m iniaturisation. In general term s (¿TAS is m ost 

frequently used  in Eu rope, w h ereas the A m erica n s favour M E M S  b e ca u se  the 

technology h as its foundation in the fabrication of sem i-conductor m icro devices  

m ade of silicon [49].

A s  show n in T a b le  1-3 m icrofluidic system s have a d iverse  applicability [50]. 

M icroflu idics is the central techn ology in the four key a re a s  o f developm ent (see  

T a b le  1-3) m iniaturised analytical system s, biom edical devices, tools for chem istry  

and b iochem istry and system s for fundam ental research.
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Table 1-3 Potential Applications of Microfluidic devices
K e y  R e s e a r c h  F ie ld s A p p l ie d  A r e a s

M in iatu rised  A n a ly tica l S y s te m s G e n o m ic s  / P ro te o m ics

C h e m ic a l / B io lo g ica l W a rfa re  d e fe n se

C lin ic a l a n a ly s is

H igh  throughput sc re e n in g

En viron m en ta l m onitoring

B io m e d ica l D e v ic e s Im plantable d e v ic e s

T o o ls  for C h e m istry S m a ll-s c a le  o rg a n ic  sy n th e s is  

S a m p le  preparation  

A m plification  o f n u c le ic  a c id s

S y s te m s  for Fu n d am e n ta l R e s e a rc h F lu id  flow  stu d ie s  

C h e m ic a l reaction s  

Biom im etic  syste m s  

M icro d o sin g  sy ste m s

1 .4  M i c r o f l u i d i c s

M icrofluidics, as  a field of study, represents the behaviour of fluids in sm all sized  

ch an n e ls  and, as  a topic, is a very important consideration in the design of 

m icroelem ents used  in m iniaturised system s [51-52], G reenw ood  and G reenw ay  

d escrib ed  the important role fluid m anipulation techn iques play in the developm ent 

of m iniaturised m icrofluidic d ev ices  [53]. B e ca u s e  of the m icron-sized d im ensions  

of devices, vo lum es are sm all, which m ean s there are  few er m olecu les to begin 

with, even at a reason ab le  concentration. Conserv ing  each  m olecule in m icro

d e v ice s  is of utmost im portance and can  only be ach ieved  through good  sam ple  

handling and minimal d ispersion of all p ro ce sse s  that take p lace on-chip  [54],

1.4.1 Flow

In standard FIA sam ple  plugs are injected into a flowing carrier stream  to which 

reagent(s) are add ed  at various sta g e s  and reaction takes p lace  in a coil before 

detection. In a coil of reduced  cross-section , the flow is no longer turbulent. 

Lam in ar flow dom inates in sub-millilitre system s. In reducing the size  of the coil 

convective effects are  m inim ised and transport d istances shortened, thus making 

m olecu lar diffusion the m ajor mixing m echanism .
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Lam in ar flow  can  be described  a s  a  serie s  of parallel layers, o r lam ina, m oving at 

different velocities. A  flow is sa id  to be  lam inar if the viscosity is high, the velocity  

is low and the length sca le  is sm all [55].

Figure 1-3: Pressure-driven laminar flow with coloured arrows indicating well- 
defined streamlines [56]

Diffusion is the p ro cess by w hich m atter is transported from  on e  part of a  system  to 

another a s  a  result of random  m olecu lar motions. It is generally a  product of 

in term olecular co llisions rather than turbulence or bulk transport. Diffusion is the 

only availab le  mixing option under lam inar flow conditions, un less  a mixing 

ch a m b e r is specifically  introduced. M a ss  transport by diffusion o ccu rs  100 tim es 

faster in a m icrofluidic device, that h a s  d im ensions 10-fold sm aller than a 

conventional ben ch  FI instrum ent [57], T h e  m ass transport by diffusion can be 

determ ined in a  fluidic system  by calculating the R eyn o lds num ber using Equation

1-3. T h e  R eyn o lds num ber (Re) is a  d im ension less quantity a ssoc ia ted  with how  

sm ooth the flow  of a fluid is. T h e  friction assoc iated  with e a ch  layer leads to 

viscosity. A  critical velocity is reach ed  a s  the fluid flow-rate in creases and the 

nature o f the flow b e co m e s turbulent, form ing eddy currents and  vortices [58]. 

R eyn o ld s num bers are  ca lcu lated  by;

R e  = Equation 1-3
M

w h ere  D  is the internal d iam eter of the tube or channel [m], V  is the fluid velocity 

[ms‘1], p is the fluid density [kgm'3] and  n is the fluid viscosity [k g r r fV 1]. Flow  is 

d e e m e d  lam inar w hen the R eyn o lds nu m b er d o e s  not exceed  2000. T h u s  diffusion 

dom in ates mixing p ro ce s se s  below  this value.

P o iseu ille ’s  Law  d escrib es flowing flu ids in channels. F o r lam inar flow, the volum e

flow -rate is g iven by the p ressure  d ifference divided by the v iscou s resistance.
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V = tsPnr4 ^8 7 ! Equation 1-4

w h ere  V  is the volum e of injected analyte  [ml], A P  [bar] is the p ressu re  difference  

a cro s s  the channel, r is the ch anne l radius [m], t is the injection time [s], is the 

viscosity of the fluid [k g m 'V 1] and L  is the length of the ch annel connecting  

reservoir and m anifold [m]. C onsequen tly , Po iseu ille ’s  Law  a lso  show s the 

d e p e n d e n ce  of the volum e flow-rate on the radius and the length of the channel.

T h e  d ispersion  of the sam ple  plug in cre a se s  with the square root of the distance  

travelled through a tube, d e cre a se s  with decreasing  flow-rate and d e cre a se s  with 

increasing  tem perature rates [59], Variations in channel width introduce a  skew  to 

the flow  profile and the d eep er the ch annel the greater the d ispersion. Etch depth  

of ch annel p lays a  prom inent role in behaviour of d ispersion in fluids. G enerally  it 

can  be  show n that decreasing  the depth of the channel leads to a  low er d ispersion  

of the sam ple  plug, which is a  recogn ised  prerequisite in a  m icrosystem . 

D ispersion  is a  negative effect; an d  therefore it is desirab le  to keep  d ispersion  

effects sm all b e ca u se  this in turn in crea ses the nu m b er of p lugs per unit time that 

can  b e  generated. T o  reduce d ispersion, the res idence  tim e in the channel has to 

b e  extended. T h is  is accom p lish ed  by curtailing the flow-rate and by minimising 

the ch anne l d im ensions.

T o  com ply  with all the m any e lem en ts important in the design  of an  optim um  micro  

fluidic chip for a  given application, ultimately a  ba lance  betw een low dispersion, low 

flow -resistance and short reaction time m ust be realised  [60],

1.4.2 Pumping Mechanism

Pum ping system s for m icrofluidic a n a lys is  h ave  tended to be either electrokinetic 

or pressure-driven techniques. E lectrokinetic pum ping h a s  been  the basis of m ost 

m icro-device  pum ping sch em es. H ow ever system s with off-chip pneum atic or 

hydrodynam ic pum ping com bined with on-chip  ch an n e ls have so lved  m any issu es  

relating to sam ple  loading and m ixing materials.
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Pressure-driven Flow

In pressure-driven system s frictional fo rce s  at the solid-liquid interface at the walls 

of the ch annels, result in a  substantial drop in pressure, w hich low ers the flow-rate 

lead ing  to lam inar parabolic flow  profiles a s  show n in Figure 1-4. A n  outcom e of 

lam inar flow is that the flow  velocity is h ighest in the m iddle of the channel and  

a p p ro a ch e s  zero  at the walls.

Figure 1-4 Schematic of pressure-driven parabolic flow in a micron-sized 
cylindrical channel

T h e re  a re  several d isadvan tages in using pressure-driven flow  for a jxTAS, 

including high b a ck  pressure  due to the sm all ch annel d im ensions, and  parabolic  

flow profiles, w hich can  c a u se  band-broadening  and sam ple  dilution [61].

Electrokinetic Flow

Electrokinetic flow  e n a b les flu ids to be transported through fluidic networks. Th is  is 

a ch ieved  by ensuring  that the potential drop is a cro ss  the sam ple  fluid, so  that the 

bulk so lvent flow is tow ards the cathode, w here at a single point dow nstream , 

detection can  take p lace  [62], Electrokinetic flow is depen dent on three 

p h en om en a the electrical insulation properties of the substrate m aterials, the 

o ccu rre n ce  of Jo u le  heating w hen a  field is applied a cro ss  a  fluid-filled channel and  

the generation of bulk solvent flow tow ards the cathode from su rface  ch arg es on 

the w alls of m icrochannels.
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A  lot of time, m oney and effort has g on e  into developing multiple e lem ents that can  

be incorporated into a lab-on-a-chip device , a key issu e  being sam ple  and reagent 

mixing. U n der electrokinetic flow reagents are m ixed by applying a specific  

potential a cro ss  the channel, w hich d e p e n d s  upon the ch annel geom etry and the 

properties of the m aterial inside the channel(s) [63], Electrokinetic flow is the m ost 

com m only used  pum ping m echan ism  for m icrofluidic d ev ices and can  be broken  

into two types, electroosm otic (E O F )  and electrophoretic flow. T o  date, E O F  has  

been  the m ost frequently used  flow  m ethod used  in m icrofluidic separations due to 

the e a s e  with which a  flow is generated  [64], A  cross-section flow  profile, of E O F , 

is show n in Figure 1-5.

Side View

Figure 1-5 Cross-section electrokinetic flow profile

In electrically driven m icrofluidic system s, the driving force of the E O F  is uniformly 

distributed along the length of the m icro-channel. T h e re  is no p ressu re  drop and  

the flow velocity is uniform a cro ss  the ch anne l diam eter, except very c lo se  to the 

wall.

M any studies have b een  predom inantly b a se d  on electrokinetic fluid pum ping, in 

particular, d u e  to the sim ple  experim ental p rocedures required to ach ieve  E O F  

[64], E O F  requires no m oving parts and  h a s  a minimal b a ck  pressure, a lso  at 

relatively low electric field strengths; e lectroosm otic ability is the main process. 

V e ry  little analyte separation o ccu rs  in m iniaturised system s with E O F  at field 

strengths of 80 -  300 V  cm  “3 [65],
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1.4.3 Silicon Microfabrication Techniques

T h e  fabrication of m icro d ev ices  in silicon h a s  its foundations in the 

m icroelectronics industry. T h e  field is often referred to a s  p lanar fluidic chip  

techn ology and u se s  a num ber of w ell-established and accepted  techniques. 

Prim arily the p lanar surface they w ere referring to w a s silicon, although g lass has  

b e co m e  increasing ly important for chrom atograph ic system s and p lastics and  

ceram ics  have m ore recently com e to the fore [66-68], Silicon w as frequently used  

for m any reason s. It can  be  p roduced  to high levels of purity and  crystalline 

perfection, and  b e ca u se  of the high d em an d  is a  relatively cost efficient material. 

Silicon  is atom ically flat, h a s  yield strength greater than steel, h a s  excellent 

m echan ica l and  chem ica l properties and  can  be  m icro m achined  on the order of a  

few  nanom eters [69],

T h e re  are  four m ain p ro cesses, w hich con cern  th em selves with silicon fabrication, 

w hich are film deposition, photolithography, etching and bonding. Film deposition  

is required to generate the desired  d im ension s of the m icrostructures to be  

fabricated. B y  depositing various m aterials like m etals, inorganic oxides and  

polym ers by either spin coating, therm al oxidation, chem ical vapour deposition  

(C V D ) or sputtering techn iques d im ension s from a few  m icrom eters dow n to 

severa l nanom etres can  be ach ieved. Photolithography involves generating a  

pattern of geom etric sh a p e s  on a photosensitive m aterial known a s  a  photoresist. 

T h e  design is defined by dark reg ions on the g lass  m ask  and can  be transferred to 

the photoresist by UV, X -ray or e-beam  light. Etch ing involves the transfer of 

structures to underlying films and  substrates of the m ask  and co m es in two form s, 

dry and  wet. By wet etching the m ask  is su bm erged  in a solution, w hich will etch  

only the structure in the desired  m aterial and  not the other expo sed  to the etch  

solution. Dry etching is ach ieved  in partially or fully ionised g a se o u s environm ents  

(p lasm a etching). Finally bonding is n e ce ssa ry  to a ssem b le  the fabricated  

structures into a coherent device. S ilicon-silicon, silicon-oxide and silicon-glass  

bonding are  the m ost com m on. D u e  to the planarity of the m aterials bonding leads  

to fusion and  a  perfectly tight seal. In F igure  1-6 the fabrication p rocess is 

schem atica lly  show n.
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Po lished  S i W afer 

Therm al O xide D eposition

Photoresist Deposition 

Developing

Ecth ing  the O xide

Rem oving the Photoresist

E tch ing  the S i 
M icrostructu re

Structured S ilico n  W afer

*

Figure 1-6 A simplified schematic of the basic processes involved in the 
fabrication of a silicon wafer

A  m ajor benefit of m icro m achining is the reproducibility that can  be  ach ieved  in 

m anufacturing. S ilicon  w afers can  yield hundreds, if not th ousan ds of individual 

chips.

A t present, typical, w ell-defined m icro-fluidic sen so rs  com bine conventional pum p  

and valve technology with a m ore progressive  approach  of integrating the mixing, 

reaction and optical detection of liquids in a  m icrochip  [70]. Traditionally, g lass and  

/ or silicon are  the predom inant m aterials em ployed  in the design  of m icrochips for 

continuous flow  system s. T h is  is primarily due to their excellent physical, electrical 

and optical properties. A  three-layered w afer usually consisting of an  anodically  

bonded  Pyrex / silicon / Pyrex  sandw ich form s the foundation of th ese  integral 

m icrochips [71]. A n o d ic  bonding is con sidered  a desirab le  ch o ice  for protecting the  

device  from  the w orking environm ent and / or m erging the device  with auxiliary 

functions. A n o d ic  bonding brings a g la ss  and  silicon w afer into contact using an 

electrostatic attraction, w hich fo rces covalent bonding on the su rface  of both 

m aterials [72], T h e  400  ^m thick S i layer (Silicon/Oxide/Silicon) is protectively 

coated  by deposition of silicon nitride to the su rface  by a low er-pressure chem ical 

vapour p ro ce ss  (L P C V D )  to com bat corrosion [73], C h an n e ls , inlet through-holes
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and an optical cuvette on the S i w afer are predom inantly etched by a dry reactive  

ion etching (DRIE) or by an advan ced  silicon etching (A S E ) p rocess. After which, 

all three layers of the w afer m ust be correctly a ligned to ensure  interconnection of 

all the fluidic com ponents. W h en  they are  precisely  positioned the layers are  

bonded and referred to as  w afer stacks, w hich are  then ready for application  

purposes.

W afers consisting so le ly  of three g la ss  layers have similarly been developed. 

T h e s e  w afers em ployed  fusion, instead of, a n o d ic  bonding, and a lso  applied  

photolithographic an d  w et etching techn iques for the etching of the m icro fluidic 

ch an n e ls of the inner g lass. S in ce  D R IE  h a s n ’t yet advan ced  enough to be applied  

to a  g lass  interface, spark  assisted  etching (S A E ) w as ch o sen  for the drilling of the 

optical cuvette with m uch su cce ss , resulting in im proved sensitivity capabilities due  

to extended optical path length. G la s s  m icrofluidic ch ips have show n enh anced  

perform ance over the above-described  S i w afer in a re a s  such  a s  long-term  

chem ica l stability of the d ev ice  since  g lass  is less prone to corrosion than silicon, 

and low er sam ple  d ispers ion  due to the S A E  etch technique em ployed  in the 

drilling of the optical cuvette [59]

1.4.4 Applications in Silicon and Glass Microsystems

Sh ock ley , B ardeen  and  Brattain of Bell T e le p h o n e  Laboratories received the Nobel 

P rize  in 1948 for develop ing  electrical sw itches b ased  on sem iconductor properties 

[74]. W ith the a d v a n ce  of m aterials su ch  a s  silicon and germ anium , the advent of 

integrated circuits b e ca m e  a rapidly develop ing  research  field, with outstanding  

contributions, over the last 50 years, that included:

1. S e n s o r  M em b ra n es milled in silicon by Honeyw ell Inc. [75]

2. A n o d ic  B ond ing  of G la s s  by G . W allis, D. Pom m erantz [72]

3. Stanford  U niversity’s g as chrom atography system  on a w afer in 1979 

[76]

4. Autom otive abso lute  pressure  se n so rs  for pollution control in the early  

80 ’s [77]

5. S ing le-use , silicon, m icrom achined blood p ressure  se n so rs  [77]

6 . C ou lo m etric  ac id -b ase  titration system s in 1985 [78]
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7. S ilicon  b a se d  Micro pum ps in 1988 [79]

8 . Inception of ja-TAS co n cep t by C e ib a -G e ig y  G m b H  in 1990 [80 ]

9. O n -C h ip  D N A  seq u en cin g  utilising capillary gel e lectrophoresis in 1998  

[81]

10. Ultra low cost d isp o sab le  p lastic ch ip s  like the hydrostatic pressure- 

driven m icrofluidic detector card  com m ercially  availab le  a s  an 

evaluation kit at M icronics Inc.

T h e  Stanford g a s  chrom atograph w as the first ch em ica l analytical technique that 

w as m iniaturised an d  is still con sidered  a m arvel even  by today’s  standards. Terry  

et al. built a  m iniature g a s  ana lys is  system  b ased  on the standard princip les of g as  

chrom atography. T h e  system  w as m ade  of silicon an d  fabricated using  

photolithography and chem ical etching techniques. T h e  design layout consisted  of 

a  sam ple  injection valve and a  1.5 m-long separating capillary colum n and  

detection w as via therm al conductivity. T h e  entire capillary colum n and G C -system  

fit on a 5 cm -diam eter silicon wafer, w hich w as a three-fold dow nsize scaling, w hen  

com pared  to bench  instrum entation availab le at the time. T h e  sam ple  injection 

com pon ent w as b a se d  on the principle that the injected g a s  sam ple  m ust only be  

m illiseconds in duration and nanolitres in volum e. In o rder to a ch ieve  this a  sim ple, 

solenoid-actuated d iaphragm  valve w a s fabricated. T h e  therm al conductivity  

detector (TCD ) w as ch o se n  for the sp e e d y  response, sim ple design and  

robustness. It w as a lso  integrated onto the m iniature system  and coupled  to the 

silicon w afer via the sen sin g  elem ent, a  nickel film resistor. T h e re  w ere six major 

integrated com pon en ts in the system . T h e s e  w ere  carrier g a s  output, interconnect 

through ho les to the m icro valve  on the back sid e  of the wafer, sam ple  g a s  imput. 

S a m p le  g a s  output and  carrier g a s  vent to extern. T o  dem onstrate the system ’s 

capability sim ple m easurem en ts w ere m ade with an oscilloscope  to produce a 

chrom atogram . T h e  first sam ple  to be ana lysed  w as a mixture of nitrogen, pentane  

and hexane  and eluted p eaks for all three g a s e s  w ere obtained.

T h e re  has a lso  been  com m ercia l production of c lever devices like the p iezo  

pressure-sensor, ink-jet n o zz le s  and  airbag se n so rs , b ased  on m icrosystem s  

technology [82], T w o  clever devices, w hich w ere m icro m achined in silicon, are 

types of p ressu re  sen sors. T h e  first w as introduced in the eighties by the 

autom obile industry to control car em ission  levels. T h e  secon d  w as a  blood

pressure  se n so r for hospital operating room s. B e ca u s e  of the high dem and (20
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million / year) m anufacturing is ch e a p  and  devices are  single-use, w hich drastically 

red u ces the ch an ce  of infection. T h e s e  highly specific  c a s e s  have ch anged  the 

fa ce  o f the micro m achining industry into a self-sufficient, growth sector, with vast 

opportunities [77], T h e  next p h a se  of m arketable d e v ice s  can  be  sub-divided into 

severa l m ajor categories:

1. Analytica l d ev ices  for predom inantly environm ental applications

2. B iochem ical d e v ice s  for on-chip  synthesis, integrated protein digestion, 

drug d iscovery

3. D N A  sequen cing  and a s sa y s

4. B iom edical D iagnostics

5. C apillary electrophoresis, ion chrom atography

6 . M o lecu lar biological app lications [43]

C h ip  d esig n s are both varied and com plex, and can  perform  an assortm ent of 

applications, which h ave  or are in the p ro cess of being em ployed. For exam ple, 

integrating sam ple  preparation and separation via on-ch ip  im m u noassay  h a s  been  

dem onstrated, a  G C  b a se d  c h ip -C E  system  has recently b een  com m ercially  

introduced by Sh im adzu , and  even  D N A  sequen cing  h a s  been perform ed on-chip  

using  capillary gel e lectrophoresis [83,84], T h e  latter developm ent h as particularly 

generated  increased  attention in develop ing  ch ips ca p a b le  of multi-tasking in the 

m ore com plex  fie lds of drug d iscovery, proteom ics, and the m ost prom ising area of 

syn th esis on a chip, w hich cou ld  ignite the w hole m icrofluidic industry.

In 2000  S a n d e rs  and  M a n z review ed the current crop of hot topics in term s of 

g en o m ic and proteom ic an a lys is  [85], G e n o m ics  involves the characterisation of 

all the g e n e s  of an organism , w h ereas proteom ics d e a ls  with identification and  

characterisation of all proteins in a  cell. B y  com bining both fields revolutionary 

steps tow ards com plete b iological understanding h ave  begun [86]. G e n o m ic  

ana lysis can  be  perform ed with a m icroarray-based system  [87] or by separations  

b a se d  on C E , w hich are  dealt with next. Proteom ic an a lys is  can  be carried out by 

both m ethods also. T h e  C E  ch ips have, in particular, been adapted for use in 

im m u n o assays [88-90],

M icrofluidic ch ips h ave  b een  em ployed  in biom edical se n so r system s, w hich are  

com m ercia lly  ava ilab le  from  com pan ies, such  a s  O rch id  B iosc ien ces, Agilent
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T e ch n o lo g ie s  and C a lip e r Tech n o lo g ies. Currently the m ost su ccessfu l M E M S  

products on the m arket include d isp o sab le  blood p ressure  sen sors, pressure  

se n so rs  for engines, air bag acce lerom eters, inkjet printer h e a d s  and m agnetic  

h e a d s  for com puter hard drives [91-92],

T h e  developm ent and fabrication of m icrofluidic d e v ice s  in g lass  and quartz has  

taken p lace at a lm ost the sa m e  p a ce  a s  silicon m icrotechnology. Th is  is primarily 

due to the suitability of g la ss  and quartz m aterials to the m iniaturisation of capillary 

electrophoresis (CE). Initially silicon substrates w ere u sed  in the m icrofabrication 

of C E  d ev ices [93-95]. It w a s  en v is ion ed  that upon miniaturisation and automation 

the robustness, flexibility and  overall dynam ic control for the user, would be  

im proved [42], C E  system s predom inantly em ploy electroosm otic flow to 

m anipulate fluids in m icrochannels, silicon fabrication afforded research ers a  tried 

and tested material with w hich to w ork [93]. D ev ices w ere  fabricated by standard  

lithographic and bulk-m achining m ethods and the ch an n e ls sea led  by anod ic  

bonding with a g la ss  co ver plate. T h e  developm ent of m iniaturised C E  devices has  

been  favoured over chrom atograph ic separations b e ca u se  an applied  voltage is 

e a s ie r to im plem ent a cro ss  the term inals of m icrochannels [96],

G la s s  or quartz-based  C E  m icrofluidic d ev ices  ca n  facilitate high-voltage 

applications, which m ake them  m ore versatile substrate m aterials than silicon for 

separations. A lthough silicon w as traditionally the m aterial of choice, it w as never 

the m ost suitable for separations b e ca u se  of the limitations associated  with its 

sem i-conductor properties and the fact that it is not transparent at w avelengths 

typically ch osen  for optical detection [93], P lan ar g la ss  plates w ere patterned  

photolithographically and ch em ica lly  etched with primarily flu orescence  detection 

being em ployed [97-98], W ith chip design im provem ents ab so rb an ce  detection  

w as m ade possib le  [99], S la te r and co-w orkers a lso  reported electrochem ical 

detection for on-chip  C E  separations [100], Indirect am perom etric detection w as 

utilised in the separation o f high-sensitivity D N A  restriction fragm ents and  

polym erase  chain reaction (P C R ) product sizing [101]. N um erous D N A  fragm ents 

and P C R  product sizing separations in m iniaturised C E  system s have been  

reported in the literature [102-]. T o  date biological applications have been  the 

driving force behind the developm ent and fabrication of g lass and quartz 

m icrofluidic d evices. In the future polym er m aterials will h ave  an invested role to
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p lay in separation system s b e ca u se  of the w ider ch o ice  of physical, chem ical, 

therm al and electrical properties ava ilab le  to suit specific  applications.

G la s s  and quartz h ave  a lso  been  u sed  as  the prim ary substrate material in a 

nu m b er of m icrofluidic d ev ices  for the determ ination of nitrate, nitrites and  

orthophosphate in a qu eou s environm ental sam ples. Hasw ell et al. first reported a 

^FIA m anifold for the determ ination of orthophosphate in 1995 [105], T h e  

determ ination w as b ased  upon a colorim etric reaction in a  microfluidic chip with the 

flow being driven by e lectroosm otic pum ping. T h e  chip w as fabricated  

photolithographically and  wet etched to p roduce the desired  m icron-scale  channel 

d im ension s [106]. H asw ell and  co-w orkers h ave  a lso  been  involved in a  num ber of 

other environm ental determ inations with m-FIA ch ips [107-108],

1.4.5 Polymer Microtechnology

T h e re  is an increasing dem and  for the establishm ent of m icrofabrication  

techn olog ies for the m icrostructuring of polym ers that are equivalent to existing  

m icrofabrication techn olog ies for the m anufacturing of silicon or g lass-b ased  

m icrosystem s [109], P o lym ers provide an alternative substrate to silicon and g lass  

and have the advantage of being less  expensive, e a s ie r to m anipulate than silica- 

b a se d  substrates and h ave  a w ide range of properties to suit a  given application

[110]. M icrofluidic system s fabricated in polym ers are increasingly finding 

applications as  analytical system s, b iom edical d ev ices  and tools for both chem istry  

and biochem istry [50],

1.4.6 Polymer Materials

T h e  word polym er co m e s  from G re e k  with a literal translation “m any (poly) parts 

(m eros)”. A  polym er is a  long m olecu le  consisting of m any sm all repeat units 

known a s  m onom ers. Po lym ers are  predom inantly structures m ade up of carbon, 

hydrogen and oxygen and som etim es containing silicon, sulphur, chlorine and  

fluorine. P o lym ers are  m acrom olecu lar su bstan ces with a  high m olecular m ass

[111], T h e y  are form ed w hen m on om er units react to form linear or three- 

dim ensional ch a in s by a  p ro ce ss  known a s  polym erisation. W h en  a m onom er
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reacts with a like m onom er unit to form  a chain  the structure is called a 

hom opolym er. W h e n  two m on om er units are  reacted the structure is known a s  a 

copolym er.
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Figure 1-7 Polymer position in the table of materials

T h e  b a s ic  properties that a  polym er m aterial exhibits are  derived from their 

m olecu lar structure. P o lym ers are  broadly c lassified  into three categories as  

show n in Figure 1-7 a s  therm oplasts, therm osets and e lastom ers (rubbers).

A ll polym ers are  classified  a s  either therm oplastic of therm oset. T h e  third group,

i.e. e lastom ers, a re  grouped  b a se d  upon their physical properties rather than their 

ch em ica l nature and  can  be either therm oplastic of therm oset.

T h erm op lastics  can  be  defined a s  m aterials that h ave  sim ilar properties of a  

v isco u s  liquid, w hen heated, an d  can  be  repeatedly coo led  and  re-heated. Th e  

m ost com m only u sed  therm oplastics are  polyethylene (PE), polypropylene (PP), 

polyvinyl chloride (P V C )  and  polystyrene (PS), w hich, betw een them, account for

85 % by volum e o f the world p lastics consum ption [112].
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T h erm o sets  are polym ers that undergo a chem ical ch a n g e  to build m olecular 

w eight and viscosity. T h e y  are set or cross-linked with heat, w hich m ean s the 

reaction is non-reversib le under heating. T h e  three m ost com m on types of 

therm osets are epoxy, polyester and polyurethane.

E lastom ers are rubber like polym ers that w ere the first p lastics to be  researched  

and developed  for com m ercia l use. Natural rubber w a s first d iscovered  in the gum  

resin of trees in the South  A frican jungle and w as used  a s  a  w aterproofing fabric. 

E lastom ers are either therm oplastic o r therm oset. Th erm o set e lastom ers are  

form ed by vulcanisation, w here su lphur (~ 4%) is added  to the polym er blend w hen  

heated. T h e  su lphur p ro d u ces cross-links that m ake the rubber stiffer and harder. 

E x a m p les of com m on therm oset e lastom ers are butadiene rubber (BR), styrene- 

butadiene rubber (SB R ), polyurethane (PU) and silicone [113]. Therm oplastic  

e lastom ers are form ed by copolym erisation o f two or m ore m onom er units. O n e  of 

the m onom ers h as soft am orph ou s characteristics, the other hard, crystalline 

features resulting in rubber-like polym ers sim ilar to the vu lcan ised  plastics. 

E x a m p les of therm oplastic e lastom ers include therm oplastic urethane (TPU), 

therm oplastic e lastom ers (T P E ) and therm oplastic olefins (TPO ).

T h e re  are  a multitude of polym eric m aterials that are com m ercially  available, which  

can  be  used for any sp ecific  m icrofluidic application [111], T h e s e  m aterials have  a 

d iverse  range of properties, w hich can  be  categorised  under the m ain headings  

presented  in T a b le  1-4.

D epending  upon the desired  application a material can  be  se lected  that m ost suits 

the analysis. T h ere  are  m any well-know n and routinely-used polym er m aterials 

that can  be used  to fabricate m icrofluidic d ev ices and be applied to num erous 

a n a lyses. P erh aps the m ost frequently used  polym er m aterials in m icrofluidics are  

Polym ethyl M ethacrylate (P M M A ) and  Polydim ethyl S iloxan e  (PD M S).
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Table 1-4 Table of typical properties highlighting the diversity of polymer materials
P oh /m er P rop erties

P h y s ic a l Density

Refractive Index 

% Transm ission  

U V  Resistance /Oxidation 

W ater Absorption 

Flammability
C h e m ica l U V  Degradation 

Chem ical Resistivity 

C hem ical Solubility 

C hem ical Premeability

M ech an ica l Hardness

Elasticity
Plasticity

Energy Capacity

Stress

Strain

Tensile  Strength

Stiffness

Therm al Therm al Stability 

G lass  Transition Tem perature  

Melting Point 

Specific Heat Capacity

E lectrica l Insulation 

Conductivity 

Dielectric Strength 
Resistivity

P M M A  is a lso  com m only referred to a s  Perspex. A cry lic  is a  general term used to 

d escrib e  a large fam ily of polym ers. P M M A  is an am orphous, transparent and

co lou rless therm oplastic that is hard and stiff. It h a s  g oo d  abrasion and U V

resistance  and excellent optical clarity but poor low tem perature, fatigue and  

solvent resistances. Th in  film s of P M M A  are norm ally m ade  from im pact-modified  

grades, w hich incorporate a sm all portion of e lastom er, in order to im prove their 

flexibility. P M M A  is ideal for la se r ablation b e ca u se  it is not easily  m elted and it 

h as a  high absorptivity at the lasers operating w avelength of 10.6 îm. P M M A  has  

a g la ss  transition tem perature, Tg, of 105 °C, at w hich the am orphous polym er 

ch a n g e s  from a g la ss  to an e lastom er / rubber.

P D M S  is an e lastom er that is a lso  com m only know n a s  silicone rubber and

co n sists  of repeating units — 0 -S i(C H 3)2— P D M S  h a s  a very low T g of -123 °C, 

w hich m ean s it is a  liquid at room  tem perature and is com m ercia lly  availab le from
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Dow  Corn ing  (Sylgard 184 Kit, S ilicon  E lastom er, D ow  Corn ing , W iesbaden , 

G erm any). T h e  P D M S  co m e s  a s  a  two-part kit containing a liquid silicon rubber 

b a se  and a  catalyst or curing agent. P D M S  is excellent for the fabrication of 

m icrofluidic d ev ices  for a  num ber of re a son s including [50]:

1. M icron-sca le  features are  highly reproducible by replicate molding

2. Optical transparen cy  dow n to a  w avelength of 280 nm, w hich m ean s  

detection via U V  / V is  ab so rb an ce  and flu orescen ce  is possib le

3. Low  tem perature curing

4. R eversib le  sealing  to itself and  m any other m aterials by m aking m olecular 

contact on the surface

5. S u rface  chem istry can be m anipulated and  controlled with e a se  [114]

6 . Conform ation to sm ooth, non-planar su rfaces

7. D em o lds easily  without dam aging m icron-sized  features of the mold o r the 

m icrofluidic device.

1.4.7 Polymer Microfabrication Techniques

T h e re  are  m an y new  techniques cited in the literature, w hich are  fast becom ing  

standard practice  in the fabrication of m icrofluidic system s in polym ers. T h e re  are  

several, general, m icrofabrication techn iques for polym er m aterials that stand out, 

w hich include la se r ablation, soft lithography, injection molding and hot em bossing.

T w o  types of po lym er m icrofabrication techn iques exist, nam ely direct techniques, 

w hereby single d e v ice s  are fabricated individually and replication techniques, 

w hereby a m aster structure is used  to form the structure in a polym er material. 

L a s e r  ablation (1) fa lls into the category of direct techn iques [115-116], Soft 

lithography (2) injection m olding (3) and hot em bossin g  (4) fall into the latter 

category, w hich h as the com m ercia l fo cu s  of the polym er m icrofabrication field 

[109], Both injection m olding and  hot em bossin g  p roduce tw o-dim ensional plastic 

w afers with m icro-structures in the surface and som etim es, depending  on the size  

and sca le  of the features, on e  m old can  be inter-changeable betw een the two 

techniques.
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F o r the replication techn iques a m aster m ust be created. T h e s e  m asters can  be  

fabricated in silicon, therefore a  w ide range of fabrication technolog ies are 

availab le, for exam ple  silicon m icrom achining, la se r ablation, m echanical 

m icrom achining or LIG A  (Lithographie, G a lvan ik  und Abform ung, m eaning  

“replication”). LIG A  w as developed  by the Karlsruhe R esearch  C entre  in G erm any  

[117]. T h e  LIG A  p ro cess co m b in e s synchrotron radiation lithography, 

galvanoform ing, and  plastic m olding, which results in the m ass production of 

m icrostructures with high a sp ect ratio and  great structural height [118].

Laser Ablation

In the sim plest terms, laser ablation is the interaction of laser energy with the 

su rface  of a  substrate resulting in m aterial rem oval [119]. T h e  p ro cess of laser 

ablation relies upon the absorption of laser photons by the sam ple  material. 

Ultrafast lasers h ave  been  developed , w hich incorporate a multi-photon absorption  

that can ablate m ore material, e ven  those  norm ally transparent at the laser 

w avelength [119].

T h e re  are  num erous lasers currently availab le  com m ercially, that have contributed  

to the developm ent of m icron-sized d e v ice s  in polym er m aterials including carbon  

dioxide lasers, solid-state lasers, eg. N d :Y A G , titanium sapphire, cop p er vapour 

lasers, d iode lasers and  E xc im er lasers.

T h e re  are  two w ays in w hich m icrom achining can be  carried out with lasers, by 

direct writing and m ask  projection [115]. T h e  form er m ethod is used  for solid-state 

lasers an d  the latter for E x c im e r lasers. D irect writing is a  sim ple technique only 

requiring a sam ple  m aterial and  the beam  motion to generate features. It utilises 

inexpensive  optical com ponents, interfaces with C A D  softw are p ackag es and  

replicate d esig n s for rapid prototyping. Its limitations include the limited range of 

features and sh apes, which can be ablated and the sm all working field that can be 

ablated at one time [120], M a sk  projection is a  m ore flexible technique, which can  

produce m any types of structures and h as high precision and quality in the 

fabricated features. M a sk  projection can  be used  to m im ic a  direct writing 

techn ique and can  ab late  larger su rface  areas. T h e  d isadvan tages are that 

projection optics are  relatively expen sive  com pared  to th ose  for direct writing and
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the b iggest issu e  is the need  to h ave  a  high-quality m ask  designed , which can  

m ake the various sh a p e s  and features required for the design. L a s e r  instruments 

incorporating the direct ablation app roach  and the indirect m ask  projection are  

show n schem atica lly  in Figure 1-8.

(1) Direct Ablation

C 0 2 Laser

Lens-

Ablated co il 
structure----- ► a

Polymer substrate, 
PM M A (top view )

CO? Laser settings

Wavelength: 10.4 (jm

Focal Length: 80 mm

Nom inal Field: 
27x27mm

Spot Size: 116 |om

(2) Mask Projection

Beam
shaping

Mask

Beam

t
Polymer substrate, 
PM M A (side view)

Projection
lens

Figure 1-8 Schematic showing the two modes of laser ablation; direct writing (1) 
and mask projection (2)

T h e  C 0 2 la ser instrum ent is show n with direct focussing, w hereby the laser can  be 

fo cu sed  to a  very sm all spot size. In the c a s e  of an  Exc im er laser the m ask sh ape  

dictates the sh a p e  of the beam , and  therefore it need  not be  fo cu sse d  to a  spot 

s ize  b e ca u se  it is m ultim ode and  spatially incoherent [121],

Soft Lithography

S o ft Lithography is b a se d  on se lf-assem b ly  and replica m olding to fabricate nano- 

and  m icro-sca le  features and ch a n n e ls  [122], Soft Lithography involves the use  of 

an e lastom eric stam p with patterned relief structures on its su rface  to m ake  

features, w hich h ave  d im ension s betw een 30 nm and 100 .̂m. Th ere  have been a 

num ber of w ays in w hich the soft lithography technique can  be  ach ieved  including  

m icrocontact printing (^CP), replica m olding (REM ), m icrotransfer molding (uTM), 

m icrom olding in capillaries (MIMIC) an d  solvent-assisted  m icrom olding (SAMIM)
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[123-128]. P D M S  is the m ost frequently u sed  e lastom er for soft lithographic 

m icrofabrication, although others su ch  a s  polyurethanes and polyim ides can  a lso  

be u sed  [129]. P D M S  is the m ost popu lar ch o ice  b e ca u se  of its range of properties, 

w hich can  be attributed to the inorganic siloxane backbone and organic methyl 

g roups attached to silicon [130],

T h e  sim ple soft lithographic p ro cess for P D M S  is show n in Figure 1-9. T h e  m aster 

is fabricated using a  sim ilar techn ique to those em ployed  in silicon  

m icrofabrication, like photolithography, m icrom achining or electron beam  ablation. 

A n  exam ple  of a  m aster is the photo polym erisation of the photoresist S U  8, which 

invo lves exposure  of the photoresist to U V  light [131]. T h e  un exposed  photoresist 

is w a sh ed  aw ay, leaving a w afer with m icron-sized  features protruding from  the 

su rface  [132]. T h e  master, w hen com plete, is expo sed  to a  vapour, for exam ple, 

C F 3( C F 2)6(C H 2)S iC l3, for approx. 30 min. T h e  e lastom eric stam p or m old can then 

be prepared  by a  p ro ce ss  known a s  ca st m olding, which requires the liquid 

e lastom er to be  poured over the m aster, then heated to elevated  tem peratures to 

form a  solid, w hich can  be  peeled  from the m aster and contains m icron-sized  

features [133].

1. Fabrication and silanisation of master

□___c
Si

Si02, Si3N4, metals, 
photoresists or wax

2. Pouring of PDMS over master

P D M S
I l____c =

Si

3. Curing and demolding of PDMS

P D M S
i -------1____i-------1____ r

Figure 1-9 Schematic of the three basic processes for the fabrication of micro
sized features in PDMS by soft lithography
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Soft Lithography is a techn ique that w as deve loped  to en ab le  the rapid 

reproduction of prototype m icrofluidic d evices. E lastom eric  P D M S , w hen used as  

a stam p, has been show n to be very durable with no visib le degradation in e x ce ss  

of 50 u ses over a period o f several m onths [122]. T h e  advantages of P D M S  as a 

material for fabrication of m icro-sca le  d ev ices have, previously, been described  in 

Section  1.4.4: Po lym er M aterials. N ow  the ch a llen ges are dealt with, specifically  

in term s of soft lithographic techn iques. T h e  three m ajor d isadvan tages of P D M S  

are due to shrinkage, elasticity and  softness.

U pon  curing P D M S  shrinks by approx. 1 %, and can  be easily  re-sw elled by 

organic so lvents like hexane and butane, which m ean s they a ren ’t suitable for 

m icrofluidic applications w ere strong organic so lvents are a n ecessary  

requirem ent. T h e  e lastic property of P D M S  and its therm al expan sion  m ean that 

d im ension accu ra cy  a cro ss  a large su rface  area is harder to ach ieve. T h e  softness  

of P D M S  has a knock-on effect on the asp ect ratio of features m ade in the P D M S . 

If low and high limitations in asp ect ratio are breached  the P D M S  will deform  and  

defects will be found in the m icrofabricated features. D e lam arch e  et al. determ ined  

that a sp ect ratios should  be m aintained within 0.2 and  2 if defect-free stam ps of 

m olds are to be fabricated [134].

Injection Molding

Injection m olding is a m ethod to obtain m olded products by injecting plastic 

m aterials m olten by heat into a m old and then cooling and solidifying them. T h e  

m ethod is suitable for large production of sm all-sca le  com plex  features in plastics 

[135]. T h e  p ro cess of injection m olding has four prim ary steps clam ping, injection, 

cooling and rem oval of products.

A n  instrum ent that can  perform  all four steps is known a s  an injection m older (see  

F igure  1-10). T h e  injection m older consists of two parts, the clam ping unit and the 

injection unit. T h e  form er is u sed  to open and / or c lose  a die and for the ejection 

of fully form ed parts. T h e  latter m elts the plastic m aterial by heating and injects the 

m olten plastic into a mold. A  m old is a hollow metal block, which molten plastic is 

injected into to form a certain fixed sh ape. T h e  m olten plastic is delivered to the



m old via a  sprue and fills cavities by w ay of runners and gates. T h e  m old is 

open ed  after the cooling p ro ce ss  and  the ejector rod of the injection molding  

instrum ent pu sh es the ejector of the m old to further eject m oldings / fully form ed  

parts.

T h e  three m ain m olding conditions, w hich have to be  optim ised for each  polym er 

material and  correspond ing  design, are  cylinder tem perature, injection sp eed  and  

m old tem perature.

T h e  cylinder tem perature is usually set to above  the T g of the polym er being  

melted. T h e  injection sp eed  involves setting the sp e e d  at which the sprue injects 

the m olten p lastic and  a lso  the d istance  the molten p lastic is injected from, i.e. how  

far the piston is from  the mold. B y  altering th ese  conditions the appearan ce, 

d im ension s and m echan ica l properties can  be optim ised [135],

Hot Embossing

P o lym er hot em b ossin g  is a  procedure w hereby an  inverse of a  m aster is created  

and m olded in a  polym er material through heat and  p ressure  [136]. Hot em bossing  

is the p ro cess to p re ss  a  m old into a pre-fabricated sem i-finished plastic product 

that is located on a substrate un der vacuum  a s  show n in Figure 1-11 [137], Th ere  

are three major sta g e s  in the p rocess, which are  heating, m olding and dem olding.
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T h e  p ro cess takes p lace  at a  tem perature that en su re s  sufficient flow-ability of the 

plastic material. In F igure  1-11 the m aster replication mold contains the protruding 

m icron-sca le  features and  the substrate is the polym er m aterial into which th ese  

features are being p ressed . A fter the m old h as been  pressed , the plastic material 

is coo led  dow n to a  tem perature, w hich provides for a sufficient strength, so  that 

the m icro-constructed p lastic m aterial can  be dem olded  [138].

Hot em bossin g  is su perior to the technique of injection molding for a  num ber of 

reason s. During the hot em bossin g  m olding p ro ce ss  sm all deform ation rates m ean  

low velocities (molten material), w hich results in very fine structures without 

deform ations occurring. A ls o  internal s tre sse s  in the m olded plastic material are  

m inim al com pared  to injection m olding b e ca u se  the w hole p rocess is conducted  

c lo se  to the therm al equilibrium , i.e. tool and  substrate are  heated to a  sim ilar 

tem perature prior to m olding, w here a s  with injection m olding the m olten plastic is 

injected into a cold  m old [110], T h e  m ain p ro ce ss  conditions, su ch  a s  molding 

fo rces and tem peratures, can  be m ore rigidly controlled resulting in the fabrication  

of m icrostructures with very thin, unstructured carrier layers [139], Although  

recently it h a s  been  dem onstrated that m icrofluidic ch an n e ls  can be m ade from a 

silicon m ask  by imprinting at room  tem perature. It w as dem onstrated that with a 

greater applied force  (450-2700 psi) betw een the tool and substrate, in a hydraulic
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press, m icrofluidic ch an n e ls  can  be im printed into the polym er m aterial and it need  

not be heated to its g la ss  transition tem perature [140],

Hot em bossing  is probably the m ost powerful instrum ent of those m entioned, for 

the fabrication of multiple replicates of polym er m icrostructures. H ow ever the 

quality of the m aster tool d ictates the quality of the fin ished  polym er structure [109, 

141].

1.4.8 Polymer Microsystem Applications

A s  d iscu ssed  polym ers can  be m achined using a ran ge o f different m icrofabrication  

techn iques creating high-quality m icrofluidic system s at a  low cost and in volum e

[111], T h e  next top ic of interest is how  easily  th ese  polym eric d ev ices  can  be 

applied  to real ch em ica l and biological p ro cesses.

P D M S  h a s  proved to be  a m ost useful material for the fabrication of m icrofluidic 

separation system s; in particular, the developm ent of capillary e lectrophoresis (CE )  

ch ip s  [110], P D M S  is an  excellent material for electrokinetic and  pressure pum ping  

b e ca u se  the polym ers su rface  can  be  charged and  m icrofluidic d ev ices  fabricated  

in P D M S  and se a le d  irreversibly can  withstand very  high pressures. In 1997  

Effen h au ser et al. reported the first m iniaturised C E  system  fabricated in P D M S  

[142], T h e  system  w a s used  to separate  fragm ents of D N A  from  fluorescently  

labelled peptides. W h ite sid e s et al. w ent on to further develop  C E  ch ips with a  

variety of m icrofabrication techn iques to perform  separations and an a lyses of 

am ino acids, D N A  fragm ents and peptide ch arge ladders [143], M iniaturised C E  

ch ips fabricated in P M M A  h ave  a lso  been  reported by Ford et al. by X-ray  

lithography [144]. T h e s e  C E  ch ips w ere fabricated in P M M A  with a fibre-optic- 

b a se d  laser-induced flu orescen ce  detector for the restriction analysis of double

stranded D N A , w hich can  be u sed  in the fields forensics, genotyping and restriction 

m apping.

P D M S  is said  to h ave  a poorly defined E O F  [145]. By utilising different fabrication 

techniques, for exam p le  laser ablation, new  m aterials can  be exploited in the 

design  of C E  chips. F o r exam ple  G irault and  co-w orkers fabricated C E  ch ips in a  

num ber of m aterials including polystyrene (PS), polycarbonate (PC), polyvinyl



chloride (P V C ) and polym ethyl m ethacrylate (P M M A ) by a laser photoablation  

techn ique [115,146]. N ew er polym er m aterials, such  a s  parylene and Zeonor, 

w hich have not been  com m ercia lly  availab le  that long have a lso  been applied to 

the C E - M S  analysis o f sm all o rganic m olecu les [147-148], T h e  biocompatibility of 

polym ers, in particular P D M S , has m eant that num erous biological applications 

have been found in the literature including m icrofabricated cell sorters, m icrofluidic 

ch ips for the patterning of ce lls  and proteins and for the sizing and sorting of D N A  

fragm ents [149-154],

A  range of other d e v ice s  and m icrofluidic networks have been  developed  with 

polym er m aterials and su ccessfu lly  applied to applications other than separations  

[155-156, 143], E x a m p le s  include a ce ll-based  biosensor, w hich w as developed  to 

analyse  electro-active ce lls  that have been expo sed  to irritants [157], Non- 

biological applications include a m icrofluidic switch and a liquid core w aveguide  

[158-159], A  m icrofluidic device, fabricated by a novel technique, solid-object 

printing, w as reported by W h itesides and co-w orkers [160], P D M S  h as excellent 

chem ica l and physical properties that m ake a versatile polym er m aterial in term s of 

fabrication of m icrofluidic d evices. P D M S  is a good  platform for com ponents such  

as g la ss  capillaries, silicone tubing, optical fibres and electron ic devices, which  

facilitate flow control in the form of valves [161], pum ps [162], m ixers [163] and  

sw itches [164] en capsu lated  in m icrofluidic d evices. A  plethora of further 

applications of P D M S -b a s e d  m icrofluidic d ev ices can  be found in the literature 

[165-168] and have been  review ed by M e D onald  et al. [169].

Lab-on-a-chip  style po lym er d ev ices  are being developed  and introduced to the 

m arket by co m pan ies su ch  a s  C a lip e r Tech n o lo g ie s  C orp . in California, w ho are  

particularly interested in en zym e and cell-based  a ssa y s , and the analysis of D N A  

and R N A  [170],

S u rface  m odification o f polym er substrates will play an  integral role in the further 

developm ent, understanding and application of polym er m icrofluidic dev ices [171], 

T h e  multitude of polym er m aterials com m ercially  availab le and under developm ent 

m ean s that su rface  m odification protocols are not a s  well understood as  the 

ch em ica l m odification o f g la ss  or quartz. Th ere  are  num erous w ays in which  

polym er m aterials can  be chem ically  altered on the su rface  and a key focu s for 

m any research  g rou ps is the developm ent of routine, sim ple well-defined surface
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m odification techn iques [172]. P ugm ire  et al. used  an E xc im er laser to fabricate  

m icrofluidic ch annels in P M M A  under different atm ospheres, causing  ch an ges in 

the su rface  characteristics of the polym er, which had  a knock-on effect on the 

electroosm otic mobility through the m icrofluidic ch an n e ls [173]. During laser 

ablation m any reactive sp e c ie s  are form ed at the su rface  and in the gas phase. 

T h e  interaction of th ese  reaction products with the w alls o f the m icrofluidic 

ch an n e ls  results in a different ch em ica l functionality at the su rface  com pared to the 

bulk polym er itself [174]. A s  previously show n E O F  is com m only used  to 

m anipulate fluids in m icro-channels and  E O F  mobility is directly proportional to the 

fixed ch arge that the channel wall p o s s e s s e s  [175]. Ultim ately by fine-tuning the 

su rface  characteristics of the polym er material, during the laser ablation process, 

the e lectroosm otic flow can be controlled and m ade m ore reliable resulting in m ore  

reproducible m easurem ents.

1 . 5  R e f e r e n c e s

1 A .E . G reenberg , A .D . Eaton, L .S . C leseri, Standard Methods for the Examination 
of Water and Wastewater, P h osp h o ru s 4500-P , 18th E d ., A S P H , W ashington, 

D C , U S A , 1992, 166-181.

2 E .M . Thurm an, Organic Geochemistry of Natural Waters, M artinus Nijhoff, Dr. W .
Ju n k  (Eds.), Dordrecht, T h e  Netherlands, 1985, 497.

3 I.D. M cK elvie , D .M .W . Peat, P .J. W orsfold , Anal. Proc. Anal. Comm., 1995, 32,

437-445.

4 Article, "Strong T e n d e n cy  to B loom  Form ation”, The Irish Times, 5th January
2000, 2000, http://www.ireland.com/newspaper/archive/

5 Article, “W ater Q uality”, The Irish Times, 20th M ay 2000, 2000,
http://www.ireland.com/newspaper/archive/

6 Article, “W ater Q uality in T h re e  R ivers Dram atically W o rs e “, The Irish Times, 14th

M arch 2000, 2000, http://www.ireland.com/newspapers/archive/

7 Article “E U  to su e  Ireland over Drinking W ater Q uality”, The Irish Times, 15th M ay
2000., 2000, http://www.ireland.com/newspapers/archive/

8 Article, “Ireland not Im plementing D irectives within D ead lin es”, The Irish Times,
15th Ju ly 2000, 2000, http://www.ireland.com/newspapers/archives/

38

http://www.ireland.com/newspaper/archive/
http://www.ireland.com/newspaper/archive/
http://www.ireland.com/newspapers/archive/
http://www.ireland.com/newspapers/archive/
http://www.ireland.com/newspapers/archives/


9 Article, “E U  nam e the Th ree  Irish C ities in its W astew ater List", The Irish Times,
21st M arch  2001, 2001, http://www.ireland.com /new spapers/archives/

10 L .A . C lem entson , S . W ayte, Water Research, 1992, 26, 1171.

11 D. Lam bert, W .A . M aher, I. H ogg, Water Research, 1992, 26, 645.

12 M icroCh em : - A  M iniaturised Industrial C h em ica l S en sin g  System , W ork  
P a ck a g e  5 report (unpublished), 1998, E U  5th Fram ew ork, No. B R P -C T9 8 -07 8 7 .

13 W . W iem an , J. Beukenkam p, Treatise on Analytical Chemistry, I.M. Kolthoff,
P .J , (Eds.), W iley, N ew  York, 1961, 5, 317-402.

14 L .C .W . Baker, G . Foster, W . T a n , F. Scholn ick , T .P . M cC u tch eo n , J. Am. Chem 
Soc., 1955, 7 7 ,2 1 3 6 .

15 D .F . Boltz, M .G . M ellon, Ind. Eng. Chem. Anal. Ed., 1942, 19, 873.

16 D .F . Boltz, M .G . M ellon, Ind. Eng. Chem. Anal. Ed., 1948, 29, 749.

17 G .P . Edw ards, A .H . Molof, R .W . S ch n eem an , J. Amer. Water Works Assoc. , 
1965, 57, 917.

18 O. Sletten, C .M . B ach , J. Amer. Water Works Assoc., 1961, 53, 1031.

19 P .R . H addad, P .E . Ja ck so n , Ion Chromatography: Principles and Applications, 
E lse v ie r S c ie n c e  Pu b lishers B V , A m sterdam , T h e  N etherlands, 1990, 776.

20 M .van  den H oop, J .J . van S taden , J. Chromatography A, 1997, 770, 321-328.

21 S .A . G lazier, M .A . Arnold, Anal. Chem., 1988, 60, 2540.

22 T . Y a o , N. K obayash i, T. W a s a , Anal. Chim. Acta, 1990, 238, 339.

23 T .R . Crom pton, Comprehensive Water Analysis, Volume 1: Natural Waters, 
E lse v ie r A pp lied  S c ie n ce , N ew  York, U S A , 1992, 524.

24 G . M ission, Chemiker-Ztg., 1908, 32, 633.

25 J. R uzicka, Anal. Chem., 1983, 55, 1040A.

26 R .L . B enson , Y .B . Truong, I.D. M e Kelvie, B .T . Hart, Wat. Res., 1996, 3 0 ,1 9 5 9 .

27 P J. W orsfold, J .R . C linch , H. C a se y , Anal. Chim. Acta, 198 7 ,19 7 , 43.

28 R .L . B enson , Y .B . Truong, I.D. M cK elv ie , B .T . Hart, G .W . Bryant, W .P . 
H ilkm ann, Water Research, 1996, 30, 1965.

29 T .A .H .M . Ja n se , P .F .A . V a n  d e r W iel, G . Katem an, Anal. Chim. Acta, 1 9 8 3 ,155 , 

91.

30 F. M as, J .M . Estella , V . C e rd a , Water, Air, and Soil Pollution, 1990, 52, 360.

39

http://www.ireland.com/newspapers/archives/


31 S . M otom izu, J .P . Susanto , M. O sh im a, Anal. Sei., 1995, 11, 156.

32 H. A bderrazak, M. D achraoui, B. Lendl, Analyst, 2 0 0 0 ,1 2 5 , 1211.

33 M. A oyag i, Y . Y a su m a sa , T . H im eo, J. Flow Injection Anal., 1992, 9, 47.

34 D .J. M alco lm e-Law es, K .H . W ong, Analyst, 1990, 115, 65.

35 K .S . John son , R .L . Petty, Anal. Chem., 1982, 54, 1185.

36 N. G räber, H. Lüdi, H .M . W idm er, Sens. Actuators B, 1990, 1, 239 -  243.

37 A . M anz, D .J. Harrison, E . Verpoorte, J .C . Fettinger, A . Pau lus, H .M . W idm er, J. 
Chrom. B, 1992, 513, 2 5 3-258 .

38 H .M . W idm er, J .F . Erard, G . G ra s s , Intern. J. Environ. Anal. Chem., 1 9 8 4 ,18 , 1 

- 10.

39 J. R uzicka, E .H . H ansen, Flow Injection Analysis, 2nd Ed ., John  W iley and S on s, 
N ew  York, U S A , 1988.

40 M. Va lcarel, M .D . Luque  de C astro , Flow Injection Analysis: Principles and 
Applications, John  W iley  and S o n s , N ew  York, U S A , 1987.

41 E. Verpoorte, A . M anz, H. Ludi, A .E  Bruno, F. Maystr, B. Krattiger, H .M .
W idm er, Sens. Actuators B, 1992, 6 , 66-70.

42 A . M anz, J .C . Fettinger, E . Verpoorte, H. Lüdi, H .M . W idm er, D .J. Harrison, 
Trends Anal. Chem., 1 9 9 1 ,10 , 1 4 4 -  149.

43 E . Verpoorte, Introduction to Microfluidics for Chemical Applications, W orkshop  

M icro C h e m . S y s ., University of Hull, Hull, U K , Ju ly 2001, 2001.

44 M. G arn , P. C e ve y , M. G isin , C . Thom m en , Biotechnol. Bioeng., 1989, 34, 423.

45 C .A . M onnig, J.W . Jo rgenson , Anal. Chem., 1991, 63, 802.

46 T .S .J . Lam m erink, M. E lw enspoek, J .H .J . Fluitman, Proc. IEEE Workshop, Salt 
Lak e  City, U S A , 1993, 254-259.

47 V . G a s s , B .H . van d e rS c h o o t, N .F . de Rooij, Technical Digest, IEEE 
Transducers, 1993, 1048.

48 A . van den Berg, P. Bergvald, Proc. 2nd Int. Symp. MicroTAS, Kluwer, T h e  

N etherlands, 1995, 181.

49 Lab-on-a-Chip: The Revolution in Portable Instrumentation, 2nd Ed., Technica l 
Insights, Eng lew ood, N .J., U S A , 1997.

50 J. C o o p e r M e Donald, D .C . Duffy, J .R . A nderson , D .T . Chiu , H. W u, O .J .A . 
Schueller, G .M . W hitesides, Electrophoresis, 2000, 21, 27-40.



51 S . Shoij, Topics in Curr. Chem., 1998, 194, 163.

52 P . G rave se n , J. Branebjerg, O .S . Je n se n , J. Micromech. Microeng., 1993, 3, 

169.

53 P .A . G reenw ood, G .M . G reenw ay, Trends in Anal. Chem., 2002, 21 (11), 726.

54 N .A . Po lsen, M .A . H ayes, Anal. Chem., 2001, 73, 315A.

55 S . Thom pson , Analysis of a flat plat in laminar flow: Basic equations and 
solutions, M E  673, S a n  D iego  State  University, 1999,
http://thermal.sdsu,edu/profs/Bhattachariee/soobv/ciasses/f99/me673f99/sthom  

pson/slides/conclusion.htm l

56 I. Levine, Physical Chemistry, 2nd E d ., M c-Graw -Hill, 1983.

57 M. Frem antle, Science, 2000, 77, 27-36.

58 E lectron ic  Library, R eyn o lds N um ber, Infonautics Corporation, 
http://www.encyclopedia.com/articlesnew/39531.html

59 A . Daridon, V . Fascio , J. L ichtenberg, R. W ütrich, H. Langen , E . Verpoorte, N .F  

d e Rooij, Fresenius J. Anal. Chem., 2001, 371, 261-269.

60 J .P . Krog, H. Dirac, B. Fab iu s and P eter G raveso n , A . Dairdon, Jan  
Lichtenberg, E lisabeth  Verpoorte  and  N ico  F. de  Rooji, G . Pen naru m -Th om as, 
M. S eq u e ira  and D. D iam ond, M. D enninger, O . G e s c h k e  and J. Kutter, S . 
Horowitz, C . Strec, P. C h arles, L. C ognet, Proc. Micro TAS ’00, M icro Total 
A n a ly s is  S y ste m s 2000, E n sc h e d e , Netherlands, 2000, A .va n  den  Berg, W . 
Olthuis, and P. Bergveld  (Eds.), K luw er A ca d e m ic  Publishers: Dordrecht, 
N etherlands, 2000, 419-422.

61 S .F .Y . Li, Capillary Electrophoresis, E lsevier, New  York, U S A , 1994.

62 D .J. Harrison, P .G .G a lv in a , Sens. Actuators B, 1993, 10, 107-116.

63 S .C . Ja co b se n , T .E . M e Knight, J .M . R am sey , Anal. Chem., 1999, 71, 4455- 

4459.

64 P .D.I. Fletcher, S .J . Hasw ell, V .N . Paunov, Analyst, 1 9 9 9 ,1 2 4 , 1273.

65 S .J . Hasw ell, Analyst, 1997, 122, 1R.

66 J .S . D anel, G . D elapierre, J. Micromech. Microeng., 1 9 9 1 ,1 , 187.

67 E .W . Becker, W . Erfeld, P. H agm an, A . M aner, D. M ünchm eyer, Microelec. 
Eng., 1986, 4, 35.

68 J. Knapp, G . A n d reae , D. Petersohn, Sens. Actuators A, 1990, 23, 1080-1089.

69 A . M anz, Chimia, 1996, 50, 1 4 0 - 1 4 3 .

41

http://thermal.sdsu,edu/profs/Bhattachariee/soobv/ciasses/f99/me673f99/sthom
http://www.encyclopedia.com/articlesnew/39531.html


70 A . Daridon, M. Sequeira , G . P en n aru n -Th om as, J. U chtenberg, E . Verpoorte, D. 
D iam ond, N .F . de Rooij, Proc. EurosensorsXIV, C o p e n h a g e n , D enm ark, 2000, 

815-818.

71 Supp lied  by Steffen Horowitz, G e se llsch a ft fur S ilizium -M ikrosystem e (GeSim ) 

m bH, R o ssen d orfer T ech n o lo g ie  Zentrum , G rosserm ann sdorf, D resden, 

G erm any.

72 G . W allis, D .U .  Pom erantz, Appl. Phys., 1969, 40, 3946.

73 O . G e sch k e , M. Denninger, P. Te llem an, and J .P . Kutter, Protective Coatings in 
Microfluidic Systems, Pittcon 2000, N ew  O rleans, U S A , 2000 (poster 

presentation).

74 J. B ardeen, W .H . Brattain, Phys. Rev., 1948, 74, 230-233

75 M. M ehregany, A .S . Dew a, Part I: MEMS Overview, Introduction to
MicroElectroMechanical Systems and the Multiuser MEMS Processes, M C N C

Short C o u rse  H andbook, C A S E  W estern  R e se rve  University, C leve land , O H , U S A ,

1993, http://isu.iisc.ernet.in/~deena/mems/partlTOC.html

76 S .C . Terry, J .H . Jerm an, J .B . A n g e l, IEEE Trans. Electron. Dev., ED -26, 1979, 

1880.

77 G .T .A . K ovacs, K. Petersen , M . A lbin, Anal. Chem., 1996, 68, 407A.

78 B. van der Schoot, P. Bergveld, Sens. Actuators B, 1985, 8 , 11.

79 H. van Lintel et al, Sens. Actuators B, 1 9 8 8 ,1 5 , 153-167.

80 A . M anz, N. G räber, H .M . W idm er, Sens. Actuators B, 1990, 1, 244-248

81 R .A . M athies, P .C . S im pson , A .T . W oolley, Proc. MicroTAS ‘98, Banff, Alberta, 

C a n a d a , 1998, 1-7.

82 J .van  Kuijk, Numerical Modeling of Flows, Ph .D . T h es is , University of Tw ente, 
T h e  N etherlands, ISBN  90-9010395-3, 1997.

83 A  T . W oolley, D. H adley, P. Landre, A .J . de Mello, R .A . M athies, M .A . Northrup, 
Anal. Chem., 1996, 68, 4081.

84 M .S . Ibrahim, R .S . Lofts, P .B . Jährling, E .A . H enchal, V .W . W eedn , M .A. 
Northrup, P. G elgrader, Anal. Chem., 1998, 70, 2013-2017.

85 G .H .W . S an ders, A . M anz, Trends Anal. Chem., 2000 ,19 (6 ), 364-378.

86 C .A sh ton , Chem. Ind., 1999, 422.

87 R .F . Service , Science, 1998, 282, 396.

42

http://isu.iisc.ernet.in/~deena/mems/partlTOC.html


88 F. von H eeren, E. Verpoorte, A . M anz, W . Thorm ann, Anal. Chem., 1996, 68, 

2044.

89 N. C h iem , D .J. Harrison, Anal. Chem., 1997, 69, 373-378.

90 L.B . Koutny, D. Schm alzing, T .A . Taylor, M. Fu chs, Anal. Chem., 1996, 68, 18.

91 A .K . D eisingh, Analyst, 2003, 128, 9-11.

92 J. D e  G aspari, Mech. Eng., 2002, 38.

93 D .J. Harrison, P .G . G lavina, Sens. Actuators ß, 1993, 10, 107-116.

94 C .S . Effenhauser, G . J .M . Bruin, A . Pau lus, Electrophoresis, 1 9 9 7 ,1 8 , 2203.

95 C .L . Co lyer, T . Tang , N. C h iem , D .J. Harrison, Electrophoresis, 1 9 9 7 ,1 8 , 1733.

96 J .P . Kutter, Trends Anal. Chem., 2000, 19(6), 353-363.

97 D .E . R aym on d, A . M anz, H .M . W idm er, Anal. Chem., 1994, 66, 2858-2865.

98 S .C . Ja co b se n , R  Hergenröder, L .B . Koutny, J.M . R am sey, Anal. Chem., 1994, 

66, 1114-1118.

99 Z. Liang, N. C h iem , G . Ocvirk, T. T an g , K. Fluri, D .J. Harrison, Anal. Chem., 
1996, 68 , 1040-1046.

100 J.M . Slater, E .J . Watt, Analyst, 1994, 119, 2303-2307.

101 A .T . W oolley, K. Lao, A .N . G lazer, R .A . M athies, Anal. Chem., 1998, 70, 684- 

688.

102 J. Khandurina, S .C . Ja co b so n , L .C . W aters, R .S . Foote, J .M . R am sey, Anal. 
Chem., 1999, 71, 1815-1819.

103 Y. Sh i, P .C . S im pson, J .R . S ch erer, D. W exler, C . Skibola, M .T . Smith, R .A . 
M athies, Anal. Chem, 1999, 71, 5354.

104 L .C . W aters, S .C . Ja co b so n , N. Krouchtina, J. Khandurina, R .S . Foote, J.M . 
R a m se y , Anal. Chem., 1998, 70, 5172-5176.

105 R .N .C . Daykin, S .J . Hasw ell, Anal. Chim. Acta, 1995, 313, 155-159.

106 G .N . Doku, S .J . Hasw ell, Anal. Chim. Acta, 1999, 382, 1-13.

107 P .H . Petsul, G .M . G reenw ay, S .J . Hasw ell, Anal. Chim. Acta, 2001, 428, 155- 

161.

108 G .M . G reenw ay, S .J . Hasw ell, P .H . Petsul, Anal. Chim. Acta, 1999, 387, 1-10.

43



109 O . Rotting, W . Rpke, H. Becker, “ P o lym er M icrofabrication T e ch n o lo g ie s“, 
Business Briefing: Future Drug Discovery, T ech n o lo g y  and S erv ices, M ildendo  
G m b H , Jen a, G erm an y fhttp://www,miidendo-fluidics.com). 2001,1-6.

110 L. M artynova, L .E . Locascio , M. Gaitan, G .W . Kram er, R .G . C hristensen , W .A . 
M a c  C reh an , Anal. Chem., 1997, 69, 4783-4789.

111 A . de M ello, Lab Chip, 2002, 2, 3 1 N.

112 N .G . M e C rum , C .P . Buckley, C .B . Bucknall, Principles of Polymer 
Engineering, O xford University P re ss , N ew  York, U S A , 1998, C h ap . 8.2, 326.

113 J. G re e n e , E lastom eric  (Rubber) M aterial, California State University, Chico, 
Californ ia, U S A , 10th D ecem b er 1999, 1999,
http://www.csuchico.edu/~ipgreene/itec041/m41-ch09/sld001.htm

114 Y . X ia, E . Kim, X .-M . Zhao , J .A . R ogers, M. Prentiss, G .M . W hitesides, 

Science, 1996, 273, 347-349.

115 M .A . Roberts, J .S . R ossier, P. Bercier, Anal. Chem., 1997, 69 (11), 2035- 

2042.

116 P. R en au d , H. van Lintel, M. H eu sch ke l, L. G uenin , Proc. Micro-TAS’ 98, M icro  

Total A n a ly s is  S ystem s, Banff, C a n a d a , 1998, 17-22.

117 A . Both, W . Bacher, M. H eckele , K .-D . Müller, R. Ruprecht, M. Stohrm ann, 
Microsystem Tech. 2, 1998, 104-108.

118 E .W . Becker, W . Ehrfeld, P. H agm an n, A . M aner, D. M ünchm eyer, Microelec. 
Eng., 1986, 4, 35-56.

119 M. G ow er, N. Rizvi, "Applications of Laser Ablation to Microengineering”, 2000, 

Exitech Ltd., Oxford, U K .

120 N. R izvi, Proc. Microeng.’99, C o n g re ss  for M icrosystem s and P recis ion  

Eng ineering , Stuttgart, G erm an y, 1999, 161-168.

121 N. Rizvi, Symp. On Design Test and /¿Fab. OfMEMS and MOEMS, 1999, 
S P IE , Paris, Fran ce, 3680, 546-552.

122 Y . X ia , G .M . W hitesides, Annu. Rev. Mater. Sei., 1998, 28, 153-184.

123 Y . X ia , G .M . W hitesides, Langmuir, 1 9 9 7 ,1 3 , 2059-2067.

124 X .-M . Zhao , Y . X ia , G .M . W h itesides, J. Mater. Chem., 1997, 7, 1069-1074.

125 X .-M . Zh ao , Y . X ia , G .M . W h itesides, Adv. Mater., 1996, 8 , 420-424.

126 Y. X ia , E . Kim, G .M . W hitesides, J. Am. Chem. Soc., 1996, 118, 5722-5731.

127 E . Kim, Y . X ia , X .-M . Zhao , G .M . W hitesides, Adv. Mater., 1997, 9, 651-654.

44

http://www,miidendo-fluidics.com
http://www.csuchico.edu/~ipgreene/itec041/m41-ch09/sld001.htm


128 D. Q in, Y . Xia, G .M . W hitesides, Adv. Mater., 1996, 8(11), 917-919.

129 A . Kum ar, G .M . W hitesides, Appl. Phys. Lett., 1993, 63, 2002-2004.

130 S .J . C larson , J .A . Sem iyen , Siloxane Polymers, 1993, Prentice Hall, 
Eng lew ood  Cliffs, N ew  Jersey, U S A .

131 S . Brettain, K. Paul, X .-M . Zhao, G .M . W hitesides, Physics World, 1 9 9 8 ,11 , 

31-36.

132 Y . X ia , G .M . W hitesides, Angew. Chem. Int. Ed. Engl., 1998, 37, 550-575.

133 H .C . Haverkorn, P .E .J . Legierse, G .E . T h o m as, Phillips Tech. Rev., 1982, 40, 

287-297.

134 E. D elam arche, H. Schm id, H .A . B iebuyck, B. M ichel, Adv. Mater., 1997, 9, 
741-746.

135 R .M . M e Corm ick , R .J. N elson, M .G . A lonso-A m igo , D .J. B envegnu, H .H . 
H ooper, Anal. Chem., 1997, 69, 2626-2630.

136 T . Kenny, M. T a n g , P. Griffin, Natl. Nanofab. Users Network, 2001, Stanford  

Nanofabrication Facility, 62-63.

137 H. Becker, U. Heim , Sens. Actuators A, 2000, 83(1-3), 130-135.

138 M. H eckele , W . B acher, K .D . Muller, Microsystem Tech., 1998, 4, 122-124.

139 R .W . Jaszew ski, H. Schrift, J. G obrecht, P. Smith, Microelec. Eng., 1998, 41 / 

42, 575-578.

140 J. Xu, L. Locascio , M. G aitan, C .S . Lee, Anal. Chem., 2000, 72, 1930-1933.

141 H. Becker, W . Dietz, P. D annberg, Proc. Micro-TAS’ 98, M icro Total A na lysis  

System s, Banff, C a n a d a , Kluw er A ca d e m ic  Publishers, Dordrecht, Netherlands,
1998, 253-256.

142 C .S . E ffenhauser, G .J .M . Bruin, A . Pau lus, M. Ehrat, Anal. Chem., 1997, 69, 
3451-3457.

143 D .C . Duffy, J. C o o p e r  M e D onald, O .J .A . Schueller, G .M . W hitesides, Anal. 
Chem., 1998, 70, 4974-4984.

144 S .M . Ford, B. Kar, S . M cW h o rte r, J. D avies, S .A . Soper, M. Klopf, G . 
C ald eron , V . Sa ile , J. Microcol. Sep., 1998, 10(5), 413-422.

145 Y . Liu, J .C . Fanguy, J.M . B ld esoe , C .S . Henry, Anal. Chem., 2000, 72, 5939- 

5944.

146 Z. W u, N. Xan th opoulos, F. R eym ond, J .S . R ossier, P. Bercier, H. Girault, 
Electrophoresis, 2002, 23, 782-790.

45



147 L Licklider, X .-Q . W an g, A . D easi, Y .-C . Ta i, T .D . Lee, Anal. Chem., 2000, 72, 

367.

148 J. K am eoka, H .G . Cra ighead , H. Zhang, J. Henion, Anal. Chem., 2001, 73, 
1935-1941.

149 E. D elam arche, A . Bernard, H. Schm id , B. M ichel, H. B iebuyck, Science, 1997, 
276, 779-781.

150 S . Liu, Y . Shi, W .W . Ja, R .A . M athies, Anal. Chem., 1999, 71, 566-573.

151 A .Y . Fu, C . S p e n c e , A . Scherer, F .H . Arnold, S .R . Q u ake , Nat. Biotechnol., 
1999, 17, 1109-1111.

152 A .T . W oolley, R .A . M athies, Anal. Chem., 1995, 67, 3676-3680.

153 H .P . C hou , C . S p e n ce , A . Scherer, S .R . Q u ake, Proc. Natl. Acad. Sei. USA,
1999, 96, 11-13.

154 S . T a k ayam a, J. C o o p e r  M e D onald, E . O stuni, M .N . Laing, P .J .A . Kenis, R .F . 
Ismagiov, G .M . W hitesides, Proc. Natl. Acad. Sei. USA, 1999, 96, 5545-5548.

155 M .A . Burns, et al, Science, 1998, 282, 484-487.

156 H. Becker, C . Gärtner, Electrophoresis, 2000, 21, 12-26.

157 B .D . D e  B u ssch ere , D .A . Borkholder, G .T .A . K ovacs, Solid State Sens. 
Actuator Workshop, 1998, Hilton H ead , S C , U S A , 358-362.

158 J.A . Schueller, X .-M . Zhao, G .M . W hitesides, S .P . Smith, M. Prentiss, Adv. 
Mater., 1999, 11, 37-41.

159 D .C . Duffy, O .J .A . Schueller, S  T . Brittain, G .M . W hitesides, J. Micromech. 
Microeng., 1999, 9, 211-217.

160 J. C o o p e r  M e Donald, M L. C hab in yc, S .J . Metallo, J .R . A n derson , A .D . 
Stroock, G .M . W hitesides, Anal. Chem., 2002, 74, 1537-1545.

161 D.J. B eebe, J .S . M oore, Q . Yu, R .H . Liu, M .L. Kraft, B.-H. Jo, C . D evadoss , 
Proc. Natl. Acad. Sei. USA, 2000, 97, 13488-13493.

162 J .R . A n derson , J .C . M e Donald, H .A . Stone, G .M . W hitesides, Anal. Chem., 
2002, (submitted for publication).

163 A .D . Stroock, S .K .W . Dertinger, A . Adjari, I. M ezic , H .A . Stone, G .M . 

W hitesides, Science, 2002, 295, 647-651.

164 R .F . Ismagilov, D. R osm arin , P .J .A . Kenis, D .T . Chiu, W . Zhang, H .A . Stone, 
G .M . W hitesides, Anal. Chem., 2001, 73, 4682-4687.

165 J .C . M e D onald, S .J . Metallo, G .M . W hitesides, Anal. Chem., 2001, 73, 5645- 

5650.

46



166 E . Eteshola , D. Leckband, Sens. Actuators B, 2001, 72, 129-133.

167 J. G a o , J. X u , L .E . Locascio , C .S . Lee, Anal. Chem., 2001, 73, 2648-2655.

168 Y . Jiang, P .-C . W an g, L .E . Locascio , L .P . Lee , Anal. Chem., 2001, 73, 2048- 

2053.

169 J .C . M c  D onald, G .M . W hitesides, Acc. Chem. Res., 2002, 35(7), 491-499.

170 A .R . Kopf-Sill, Micro-TAS ‘ 00, A . van den  Berg (Eds.), Kluw er A ca d e m ic  Publ.,

2000, 233-238.

171 B. V a idya , S .A . Soper, R .L . M c Carley, Analyst, 2002, 127, 1289-1292.

1 7 2 A .C . Henry, T .J . Tutt, M. Gallow ay, Y .Y . D avidson, C .S . M cW h o rter, S .A . 
S oper, R .L . M c  C arley , Anal. Chem., 2000, 72, 5331-5337.

173 D .L . Pugm ire, E .A . W adell, R. H aasch , M .J. Tarlov, L .E . Locascio , Anal.
Chem., 2002, 74, 871-878.

174 T .J . John son , D. R o ss , M. Gaitan, L .E . Locascio , Anal. Chem., 2001, 73, 

3656-3661.

175 D. F igeys, D. Pinto, Anal. Chem., 2000, 72, 330A.

47



2 T h e  V a n a d o m o l v b d o p h o s o h o r i c  A c i d  ( o r  Y e l l o w )  M e t h o d

48

I



P h osp h o ru s is a  nutrient required by all organism s. Inorganic phosphoru s is found  

predom inantly in the form of p h osp h ates with orthophosphate being the m ost 

stable form. W astew ater effluent, food residues, detergents, fertilisers, anim al 

w aste, industrial d ischarge and drinking w ater treatm ent all contribute significantly 

to phosphate levels in natural w aters [1], Spectrophotom etric m ethods, b ased  on 

colorim etric detection have been w idely applied for the determ ination of 

orthophosphate. A lm ost all wet ch em ica l a s s a y s  of phosphate are b ased  on the 

w ell-know n m olybdenum  blue m ethod, w hich is ideal for visual titrations, b ecau se  

o f the deep  b lue coloured com plex  form ed. It is a lso  suitable for colorimetric 

m easurem en ts b ased  on tungsten filam ent so u rces b e ca u se  the m olybdenum  blue 

com plex  a b so rb s in the 650 - 700 nm region o f the visib le spectrum . H ow ever this 

approach  will not transfer easily  to a  m iniaturised form at for severa l important 

reason s. A sco rb ic  acid  is used  in the reduction step of the form ation of the 

m olybdenum  blue com plex. In the p re se n ce  of ascorb ic  acid the reagent tends to 

form a finely d ispersed  precipitate and  the a sco rb ic  acid  itself is only stable for a 

restricted time period. Th is m ak es the blue m ethod very unattractive not only 

b e ca u se  the precipitate could rapidly block the narrow  m icrofluidic channels, but 

a lso  from the point of view  of m eeting the target of one-year autonom ous  

functioning for future miniaturised environm ental monitoring instruments.

H ow ever, the yellow  m ethod (vanadom olybdophosphoric acid  method) has recently 

b eco m e an  attractive alternative. T h is  colorim etric technique involves the formation 

of a heteropoly acid, yellow  vanadom olybdophosph oric  acid, w hereby am m onium  

m olybdate, (N H 4)6Mo7024-7H20 , is reacted with am m onium  m etavanadate, 

N H 4V O 3, under a c id ic  conditions [2], T h e  com bined reagent and sam ple  containing  

orthophosphate react to form  the above-m entioned heteropoly acid, 

(N H4)3P 0 4N H 4V 0 3 .16M o 0 3 , resulting in a  distinct yellow  colour arising from strong 

a b so rb a n ce  below  400 nm. T h e  reagent h as been  stored for approx. 18 m onths in 

a  brown g la ss  v e sse l in the dark. N o  precipitation h as been noted to date. In this 

ch apter the yellow  m ethod is exam ined  and the chem ical reagent is show n to have  

a lifetime in e x c e ss  o f o n e  year with no significant loss in perform ance.
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2 . 1  S p é c i a t i o n  o f  P h o s p h o r u s

P h osph o ru s fractions have been extensively nam ed and categorised, the following 

is a brief description of the m ost significant fractions to be m easured. Ph osph orus  

in natural w aters and  sed im ent o ccu rs  predom inantly a s  orthophosphate, but a lso  

a s  organic and co n d e n se d  phosphates with various different m olecular weights.

T h e  m ost frequently an a lysed  ph osph oru s quantities are  total p hosphoru s (TP) and  

d issolved  reactive phosphoru s (D R P), b e ca u se  they are  relatively e a sy  to 

determ ine [3]. T h e  total phosphoru s content is com prised  of both d isso lved  and  

su sp en d ed  entities, the form er is defined a s  the fraction that is still present after 

filtration through a 0 .45 nm m em bran e  filter.

T h e  total d issolved  phosphoru s (TD P ) fraction is m ade up of d isso lved  inorganic 

p hosphoru s (DIP), w hich is a com bination of the orthophosphate and con den sed  

p h osph ates fractions, and  the d isso lved  o rganic phosphoru s (D O P). T h e  D O P  

partially hydro lyses to orthophosphate w hen reacted with acid ic  m olybdate, w hich  

is u se d  in the standard blue m ethod for the determ ination of orthophosphate. T h e  

term d isso lved  reactive p hosphoru s (D R P) d escrib es the m easurable  

orthophosphate concentration in a  w ater body.

O rthophosphate  determ inations are im portant benchm arks in m easuring the 

“bioavailab le” d isso lved  p hosphoru s concentration for the p ro cess of 

photosynthesis [4], T h e re  are three different form s of orthophosphate ions present 

in water. T h e  pH o f the w ater body determ ines w hich form  is prevalent.

T h e  H e n d e rso n -H asse lb a ch  equation defines the pH of a solution of a  conjugate  

a cid -b ase  pair in term s of the d issociation constant of the w eak acid  and the 

equilibrium  concentrations of the acid  and its conjugate base. pK a values can be 

related to pH va lu e s by using Equation 2-1, w here [A'] is the m olar concentration of 

the salt (dissociated sp ecies) and [HA] is the concentration of the undissociated  

acid. W h en  the concentration of the salt and  acid  are  equal, the pH of the system  

eq u a ls the p K a  of the acid  [5],
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P H  = P K . ^  o g g Equation 2-1

W h en  p K  = pH, then [HA] is equal to [A], V a lu e s  of pKa yield quantitative 

information concern ing  acid  strength; very strong a c id s  being characterized  by 

undefined p K  values, sem i-strong a c id s  being characterized  by sm all p K a values: 

and w eak a c id s  being characterized  with larger pKa values. In the three equations

2-3, 2-4 and 2-5 the dissociation of o -ph osphoric  acid  is given. T h e  p K a  values are  

a lso  tabulated in T a b le  2-1.

H3P04 o  H 2PO~  + H' Equation 2-2

H 2P 04 O  HP()42 + H ' Equation 2-3

HP042 <=> P04~ + H ' Equation 2-4

T h e  dissociation constants o r pK a  v a lu es for o-ph osphoric acid  are  show n in Tab le  

2-1.

Table 2-1 Dissociation Constants of o-Phosphoric Acid
Phosphoric A c id p K a l pKa2 pKa3

H 3P O 4 H2P 0 4- H PO 42' PO 43'

2.13 7.2 12.36

T h e  ion P O ^  d o e s n ’t naturally o ccu r in water. It is nearly a lw ays a  mixture of 

H P 0 42' and  H 2P 04_ that is found. Th erefore  in all a n a lyse s  orthophosphate  

concentrations a re  reported in term s of hydrogen phosphate ions [6], T h e  

distribution cu rves are a lso  given for the three sp e c ie s  o f phosphorus b ased  on the 

pH of the solution in F igure 2-1, w here alpha, a  is the fraction of an y  sp ecies  in 

relation to the total concentration at a  g iven pH. T h e  three p K a  values are  

determ ined from  Equation 2-1 and a re  given in T a b le  2-1. In Figure 2-1 the three 

intersecting points on the distribution curve correspond  to the pK a  va lu e s of 2.13, 

7.2 and 12.36 for pK a  1, 2 and 3 respectively.
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6.95 8.95

pH

10.95 12.95

Figure 2-1 Distribution curves for the spéciation of phosphorus'

2 . 2  R e a g e n t  /  S t o c k  S o l u t i o n  P r e p a r a t i o n

T h e  yellow  com plex has a three-com ponent com position. All ch em ica ls  w ere of 

analytical-reagent grade and the solutions w ere prepared with double deionised  

water. A m m on iu m  m olybdate, (N H 4)6M o 70 244H 20 , am m onium  m etavanadate, 

N H 4V O 3, and potassium  d ihydrogen phosphate, K H 2P 0 4, w ere obtained from  

F L U K A  C h e m ica ls  (Sigm a-A ldrich Ireland Ltd., Tallaght, Dublin 24, Ireland). 

H ydrochloric acid  (37% wt. in water) w as obtained from  A ldrich (sam e as F L U K A  

Chem ica ls). T h e  relative quantities used  are  show n in T a b le  2-2.

C om ponent S tructu re A liquo t
A m m on iu m  m olybdate (NH4)6Mo7024.4H20 7.143 g/L

A m m on iu m  m etavanadate n h 4v o 3 0.357 g/L

C one. Hydrochloric acid (37%) HCI 95 ml

* Amended from literature; D. Diamond, V.H.A. Hanratty “Spreadsheet Applications in 
Chemistry using Microsoft Excel”, Wiley Interscience, USA, 1997.
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Milli-Q w ater w as used  throughout the analysis. It w as taken from the M illipore Milli- 

R o  P lus 30 system . T h e  w ater purification system  includes two purification steps to 

produce distilled quality water.

1. T h e  am m onium  m etavanadate w as d isso lved  in 300 ml of deionised  water 

by heating to boiling, coo led  and then 95 ml of conc. HCI w as added.

2. T h e  am m onium  m olybdate w as d isso lved  in 300 ml of deion ised  w ater with 

vigorous shaking

3. Both m ixtures w ere add ed  to a 1 L volum etric flask and m ade up to the 

m ark with de ion ised  water.

In the c a s e  of the orthophosphate-contain ing sam ple , potassium  dihydrogen  

phosphate, K 2H 2P O 4.7 H 2O w as p laced  in a g la ss  Petrie dish and dried in an oven  

for 3 hours at 8 0 °C  (M .W . after drying: 136.09 g / mol). A  50 m gL '1 P  (A.M.: 31 g / 

mol) stock solution w as prepared by addition of 219.5m g of the anhydrous salt to a 

1L volum etric flask. T h e n  10ml of 4 M  su lphuric acid, H 2S 0 4, w as added  and m ade  

up to the m ark with de ion ised  water. T h e  4 M  su lphuric acid  a ids the preservation of 

the stock solution. From  the 50 m gL '1 P  stock solution, a series of standards over 

the concentration range 0 - 5 0  m gL '1 w ere prepared.

T h e  yellow m ethod com plex  w as prepared by mixing the com bined reagent and the 

orthophosphate-contain ing sam ple  in a 1:1 ratio. All orthophosphate contained  

within an aqu eo u s sam ple, upon reaction with the reagent, is converted to 

phosphorus, and  is denoted  as  P 0 43‘ - P. 25 ml standard  solutions w ere prepared  

by dilution a s  show n in T a b le  2-3 and m ixed with 25 ml of reagent to resulting in 

the form ation of the heteropoly com plex.

Fo r all the conventional 1 cm  cuvette an a lyses described  in this chapter the yellow  

heteropoly com plex  w a s prepared, a s  described  above, prior to the ab sorb an ce  

m easurem ent. A ll analytical m easurem en ts w ere m ade in triplicate to verify 

reproducibility, un less otherw ise stated.
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Table 2-3 Dilution factors in the preparation of the standard and sample solutions 
C o n e . P P 43 -P [ m g L 1] V o l.5 0  m g L '1 P  [ml] V o l.d ist. H2Q  [ml]

0 0 25

0.5 0.25 24.75

1 0.5 24.5

2.5 1.25 23.75

5 2.5 22.5

10 5 20
20 10 15

25 12.5 12.5

30 15 10
40 20 5

50 25 0

W a v e l e n g t h  [ n m ]

Figure 2-2 Typical UV spectrum of the yellow vanadomolybdophosphoric acid 
complex over the concentration range 0 - 5 0  mgL'1 POf~P with a tungsten- 
halogen lamp as source

T h e  ab so rb an ce  spectra  of a se lection of P O 43' - P  sa m p le s betw een 0 - 5 0  m gL"1 

over the w avelength ran ge of 350 -  500 nm are show n in Figure 2-2. It is evident 

that the com plex  a b so rb s  strongly below  a w avelength of 425 nm, peaking  

betw een approx. 375 -  400 nm.
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2 . 3  A p p a r a t u s

A n a lysis  w as carried out in a conventional 1-cm cuvette in a system  b ased  on the 

sch em atic  in F igure 2-3.

Optical fibre

/ ____ A
Light Source

V M r O z k T '-

t

Portable

Spectrometer
rU

1-cm cuvette holder

Figure 2-3 Schematic of the conventional bench system for the 1-cm cuvette 
measurements

A  range of light so u rce s  w as initially tested to find the m ost suitable one that 

provided the best light intensity below  400 nm. T h e  four light so u rce s  a sse s se d  

were:

1. A  tungsten-halogen lam p (Model: LS-1 , O c e a n  O ptics B .V ., Duiven, T h e  

Netherlands)

2. A  deuterium  lam p (Model: D H 2000, A vantes, S o e re n se  Zand, T h e  

Netherlands)

3. A  blue L E D  (Model: G a N  L E D , N ichia C orp ., Tokushim a, Japan)

4. A  U V -L E D  (M odel: N S H U -5 5 0 E , N ichia C orp ., Tokushim a, Japan)

Figure 2-4 Photograph of the 1-cm cuvette holder (A) and the portable 
spectrometer (B) by Ocean Optics

55



A  1 cm  quartz cuvette w as used  for all m easurem en ts (Model: Z27, 665-0, S igm a-  

Aldrich  Ireland Ltd., Dublin, Ireland). It w as secu red  in a portable holder with a 

black alum inium  co ver (Model: C U V - U V  / C U V -C o ve r) , which elim inated all 

am bient light and blocked the light path w hen taking dark current m easurem ents  

(Figure 2-4 (A)). T h e  conventional set up com prised  a portable S-2000  mini- 

spectrom eter (Figure 2-4 (B)) with accom pan yin g  software, the O O IB a s e 32 

Program , all o f which w ere obtained from O c e a n  O ptics (O cean  O ptics B .V ., 

Duiven, T h e  Netherlands). Light w as transm itted from  the lam p through the cuvette  

holder to the spectrom eter via optical fibres (Edm und O ptics Ltd., York, UK). T h e  

spectrom eter w as con nected  to a P C  via a ribbon cable, and an I/O card (National 

Instruments, New bury, Berkshire, UK ) w as used  to retrieve data from  the 

spectrom eter.

2 . 4  C h o i c e  o f  L i g h t  S o u r c e

Initially the intensity of e a ch  light so u rce  w as m easured  over the w avelength range  

335 -  1000 nm. T h e  integration tim e w as set a s  50 m s with a boxcar sm oothing of 

20. Initially the ch a llen ge  presented with using the yellow  m ethod w as the fact that 

the yellow com plex  ab sorbed  strongly below  400 nm and com m only em ployed  

so u rce s  did not em it strongly in this region.

T h e  tungsten-halogen lam p is a sm all, portable lam p with a w avelength range of 

300 -  900 nm requiring a 12V  D C  battery supply. A lthough the tungsten-halogen  

lam p d o e s  emit light in the lower U V  range, the broadband sou rce  has poor 

intensity w here the yellow  com plex ab so rb s as  show n in Figure 2-5. Th is, coupled  

with the large pow er supp ly  n e ce ssa ry  to generate  light, m akes it a less than ideal 

sou rce  for the application.

T h e  em ission  range of the deuterium  lam p is m arginally m ore suited to the yellow  

com plex than the tungsten-halogen lam p. T h e  intensity of the light is better below  

400 nm as show n in Figure 2-5. H ow ever the sa m e  problem  applies to the 

deuterium  a s  the tungsten-halogen source.
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The gallium nitride, GaN-LED emits a pale blue / violet light. The GaN-LED is a 

broadband source, which has a peak output in the 428 -  430 nm spectral region 

and an energy bandgap of approx. 3.4 V. Again the light intensity below 400 nm 

wasn’t sufficient as shown in Figure 2-5. The only benefits of incorporating this 

LED in the optical detection compared to a conventional light source, are the lower 
power required to generate the light, typically 3 -  3.5 V and the small size of the 

device.

It wasn’t until Nichia invented the UV-LED however that an ideal light source 

became available for the yellow method. The UV-LED is a narrowband source with 

the peak output of Xmax 375 nm with a 10° divergence. It has an energy bandgap of 

ca. 3.9 V and requires a battery of approx. 4 V [7],

The emission spectra of the four light sources were compared over the desired 

wavelength region for yellow method analysis of 330 -  430 nm. Clearly it is shown 

in Figure 2-5 that the UV-LED has the strongest emission spectrum below 400nm. 
This, coupled with its minimal power consumption and its compact, portable size 

make it a superior choice to both its conventional counterparts and other LED’s, 

such as the blue GaN LED.

However, there was a more convincing reason why the UV-LED was chosen as the 

most suitable light source for yellow method analysis. The emission data for all 
four light sources and the absorbance data of a P043' - P sample of 50 mgL'1 

concentration, were normalised and plotted on the same scale using Sigma Plot 
software. The good coherence of the UV-LED with the absorbance spectrum of 
the heteropoly complex is demonstrated in Figure 2-5.
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W avelength [nm ]

Figure 2-5 Normalised plot showing the UV-LED as the most suitable light source 
for measuring the absorbance of the yellow complex of a 50 mgL'1P043' - P

The UV-LED was chosen as the most suitable light source for the yellow method. 
To prove that this was the case and to demonstrate the chemical stability of the 

method a linearity study was undertaken.

2.5 Calibration

A calibration study was carried out with the Nichia UV-LED as the light source. A 

set of standard solutions was prepared from the 50 mgL' 1 stock (Section 2.1) by 

dilution over the concentration range 0 - 5 0  mgL' 1 P. Each 25 ml standard was 

then mixed with 25 ml of the combined reagent in a 50 ml volumetric flask and the 

sample was left to stand to allow the reaction to reach completion at room 

temperature for approx. 5 min. The sample was then poured into the 1 cm cuvette 

ready for analysis. Absorbance measurements for each sample were made in 

triplicate.
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Concentration P 043' - P [mgL'1]

Figure 2-6 Calibration plot with the UV-LED light source over the concentration 
range 0 -50  mgL-1 PO/'-P at a wavelength of 380 nm

The average absorbance calculated from the triplicate measurements was plotted 

against the concentration P043 - P over the range 0 - 5 0  mgL'1 as shown in Figure 

2-6. Error bars were included (n = 3 replicates), although the data points 

representing each calibration standard on the plot mask them. This was due to the 

good reproducibility of the repeat measurements (% RSD <1 . 3% for every point, 

see Table 2-4).

Beer’s Law is not obeyed at 50 mgL' 1 as there is a small deviation from linearity as 

is shown in Figure 2-6. This can be explained by closer examination of the 

absorbance spectra (see Figure 2-5) from 0 - 5 0  mgL'1. Above a wavelength of 
430 nm linearity is obeyed over the whole range, however the sensitivity is lower in 

this range. To ensure the most sensitive measurement for implementation in a 

microfluidic chip with a 25-fold decrease in optical path length, 380 nm was the 

best choice for all analyses.
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The slope of the line, m, was calculated as 0.0605 ± 2 x 10' 10 (RSD: 0.3815 %), 

from which the molar absorptivity, s, was estimated as 8129.11 ± 31.55 (RSD: 0.38

%).

It has already been demonstrated that the peak output of ?imax 375 nm from the UV- 

LED is in good agreement with the maximum absorbance of the yellow complex in 

the UV spectrum. The calibration demonstrated the sensitivity and highly 

reproducible data achieved when the UV-LED light source was employed.

Table 2-4 Calibration data for the UV-LED calibration over the concentration range
n  c r t  n / ~ s  3 -  r j  o o n

C o n e . P 0 43'-P  [m g L '1] R u n  1 R u n  2 R u n  3 A v e ra g e S td . D ev. %  R SD

0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0
0 .5 0 .0 4 5 0 0 .0 4 4 0 0 .0 4 5 0 0 .0 4 4 7 0 .0 0 0 6 1 .2926

1 0 .0 9 4 0 0 .0 9 4 0 0 .0 9 5 0 0 .0 9 4 3 0 .0 0 0 6 0 .6 1 2 0
2 .5 0 .2 1 7 0 0 .2 1 5 0 0 .2 1 5 0 0 .2 1 5 7 0 .0 0 1 2 0 .5354

5 0 .3 9 5 0 0 .3 9 9 0 0 .3 9 7 0 0 .3 9 7 0 0 .0 0 2 0 0 .5 0 3 8
10 0 .7 3 7 0 0 .7 3 6 0 0 .7 3 9 0 0 .7 3 7 3 0 .0 0 1 5 0 .2072
25 1 .7 7 8 0 1 .7 7 6 0 1 .7760 1 .7767 0 .0 0 1 2 0 .0 6 5 0
50 2 .9 7 9 0 3 .0 0 0 0 2 .9 8 1 0 2 .9 8 6 7 0 .0 1 1 6 0.3881

After establishing that the UV-LED was a good choice of light source for the yellow 

method and showing that the calibration yielded a linear correlation between the 

absorbance and the concentration over the range 0 - 5 0  mgL' 1 P043" - P, the 

sensitivity of the absorbance measurement with the UV-LED at a range of 
wavelengths was assessed. The five wavelengths were 380, 390, 400, 420 and 

430 nm. This particular region of the UV-Vis spectrum was chosen to coincide with 

the absorbance spectrum of the complex formed via the yellow method. This also 

determined whether 380 nm was a suitable choice as the working wavelength for 
the yellow method.

As shown in Figure 2-7 five calibrations with the UV-LED light source were 

undertaken at wavelengths of 380, 390, 400, 420 and 430 nm. The calibration at 
380 nm was taken from Figure 2-6. The other four calibrations were carried out at 
the same time over the concentration range 0 - 5 0  mgL' 1 P043' - P using the same 

P standard solutions as is given in Table 2-5. The absorbance of a 50 mgL' 1 P043'
- P standard was over threefold greater at 380 nm than at 430 nm. For obvious
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reasons 380 nm was chosen as the working wavelength for all the analytical 

measurements referred to in this thesis.

Concentration P 043' - P [mgL'1]

Figure 2-7 Comparison calibration plots of absorbance versus concentration P043' 
- P for the concentration range 0 - 5 0  mgL'1 with a UV-LED light source at 5 
different wavelengths

Based on these results the decision to use 380 nm as the working wavelength 

throughout this research, with the UV-LED as a light source, was made.

Table 2-5 Absorbance measurements made over the concentration range 0 -5 0  
mgL'1 P O f - P with the UV-LED as a light source to compare the calibrations 
made at 5 different w avelength _______________________________________________________________________________

C o n e . P 0 43'  P [m g L ’1]  3 8 0 n m 3 9 0 n m 4 0 0 n m 4 2 0 n m 4 3 0 n m
0 0 .0 0 0 0 0 .0391 0 .0 2 3 6 0 .0 2 4 0 0 .0 2 2 8

0 .3 N /A 0 .0 5 4 0 0 .0 3 4 9 0 .0 3 0 9 0 .0 2 8 4
0 .5 0 .0 4 4 7 0 .0581 0 .0 3 5 8 0 .0 2 9 9 0.0261

1 0 .0 9 4 3 0 .0 7 7 8 0 .0 5 2 5 0 .0 4 0 7 0 .0 3 4 8
2 .5 0 .2 1 5 7 N /A N /A N /A N /A
5 0 .3 9 7 0 0.2471 0 .1 8 5 6 0 .1 2 5 9 0 .1 0 3 3
10 0 .7 3 7 3 0 .4331 0 .3301 0 .2 0 8 9 0 .1 6 7 0
20 N /A 0 .8 6 1 7 0 .6 6 9 8 0 .4 3 0 5 0 .3 4 5 7
25 1 .7 7 6 7 N /A N /A N /A N /A
30 N /A 1.3081 1 .0262 0 .6 6 0 0 0 .5 3 2 4
40 N /A 1 .7414 1 .3718 0 .8 7 8 0 0 .7 0 1 9
50 2 .9 8 6 7 2 .1 8 3 2 1.7421 1 .1086 0 .8 9 5 2
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2 . 6  R e a c t i o n  K i n e t i c s

The rate of the chemical reaction of the yellow method reagent and an 

orthophosphate containing sample was important to investigate in order to estimate 

how quickly a measurement could be made, i.e. how high the sample turnaround / 
hour would be. It was also important in terms of this research project that the 

chemistry of the yellow method was fully investigated and optimised and then 

successfully translated to a microfluidic manifold.

2 . 6 . 1  P r e l i m i n a r y  E x p e r i m e n t  a t  R o o m  T e m p e r a t u r e

The assumption of 1st order for the kinetic reaction of an orthophosphate sample 

with the combined reagent to form a heteropoly complex was initially investigated 

at room temperature in the conventional system (Figure 2-3) as shown in Figure 

2-8. The first absorbance spectrum was captured immediately (after ~ 0.5 s) 
followed by repeated acquisitions over the wavelength range 360 - 550 nm being 

measured every 10 s for 3.5 min. The Figure 2-8 inset plots absorbance versus 

time, which corresponds to the absorbance measured for each spectrum at a 

wavelength of 380 nm.

1.35 
1.15

o 0.95
S  0.75
8 0.55

-Cl

<  0.35
0.15 

-0.05
360 380 400 420 440 460 480 500

Wavelength [nm]

Figure 2-8 The absorbance response over time as a 20 mgL'1 P O f standard and 
the acidic reagent react to form the P043~ - P heteropoly complex at room 
temperature (INSET: The average absorbance versus time at 380 nm)
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Establishing that the reaction rate was 1st order involved carrying out a more 

controlled experiment. The temperature at which the yellow method reaction takes 

place has to be stable and continuously monitored and the data acquisition rate 

increased. In order to achieve this a new thermal set up was designed and 

fabricated.

2 . 6 . 2  E x p e r i m e n t a l  S e t - u p

The new temperature apparatus comprising a portable mini-spectrometer (Model 
S2000) with accompanying software, the OOIBase32 Program, a tungsten-halogen 

source (Model LS1) and a 1 cm cuvette holder (Model CUV-UV), all of which were 

obtained from Ocean Optics Inc. (Ocean Optics B.V., Duiven, The Netherlands) 
was assembled. Light was transmitted from the lamp through the cuvette holder to 

the spectrometer via optical fibres (Edmund Optics Ltd., York, UK). The 

spectrometer was connected to a laptop PC via a ribbon cable, and a DAQ-700 I/O 

card (National Instruments, Newbury, Berkshire, UK) was used to retrieve data 

from the spectrometer. In time-based acquisition mode, spectra were acquired at 
fixed time intervals, which allowed the user to monitor the change in complex 

absorbance as a function of time. For analyses at elevated temperatures a heated 

control box was purpose-built to house the 1 cm cuvette and holder and a simple 

LabView program controlled the temperature changes. In Figure 2-9 the inside of 
the box is shown on the right hand side and the lid on the left. Inside the box A, 
depicts the reservoir for the reagent, B, the reservoir for the orthophosphate- 
containing sample and C, the cuvette holder with a 1 cm cuvette positioned on top 

of the heating mat. In the lid of the box D represents the sample injection port, E is 

where the temperature probe is attached and Al and Bl are two through holes to 

the reservoirs for the sample and the reagent respectively for refilling the injection 

syringes.
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Figure 2-9 Schematic of temperature-control box within which the kinetic 
experiments were performed over the temperature range 2 2 -5 5  °C

2 . 6 . 3  I n f l u e n c e  o f  T e m p e r a t u r e  o n  t h e  Y e l l o w  M e t h o d  R e a c t i o n

The temperature study was carried out at 5 °C intervals over the temperature 

range 25 -  50 °C. The yellow method reaction gave a good fit to the 1st order 

model. For the purpose of this study a 1st order model was set up in a Microsoft 
Excel spreadsheet. The Solver tool in Microsoft Excel fits the real analytical data to 

an ideal model for a 1st order kinetic reaction [8-9],

x - a 0 (l -  e~KA‘ ) Equation 2-5

The residual of the ideal model data and the real analytical data was calculated, 
along with the squared residual and the sum of the squared residual (SSR). In 

order to interpret whether the reaction is 1st order, the Solver tool fits the model to 

the real data so that the value for the SSR is minimised. KA, a0 and x (Equation 2- 
5) are set as variables and change accordingly, when new data is introduced to the 

spreadsheet. KA is the rate of the reaction for a given temperature and the time 

constant can be calculated, as 1/Ka and the sum of a0 and x equal the maximum 

absorbance of the complex when the reaction has reached completion.

In Figure 2-10 the average kinetic profiles recorded at each temperature were 

plotted against each other showing the dependence of the rate of reaction on the 

temperature. However the absorbance of the 10 mgL' 1 P043’ - P sample should 

theoretically be the same, irrespective of the temperature at which the experiment



is being carried out at. It was shown that although the absorbance at each 

temperature showed good repeatability (RSD: < 6.5 %) the overall reproducibility of 
the experiment was not as good. The average absorbance of the 10 mgL'1 PO43 - 

P sample over the temperature range 25 -  50 °C was 0.5923 ± 0.0783 (RSD: 

13.2230 %). There are a number of possible explanations for the poor 

reproducibility:

1. The injection syringe containing the P043’ sample volume wasn’t accurately 

and reproducibly refilled prior to each experiment
2. The reagent contained in the 1-cm cuvette wasn’t accurately measured out
3. The 1-cm cuvette is not ideal for ensuring efficient mixing and reacting of 

the reagent and sample

Figure 2-10 Comparison of the kinetic profile of the yellow method reaction over 
the temperature range 25 -  50 °C at the working wavelength of 380 nm

In conclusion the major finding of the bench analysis was that the reaction rate for 
the yellow method was very fast, and that by ramping the temperature up the 

reaction time could be significantly reduced to several seconds, which was a critical 
factor when considering an experimental design for a microfluidic manifold, and the 

overall analytical strategy. However, the uncertainty associated with the injection 

technique, the variation in the volume of injected sample and the whole issue of 

efficient mixing in the cuvette influenced the quality of the data obtained. Despite
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this, the rapid acquisition of the data led to well-defined exponential increases in 

the absorbance as expected. All the data was successfully fitted to the 1st order 
model. Real-time trials were performed in triplicate at each temperature interval 
and an average value for the rate constant was calculated for a 1 st order reaction 

as documented in Figure 2-6.

Table 2-6 Values for the rate constant, k, over the temperature range 2 5 -5 0  °C 
at a wavelength of 380 nm_______ _____________________ ________________

Tem pera ture  [°C] k 1 [s '1] k 2 [s '1] k 3 [s '1] A ve r k  [s '1] Std. Dev. % RSD
25 0.0189 0.0258 0.0227 0.0225 0.0034 15.1703
30 0.0417 0.0307 0.0279 0.0335 0.0073 21.7309
35 0.0579 0.0713 0.0883 0.0725 0.0152 21.0115
40 0.1324 0.1174 0.1414 0.1304 0.0121 9.2870
45 0.2022 0.3894 0.2823 0.2913 0.0939 32.2355
50 1.1192 1.2277 1.9800 1.4423 0.4688 32.5050

It was clear that the repeatability of the measurement at each temperature wasn’t 
good with the lowest relative deviation of 9.2870 % being calculated for the 

analysis at 40 °C. There was too much room for human error with the kinetic 

experiments carried out in the conventional 1 -cm cuvette and the temperature at 
which the reaction was taking place was not accurately enough recorded. The 

temperature reading from the LabView software referred to the ambient 
temperature in the box and not to the solution contained within.

The relationship between the rate at which a reaction proceeds and its temperature 

is determined by the Arrhenius equation. This dependence described by the well- 
known Arrhenius equation in its standard form is shown in equation 2-6 and an 

integrated form as in Equation 2-7. The Arrhenius equation is used to show the 

effect of a change in temperature on the rate constant and therefore the rate of the 

reaction.

k = A e RT Equation 2-6

Equation 2-7

In equation 2-6 the rate constant, k, is the product of a pre-exponential factor, A, 
which has identical units to k (s'1 for 1 st order), and the exponential factor, e"Ea/RT,



comprised of absolute temperature, T (K), gas constant, R (kJmol~1K'1) and the 

activation energy, Ea (kJmol'1). The activation energy of a reaction is the amount of 

energy needed to initiate the reaction and it dictates the temperature-dependence 

of the rate constant. The pre-concentration factor, also known as the frequency or 
steric factor, is a term, which includes factors like the frequency of collisions and 

their orientation. It varies slightly with temperature, although not much and is often 

assumed to be a constant across a small temperature range. Ea and A can be 

estimated by plotting In k vs. 1/T from Equation 2-7. It is generally accepted that 
the rates of reactions with large activation energies are highly influenced by 

changes in temperature [10 ].

The average of In k was plotted in Figure 2-11 versus the absolute temperature 

over the range 25 -  45 °C. In order to determine the correlation of the data to 

linearity, the average of the R2 value (n = 3; linear plots) was calculated as 0.9629 

± 0.0245 (2.5436 %).

I/T(K)

Figure 2-11 Arrhenius plot of average In k versus 1/T for the three runs performed 
in a conventional 1-cm cuvette over the temperature range 25 -4 5  °C

The pre-concentration factor, a0 was calculated as the intercept of the line of the 

equation and the slope of the line as -EJR, where R is the gas constant and has a 

value of 8.3415 kJmol' 1 K'1. The activation energy, Ea, and the pre-concentration
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factor, A, were calculated as 101362 kJmol'1 ± 6029 kJmol' 1 (RSD: 5.95 %) and 

36.97 kJmol'1 ± 2.42 kJmol' 1 (RSD: 6.55 %) respectively.

In summary, as the temperature exceeded 45°C the data became less reliable and 

harder to reproduce. The reasons for this included the fast kinetics, the injection 

method and the non-uniformity of the heating within the thermal box. There were 

also limitations in the spectrometer software, which hindered the number of 

acquisitions that could be made every second. However, data for higher 
temperatures was not strictly necessary for the application of the yellow method to 

the monitoring of wastewater and drinking water for phosphorus. Temperatures at 
a wastewater plant, during most treatments, usually do not exceed the range 30 -  

40 °C, and if the method is applied to drinking water, then the temperatures are 

significantly lower again. Thus the results presented here within the range 22 -  50 

°C provide relevant information on the reaction rates for this particular application.

2.7 pH

The acidity or alkalinity of a solution is important in terms of spéciation of the 

analyte of interest, in this case phosphate. Phosphorus is present in various forms 

in aqueous solution depending on the pH of the sample. As described in Chapter 1 
(Section 1.1.2) there are three pKg values representing three different phosphate 

forms, P043', HPO42' and H2P04\  In order to determine in which form the 

orthophosphate is present when the sample is reacted with the reagent, the pH of 
the sample was measured. A further study of the change in absorbance based on 

pH was investigated. A large range of 0 . 6 -10 pH was analysed.

The aim of this experiment was to establish that the pH of the yellow heteropoly 

complex solution formed was stable for the concentration range 0 - 5 0  mgL'1 P043'
- P and then to observe the effect a change in the pH of the reagent has on the 

physical and chemical composition of the heteropoly complex solution. To 

measure the pH of the yellow heteropoly solution, 20 ml of reagent were reacted 

with 20 ml of an orthophosphate-containing standard in a volumetric flask. When 

the reaction was finished, in ca. 3 min, the pH of the solution was measured. For 

the pH adjusted samples the method was slightly varied, whereby 20 ml of reagent
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was measured into a 400 ml beaker containing a magnetic stirrer. The glass pH 

electrode was then fitted just below the surface of the solution. A 1 M NaOH 

solution was used to alter the pH of the reagent by drop-wise addition. The pH of 
the reagent was modified over the pH range 0 . 6 - 10  with the pH being adjusted in
1-pH unit increments. 20 ml of a 2.5 mgL' 1 P sample was then added to the 

solution and the colorimetric reaction reached completion in approx. 3 min. After 

which the pH of the yellow complex solution was measured.

2 . 7 . 1  A p p a r a t u s

Figure 2-12 Schematic of the apparatus utilised in the pH study of the yellow 
vanadomolybdophosphoric acid complex at a wavelength of 380 nm at room 
temperature

The instrumental set up consisted of a pH glass electrode to record the change in 

pH as the 1 M NaOH solution was added as shown in Figure 2-12. The glass 

electrode was connected to a pH-meter (Model: 691 pH Meter, Metrohm Ireland 

Ltd., Tallaght, Dublin 24, Ireland), which measured the signal. A magnetic stirrer 
and a magnetic / heating mantle were used to keep the reagent at a constant flux 

whilst the 1 M NaOH solution and then the orthophosphate containing sample were 

added. The absorbance spectra were obtained with the portable spectrometer as 

shown schematically in Figure 2-3.

Glass pH e

Magn<

lM N a O H

20 ml reagent
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2 . 7 . 2  p H  o f  t h e  Y e l l o w  M e t h o d  C o m p l e x  S o l u t i o n

The pH of the heteropoly complex solution was measured over the linear range of 
0 - 5 0  mgL"1 P043' - P. A series of standards, 0, 5, 10, 25 and 50 mgL' 1 were 

prepared and the pH of each measured in triplicate.

0.60 

0.50

0.40
Xa. 0.30 

0.20 
0.10 
0.00

Concentration P043'-P Run
[mgL'1]

Figure 2-13 Triplicate measurements of pH for each P043' - P sample over the 
concentration range 0 - 5 0  mgL'1 at the working wavelength of 380 nm

The results of this study are illustrated in Figure 2-13. The initial impression was 

that the yellow heteropoly complex is very acidic, remaining below pH 0.6 for the 

entire linear range.

Table 2-7 Average pH measurements made over the concentration range 0 -50 
mgL'1 P043~ - P at the working wavelength of 380 nm

C o n e . P 0 43 - P [m g L '1] 0 5 10 25 50
R un 1 0 .5 9 4 0 0 .5 6 2 0 0 .5 7 5 0 0 .5 7 5 0 0 .5 7 7 0
R un 2 0 .5 9 3 0 0 .5 6 4 0 0 .5 7 2 0 0 .5 8 3 0 0 .5 8 5 0
Run 3 0 .5 7 6 0 0 .5 6 6 0 0 .5 7 6 0 0 .5 8 5 0 0 .5880

A v e ra g e  pH 0 .5 8 7 7 0 .5 6 4 0 0 .5 7 4 3 0 .5 8 1 0 0 .5 8 3 3

S td . D ev. 0 .0101 0 .0 0 2 0 0 .0021 0 .0 0 5 3 0 .0 0 5 7

%  R SD 1.7214 0 .3 5 4 6 0 .3 6 2 4 0 .9 1 0 8 0 .9 7 4 8

70



From the histogram the variance in pH over the linear range is visibly very small. 
From the data in Table 2-7 the pH of the yellow complex, without a pH adjustment, 

was calculated as 0.5781 + 0.0099 (RSD: 1.7069 %), which was the average of the 

fifteen absorbance measurements over the concentration range 0 - 5 0  mgL'1. The 

average absorbance didn’t exceed a relative standard deviation of 1.8  % for the 

whole concentration range.

2 . 7 . 3  M o d i f i c a t i o n  o f  t h e  p H  o f  t h e  Y e l l o w  M e t h o d  C o m p l e x  

S o l u t i o n

The pH was adjusted in increments of 1-pH unit over the range 0.6 - 10. An 

absorbance spectrum was traced for each pH-adjusted sample and the experiment 
was performed in triplicate with the average absorbance versus wavelength being 

plotted in Figure 2-14, over the range 330 -  420 nm, which is the region where the 

yellow complex absorbs most strongly. The raw data (~ 1400 data points / pH 

measurement) used to produce the absorbance spectra was treated to a moving 

average calculation for n= 20 data points, which resulted in the smooth plot.

Wavelength [nm]

Figure 2-14 Plot of change in absorbance spectrum of 10mgL'1 POf~ - P yellow 
heteropoly complex for the pH range of 0.65- 10 over the wavelength range 330 -  
420 nm
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The pH experiment was performed in triplicate and the results are shown in Table 

2-8. At each adjusted pH (pH 1 - 1 0 )  the reproducibility of the measurement was 

excellent with an overall relative standard deviation of less than 1.8 % for each pH 

measurement.

Table 2-8 Absorbance measurements made in triplicate at 380 nm over the pH

pH 1 2 3 A v e r. A b s . S td . D ev. %  R SD

0 .6 0 .1 1 3 5 0 .1 1 4 5 0 .1 1 2 5 0 .1 1 3 5 0 .0 0 1 0 0.8811

1 0 .1 6 5 0 0 .1 6 7 0 0 .1 6 5 0 0 .1 6 5 7 0 .0 0 1 2 0 .6 9 7 0

2 0 .1 6 2 0 0 .1 6 3 0 0 .1 6 2 0 0 .1 6 2 3 0 .0 0 0 6 0 .3 5 5 7

3 0 .1 8 7 0 0 .1 9 0 0 0 .1 9 0 0 0 .1 8 9 0 0 .0 0 1 7 0 .9 1 6 4

4 0 .1 9 9 0 0 .1 9 8 0 0 .1 9 7 0 0 .1 9 8 0 0 .0 0 1 0 0.5051

5 0 .2 4 5 0 0 .2 4 4 0 0 .2 4 4 0 0 .2 4 4 3 0 .0 0 0 6 0 .2 3 6 3

6 0 .2 4 2 0 0 .2 4 2 0 0 .2 4 4 0 0 .2 4 2 7 0 .0 0 1 2 0 .4 7 5 8

7 0 .2 3 1 0 0 .2 2 9 0 0 .2 2 9 0 0 .2 2 9 7 0 .0 0 1 2 0 .5 0 2 8

8 0 .2 0 6 0 0 .2 0 7 0 0 .2 0 5 0 0 .2 0 6 0 0 .0 0 1 0 0 .4 8 5 4

9 0 .1 9 6 0 0 .1 9 4 0 0 .1 9 5 0 0 .1 9 5 0 0 .0 0 1 0 0 .5 1 2 8

10 0 .1 5 1 0 0 .1 5 0 0 0 .1 4 6 0 0 .1 4 9 0 0 .0 0 2 6 1 .7757

A histogram depicting the change in absorbance as the pH changed is shown in 

Figure 2-10.

0.25

0.20
4>
c  0.15 
m si b. o 0.10
<

0.05

0.00

Figure 2-15 Histogram depicting the average change in pH from 0.65- 10 of the 
10mgL'1 P O f - P complex at the working wavelength of 380 nm
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The histogram is colour-coded in accordance with the colour changes that were 

observed at each pH, where an absorbance measurement was made. The colour 
of the yellow method complex solution changed from pale yellow (pH ~1) to dark 

blue (pH ~ 10) as the pH was increased. Under very acidic conditions the complex 

was relatively stable from pH 0.96 up to a pH value of 3. Between pH 3 - 6 the 

complex changed slowly from orange to green. At a pH of 7 the complex was 

turquoise in colour.

However it was also noted that the colour of the solution was not stable at this pH 

and a rapid colour change to dark blue took place between pH 8 -  10. By altering 

the pH of the reagent the yellow complex solution was chemically altered, so even 

though the absorbance was highest at pH 6 , the chemical stability of the solution 

was not satisfactory. The chemical stability was good in the acidic range between 

a pH of approx. 1-3.

There were two important findings of the pH investigation:

1. The pH of the orthophosphate heteropoly complex is very stable over the 

linear concentration range 0 - 5 0  mgL"1

2. When the pH of the reagent is adjusted to result in a sample pH > 4, the 

solution is unstable.

The drop-wise addition of 1M NaOH can reduce the lifetime of the reagent by 

forming a precipitate. Both long-term chemical stability and a precipitate-free 

reagent are vital for the yellow methods implementation in a microfluidic manifold, 
which will be discussed in greater detail in Chapter 3. By altering the pH of the 

solution the chemical stability is compromised and the reagent doesn’t fit the long
term goals set for the project.

2.8 Fe(ll) Interference

In the limited literature available relating to the vanadomolybdophosphoric acid 

method, there are references leading to Fe2+ as an interfering ion in aqueous
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samples [11,12], The purpose of this study was to demonstrate that although Fe2+ 
does interfere in the reaction, it only does so when present in high concentrations.

2 . 8 . 1  S a m p l e  P r e p a r a t i o n

A 1L stock solution of 300 mgL' 1 Fe2+ ion was prepared with 1.4735 g of the 

anhydrous FeS04 salt (M.W.: 152 g / mol). From the 50 mgL' 1 P stock solution, a 

series of standards over the concentration range 0 - 5 0  mgL' 1 were prepared. In 

total ten standard solutions were prepared. Each calibration standard was spiked 

with 150 mgL' 1 of the interfering ion. 5 ml of each sample was mixed with 5 ml of 
the reagent and allowed to react at room temperature for 5 min ensuring the 

reaction had reached completion prior to making an absorbance at 380 nm.

2 . 8 . 2  E x p e r i m e n t a l

A UV-LED was used as the light source for the experiment and again a working 

wavelength of 380 nm was selected. The absorbance of each sample was 

measured in triplicate, the results of which were plotted against the concentration 

P043' - P /150 mgL' 1 Fe2+ over the concentration range 0 - 5 0  mgL' 1 as shown in 

Figure 2-16. The same concentration range that was employed in the calibration 

study described in Section 2.4 was applied here to highlight the level of 
interference the Fe2+ has on the yellow method.
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Figure 2-16 Triplicate calibration of absorbance versus concentration P O f - P 
spiked with 150 mgL' ' Fe2* over the concentration range 0 - 5 0  mgL'1 at a working 
wavelength o f380 nm

Deviations from linearity were evident in all three plots with poor R2 values being 

calculated as 0.9437, 0.9290 and 0.9505 for run 1, 2 and 3, respectively.

The absorbance data taken at a wavelength of 380 nm over the concentration 

range 0 - 5 0  mgL' 1 P043' - P spiked with 150 mgL' 1 Fe2+ interfering ion are 

tabulated in Table 2-9. When the concentration of Fe2+, present in an 

orthophosphate-containing sample, exceeded 150 mgL"1, a discolouration of the 

solution occurred. Instead of a yellow solution forming when the reagent was 

added, a pale “green-blue” solution resulted. The average absorbance yielded 

reasonable reproducibility (n = 3) and the overall relative standard deviation of all 
samples was less than 6 .1 %.

■ run 1
• run 2
A run 3
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Table 2-9 Triplicate measurements for the calibration over the concentration range 
0 - 5 0  mgL'1 P043' - P spiked with 150 mgL'1 Fe2+ interfering ion______________

« n n  O A  n  Fmrtl D im  4 D ■ ■ n *) D n n  O AifArn#in C M  n/\lf 0/_ D C HC o n e . P 0 43'-P  [ m g L R u n  1 R u n  2 R u n  3 A v e ra g e S td . D ev. % R SD

1 0 .0 5 4 0 0 .0 5 3 0 0 .0 4 9 0 0 .0 5 2 0 0 .0 0 2 2 4 .1 5 4 3
5 0 .0 7 5 0 0 .0 7 5 0 0 .0 8 5 0 0 .0 7 8 3 0 .0 0 4 7 6 .0 1 7 9

10 0 .1 1 4 0 0 .1 1 6 0 0 .1 0 9 0 0 .1 1 3 0 0 .0 0 2 9 2 .6 0 5 2

15 0 .1 2 3 0 0 .1 2 5 0 0 .1 2 1 0 0 .1 2 3 0 0 .0 0 1 6 1 .3276

2 0 0 .1 3 4 0 0 .1 3 7 0 0 .1 3 5 0 0 .1 3 5 3 0 .0 0 1 2 0 .9 2 1 6
30 0 .1 4 8 0 0 .1 4 5 0 0 .1 4 7 0 0 .1 4 6 7 0 .0 0 1 2 0 .8 5 0 4
35 0 .1 6 0 0 0 .1 5 8 0 0 .1 6 4 0 0 .1 6 0 7 0 .0 0 2 5 1 .5526
40 0 .1 7 4 0 0 .1 7 3 0 0 .1 7 8 0 0 .1 7 5 0 0 .0 0 2 2 1 .2344
45 0 .1 8 1 0 0 .1 8 2 0 0 .2 0 4 0 0 .1 8 9 0 0 .0 1 0 6 5.6161
50 0 .2 0 1 0 0 .1 9 9 0 0 .1 9 9 0 0 .1 9 9 7 0 .0 0 0 9 0 .4 7 2 2

The linearity of the plot was questionable with an R2 value of 0.9411 ± 0.0110 

(RSD: 1.1677 %) being computed, although the reproducibility of the data was 

good.

The extent to which an excess of Fe2+ ion present in an orthophosphate sample 

can affect the sensitivity of the yellow method was assessed. The calibration 

carried out with the standards spiked with 150 mgL'1 Fe2+ interfering ion was 

compared with a previous standard calibration (Figure 2-6) and plotted in Figure
2-17. Both calibrations were performed with the same portable spectrometer as 

described in Section 2.2.

The interference of Fe2+ at concentrations in excess of 150 mgL' 1 was such that 

nearly a 6-fold decrease in sensitivity resulted. For example, the average 

absorbance of a 50 mgL"1 P043' - P without the presence of any Fe2+ was 2.9867 ±

0.0116 (RSD: 0.3881 %, see Table 2-4), compared with 0.1997 ± 0.0009 (RSD:
0.4722 %). The absorbance when the Fe2+ interfering ion was present was lower 

by a factor of approx. 15 compared to the regular absorbance without any Fe2+ 
present.
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Concentration P 043' - P [mgL'1]

Figure 2-17 Comparison of the average P043' - P concentration, with and without 
150 mg'1 Fe2+ as an interfering ion, over the range 0 - 5 0  mgL'1

When an excess of Fe2+ ions (>150 mgL1) are present in an orthophosphate- 

containing sample a reaction occurs, which converts the Fe2+ ions to Fe3+ ions, 
which is distinguished by a discoloration of the sample (“green-blue”). High 

concentrations of Fe2+ ions are not often found in water bodies, so the extent of 

interference is not a major problem.

2.9 Repeatability

A 4 mgL' 1 standard was prepared from the 50 mgL'1 P stock solution. 5 ml of the 4 

mgL' 1 sample was reacted with 5 ml of the reagent and allowed to stand for 5 min 

at room temperature to ensure the reaction had reached completion. Again a UV- 
LED was the chosen light source for the absorbance measurements and the 

working wavelength was 380 nm. The absorbance of the 4 mgL'1 P04a' - P was 

measured in triplicate and the simple experiment was replicated fifteen times.
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Sample Number

Figure 2-18 Repeat absorbance measurements of the 4 mgL~1 P04a~ - P complex 
at the working wavelength of 380 nm

The histogram in Figure 2-18 depicts the excellent repeatability in measurement of 

a 4 mgL"1 sample. Error bars are included for n = 3.

Table 2-10 Triplicate absorbance measurements recorded for a 4mgL~1 P043 - P

S a m p le A b s . 4 m g L '1 P 0 43 -P S td . D ev. %  R S D

1 0 .3 6 3 0 0 .0 0 8 0 2 .2 0 3 9
2 0 .3 6 5 0 0 .0 0 8 0 2 .1 9 1 8
3 0 .3 6 4 0 0 .0 0 8 0 2 .1 9 7 8
4 0 .3 6 3 3 0 .0 0 8 5 2 .3 4 0 8

5 0 .3 6 3 7 0 .0 0 8 5 2 .3 3 8 7

6 0 .3 8 6 0 0 .0 0 2 0 0.5181
7 0 .3 5 9 0 0 .0 0 2 0 0.5571
8 0 .3 7 5 3 0 .0 0 2 5 0 .6 7 0 5

9 0 .3 5 7 0 0 .0 0 2 0 0 .5 6 0 2
10 0 .3 6 3 0 0 .0 0 2 0 0 .5 5 1 0
11 0 .3 7 0 0 0 .0 0 2 0 0 .5 4 0 5
12 0 .3 6 7 7 0 .0 0 1 5 0 .4 1 5 5
13 0 .3 6 3 3 0 .0 0 1 5 0 .4 2 0 4
14 0 .3 6 7 0 0 .0 0 2 0 0 .5 4 5 0
15 0 .3 6 9 0 0 .0 0 2 0 0 .5 4 2 0
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From the data displayed in Table 2-10 the relative standard deviation was less than 

2.4 % for all 15 absorbance measurements. The average absorbance of the 4 

mgL' 1 P043' - P for the fifteen runs was calculated as 0.3664 ± 0.0070 (RSD: 

1.9102%).

2.10 Limits of Detection (LOD)

It was important to assess the lowest possible concentration of orthophosphate ion 

that could be detected in an aqueous sample. From the literature it was cited as
0.2 mgL' 1 PO43' - P as a benchmark for the yellow method [13]. To estimate the 

LOD of the method a calibration was performed plotting absorbance against PO43" - 
P over the concentration range 0 - 5  mgL'1. 100 ml of a 5 mgL' 1 P standard was 

prepared from the 50 mgL' 1 P043' stock solution by dilution (5 ml 50 mgL'1 P stock / 
100 ml H20). From this a series of standards were prepared with particular 
attention to the 0 -  1 mgL'1 concentration range.

Cone. P O ^  - P [m gL1]

Figure 2-19 Calibration plot of absorbance versus concentration P O f - P over the 
range 0 - 5  mgL'1 at a working wavelength of 380 nm
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Triplicate absorbance measurements were taken for each sample, the average of 

which was plotted against concentration P043' - P over the range 0 - 5  mgL' 1 at a 

wavelength of 380 nm with the UV-LED as light source. The results of which are 

displayed graphically in Figure 2-19 and statistically in Table 2-11. Error bars were 

included for n= 3 replicates. The reproducibility was fairly good (RSD: < 5.4 % for 
each data point). The calibration was linear over the concentration range with an 

R2 value of 0.9974 ± 0.0007 (RSD: 0.0702 %) being calculated as the average of 

the three calibrations (see Table 2-11).

Table 2-11 Absorbance measurements over the concentration range 0 - 5  mgL'1 
P043' - P at a working wavelength of 380 nm_______________________________

D O  PI Fh.mI ‘ 1̂ O C M  H a u  0/ D C nC o n e . P 0 43'-P  [m g L '1] 1 2 3 A v e r. A b s . S td . D ev. % R SD

0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0
0.1 0 .0 0 7 2 0 .0 0 7 6 0 .0 0 7 8 0 .0 0 7 5 0 .0 0 0 3 4 .0 5 5 4
0.2 0 .0 1 8 9 0 .0 1 9 0 0 .0 1 9 0 0 .0 1 9 0 0.0001 0 .3044

0 .3 0 .0 2 4 7 0 .0 2 4 7 0 .0 2 4 8 0 .0 2 4 7 0 .0 0 0 0 0 .1 1 6 8
0 .4 0 .0 3 2 0 0 .0321 0 .0 3 1 9 0 .0 3 2 0 0.0001 0 .3 1 2 5
0.5 0.0471 0 .0 4 7 6 0 .0 4 6 6 0.0471 0 .0 0 0 5 1 .0616

0 .7 5 0 .0 6 5 4 0 .0 6 5 5 0 .0 6 5 7 0 .0 6 5 5 0 .0 0 0 2 0.2331
1 0 .0 8 9 5 0 .0 9 1 0 0 .0 9 8 9 0.0931 0 .0051 5 .4 2 2 4

2 .5 0 .2 1 7 0 0 .2 1 5 0 0 .2 1 5 0 0 .2 1 5 7 0 .0 0 1 2 0 .5 3 5 4
5 0 .3 9 5 0 0 .3 9 9 0 0 .3 9 7 0 0 .3 9 7 0 0 .0 0 2 0 0 .5 0 3 8

The limit of detection of the yellow method measured in the conventional system 

was calculated from Equation 2-8.

LOD = 3 sd Equation 2-8

The LOD was calculated by multiplying the standard deviation (sd) of the baseline 

absorbance by 3 (n = 60 data points, frequency of measurement: 1 data point / 

sec). The baseline absorbance was recorded for distilled water as 3.57 x 10"4 ± 

2.77 x  10'6 (RSD: 0.7764 %). The average concentration was calculated from the 

equation of the line as 0.0023 ± 0.0011 (RSD: 4.8795 %), which resulted in a LOD 

of 0.0687 ± 0.0034 mgL'1 (% RSD 4.8793 %). In practice the reproducibility of the 

measurement was hindered below a concentration of 0.1 mgL'1 P043' - P.
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2.11 Lifetime Studies

The assessment of the reagent lifetime was a critical factor for field deployable 

instruments along with consumption of reagents (minimal). To demonstrate that 
this has been achieved two different batches of reagent prepared months apart 
were analysed over a 10-week period. The results from the two batches were 

compared with each other to show that:

1. The reagent was chemically stable / precipitate-free
2. There was no loss in sensitivity in the measurement over time

The highest concentration standard of 50 mgL' 1 was chosen for the study because 

any deviations from reproducibility for each weekly measurement would be easily 

observed. Two 10 ml aliquots of a 50 mgL' 1 P stock solution were each mixed with
10 ml of both reagent batches. Both reagent batches were prepared as per the 

method described in Section 2.1. The first batch was prepared in December 1999 

and was labelled reagent 1. The second batch was made in April 2001 and was 

accordingly named reagent 2 .

The 10-week experiment was carried out in the period September to December 

2 0 0 1 , which meant that at the start of the study reagent 1 and reagent 2 were 20 

months and 4 months old, respectively. Each measurement of absorbance for both 

reagent 1 and reagent 2 analyses was performed in triplicate and the average of 
which is presented graphically in Figure 2-20. The data for reagent 1 and 2 is also 

given in Table 2-12.

Error bars were included for each weekly analysis for n = 3 repeat measurements. 
For reagent 1 the average absorbance data in Table 2-12 exhibited good accuracy 

over the 10 -week period with a relative standard deviation of less than 2.6  % for 
each weekly measurement. The overall average absorbance for the 10 weeks was 

calculated as 2.3723 ± 0.1111 (RSD: 4.6827 %).
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Figure 2-20 Histogram comparing the weekly absorbance of a 50 mgL'1 P O t - P 
sample with both reagent batches at 380 nm

Error bars were included in Figure 2-20 for each weekly analysis for n = 3 

replications for reagent batch 2 also. The average absorbance data of reagent 2 in 

Table 2-12 had a relative standard deviation of less than 3.3 % for each weekly 

measurement over the 10-week period. The overall average absorbance for the 10 

weeks was calculated as 2.3811 ± 0.1182 (RSD: 4.9659 %).

Table 2-12 Absorbance measurements made with a 50mgL~1 P043' - P from 
reagent batch 2 over a 10-week period

Reagent Batch D e c -9 9 Apr-01
W e e k A v e r .  A b s . S td .  D e v . %  R S D A v e r .  A b s . S td . D e v . %  R S D

1 2.3822 0.0616 2.5870 2.4175 0.0219 0.9053
2 2.4295 0.0285 1.1722 2.2933 0.0200 0.8735
3 2.4900 0.0387 1.5559 2.4103 0.0195 0.8091
4 2.3975 0.0336 1.4029 2.4515 0.0281 1.1463
5 2.5433 0.0568 2.2316 2.5307 0.0629 2.4871
6 2.2512 0.0185 0.8198 2.3392 0.0199 0.8508
7 2.2825 0.0247 1.0841 2.2400 0.0736 3.2835
8 2.2035 0.0497 2.2550 2.2967 0.0036 0.1575
9 2.2920 0.0281 1.2261 2.2465 0.0252 1.1235

10 2.4515 0.0163 0.6652 2.5853 0.0076 0.2929
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A third fresh reagent batch was prepared and the absorbance of a 50 mgL' 1 P043' - 

P was taken in triplicate resulting in a value of 2.4130 ± 0.0729 (RSD: 3.0215 %). 

The result was compared with both reagent 1 and 2. Experimental concentrations 

were calculated from the equation of the line of a new calibration made with 

reagent batch 3, the results of which are shown in Table 2-13.

Table 2-13 Comparison of the results from the three reagent batches
R e a g e n t B a tc h A v e r .  A b s . P 0 43 -P  C o n e . [m g L '1] S td . D e v . %  R S D %  R E

Dec-99 2.3723 47.8624 2.2218 4.6420 4.2752
Apr-01 2.3811 48.0380 2.3649 4.9229 3.9240
Feb-02 2.4317 49.0495 0.3522 0.7181 1.9010

The average concentration was calculated as 47.8624 ± 2.2218 mgL' 1 P043" - P 

(RSD: 4.6420 %) and 48.0380 ± 2.3649 mgL' 1 P043' - P (RSD: 4.9229 %), for 

reagent 1 and 2, respectively. The relative error for reagent 1 and 2 was also 

calculated as 4.2752 and 3.9240 %, respectively. The two reagent batches were 

then compared to the February 2002 batch. The absorbance recorded for the third 

batch was marginally higher than the other two and the trend showed that over 
time the sensitivity decreased slightly. However the relative error remained less 

than 4.3 % two years after the batch was made up. Initially the main aim was to 

find a reagent that would be chemically stable for 1 year. The results here show 

that the lifetime of the yellow method reagent can be extended to even longer than 

that (> 2  years to date).

2.12 Conclusion

In this chapter the optimisation and chemical stability of the yellow colorimetric 

method for the determination of phosphorus in aqueous samples has been 

demonstrated. Variables such as pH of the heteropoly acid complex (Figure 2-13) 
and the interference of Fe2+ ions (Figure 2-17) were addressed. A validation study 

of the yellow method was made, which included the investigation of the following 

parameters, linearity (Figure 2-6), repeatability (Table 2-10), sensitivity of 
measurement (Figure 2-7), and long-term reagent stability (Table 2-13) was carried
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out. The kinetic response of the yellow method reagent and an ortho-phosphate 

containing sample was also investigated and the reaction was shown to be rapid 

reaching completion within 3 min at room temperature (Figure 2-8). The validation 

was a success and the method was then implemented in a determination of 
phosphorus in a microfluidic manifold, the results of which are presented in 

Chapter 3.
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3  A p p l i c a t i o n  o f  t h e  Y e l l o w  M e t h o d  i n  a  M i c r o f l u i d i c  

M a n i f o l d
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Progress in the development of a miniaturised microfluidic instrument for 
monitoring phosphorus in natural waters and wastewater is presented in this 

chapter. The yellow colorimetric method for phosphate analysis has been 

transferred to a microfluidic system. This simple method employs one reagent 
mixed in a 1 : 1  ratio with a sample to produce a yellow colour absorbing strongly 

below 400nm. A stopped flow approach was used which, together with the very 

rapid kinetics and simple reagent stream, enabled a very uncomplicated 

microfluidic manifold design to be employed. The working wavelength was 380 nm 

to coincide with the peak output of a recently developed UV-LED narrow bandwidth 

light source. The aims of the microfluidic analysis were to:

1 . demonstrate the reproducibility and control possible in the microfluidic 

manifold
2. reproduce the limit of detection (0.2 mgL' 1 P043' - P) and the dynamic linear 

range (0 -  50 mg' 1 P043' - P) for the yellow method achieved in the 

conventional set-up.
3. show significant improvement in chemical consumption and waste 

generation when the scale was reduced
4. highlight the integration of multiple components into a simple device
5. decrease the power requirement, size and the cost of making reproducible 

analytical measurements

6 . promote the need for developing small-scale devices capable of operating 

autonomously in-situ.

The reaction time at room temperature was less than 3 min, which meant about 20 

samples / hour could theoretically be analysed. Another important feature of the 

application of the yellow method was the chemical stability of the reagent and the 

long-term function of the method in the microfluidic manifold. The reagent lifetime 

has been shown in Chapter 2 to be stable for a minimum of one year. Multiple 

calibrations have been performed in the microfluidic system over a 1 2 -month 

period showing only minimal loss in performance and a 4 mgL"1 P standard was 

analysed in the microfluidic manifold on a weekly basis with a relative standard 

deviation of less than 2.3 %.

The successful implementation of the yellow method in the microfluidic manifold is 

the first major stepping stone in this research. The ultimate goal is to develop a
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polymeric microfluidic device capable of functioning, autonomously for one year 

without maintenance and with less than 500 ml waste generation / year.

3.1 Instrumental Set Up

The microsystem had more components than the conventional set-up, the 

microfluidic manifold being the principle element of the system. The other key 

components were the pump, light source, spectrometer, microchip holder, valve- 
control and sample / storage reservoirs. In Figure 3-1 a simplified schematic of the 

instrumentation is given. The system consisted of a Harvard PHD 2000 syringe 

pump (Antec Leyden BV, The Netherlands) fitted with a syringe holder (designed 

by Danfoss A/S, Nordborg, Denmark) securing the borosilicate glass 3.3 

(DURAN®) syringes in position (Innovative Labor Systeme (ILS), Dresden, 

Germany). The syringes were connected to the microchip holder by PEEK tubing. 
Valves labelled ( v 1 )  and ( v 2 )  were positioned between the syringes and the 

microchip, controlling the flow from the reservoirs for refilling, and from the syringes 

for injecting. ( v 1 )  controls the sample flow and ( v 2 )  the reagent. The reservoirs 

labelled ( r 1 )  and ( r 2 )  were connected to the valves ( v 1 )  and ( v 2 )  and contained the 

sample and the reagent respectively. The third reservoir, ( r3 ) ,  was for the waste 

collection from the chip, after it passed through the waste channel. The microchip 

holder was designed to facilitate fluidic interconnections in silicon chips with flow 

channels. The novel concept encompassed wedging the microchip between two 

rigid plates. The top layer was fabricated in Perspex, and was fastened with 4 

locator screws for alignment. The chip was aligned to holes in the bottom layer, 
which connected to the syringe pump via PEEK tubing. On the microchips 

underside interconnection holes were spaced 4.6 mm apart in an array. These 

aligned with holes of similar dimension in the bottom layer of the holder. Chips are 

typically 23 by 14 mm in size, which equated to a 5 x 3 array of fluidic inlets. The 

holder orifices were sunken to accommodate o-rings, which provided leak-free 

interconnects to the external PEEK tubing. The o-rings were of a soft black 

polymer material with an outer diameter of 2  mm and inner diameter of 0.8 mm 

(Apple Rubber Product Inc., New York, USA) and the yellow PEEK tubing had an 

outer diameter of 1.6 mm and an inner diameter of 0.0178 mm (UpChurch 

Scientific Ltd., England).
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Pump

Figure 3-1 Schematic of the microflu idic system including all components

The Ocean Optics S2000 spectrometer (Ocean Optics Inc., Florida, USA) with 

OOIBase32 software was chosen because of its portability and good sensitivity. 
The optical detection was incorporated into the microfluidic chip holder (Model: 
NSHU-590E, Nichia Europe B.V., Hornweg 18, 1045 AR Amsterdam, The 

Netherlands). This was made possible due to the small dimensions of the UV-LED 

(6.2 mm x 4.7 mm) and an optical fibre with an outer diameter of 2.8 mm and a 

core of inner diameter, 240 urn. The UV-LED was embedded in the top Perspex lid 

of the microchip holder. The hole in the Perspex layer was positioned directly 

above the optical cuvette hole. The UV-LED was then aligned in the hole, where it 

was secured a fixed distance of 1.8 mm from the surface of the microchip. An 

electrical cable connected the UV-LED to its power supply, which is shown as ( f1 )  

in Figure 3-1. The portable spectrometer was connected to the microchip via the 

aforementioned optical fibre ( f2 ) , which was fitted to the bottom layer of the 

microchip holder at the point X.
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Figure 3-2 Photograph of the microfluidic system

In Figure 3-2 a photograph of the microfluidic set-up is shown with the key 

components labelled (A) -> (G), where:

(A) is the pumping unit with the syringe holder attached
(B) is the 100 ml reservoir storage bottle for the refilling of syringes with the reagent 
and respective orthophosphate-containing sample.
(C) is the two valves for the manual control of the movement of fluid
(D) is the microfluidic chip encased in its Perspex holder with the UV-LED 

embedded in the top, and the optical fibre in the bottom, lid.

(E) is the portable spectrometer
(F) is the power supply for the UV-LED
(G) is the point of outflow and collection of the waste solution

Each component is subsequently described in more detail stating its function, 

operation, capabilities and limitations.
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3 . 1 . 1  M i c r o f l u i d i c  C h i p  H o l d e r

The chip holder is mounted on a platform to ensure no movement as is shown in 

the photograph in Figure 3-3.

Figure 3-3 Side profile of the microfluidic chip holder including interconnects and 
optical detection

In Figure 3-3 the microchip holder is shown secured in its stand, which consists of 
two parts the ring labelled 1 and the upright, labelled 2. The microchip holder fits 

into the 7.4 cm-diameter ring and is secured in place by three pins of 6 mm 

diameter positioned on its perimeter. The upright is screwed down onto a 1m x 0.4 

m wooden table. The upright is also made of wood with dimensions 10 cm x 30 

cm. There are two holes spaced 5 cm apart, which are located on the upright 
board, which facilitate the attachment of the ring. These holes, which are also 

found in the ring, are aligned with the upright. Two screws of 8 cm length were 

used to hold the microchip holder in place. The sample and reagent lines are 

labelled as S and R respectively and the waste reservoir is also shown in Figure
3-3.

The microfluidic chip is secured between two blocks of Perspex, the top layer is of 

transparent polymethyl methacrylate (PMMA) and houses the light source, the 

bottom is for the transfer of optical data via fibre optics to the spectrometer and 

promotes leak-free fluidic interconnects.
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Figure 3-4 Schematic showing the design and layout of the top (A) and bottom (B) 
layers of the silicon microfluidic chip holder

In Figure 3-4 the holder is shown as consisting of two layers, the top, 1, and the 

bottom, 2. When opened out the layout of the top layer is labelled as (A) and the 

bottom as (B). The top layer was 8 mm thick and of optically clear PMMA. The red 

circle of 4.7 mm diameter indicates the position and diameter of the hole to house 

the UV-LED. The UV-LED was of 6.2 mm length and lay 1.8 mm from the surface 

of the microchip, when inserted in position. There are 4 alignment holes of 3 mm 

diameter in both layers, whereby 3 mm diameter nuts and bolts are used to fasten 

the two parts together and the entire diameter of the holder is 73 mm.

The bottom layer of the holder is more complicated in design. The fluid is pumped 

onto the fluidic channels of the chip via the 1 mm interconnecting holes shown in 

figure 3-4 (B). The silicon microfluidic chips fabricated for this research were 23 x 

15 mm, of which the backside, interconnection holes are spaced 4.6 mm apart in 

an 6 x 6 hole array, align with holes of similar dimensions in the holder. The holder 

orifices are sunken to accommodate o-rings, which promote leak-free flow. The
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microfluidic chip is fitted into the holder ensuring the optical cuvette is aligned over 

the 2  mm diameter hole for the optical fibre connection.

3 . 1 . 2  P u m p i n g  U n i t

The Harvard PHD syringe pump was initially chosen for its micro-dispensing 

capabilities. For a 250 jxL syringe the nominal flow-rate range is between 0.05 /

hr and 47.5 mL / hr [1], The manipulation of precise micro doses of fluid was 

further promoted by the addition of a Danfoss (purpose-built) syringe holder1, which 

not only held syringes of all sizes in place but also allowed multiple syringes to be 

refilled and used simultaneously. The holder could securely clamp up to fourteen 

syringes, two on the bottom and six in each of the next two rows as shown in 

Figure 3-5. The holder consisted of two parts. The first controlled the movement 
of the needle of the syringe. The syringe end was secured in a groove in the 

holder and as the pump moved the syringe was refilled / injected with fluid. The 

second part consisted of three layers, which held each individual syringe in place 

by a teeth pattern that kept the component tight and compact. Four screws were 

used to maintain the tight fit.

Figure 3-5 Syringe pump fitted with metal holder containing up to 14 syringes

1 Fabricated by Danfoss A/S, Nordborg, DK-3640, Denmark, www.danfoss.dk
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Typically only two syringes, for the reagent and orthophosphate sample, were 

needed. The syringe holder was initially designed for a more complex colorimetric 

method for the determination of aluminium in wastewater, which had three 

reagents alone. The two syringes were positioned on opposite sides of the holder. 
This was done to maintain a balanced flow between the reagent and the sample 

across the microfluidic chip. In this way the stoichiometric ratio of 1:1 for the yellow 

method reaction was preserved.

3 . 1 . 3  M i c r o - d i s p e n s i n g  S y r i n g e s

In Figure 3-6 a photograph of the micro-syringe (Innovative Labor Systeme (ILS), 
Mittelstrasse, Stutzerbach, Germany) utilised to pump fluid from reservoir to chip is 
shown. The micro-syringes shell was made of borosilicate glass and the needle of 

stainless steel with a volume of 250 ^L and a diameter of 2.3 mm. When the pump 

was operated in refill mode the piston moved backwards pulling the syringes in the 

holder back also. The syringes were filled from the reservoir bottles via the yellow 

PEEK tubing. When inject mode was selected the pump piston moved forwards 

and the syringes dispensed fluid through the PEEK tubing network onto the 

microfluidic chip.

Figure 3-6 Photograph of a 250 pL syringe for the transportation of fluid from the 
reservoirs onto the microfluidic manifold

3 . 1 . 4  V a l v e  F l u i d  C o n t r o l

The valves were made of stainless steel with rubber external covers for easy 

manual use. Leak-free connections to the pump and microfluidic manifold were 

made with PEEK tubing and ferrules. Two valves were required for the control of 
the reagent and the sample respectively. By switching the valves 90° in a 

clockwise direction a flow from the syringes onto the microfluidic chip or from the
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reservoirs to the syringes was achieved. The valves were controlled manually, 
which proved important when optimising the flow-rate for analysis.

3 . 1 . 5  R e s e r v o i r s

The reservoirs were 250 ml, acid-washed, brown, glass bottles with screw-top lids. 

1mm diameter holes were drilled in the lids so that the FIA tubing could fit through 

and be submerged in the solution within. The reservoirs were used to store the 

reagent and the orthophosphate sample. The reservoirs were interchangeable, i.e. 
they could easily be removed and replaced. The low volumes of reagent and 

sample required for the microfluidic analysis meant that once the reagent bottles 

were filled they could be used over extended periods of time.

3 . 1 . 6  T u b i n g  a n d  I n t e r c o n n e c t s

PEEK and FIA peristaltic tubing were both incorporated in the flow system. The 

yellow PEEK (Model: 1536L, UpChurch Scientific, Anachem Ltd., Luton, 
Bedfordshire, UK) tubing is a hard, rigid polymer material with an outer diameter of

1.6 mm and an inner diameter of 175 |j,m. The PEEK tubing connects the syringes 

to the valves and from the valves to the microfluidic chip. The microchip holder 
was fitted with PEEK tubing, which is connected to the rest of the system as shown 

in Figure 3-7. There are three channels to consider, the reagent, the sample and 

the waste channel. A union with two ferrules was used to make the interconnection 

(Model: P-702, UpChurch Scientific, Anachem Ltd., Luton, Bedfordshire, UK). The 

peristaltic tubing was a soft, polymer material. It was therefore used for its 

flexibility to transfer fluid through the reservoir lid for the refilling the syringes and 

from the waste outlet to the waste reservoir.
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Figure 3-7 Schematic highlighting how leak-free flow is achieved at the tubing /  
microfluidic manifold interface resulting using quick release, finger-tight ferrules 
and o-rings

The o-rings of inner and outer diameters of 0.55 mm and 1 mm respectively were 

composed of black rubber. They were placed in the sunken holes of the bottom 

layer of the holder in Figure 3-7. The PEEK tubing inserted in the holder lies flush 

with the bottom of the sunken orifices. The force exerted on the o-rings when the 

microchip is aligned in the holder and tightened with the screws promotes leak-free 

fluidic interconnects.

3 . 1 . 7  W a s t e  C o l l e c t i o n  a n d  D i s p o s a l

The waste was collected in a similar bottle to that for the storage of the reagent and 

the sample. Because the flow-rate is minimal and the amount of waste generated 

is negligible, the waste jar does not need to be disposed frequently. The waste 

solution must fist be diluted with water and then flushed down the sink with the tap 

running.
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3 . 2  O p t i c a l  D e t e c t i o n

There were many limitations placed on the optical detection with respect to the 

yellow method, because the complex absorbed strongly below 400 nm. As shown 

in chapter 2  conventional lamps such as the tungsten-halogen and the deuterium 

lamp, although emitting light in the range of interest, had a poor intensity.

3 . 2 . 1  U V - L E D

A photograph and schematic of the UV-LED are shown in Figure 3-8 on the left 
and right respectively. The photograph shows the low purplish-blue glow emitted 

by the LED and the plastic tubing to protect the soldered parts. In the schematic 

the dimensions of the UV-LED are documented indicating the small size of the 

device.

J i  ' —

i
*—► 14.5 mm 

i

i

Diameter: 4.7mm <— ► ¡6.2 mm ■ 
i

Figure 3-8 Illumination of a UV-LED and its dimensions

It wasn’t until the advent of the UV-LED that a suitable source became available. 
However the UV-LED has proven to be ideal for the yellow method for a multitude 

of reasons:

1. Small size: compact, improvement in overall scale of the instrumentation
2. Low power consumption: 9V battery (Model: Duracell PP3, Farnell,

FEC(lreland) Limited, Dublin, Ireland), approx. 1000 microfluidic 

measurements (of 5 min duration) can be taken when the UV-LED is 

operated in sleep mode, whereby the battery is switched on for the time it 
takes to make a measurement rather than running continuously.
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PpVBanery) = 4-95 W hr
4 95 W hr /  \

=> —:-= 82.5 hr (continuous operation )
0.06 W

= 1000 measurements 

* where P is the power [Watts]

P (u v - l e d ) 0 .0 6  W

3. Suitability to the colorimetric method: 380 nm working wavelength near the 

A,max for the lamp emission spectrum and the yellow complex absorbance 

spectrum
4. Simplicity: Very easy to use, assemble and incorporate in system
5. Integration into a microfluidic manifold: embedded in the top layer of the 

microfluidic chip holder with optimum sensitivity being achieved

6. Cost efficient: LED’s are cheap, particularly when bought in bulk

3 . 2 . 2  P o r t a b l e  S p e c t r o m e t e r

The portable spectrometer shown in Figure 3-9 has dimensions of 14.2 (L) mm x 

10.5 (W) x 4.1 (H) mm. The optical signal was transported via an optical fibre from 

the optical cuvette to the spectrometer and the data was then transferred to a PC 

via an electric cable, where the signal was converted to an optical quantity using 

the spectrometer software.

With the OOIBase32 software all analytical measurements were made in 

absorbance mode with the exception of the emission spectra of the light sources, 

which were taken as an intensity-based measurement.
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Figure 3-9 Picture of the S-2000 portable spectrometer manufactured by Ocean 
Optics

3 . 2 . 3  O p t i c a l  F i b r e s

In Figure 3-10 the optical fibre is shown as a photograph (A) and a schematic of 

the propagation of light through a fibre (B).

rubber
cladding

inner
core

.28 mm Rubber cliidding

*0 = 90°

Figure 3-10 Optical fibre with inner diameter of 240 /jm illuminated by a tungsten- 
halogen light source (A) and the side profile of the light propagation through the 
optical fibre (B)

The photograph on the left shows the small spot size of the optical fibre that has to 

be correctly aligned to the optical cuvette to ensure maximum light is transmitted to 

the spectrometer for detection. To show how small the spot size actually is a 

tungsten-halogen lamp was attached at the opposite end. On the right the 

schematic shows how the light propagates as a wave with a 61° angel of 

incidence. The inner core consists of acrylic polymer (polymethyl methacrylate)



and is sheathed with a thin layer of fluoropolymer, which has a lower refractive 

index than the fibre core itself.

The optical fibre lay flush with the bottom of the microchip holder in direct contact 
with the bottom of the microfluidic chip. An optical fibre of inner core diameter 240 

(.im and outer diameter of 2 .2  mm was chosen to best suit the micro-cuvette of 200 

^m diameter.

3.3 Flow Regime

At first a continuous mode was considered to be the most likely flow regime. At 

very slow flow-rates of circa 1 jxL / min in a long meandering micro-channel, 

laminar flow dominates. Firstly the reagent and sample are introduced into 

separate micro-channels, at a fixed point both channels converged and the reagent 
and sample mix by diffusion. The reaction time is approx. 3 min for the yellow 

method, which means that if a flow-rate of 1 / min is used the reaction coil

volume has to be greater than or equal to 3 to ensure the reaction has reached 

completion. The resulting sample plug passes over the optical cuvette for 
detection. The continuous flow regime was tricky to optimise, so considering the 

rapid kinetics of the yellow method the idea of employing a stopped flow was 

investigated.

An advantage of implementing a stopped flow regime was the replacement of the 

long meandering coil chip layout with a far simpler t-junction microfluidic design. 
The stopped flow method also facilitates sampling when a micro-dialysis sampling 

unit is attached to the microfluidic manifold. Reaction kinetics can also be 

monitored in the micro-cuvette under stopped flow.

Under stopped flow conditions very small volumes of fluid were required, which 

resulted in less reagent consumption and decreased waste generation. Unlike with 

continuous flow in microfluidic channels, very low flow-rates were not necessary. 
The reproducibility of the flow-rate wasn’t an issue, as long as the two pumps for
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the reagent and sample operated in tandem, so that accurate on-chip mixing took 

place.

The sample and the reagent were still introduced via two separate micro-channels. 
However at the t-junction, where the two channels converged there was no need 

for a long reaction channel. The straight channel was less than 1 mm in length, 

which equated to a 5-fold reduction in the volume of the microfluidic chip. The 

whole chip could be filled very quickly and the flow stopped to make a 

measurement. Instead of the reaction happening somewhere along the reaction 

coil, to produce a moving sample plug, it was monitored in the optical cuvette, 
where the end point of the reaction could be seen in real-time. When the reaction 

had reached completion and a steady-state signal recorded, the flow was switched 

on again and the microfluidic chip was refilled again as the sample was pumped to 

the waste collection bottle. The reaction time was approx. 3 min at room 

temperature, which meant that sample turnaround was typically 18-20 samples / 
hour. Other advantages of a stopped flow method were the decrease in power 
consumption of the light source and the pump under stopped flow because the 

system need only be on when a measurement is required. The power 
consumption is less of an issue in the laboratory set-up, but is critical when 

considering the design for a robust system capable of operating in-situ for 
extended periods of time, maintenance-free.

The stopped flow regime was optimised for the microfluidic manifold. Both the 

sample and the reagent were passed through the chip simultaneously at a total 

flow rate of 1 / min for approx. 1 min or until a stable signal was observed. An

integration time of 300 ms provided a good signal-to-noise ratio at a reasonably 

fast data acquisition rate. When the flow was stopped diffusional mixing took place 

rapidly and the yellow heteropoly complex was formed in the optical cuvette. When 

the flow was re-started, the complex was flushed to waste and the signal returned 

to its original baseline.
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3 . 4  C a l i b r a t i o n  S t u d y

The yellow method has been successfully investigated in a 1-cm cuvette set-up. 

The microfluidic chip has a micro-cuvette of 400 |im path length, which is twenty 

five times smaller than the conventional system. The application and suitability of 
the yellow method in a microfluidic measurement was examined in this chapter. A 

linear correlation of absorbance versus concentration would be a clear indication 

that the yellow method could be adapted to a microfluidic system. The sensitivity 

of the analytical measurement in the microfluidic manifold was also assessed.

3 . 4 . 1  M i c r o f l u i d i c  C h i p  L a y o u t

The chip was fabricated using the dry reactive ion etching (DRIE) technique 

resulting in a three-layered wafer of Pyrex/Silicon/Pyrex [2], The 400 |im thick 

silicon layer is protectively coated by deposition of silicon nitride to the surface by a 

low-pressure chemical vapour process (LPCVD) to combat corrosion [3], And an 

advanced silicon etching (ASE) process is used to etch the optical cuvette. After 

which, all three layers of the chip must be correctly aligned to ensure 

interconnection of the fluidic components. When the wafer is anodically bonded, it 
is known as a wafer stack [4, 5], Anodic bonding is desirable for protecting the chip 

from the working environment.

Figure 3-11 Microfluidic chip layout utilised for the stopped flow measurement
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The chip layout in Figure 3-11 was utilised in the stopped flow measurements 

made for the linearity study. The inlets for the reagent and the sample were 

labelled, as a  and b , respectively, the waste outlet as c and the optical cuvette was 

positioned as marked in the schematic. The inlet / outlet holes were 200 jxm in 

diameter. The t-junction channel layout had a width of 80 urn and a depth of 120 

l̂ m, whereas the waste channel was wider, resulting from a tapering of the channel 

from 200 -  280 urn over a 1 mm distance, to discourage air bubbles from lodging 

over the optical cuvette. The optical cuvette itself had a depth of 400 ^m, which 

was the path length for the measurement as defined by Beers Law.

Figure 3-12 Schematic indicating the flow from and to the optical cuvette of the 
microfluidic manifold [6]

In Figure 3-12 the design of the optical cuvette in the silicon layer is shown. The 

flow path is indicated by the red arrow, whereby the fluid comes in from the top and 

passes out through the bottom, which shows that the silicon wafer is etched on 

both sides, with the inlets and microfluidic channel on one side and the waste 

channel on the opposite. The double-sided microfluidic design is sandwiched 

between to Pyrex plates each of 1 mm thickness by anodic bonding as previously 

mentioned.
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3 . 4 . 2  P r e l i m i n a r y  A n a l y s i s  w i t h  M a l a c h i t e  G r e e n  D y e

Initial experiments in the microfluidic manifold were based on the absorbance of 
the Malachite Green dye in the micro-cuvette. Malachite Green was primarily 

chosen because of its intense blue colour. Even if the measurement weren’t 
sensitive, at least a signal would be observed, to indicate that the microfluidic chip 

was functioning correctly.

A series of standards were prepared over the concentration range 0 -  182.5 mgL'1 

and triplicate measurements of each standard were performed. From the well- 
known absorbance spectrum of Malachite Green the wavelength range 

investigated was 620 -  650 nm. The analysis was carried out at three different 
wavelengths 620, 635 and 650 nm. A standard tungsten-halogen lamp as 

described in the conventional analysis was utilised (see Chapter 2, Section 2.4). 
The intensity signal from the tungsten-halogen lamp in the mid-UV range is good.

The microfluidic system set-up as described from Figure 3-1 was utilised, with a 

few minor adjustments. The reservoirs, instead of containing the yellow method 

reagent and the orthophosphate sample, were substituted for distilled water and a 

standard Malachite Green dye of known concentration. A continuous flow method 

was implemented with a flow-rate of 1 fxL / min chosen for the analysis. A baseline 

was captured at an integration time of 500 ms with the distilled water. When a 

stable baseline signal was achieved (within 2 min) the valve controlling the dye was 

switched from flow-to-reservoir to flow-to-microfluidic chip. After several seconds a 

large jump in the absorbance signal was observed. The signal quickly reached a 

maximum height and a stable plateau was realised. This stable signal or plug 

maximum was recorded for 1 min. Then the valves were alternated with the 

distilled water flowing across the microfluidic chip and the dye back to the reservoir 
jar. The signal returned to the initial baseline position and the cycle was repeated 

in triplicate.

The absorbance of each calibration standard was calculated as the average of the 

plug maximum (n = 30 data points) less the baseline signal average (n = 30 data 

points). The calibration was carried out in triplicate at the three wavelengths. In 

Figure 3-13 the average absorbance (n = 3) versus the dye concentration over the

range 0 -  182.5 mgL' 1 at the three wavelengths 620, 635 and 650 nm is plotted.
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By comparing the three plots the optimum wavelength for measuring the 

absorbance of the Malachite Green dye was determined. As the wavelength was 

decreased, the sensitivity of the measurement increased. This was a result of the 

best coherence of the tungsten-halogen lamps emission spectrum and the 

wavelength maximum (620 nm) of the dye.

Concentration [mgL'1]

Figure 3-13 Comparison of calibration plots of dye concentration versus 
absorbance over the concentration range 0-182.5 mgL'1 at the three wavelengths 
of 620, 635 and 650 nm

Table 3-1 Average absorbance of the Malachite Green dye measured at three 
wavelengths 620, 635 and 650 nm_______ ___________________

C o n e . P 0 43' - P [m g L '1] 0 5 10 25 50

6 2 0  n m
A verage  A b so rb a n ce 0 0 .0 9 1 2 0 .2 3 5 9 0 .4 1 5 6 0 .5 7 6 6
S td.D ev. 0 0 .0 0 2 7 0 .0 1 1 4 0 .0 0 7 4 0 .0 1 7 5
%  R SD 0 2 .9 4 4 4 4 .8 4 2 4 1.7781 3 .0312
6 3 5  nm
A ve rage  A b s o rb a n ce 0 0 .0 6 9 8 0 .1 6 9 2 0 .3 1 7 0 0 .3 9 2 7
S td .D ev. 0 0 .0 0 3 8 0 .0121 0 .0 1 1 2 0 .0 1 7 4
% R SD 0 5 .4 0 8 5 7 .1 5 7 5 3 .5 2 1 4 4 .4 2 9 2
6 5 0  n m
A verage  A b so rb a n ce 0 0.0421 0 .0 8 2 8 0 .1 6 4 3 0 .2 3 1 9
S td .D ev. 0 0 .0 0 2 2 0 .0021 0 .0 0 3 0 0 .0 0 2 9
%  R SD 0 5 .1 8 4 7 2 .5 9 4 6 1 .8335 1 .2339
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Error bars were included and an RSD value of less than 7.2 % (n = 3) was 

calculated highlighting the reproducibility of all three data sets. All three 

calibrations satisfied the criteria for linearity with R2 values of 0.9911 ± 0.0047 

(RSD: 0.4707 %), 0.9962 ± 0.0035 (RSD: 0.3535 %) and 0.9918 ± 0.0032 (0.3180 

%). The average absorbance values measured at the three wavelengths are 

shown in Table 3-1.

The basic purpose of carrying out a calibration study with a strong dye like 

Malachite Green was to discover firstly whether an analytical measurement could 

even be made in the microfluidic manifold. Having clearly demonstrated that it was 

possible, a number of issues were addressed, which were of aid, when considering 

the yellow method measurement, including:

1. The erosion of the silicon chips was expedited by strongly alkaline solutions
2. The use of an intensely coloured dye in the system leads to coatings of the 

micro-channel walls and the optical cuvette, impeding accurate 

measurement of the analyte of interest
3. The use of unstable reagents, i.e. reagents that precipitate, in the 

microfluidic manifold leads to blockages in the narrow conduits

The Malachite Green calibration in the microfluidic manifold was exactly as would 

have been seen in a conventional system with good reproducibility demonstrated in 

the preliminary results.

3 . 4 . 3  Y e l l o w  M e t h o d  A n a l y s i s

The heteropoly acid complex, of concentration P043 - P, formed during the yellow 

method reaction has been shown to be extremely acidic (pH < 1), so the lifetime of 
the silicon chip was not affected by erosion, i.e. the chip is only eroded by very 

basic solutions. The long-term chemical stability of the reagent also meant that a 

blockage arising from precipitate formation was not a problem. The yellow method 

heteropoly complex was not an intense colour like that of a dye. In fact the yellow 

colour was quite weak in comparison to the Malachite Green dye, which posed a 

number of challenges in terms of optical detection. However, coating of the
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microfluidic chips inner walls and optical cuvette was not experienced. To maintain 

the clean conditions within the microfluidic chip a mild acidic solution (0.1 M HCI) 

was prepared. Any grit or stains were simply removed by pumping a small amount 
of the acidic solution through the chip. By gentle heating of the solution prior to 

injection onto the chip the cleaning process was completed within minutes. The 

cleaning of the microfluidic chip was performed on a twice-daily basis (pre- and 

post-analysis).

Calibration Study o f ore-mixed P O f  - P como/ex

The first experiment undertaken was the investigation of the sensitivity of the 

yellow complex measurement in the microfluidic manifold. Calibration standards 

over the concentration range 0 - 5 0  mgL' 1 were prepared from the stock solution 

and reacted with the reagent to form the P043' - P samples. Each pre-mixed P043"
- P sample was analysed as described for the Malachite Green study with distilled 

water utilised to generate a baseline signal.

T im e  [s ]

Figure 3-14 Real-time plug injections made over the concentration range 0 -50 
mgL'1 P O f - P at a working wavelength of 380 nm
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The sample plugs shown in Figure 3-14 were recorded in real-time. Each plug 

shown was the average signal (n = 3) calculated at each concentration. The plug 

max average and the baseline average were calculated for n = 30 data points.

C o n c e n t ra t io n  P043' - P [mgL'1]

Figure 3-15 Average plot of absorbance versus concentration of PO/~ - P over the 
concentration range 0 - 5 0  mgL'1 at a working wavelength o f380 nm

The average absorbance was then plotted versus the P043 - P concentration over 
the range 0 - 5 0  mgL1 at a wavelength of 380 nm as shown in Figure 3-15

Error bars were included (n=3 replicates), although the data points representing 

each calibration standard on the plot mask them. This was due to the fine 

reproducibility of the repeat measurements (% RSD < 2.6 % for every point, see 

Table 3-2). The slope of the line, m, was calculated as 0.0022 ± 2.9104 x 10' 11 

(RSD: 1.3230 x 10'5 %). The R2 value for the calibration of the pre-mixed yellow 

heteropoly acidic complex was calculated as 0.9998 ± 5.8000 x 10'5 (RSD: 5.8000

x 10 '3 %).
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Table 3-2 Triplicate measurements of the absorbance of the P0/~ - P complex 
over the concentration range 0 -50 mgL1 at a working wavelength of 380 nm

C o n e . [m g L '1]  1_________ 2^________ 3 A v e r. A b s . S td . D ev. %  R SD0.0000 0 .004 3 0.0041 0.0041 0 .004 2 0.0001 2.6011

5 .0000 0 .0136 0 .0136 0 .0138 0 .013 6 0.0001 0 .7887

10.0000 0 .025 7 0 .0260 0.0261 0 .025 9 0.0002 0.6651

25 .00 00 0 .057 3 0 .0573 0 .057 4 0 .0 5 7 3 0.0001 0 .1123

50 .00 00 0 .1 1 3 0 0.1121 0 .1115 0.1122 0 .0008 0 .6786

Calibration Study of the on-line mixed PO/~ - P complex

Firstly a reference baseline was measured with deionised water at a total flow-rate 

of 1 nL / min for 1 min. For this stage of the calibration study the reagent and 

orthophosphate standard were reacted along the microfluidic channel (Figure 3-11) 
and in the optical cuvette.

For the purpose of this analysis a stopped flow method was employed. Both the 

sample and the reagent were passed through the chip simultaneously at a total 

flow rate of 1 |iL / min for 1 min. When the flow was stopped diffusional mixing took 

place rapidly because of the narrow width of the short, mixing channel and the two 

solutions then reacted to form the yellow heteropoly complex. The reaction was 

complete when a steady state signal was observed. The flow was then restarted 

and at a rate of 1 )iL / min laminar flow again dominated and the whole process 

was repeated in triplicate. The resulting injection plugs are shown in Figure 3-16.

Averages for the baseline and the plug maximum were calculated (n=30 data 

points). The absorbance was calculated by subtracting the averaged water 

baseline from the averaged plug maximum. The average absorbance of each 

sample was plotted against P043' - P concentration over the range 0 - 5 0  mgL"1 at 
a wavelength of 380 nm in Figure 3-17 and the results tabulated in Table 3-3. 
Error bars were included for n = 3 replicates.
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Figure 3-16 Multiple injection plugs over the concentration range 0 -50 PO/' - P 
mgL’1 under stopped flow conditions at a working wavelength of 380 nm

C o n c e n t r a t io n  P 0 43'  -  P  [ m g L 1]

Figure 3-17 On-line calibration of absorbance versus concentration P043' - P over 
the concentration range 0 -50 mgL'1 at a working wavelength of 380 nm

The average slope and R2 values were calculated from the triplicate measurements 

as 0.0028 ± 4.1159 x 10‘11 (RSD: 1.4699 x 10^ %) and 0.9929 ± 0.0023 (RSD:
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0.2313 %) respectively. A correlation coefficient of the absorbance data from the 

on-line to the pre-mixed samples was calculated as 0.9924 ± 0.0015 (RSD: 0.1506

%).

Table 3-3 Triplicate measurements of absorbance over the concentration range 0

C o n e . [m g L '1] 1 2 3 A v e r. A b s . S td . D ev. %  R S D
0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0
5 0 .0 1 0 5 0.0101 0 .0 1 0 3 0 .0 1 0 3 0 .0 0 0 2 1 .8554
10 0 .0211 0 .0 2 2 4 0.0231 0 .0 2 2 2 0 .0 0 1 0 4 .5 6 1 7
20 0 .0 4 8 2 0 .0 4 9 5 0 .0 4 8 9 0 .0 4 8 9 0 .0 0 0 6 1 .2917

30 0 .0 8 5 2 0 .0 8 5 6 0 .0 8 4 5 0 .0851 0 .0 0 0 5 0 .6 0 4 2
40 0 .1 1 5 6 0 .1 0 9 5 0 .1 1 6 6 0 .1 1 3 9 0 .0 0 3 8 3 .3 7 2 5
50 0 .1 2 9 8 0 .1 2 8 3 0 .1 3 3 4 0 .1 3 0 5 0 .0 0 2 6 2 .0 0 9 2

3.5 Kinetic Study in the Microfluidic Manifold

Reaction kinetics can be monitored in a controlled environment under laminar flow 

in a microfluidic manifold. Improved control of the reaction conditions results in 

more accurate estimates of rate constants, from room temperature up to 45°C. 

Microfluidic chips offer fundamental advantages over conventional bench 

measurements for the investigation of reaction kinetics, in particular, the reduction 

in reagent/sample volumes and the control over mixing processes. For example, 
small volumes of reagents are easily heated and cooled, and mixing can be 

extremely rapid in narrow channels.

Quick sample turnaround is universally regarded as one of the major advantages of 
conventional FIA. However, FIA instruments are still relatively large in size, when 

compared with microfluidic systems. Typically in conventional FIA the temperature 

is controlled by a thermostat bath and the reaction is carried out in a jacketed flow 

cell. This type of temperature control is very slow and it can take several hours just 
to increase the temperature by several degrees, which increases the analysis time 

required per sample drastically. Comparing this to the method employed in this 

microsystem, sample turnaround is approximately 1 hour, for a kinetics study that 
involves multiple temperature settings. This is due to the fact that the temperature
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can be stepped up/down in a matter of seconds because of the tiny volumes 

involved and the efficient heat gain/loss arising from the high surface volume to 

bulk ratio, and the availability of novel materials such as optically transparent 

heating pads that are easily integrated into microfluidic manifolds.

3 . 5 . 1  M i c r o f l u i d i c  M a n i f o l d

The system (see Figure 3-18) comprised a Harvard PHD 2000 syringe pump 

(Antec Leyden BV, the Netherlands) fitted with a syringe holder (Danfoss A/S, 

Nordborg, Denmark) securing the borosilicate glass 3.3 (DURAN®) syringes in 

position (Innovative Labor Systeme, Mittelstasse 37, Germany). The syringes were 

connected to the microchip and holder, by 1/8" PEEK tubing. Valves labelled (v 1 )  

and ( v 2 )  were positioned between the syringes and the microchip, controlling the 

flow from the reservoirs for refilling, and from the syringes for injecting. (v 1 )  

controlled the sample flow and ( v 2 )  the reagent-line. The reservoirs labelled ( r 1 )  

and ( r2 )  were connected to the valves (v 1 )  and ( v 2 )  and contained the sample and 

the reagent, respectively. The third reservoir, ( r3 ) ,  was for the waste collection from 

the chip, after the yellow solution has passed through the waste channel.

Figure 3-18 Schematic diagram of the microfluidic system, incorporating the 
temperature system
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The microchip holder was designed to facilitate fluidic interconnections and 

optimise optical alignment. The novel concept encompassed sandwiching the 

microchip between two rigid plates. The top layer was made of Perspex, and was 

fastened with 4 locator screws for alignment. The chip was aligned to holes in the 

bottom layer, which connected to the syringe pump via PEEK tubing. Chips were 

typically 23 by 23mm in size. On the microchip underside interconnection holes 

were spaced 4.6mm apart in an array. These aligned with holes of similar 
dimension in the bottom layer of the holder. The holder orifices were sunken to 

accommodate o-rings (Apple Rubber Products, Inc., USA) that provided leak-free 

interconnects to the external PEEK tubing (Anachem Ltd., Luton, Bedfordshire, 
UK)[7], The Ocean Optics S2000 spectrometer with OOIBase32 software was 

chosen because of its portability and sensitivity.

Another important component was the UV-LED (NSHU-590E model, Nichia 

Corporation, Tokushima, Japan), which was embedded in the microchip holder. 
Signals from the spectrometer were integrated over 50 ms at the working 

wavelength of 380 nm. An electrical cable connected the UV-LED, which requires 

48 mW of energy, to its power supply shown in Figure 3-18 as ( f1 ) . The portable 

spectrometer was connected to the microchip via an optical fibre ( f2 ) , which was 

fixed to the bottom layer of the microchip holder at the point X [8], In an optimised 

system this could be replaced with a photodiode element or equivalent low power 

integrated optical detector.

Figure 3-19 Heating foil and temperature control unit utilised throughout the 
kinetic experimentation
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The Thermal-Clear™ transparent heating pad as photographed in Figure 3-19 

(Minco Products, Inc., Minnesota, USA) was affixed to the topside of the glass 

cover plate of the microfluidic chip and thus sandwiched between the chip and the 

top Perspex lid of the chip holder. The heating pad consisted of a micro-thin fine 

resistive, wire element, typically 0.02 mm in diameter, sandwiched between layers 

of optical grade polyester, which acted as an insulator. The operating temperature 

range for the heating pad was 55 -  120°C with a minimum light transmission of 82 

% over the visible spectrum. The heating pad dimensions were 40 mm (length) by 

25 mm (width) by 0.25 mm (thickness), which fit well with the dimensions of the 

microfluidic chip holder. The heating pad required a 24 V DC supply and was 

regulated by a temperature control unit (CT14 model, also by Minco Products, 

Inc.).

3 . 5 . 2  K i n e t i c  M e a s u r e m e n t s  i n  t h e  M i c r o f l u i d i c  M a n i f o l d

By decreasing the flow-rate in small increments, on-line monitoring of the kinetics 

of the yellow method in a controlled environment was achieved. With an estimated 

dead volume of 0.115 |il for the microfluidic pathway, the time delay (and hence the 

position on the reaction profile) from mixing to arrival at the optical cuvette was 

controlled. In one run at 25 °C the flow-rate was varied from 20 to 0.08 ^L/min and 

the time delay was estimated from Equation 3-1, where T is time (min), V is the 

chip volume ( l̂) and Q is the total flow-rate (fil /min). A series of time delays were 

calculated for flow rates in the specified range.

For this temperature study, the development of the yellow heteropoly complex was 

monitored every 5 °C over the temperature range 22 - 45°C. Six temperatures 

were chosen over the range and the experiments were carried out in triplicate at 
each temperature increment. The measurement parameters throughout the kinetic 

investigation were set as follows, an integration time of 10 0  ms, a working 

wavelength of 380nm, a time acquisition program of 4000 acquisitions, with one 

every 0.5 sec. The acquisition cycle could be manually stopped, when the relevant 
information was gathered, so the total analysis time was dependent on the

Equation 3-1
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temperature and flow-rate selections. Preliminary experiments were carried out at 

room temperature, 22.5 °C ± 0.5°C, providing basic information with which to 

investigate the entire temperature range.

T im e  [s]

Figure 3-20 Stepwise sequence resulting from reducing the flow-rate in 
increments to capture kinetic data at specific time intervals of the reaction

The data was captured continuously as the flow-rate was decreased in increments 

and an average of each step on the real-time plot was calculated. The step shape, 
which represents the increase in absorbance to a steady state as the flow-rate 

decreases, is shown in Figure 3-20. Each step corresponds to a decrease in the 

flow rate, which enables the integrated optical cuvette to ‘see’ a point further along 

the kinetic curve.

The triplicate measurements performed at room temperature were plotted against 
each other in real-time as depicted in Figure 3-21. From the graph it was evident 
that the room temperature analysis yielded 3 reproducible kinetic curves with a 

minimum divergence in trend observed for run 1 (pink) after 80 s, resulting in a 

lower maximum absorbance of the complex at the end point of the reaction.
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Figure 3-21 Kinetic plot for real-time data captured at 23 °C (room temperature) 
fitted to the 1st order model measured at 380 nm in the microfluidic manifold

However the average absorbance for the 50 mgL' 1 P043' - P complex was 

calculated as 0.1135 ± 0.0027 (RSD: 2.3379 %).

Table 3-4 Rate of Reaction data over the temperature range 22 -  45 °C at a
working wavelength of 380 nm _______ ___________ _________________

T e m p .  [°C] k1  [s'1] k2 [s'1] k3 [s'1] A v e r ,  k [s'1] S td .  D e v . %  R S D

25 0.0490 0.046 0.0495 0.0493 0.0003 0.6086
30 0.0973 0.1017 0.0971 0.0987 0.0026 2.6501
35 0.1545 0.1568 0.1459 0.1524 0.0056 3.7741
40 0.2609 0.2512 0.2509 0.2544 0.0057 2.2367
45 0.3337 N/A N/A 0.3337 N/A N/A

The rate constant was calculated over the temperature range 23 -  45 °C and in 

accordance with the kinetic theory increased with increasing temperature as shown 

in Table 3-4. When the rate constant was compared with the conventional system 

values the results showed that the experiments in the microfluidic manifold more 

accurately monitored the kinetics of the yellow method reaction. This was because 

of the controlled environment and the temperature stability for each measurement.
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An RSD of ca. 4 % was calculated for the whole range compared with an RSD of 

ca. 33 % for the conventional system.
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Figure 3-22 Calibration plot of In k versus absolute temperature over the 
temperature interval 298 -  318 K at a working wavelength of 380 nm obtained with 
the microfluidic system

A linear Arrhenius plot showed that the rate of reaction is dependent on the 

temperature at which the reaction was proceeding. The average data for the three 

runs is plotted in Figure 3-22 with an R2 value of 0.9906 ± 0.0040 (RSD: 0.3995 

%). Error bars (n = 3) were included, but due to the good reproducibility of the data 

are masked by the data symbol on the graph. From the results the Arrhenius 

parameters, A and Ea were calculated as 40.16 kJmol' 1 ± 1.54 kJmol’1 (RSD: 3.84 

%) and 106816 kJmol' 1 ± 3910 kJmol'1 (RSD: 3.7 %) respectively.

3.6 Repeatability

The repeatability of the measurement technique was excellent. In Figure 3-23 five 

repeat injections of a 4 mgL' 1 PO43' - P sample are shown.

117



T im e  [s]

Figure 3-23 Repeatable plug injections of a 4 mgL1 P043' - P sample in the 
microfluidic manifold at a working wavelength of 380 nm

The 4 mgL' 1 standard was prepared by dilution of the 50 mgL'1 P stock solution 

(See Chapter 2, Section 2.1) and the P043' - P complex was formed on-line in the 

microfluidic manifold under stopped flow conditions. Having already established 

that the signal returned to the same baseline position after each measurement, 
only one baseline was recorded at the beginning. Thus the time required to make 

15 repeat measurements was quicker because as soon as the pump was restarted 

and the signal returned to the baseline, the pump was stopped and the next 
measurement made. The results presented in Table 3-5 are the average 

absorbance (n = 30 data points) for each plug. Each value has been subtracted 

from the same average baseline, rather than from a specific baseline taken prior to 

each measurement as has previously been described.
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Table  3-5  15 repea t absorbance  m e a su re m e n ts  o f  a  4 m gL '1 P 0 43' - P  sam ple  at a

Plug Abs. Std. Dev. % RSD
1 0.0064 0.0003 4.2309
2 0.0065 0.0002 3.4984
3 0.0067 0.0002 2.9439
4 0.0071 0.0002 3.3028
5 0.0069 0.0003 3.9814
6 0.0066 0.0004 5.5363
7 0.0068 0.0003 4.3543
8 0.0067 0.0003 3.8819
9 0.0076 0.0002 2.9900
10 0.0073 0.0003 4.3963
11 0.0070 0.0002 2.8597
12 0.0076 0.0003 3.3813
13 0.0064 0.0002 3.3163
14 0.0067 0.0003 4.6515
15 0.0071 0.0004 5.0226

The measurement of the 4 mgL'1 P 043' - P complex was repeated fifteen times with 

a RSD of typically ca. 5 % or less for the entire run. The average absorbance of 

the 4 mgL1 P 043' - P for the fifteen runs was 0.0069 ± 0.0004 (RSD: 5.5546 %).

3 . 7  R e p r o d u c i b i l i t y

It was very important to demonstrate that the reproducibility of the analytical 

measurement in the microfluidic manifold was better than that in the conventional 

system.

3 . 7 . 1  R e p r o d u c ib i l i t y  o f  a  S t a n d a r d  4  m g L " 1 PCX»3* -  P  s a m p l e

Again a 4 mgL'1 sample was prepared for the reproducibility study. Weekly 

absorbance values were measured in triplicate in the microfluidic manifold over a

2-month period and the average absorbance along with error bars for n = 3 were 

plotted as a histogram shown in Figure 3-24.
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17th 24th 1st 9th 18th 25th 7th 16th
Sept Sept Oct Oct Oct Oct Nov Nov

Week

Figure 3-24 Weekly absorbance measurements made under stopped flow 
conditions in the microfluidic manifold for a sample of 4 mgL'1 P O f - P 
concentration at a working wavelength of 380 nm

A calibration was performed at the beginning of the study over the concentration 

range 0 - 5 0  mgL'1 P 043" - P. Eight measurements over the 2-month period were 

carried out. The absorbance values were then converted to a concentration based 

on the equation of the line for the linear plot, the results of which are shown in 

Figure 3-7. The relative error of the measured compared to the actual 

concentration was calculated as less than 4.7 % for the eight repeat measurements 

(see Table 3-6).

The average concentration of the eight measurements was calculated as 3.9797 ±

0.0846 (RSD: 2.1253 %) with a relative error of 0.5070 % when compared with the 

actual concentration of 4 mgL-1 P043' - P.
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Table 3-6 Weekly absorbance measurements of a 4 mgL'1 P043' - P sample at a 
working wavelength of 380 nm____________________________________________
Week Ending 1 2 3 P043 -P [mgL'1] Std. Dev. % RSD % RE

17th Sept 3.9351 3.9659 3.9247 3.9419 0.0214 0.5433 1.4742
24th Sept 4.2462 4.1082 3.4598 3.9381 0.4199 10.6623 1.5729

1st Oct 3.8139 3.6001 4.0546 3.8229 0.2274 5.9473 4.6338
9th Oct 3.9402 3.9724 4.0464 3.9863 0.0545 1.3662 0.3432
18th Oct 4.0323 4.1496 3.9387 4.0402 0.1057 2.6157 0.9959
25th Oct 4.0636 4.0781 4.1946 4.1121 0.0718 1.7463 2.7257
7th Nov 4.0505 3.9509 4.0355 4.0123 0.0537 1.3382 0.3067
16th Nov 4.0792 3.9222 3.9506 3.9840 0.0837 2.0997 0.4015

3 . 7 . 2  L o n g - t e r m  R e p r o d u c ib i l i t y  o f  t h e  Y e l lo w  M e t h o d  C a l ib r a t io n

Standard calibrations as described previously were undertaken sporadically over a 

1-year period, the results of which are shown in Figure 3-25. The samples were 

made with the same reagent batch solution. Six independent calibrations were 

carried out on different microsystems using the same batch of reagent, which was 

prepared in September 2000, i.e. one month prior to the first calibration. However, 

even though the analyses were carried out on different systems the same 

microfluidic chip layout was used. The first calibration was made in November

2000, where eight standards were analysed (0, 1, 5, 10, 15, 25, 40 and 50 mgL'1), 

the second in February 2001 with five standards (0, 5, 10, 25 and 50 mgL'1) etc.. 

In Figure 3-25 the six calibrations are plotted showing the highly comparable 

results obtained.

The major aim of this analysis was to emphasise the excellent chemical stability of 

the reaction over long periods of time (at least 1 year) and to demonstrate the 

extended lifetime of the yellow method reagent batch, compared to other reagent 

cocktails reported in a variety of different colorimetric methods for the 

determination of phosphate [9-12],
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Figure 3-25 Comparison of multiple calibrations of absorbance versus 
concentration P043' - P for a concentration range 0 - 5 0  mgL'1 over a 12 month 
period [13]

Different standard solutions within the 0 - 5 0  mgL"1 were prepared. However, in 

order to plot the average calibration for the 12-month period the standard solutions 

common to all 6 calibrations were used namely 0, 5, 10, 25 and 50 mgL'1. The 

average absorbance versus the concentration P043- - P was plotted in Figure 3-25 

resulting in a perfect linear correlation with an R2 value of 1 ± 0.0027 (RSD: 0.2750 

%). The average results of which are displayed in Table 3-7. Error bars (n = 3) 

were included on the plot and the reproducibility of the data with the yellow method 

for a 1-year period was good with a RSD of less than 7.6 % (n = 3).
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Concentration P043' - P [mgL'1]

Figure 3-26 Calibration plot of absorbance versus concentration P043' - P over the 
concentration range 0 - 5 0  mgL'1 representing the average data accumulated over 
a one year period

Table 3-7 Average absorbance data acquired over a 12-month period with a

Cone. P043'-P [mgL'1] Aver. Abs. Std. Dev. % RSD
0 0 0 0
5 0.012925 0.000946 7.322678
10 0.024533 0.00255 10.39518
25 0.060901 0.002737 4.49466
50 0.121281 0.00914 7.536605

3 . 8  S i g n a l - t o - N o i s e  R a t i o

Noise can be described as the random fluctuations of an analytical instrument 

measured as the standard deviation of the signal [14]. The signal is the average 

value, in this case absorbance, of the output of the portable spectrometer used. 

The signal to noise ratio (SNR) was calculated for the microfluidic measurements 

made with the portable spectrometer from Equation 3-1, where S is the signal, N is
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the noise, Saver is the average of the signal and AS is the standard deviation of the 

signal.

— = 5 ^aver/ Equation 3-2
N  / A S

In order to calculate the SNR, an absorbance signal for a 5 mgL'1 PO43' - P was 

recorded in real-time at a total flow-rate, Q total, of 1 jxL / min. The stable baseline 

was captured for 1 min at an integration time of 300 ms and the raw data was 

treated with a moving average for n = 25 data points.
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Figure 3-27 Real-time plug of 5 mgL'1 P043' - P with raw and treated data with 
inset of baseline signal (n = 300) for SNR determination

The raw and treated signals are shown in Figure 3-27 over the timescale 0 -  160 s. 

The average absorbance of the baseline signal (n = 300 data points) was 

calculated for the raw and treated data as 3.90 x 10^ and 1.54 x 10^ respectively.
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The SNR for each data set was calculated and tabulated in Table 3-8. A signal to 

noise ratio of 3:1 is often quoted as the required minimum for an analytical 

instrument.

Table 3-8 Signal-to-Noise ratio calculated from the baseline signal recorded in the 
microfluidic manifold

Data Saver AS S/N
Raw 0.000390 0.000130 15.05
Treated 0.000154 0.000062 12.51

From the results it was evident that the raw and treated data were well above the 

theoretical threshold, with the raw data having a better SNR than the treated. All 

the data presented in this chapter has been treated with a moving average of n = 

25 data points and all average values are determined for n = 30 data points.

3 . 9  L i m i t s  o f  D e t e c t i o n  ( L O D )

The limits of detection for the yellow method has been experimentally investigated 

in the conventional system, as described in Chapter 2, to be typically ca. 0.1 mgL'1 

P043 - P. The aim of this experiment was to experimentally determine the LOD of 

the yellow method in the microfluidic system and to compare the LOD with that 

achieved in the conventional set up (Chapter 2, Section 2.8).

The determination of the LOD was calculated by applying Equation 3-2 (where sd 

is the standard deviation) to the standard deviation of the baseline for the noise. 

Distilled water was pumped across the microfluidic chip and a stable baseline 

signal was plotted as absorbance versus time at a rate of 10 data points / s.

An average absorbance for the baseline signal was determined for n = 30 data 

points and the standard deviation of the signal was calculated. The absorbance of 

the baseline signal was measured in triplicate and determined as 1.29 x 10"1 ± 1.93 

x 10-6 (RSD: 1.4949%).

LOD =  3 sd E q u a tio n  3-3



The standard deviation of each baseline was multiplied by three, which resulted in 

a value of 3.87 x 1C4 ± 5.78 x 10^ (RSD: 1.4949 %).
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Figure 3-28 Calibration plot of concentration P043' - P versus absorbance over the 
concentration range 0 - 5  mgL'1 at a working wavelength of 380 nm

For the LOD study the lower end of the concentration range for the yellow method, 

0 - 5  mgL'1, was investigated. Five standard solutions, 0, 0.5, 1, 2.5 and 5 mgL'1, 

were prepared from the 50 mgL'1 P stock. The experimental conditions were the 

same as described previously.

Triplicate plug injections under stopped flow were made for each sample. The 

average plug maximum (n = 30 data points) was subtracted from the baseline 

average. The resulting absorbance was plotted versus the P043' - P concentration 

over the range 0 - 5  mgL'1 at a wavelength of 380 nm. Error bars were included 

but due to the good reproducibility (RSD < 3.5 % for all triplicate measurements) of 

the data they are masked by the point symbols in Figure 3-28.
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Table 3-9 Triplicate absorbance measurements made over the concentration
range 0 - 5  mgL'1 P O - Pat a working wavelength of 380 nm_____________
Cone. P 0 4j -P [m g L 1] 1 2 3 Abs. Std. Dev. % RSP

0.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.5 0.0016 0.0016 0.0015 0.0016 0.0000 2.1069
1.0 0.0033 0.0032 0.0031 0.0032 0.0001 3.3075
2.5 0.0061 0.0060 0.0059 0.0060 0.0001 1.0510
5.0 0.0123 0.0128 0.0121 0.0124 0.0004 2.9515

From Figure 3-28 it was clear that the linearity is maintained in the low 

concentration range for the yellow method with an R2 value 0.9954 ± 0.0008 (RSD:

0.0842 %) and the slope of 0.0024 + 0.0001 (RSD: 2.3727 %) being comparable 

with that of the larger range of 0 -  50 mgL'1 P 043' - P.

The sensitivity of the yellow method in the microfluidic manifold at lower 

concentrations was better than that achieved in the conventional set-up. From the 

equation of the line from the calibration the LOD was determined to be 0.0361 mgL'

1 ± 0.0024 mgL'1 (RSD: 6.6653 %).

3 . 1 0 C o m p a r i s o n  o f  t h e  Y e l l o w  M e t h o d  in  t h e  M i c r o f l u i d i c  

a n d  C o n v e n t i o n a l  S y s t e m

3 . 1 0 . 1  C a l ib r a t io n  C o m p a r is o n

The final analytical study performed in the microfluidic manifold was to validate the 

yellow method by comparing calibrations from the microfluidic and conventional 

systems. Three calibrations were carried out over the concentration range 0 - 5 0  

mgL"1 PO ^ - P at a wavelength of 380 nm. 5 standards were prepared (0, 5, 10, 

25 and 50 mgL"1) from the 50 mgL'1 P043' stock solution. One calibration was 

made in the microfluidic manifold, where the optical path length was 400 jxm. The 

other two calibrations were carried out in the conventional system, where two 

different optical cuvettes of path length 1 mm and 1 cm were used.
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The microfluidic calibration was made under stopped flow as previously described, 

whereby the orthophosphate-containing sample was mixed on-line with the 

reagent. For both conventional calibrations 5 ml of both the sample and the 

reagent were measured into a 10 ml volumetric flask and left for approx. 5 min at 

room temperature to allow the P043" - P complex to develop. The three calibrations 

were carried out in triplicate, with the results being plotted in Figure 3-29.
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Figure 3-29 Linear plot of absorbance versus concentration P043' - P over the 
range 0 - 5 0  mgL'1 for three path lengths of 400 m, 1 mm and 1 cm at a 
wavelength of 380 nm

The results achieved in the microfluidic manifold were compared with those in the 

conventional system in order to investigate the relative accuracy and sensitivity 

[15].

Table 3-10 Absorbance data used to compare the three path lengths over the 
concentration range 0 - 5 0  mgL'1 measured at a wavelength of 380 nm__________
Cone. P043 -P [m g L 1] 1 cm 1 mm 400 um Average Std. Dev. % RSD

0 0.0000 0.00000 0.0000 0.0000 0.0000 0.0000
5 0.2334 0.26969 0.2382 0.2471 0.0162 6.5735
10 0.5173 0.57019 0.5359 0.5411 0.0185 3.4170
25 1.3316 1.11506 1.3299 1.2588 0.1094 8.6936
50 2.5597 2.54704 2.6929 2.5999 0.0739 2.8409
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The comparison was made possible by multiplying the absorbance data from both 

the microfluidic and the 1 mm cuvette analyses by a factor based on the differing 

optical path lengths associated with the three systems. The 400 jxm micro-cuvette 

has a path length, which is twenty five times smaller than that of the 1 cm cuvette 

and the 1 mm cuvette has a path length that is ten times that of the 1 cm cuvette. 

As a consequence the microfluidic data was multiplied by twenty-five, and the 1 

mm data was multiplied by ten, the results of which are documented in Table 3-10.

Concentration PO ^  - P [mgL'1]

Figure 3-30 Average absorbance of the normalised data for the three path lengths 
versus the concentrations over the range 0 - 5 0  mgL'1 at a wavelength of 380 nm

In Figure 3-30 the average absorbance was calculated and plotted against P043" - 

P concentration over the range 0 - 5 0  mgL"1 at the working wavelength of 380 nm. 

The slope of the line, m, was determined as 0.0518 ± 0.0021 (RSD: 4.0678 %) and 

the R2 value was calculated to be 0.9995 + 0.0034 (RSD: 0.3452 %). The three 

sets of data with different optical path lengths were assessed to gauge the 

accuracy of the measurement. Theoretically a 25-fold factor decrease in optical 

path length would result in a 25-fold decrease in absorbance signal. When the 

absorbance measurements made in the microfluidic system were compared with
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the conventional 1 cm cuvette values the 25-fold decrease was evident. The 

validation of this is shown in Table 3-11, where the original absorbance 1 cm 

cuvette values were divided by their corresponding value in the microfluidic system 

and the resultant factor was tabulated. From the table three factors are shown 

relating to the change in optical path length from the microsystem to the 1 mm 

cuvette (2.5-fold), the 1 mm cuvette to the 1 cm cuvette (10-fold) and the 

microsystem to the 1 cm cuvette (25-fold). The average factor decrease for each 

experiment was calculated as 2.4889, 9.9315 and 24.3712 respectively. The 

relative error was estimated for the calculated factors compared to the theoretical 

factors as less than 2.6 % for ail three experiments (see Table 3-11).

Table 3-11 Validation that the calibrations performed over different path lengths in 
different instrumentation are comparable

Cone. P 043'-P [m g L 1] 400 |im  1 m m 10 m m  -» 1 cm 400 [am 1 cm
5 2.8333 8.6581 24.5313
10 2.6612 9.0745 24.1494
25 2.0965 11.9432 25.0387
50 2.3647 10.0499 23.7655

Average 2.4889 9.9315 24.3712
Std. Dev. 0.3254 1.4625 0.5438

% RSD 13.0755 14.7262 2.2313
% RE 0.4423 0.6854 2.5151

This simple study showed that measurements in the microfluidic system were 

highly comparable with those in both the 1 mm and 1 cm as would be expected 

with any good analytical technique. The fact that even though the optical cuvette in 

the microfluidic system was twenty five times smaller than that of the conventional 

set up, the results were still excellent. This was very encouraging, when 

considering the next step, to design and fabricate a replicate microfluidic manifold 

in a polymeric material.

3 . 1 0 . 2  M o l a r  E x t in c t io n  C o e f f i c ie n t  o f  t h e  Y e l lo w  P h o s p h a t e  
C o m p l e x

To our knowledge, the molar absorptivity for the vanadomolybdophosphoric acid

(Phosphate complex formed with the yellow method, see Chapter 2, Section 2.1)

has not been reputed in the literature, so there were two main reasons why it is
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presented here. The first reason was to establish a value for the molar absorptivity 

and the second, to show that the microfluidic system measurements were 

comparable with the bench results.

Two calibrations were chosen to compare the bench and microfluidic systems 

respectively. The calibrations were plotted as absorbance versus concentration in 

mgL"1. From Beer’s Law the molar absorptivity was calculated using SI units, i.e. 

the molarity of the sample is required. In Table 3-12 the conversion of the 

concentration from parts per million [mgL1] to Molarity [moles / Liter] is given.

Table 3-12 Conversion of concentration units from parts per million [mgL'1] to 
Molarity [moles /  L]_____________________________________

Cone. P 043'-P [m gL -1] C oncentra tion  [M]
0 0.0000

0.5 3.6740E-06
1 7.3481 E-06

2.5 1.8370E-05
5 3.6740E-05
10 7.3481 E-05
25 1.8370E-04
50 3.6740E-04

Concentration P O ^  - P [M]

F igure  3-31 L inear p lo t o f  absorbance  versu s  P O f '  - P  concentration [M] o ver  the
range 0 - 5 0  m gL '1 for the conventional s y s te m  a t the working w avelength  o f  380
n m
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In Figure 3-31 the linear plot of absorbance versus P043' - P concentration [M] at a 

wavelength of 380 nm is plotted for the conventional system. For an optical path 

length of 1 cm, the molar absorptivity was directly calculated from the slope as 

8382.24 L mol'1 cm'1 + 64.053 L mol'1 cm'1 (RSD: 0.77 %).

C o n c e n t r a t i o n  P 0 43' -  P  [ M ]

Figure 3-32 Linear plot of absorbance versus P O f - P concentration [M] over the 
range 0 - 5 0  mgL'1 for the microfluidic manifold at the working wavelength of 380 
nm

In Figure 3-32 the linear plot of the absorbance versus the P043' - P concentration 

at a wavelength of 380 nm in the microfluidic manifold is plotted. To determine the 

molar absorptivity for an optical path length of 400 îm, the slope was multiplied by 

twenty-five and estimated to be 8482.56 L mol'1 cm'1 ± 31.39 L mol"1 cm"1 (RSD:

0.37 %). The molar absorptivity for both systems was, as expected, highly 

comparable.
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3 .1 1  Conclusion

The microfluidic system was optimised for the successful implementation of the 

yellow method. The microfluidic manifold was first used fro preliminary testing of a 

strong absorbing dye, Malachite Green. An extensive validation of the yellow 

method was carried out to include linearity, repeatability, reproducibility, limits of 

detection, reagent lifetime, long-term microsystem stability and the signal-to-noise 

ratio. The calibration data for the microfluidic manifold and conventional system 

were compared by:

1. plotting the calibrations from both on the same scale

2. calculating the molar absorptivity of the phosphate complex for both 

systems

A stopped flow regime was adopted for the analysis to great effect, which resulted 

in lower reagent consumption and waste generation. The stopped flow also 

facilitated the use of a simple T-junction microfluidic layout for all measurements 

rather than a complex, meandering reaction coil synonymous with continuous flow 

measurements.
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4  R e a l  A p p l i c a t i o n s  o f  t h e  Y e l l o w  M e t h o d  i n  M i c r o f l u i d i c  

S y s t e m s
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Phosphorus is essential for aquatic life playing a pivotal role in growth development 

of natural waters. It readily forms bonds with organic matter and soil particles, 

which accounts for the low concentrations naturally occurring. However, 

phosphorus (P) in the form of a phosphate (P043) is much more abundant. 

Phosphates are predominantly found as orthophosphates, a nutrient vital to plant 

growth. Plants, such as algae, require small amounts of orthophosphates to grow. 

If an excess of orthophosphate is present rapid algal growth leads to blooms. 

When algae die bacteria systematically decompose them, which sequentially 

exhausts all oxygen reserves [1], With deficient oxygen supply life cannot be 

sustained and large fish kills transpire. This overkill enrichment of water with 

nutrients can be exclusively attributed to human intrusion, and is accordingly 

referred to as cultural Eutrophication.

Cultural Eutrophication has many sources, with those of major significance being 

wastewater effluent, detergents, fertilisers, drinking water treatment and human, 

animal and industrial waste to name but a few. Sewage effluent from wastewater 

treatment plants often fails to meet standard criteria set by environmental agencies 

and industrial waste frequently contains unacceptable levels of phosphorus. 

Agricultural waste, in the form of over-enriched soils and surface run-off from farms 

has increasingly been earmarked as the key contributor to phosphate-levels in 

rivers and lakes

In recent years the consequences of high nutrient levels in river and wastewater 

have become a key environmental issue within the EU with a major emphasis 

being placed on nutrient concentrations in sensitive regions [2], Sensitive areas 

are categorised in several ways including:

1. Natural fresh water bodies that are eutrophic or which in the near future will 

become eutrophic

2. Stagnant lakes and streams with poor water exchange

3. Surface freshwaters intended for the abstraction of drinking water

4. Areas requiring further treatment to fulfil the Council Directives.
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Figure 4-1 Percentage of sewerage schemes in each treatment category

The treatment of wastewater in Ireland is shown as a pie chart in Figure 4-1 [3-4], 

The chart shows that only 2 % of all wastewater in Ireland is tertiary treated to 

remove phosphorus and nitrogen, which is a poor statistic compared to many other 

European countries.

The Irish Environment Protection Agency (EPA) is the governmental body that 

implements the national strategies to combat water pollution. The Irish EPA 

publishes annual reports on the national water quality based on the environmental 

monitoring they undertake throughout the year [5-7], The Irish EPA has devised 

water quality assessment techniques and a classification system based on the 

biological and chemical results [8], The classification is defined and shown for the 

nutrient phosphorus in Table 4-4 (see Section 4.4, page 145).

With this table as a guide sampling locations on a water body can be given a 

classification, which is indicative of the quality of the water at that point. This table 

is not the definitive guide, but it provides a basic definition for the water quality.
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4 .1  River Samples

Water samples were taken from three river sources, the Broadmeadow, the Santry 

and the Ward River. All three rivers are located in greater Dublin area and are 

within 1 hours driving distance from Dublin City University (DCU), where the 

National Centre for Sensor Research (NCSR) is located. Eight sampling locations 

along the Broadmeadow were selected and the concentration of phosphorus was 

measured. One location, the Clonshaugh Bridge, on the Santry River was chosen, 

where weekly sampling took place over a two-month period. With respect to the 

River Ward one sample was taken and the repeatability of the measurement in the 

microfluidic manifold was assessed. From the Broadmeadow River results 

information about the phosphorus concentration of the entire river was gathered, 

whereas in the case of the Santry River the sampling location with the highest 

concentration of phosphorus was repeatedly assessed to observe fluctuations in 

concentration and to interpret the cause of such changes. All samples were mixed 

on-chip with the yellow method reagent under stopped flow conditions in the 

microfluidic manifold and all samples were analysed in triplicate.

4 . 2  S a m p l i n g  a n d  S t o r a g e

River samples were collected in a 100 ml acid-washed, brown-glass flask. The 

flask was previously soaked in a 0.1 M HCI bath for 24 hours. The flask was then 

rinsed thoroughly and filled to overflowing with deionised water. On-site the initial 

sample was collected in a plastic container, which was attached to a rope and 

thrown into the middle of the river, where it was deepest. From this 10 ml aliquots 

were extracted into a plastic disposable syringe and passed through a 45 |am 

membrane filter. The filtered sample was transferred to the 100 ml acid-washed 

brown flask and the sampling was repeated until it was filled to overflowing. When 

the storage vessel was completely filled and sealed with a screw-top cap, the 

threat of degradation due to aeration was minimised. This is important when 

considering that river samples must be transported back to the laboratory and 

analysed in less than two hours because after which the orthophosphate becomes 

bio-available and leaches onto the glassware [9]. Post-analysis, the sample jars
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were rinsed and refilled with deionised water and stored until the next sampling 

date.

4 . 3  L o c a t i o n s

Every two years the Irish EPA publishes a “State of the Environment” report, of 

which a sub-section deals solely with water pollution. Nutrient levels are monitored 

nationally and an extensive list of sampling locations is given. For the purpose of 

this study the sampling sites were restricted to the greater Dublin area, so that 

samples could be transported back to the lab for analysis in under two hours.

In the case of the first experiment a river was selected, where samples were taken 

at specific sampling locations along that river to develop a basic understanding of 

the complex changes in phosphorus concentrations from source to mouth. When 

selecting a river, the Broadmeadow flowing from the northwest of Dublin to the 

East coast, just north of the city was chosen for a number of reasons including:

1. the landscape through which the river runs, which is initially agricultural, 

then densely-populated and finally industrial

2. the high levels of phosphorus reported by the Irish EPA for all sampling 

locations along the Broadmeadow river [4]

3. the proximity of the river to the laboratory for rapid, accurate measurement

The criteria for the second sampling location differed from those of the 

Broadmeadow River. The second experiment involved only one sampling point on 

a river, where extremely high phosphorus levels had been reported. The Santry 

River was chosen, with the Clonshaugh Bridge location as the point for repeat 

sampling, because again the river was not only close to the university, but 

phosphorus concentrations were extremely high. Samples were collected on a 

weekly basis over a two-month period. From the results temporal changes in 

phosphorus were observed.
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4 .3 .1  B r o a d m e a d o w  R i v e r

The source of the Broadmeadow River is located in a predominantly agricultural 

region. The forked source of the Broadmeadow converges quickly and the first 

population densities, before the convergence, are the towns of Ratoath and 

Ashbourne as shown in Table 4-1. There are a total of four towns ranging in 

population density from small to medium-scale through which the river flows. The 

mouth of the river is located at the Malahide estuary, where there are a number of 

contributing discharges to the river including the towns of Swords and Malahide, a 

small-scale industrial estate and the Swords wastewater treatment facility for the 

region.

Table 4-1 EPA locations on the River Broadmeadow
Num ber Sam pling Locations Discharges

1 Ratoath Bridge Agricultural / Domestic
2 Ashbourne Domestic
3 0.5 km o/s Ashbourne Domestic / Agricultural
4 Milltown Bridge Agricultural
5 Fieldstown House Agricultural
6 Lispopple Bridge Agricultural / Domestic
7 Lissenhall Bridge Domestic / Industrial
8 Malahide Estuary Industrial / Domestic

On the map in Figure 4-1 the sampling locations are clearly marked and labelled 1

-  8. The NCSR laboratory is located approx. 30 min by car from the furthest 

sampling point on the Broadmeadow River at Ratoath Bridge.

Figure 4-2 Map of the Broadmeadow River highlighting the sampling locations
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4 . 3 . 2  S a n t r y  R iv e r

The Santry River is much smaller in length, but lies in a very densely populated 

suburb with a large industrial estate. The river flows through a completely urban 

landscape. Its source is located in Ballymun, which has an extremely high 

population density and flows east through the large Clonshaugh industrial estate, 

with heavy population densities along its entire course and several large factories 

along its banks, including Cadburys and Tayto Crisps before it enters the Irish Sea. 

Phosphorus levels are a combination of industrial and domestic effluent in the case 

of the Santry River compared with primarily the agricultural run-off (with small 

industrial / domestic discharge) for the Broadmeadow River.

4 . 3 . 3  R i v e r  W a r d

The Chapelmidway sampling location is located on the River Ward. The region is 

predominantly agricultural, which indicates that the phosphorus content is probably 

reasonably high and a result of run-off from farming in the form of fertilisers, slurry 

etc. and domestic waste. Also poor maintenance of sceptic tanks results in effluent 

leakages, which run into rivers completely untreated.

4 . 4  V a l i d a t i o n  o f  t h e  M i c r o f l u i d i c  S y s t e m  f o r  R e a l  S a m p l e  

A n a l y s i s

Initially the measurements of orthophosphate concentration carried out in the

microfluidic manifold were validated against an Ion Chromatography (1C) method.

Ion exchange chromatography with suppressed conductivity detection was chosen

as the reference method. P 03"4 standards, prepared from a 50 mgL"1 P043" stock

solution (6.59 g KH2P 04 in 1 litre), were passed through an anion exchange

column (Dionex lonpac® AS17 4 x 250 mm analytical column with Dionex lonpac®

AG17 4 x 50 mm guard column). The mobile phase was 50 % NaOH and the

eluent was passed through a suppresser after separation. At a flow-rate of 1.4

fxl/min., a 75 jxl volume of the P 043' standard was injected onto the column and
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eluted out at approx. 6 min. The results of a validation study are provided in Table 

4-2 showing the concentration and corresponding triplicate peak area 

measurements.

Table 4-2 Ion Chromatography reference calibration data over the concentration
range 0-150 mgL'1 P O t________________________________________________

Cone. P 043‘ [mgL*1] 1 2 3 Aver. Peak Area [jiS] Std. Dev. % RSD
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 0.2495 0.2439 0.2465 0.2466 0.0028 1.1363
5 1.5807 1.5938 1.5712 1.5819 0.0113 0.7173
10 3.6999 3.5442 3.6767 3.6403 0.0840 2.3075

In Figure 4-3 the linear plot of the averaged peak area versus the P043" 

concentration over the range 0 - 1 0  mgL'1 P043". The error bars are almost 

completely masked by the plotted points due to good reproducibility of the data 

yielding a relative standard deviation of less than 2.3 % for all the calibration. The 

slope and the R2 value were calculated as 0.3659 + 0.0079 (RSD: 2.1456 %) and 

0.9954 ± 0.0016 (RSD: 0.1624 %) respectively.

Concentration P 0 43' [mgL-1]

F igure 4-3  Linear plot o f  absorbance  versu s  P 0 43' concentration over the range 0
- 1 0  m gL '1 at the working w avelength  o f  380  nm  by  ion chrom atography
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The calibration data over the concentration range 0 - 1 0  mgL"1 P043' - P for the 

microfluidic system and the ion chromatography were compared. In order to make 

the comparison the experimental concentrations of each of the standards were 

calculated from the equations, Equation 4-1 and 4-2. The true concentration was 

given as P043' - P so the ion chromatographic measurements had firstly to be 

converted from P043' to P and then inserted into the equation of the line as shown 

in Equation 4-1.

y = 0.1 194a:-0.0314 Equation 4-1

In Table 4-3 the results are tabulated side by side and are highly comparable. A 

real sample, taken at Lissenhall Bridge on the Broadmeadow River, was analysed 

on both systems and the experimental concentration calculated as 1.1421 + 0.0360 

(RDS: 3.1529 %) and 1.1244 ± 0.0196 (RDS: 1.7406 %) for the IC and the 

microfluidic system respectively. On the whole the repeatability was slightly better 

for the IC method, but the relative error for the experimental concentration 

compared to the true concentration was superior for the microfluidic system than 

the IC.

Table 4-3 Validation of the microsystem values with the results obtained from an 
Ion Chromatographic determination

True Cone. Ion Chromatography M icrofluidic System
Mean Std. Dev. % RSD % RE Mean Std. Dev. % RSD % RE

1 0.9372 0.0077 0.8172 6.2768 1.0721 0.0583 5.4339 7.2079
5 4.5865 0.0310 0.6762 8.2700 5.1266 0.0976 1.9040 2.5326
10 10.2120 0.2296 2.2481 2.1199 9.8511 0.0825 0.8377 1.4888

Lissenhall Br. 1.1421 0.0360 3.1529 N/A 1.1244 0.0196 1.7406 N/A

Overall the comparison of both methods was good, which indicated that the 

microfluidic system was a valid way of analysing real samples, capable of 

repeatable and reproducible measurement. The microfluidic system also is much 

smaller in size than a bench-scale instrument like the IC instrument requiring less 

power, having more integrated features and consuming less reagents and 

producing less waste. At present the integrated features include a light source
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(UV-LED), sample delivery, a sample and reagent reaction channel, a micro-sized 

cuvette for optical detection and reagent and waste storage reservoirs.

4 . 5  S a m p l e  A n a l y s i s

Every sample collected in this study was filtered on-site and measured in triplicate 

in the microfluidic manifold in less than two hours to ensure that the 

orthophosphate analyte hadn’t begun to leach out of the water sample. The 

absorbance of each sample was recorded under stopped flow conditions on the 

microfluidic chip over the optical cuvette. The average absorbance was calculated 

as the average of the plug maximum (n = 30 data points) minus the average of the 

baseline plug (n = 30 data points).

4 . 5 . 1  S t u d y  o f  t h e  B r o a d m e a d o w  R i v e r

The Irish EPA monitor river quality throughout the country. The main parameters 

that are assessed are:

1. pH
2. Temperature

3. Conductivity

4. Dissolved Oxygen (DO)

5. Biological Oxygen Demand (BOD)

6. Chloride

7. Total Ammonia

8. Un-lonised Ammonia

9. Oxidised Nitrogen

10. Ortho-Phosphate

11. Colour

These key parameters give an overall impression of the quality of the water and the 

results of which determine the classification a stretch of river gets. For each
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parameter there are threshold levels based on a general classification [10], The 

threshold values for orthophosphate along with their corresponding classification 

used by the Irish EPA reports are given in Table 4-4.

Table 4-4 Irish EPA water quality requirements [11-12]
Classification W ater Quality Annual Median Cone. P [m g L 1]

A unpolluted 0 .0 1 5 -0 .0 3
B slightly polluted < 0.045
C moderately polluted < 0.07
D seriously polluted < 0.1

Orthophosphate concentrations are reported as mg P L'1 for the median value 

derived from annual figures. In Table 4-5 the median values of orthophosphate are 

given for the period 1995 -  1997 [12]. There are approx. 20 points along the 

Broadmeadow River, which have been selected by the Irish EPA as sampling 

locations. However the list of water quality parameters are not given for each 

sampling location. In fact at the first two sites in Table 4-5 there was no available 

data exists for orthophosphate concentration. There doesn’t appear to be a 

systematic sampling and testing protocol in place. The result is that the frequency 

of sampling varies from one location to the next. This means that no data from 

which an overall impression of the fluctuations in orthophosphate concentrations 

due to temporal / climatic changes and waste discharges can be gained.

Table 4-5 Irish EPA sampling locations and P concentrations for the 1995 -  1997
period______________________________________________________________

EPA Code Sam pling Location Sam ples Cone. P [m g L 1]
Min M ax Median

0150 Ratoath Br. 0 ? ? ?
0400 Br. 0.5 km o/s Ashbourne 0 ? ? ?
0420 Ashbourne Br. 11 0.206 2.277 0.685
0500 Milltown Br. 11 0.310 4.450 0.881
0600 Fieldstown House 9 0.184 2.000 0.448
0700 Lispopple Br. 9 0.185 1.975 0.384
1000 Lissenhall Br. 9 0.192 1.029 0.346
1300 Malahide Estuary 8 0.192 2.000 0.387

From Table 4-5, P [mgL'1] equals P 0 43' [mgL'1] divided by a factor of ca. 3.1. Also

the median values are all well above the 0.1 mg P L'1 (see Table 4-4) for a D
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classification signifying serious pollution. However in the water quality report most 

of the sampling locations have been given only a C classification [12]. So there 

appears to also be an inconsistency in how the figures are reported. The sampling 

locations were not only chosen to highlight the high levels of orthophosphate 

concentration, but also to show the inconsistent sampling protocol that is currently 

employed across the country.

Prior to sample collection a new calibration was carried out over the concentration 

range 0 - 5  mgL"1 P043' - P at a wavelength of 380 nm. This smaller linear range 

was chosen because for river water samples an orthophosphate concentration in 

excess of 5 mgL1' P043' - P would result in Eutrophication and large-scale fish kills.

Each standard was mixed on-chip under stopped flow with the reagent and 

analysed in triplicate resulting in highly reproducible values with a relative standard 

deviation of less than 3.2 % for each data point, consequently masking the error 

bars in Figure 4-4.
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F igure  4-4 Linear p lo t o f  absorbance  versus concentration over the range 0 - 5
m gL '1 P 0 43' - P  a t a working w avelength  o f  380 nm  in the  microfluidic manifold
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The absorbance for each of the eight Broadmeadow samples was analysed in 

triplicate with the average value being converted to a P043" - P concentration by 

equation of the line for the linear plot as given in Equation 5-1, where y is the 

average absorbance and x is the PO43' - P concentration in mgL'1.

y = 0.0024x + 0.0003 Equation 4-2

The results are shown in Table 4-6, where the relative standard deviation was 

calculated as less than 4.7 % for each of the samples. However the concentration 

values calculated for the river samples are only a snapshot of the orthophosphate 

levels present at a specific time on a specific day.

Table 4-6 Average absorbance measurements for the 8 samples taken from the 
Broadmeadow River analysed at a wavelength of 380 nm‘_________________

EPA Code Sampling Location P043'-P[mgL'1] Std. Dev. % RSD
0150 Ratoath Br. 0.7874 0.0083 1.0540
0400 Br. 0.5 km o/s Ashbourne 0.8224 0.0108 1.3176
0420 Ashbourne Br. 0.4638 0.0185 3.9797
0500 Milltown Br. 0.9593 0.0447 4.6550
0600 Fieldstown House 0.0062 0.0002 3.4538
0700 Lispopple Br. 4.0509 0.1239 3.0584
1000 Lissenhall Br. 1.2181 0.0212 1.7406
1300 Malahide Estuary 3.2949 0.0801 2.4300

*/C measurement at Lissenhall Br. 1.1421 0.0360 3.1529

Because a river is constantly in flux the orthophosphate concentration fluctuates 

too, therefore making a direct comparison with the EPA values unwise. The results 

presented in Table 4-6 were recorded in mid-July 2002, when phosphate 

concentrations are at their highest due to temporal factors. Therefore a 

comparison with the Irish EPA data (see Table 4-5) will not be of great relevance. 

It is more important to stress that, with this microfluidic system, real sample 

analysis is not only possible but also comparable with other methods of 

determination including IC, e.g. Lissenhall Br. sample. Also the EPA’s approach to 

compiling analytical information with regards to orthophosphate concentrations is 

flawed for a number of reasons including:

* The Lissenhall Br. Measurement made with the IC was taken from Table 4-3
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1. In any 24-hour period the orthophosphate concentration fluctuates an 

infinitesimal number of times

2. Quoting annual figures based on less than 15 analyses / year is not an 

accurate measurement of the orthophosphate concentration of any water 

body

3. Manual sampling by filtration on-site followed by in-laboratory testing 

increases the error associated with the measurement

4 . 5 . 2  W e e k l y  s tu d y  o f  t h e  C l o n s h a u g h  B r id g e  o n  t h e  S a n t r y  R iv e r

The Clonshaugh Bridge sampling location was chosen for two reasons, its 

proximity to the laboratory for post-sampling analysis and the high concentrations 

of phosphorus found there, which were documented by the Irish EPA [12].

The study varied from the Broadmeadow analysis in that the phosphorus 

concentration was monitored on a weekly basis at the same sampling point to 

investigate the fluctuations in concentration attributed to variables such as 

temperature, climate and variation in discharges to the river. For example, the 

functions of the land, which the river runs through, i.e. agricultural, industrial, 

residential, can influence the phosphorus content of the soil. If there is heavy 

rainfall the volume of the river increases, increasing the flow-rate causing the river 

to pick up more suspended and dissolved solids as it flows.

Each week a sample was taken, filtered on-site and analysed in triplicate in the 

laboratory with the microfluidic system. An example of the triplicate measurements 

superimposed on top of each other is plotted in Figure 4-5. Each data set is 

treated by a moving average for n = 25 data points shown as treated data in the 

plot. The absorbance of the sample is estimated as the average of the stable 

maximum signal (n = 30 data points) minus the stable baseline (n = 30 data 

points).
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Figure 4-5 Example of the triplicate sample plugs taken at the Clonshaugh Bridge 
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A calibration plot was carried out prior to sample collection over the concentration 

range 0 - 1 0  mgL'1 P043" - P at a working wavelength of 380 nm. The calibration 

was made in triplicate and the linear plot of the average absorbance versus the 

PO43' - P concentration is plotted in Figure 4-6, where the R2 value was calculated 

as 0.9955 + 0.0021 (RSD: 0.2132 %).

The equation of the line, as shown in Equation 5-3, was utilised to convert the 

absorbance values to experimental concentrations.

y -  0.0025x + 0.0023 Equation 4-3

Table 4-7 Weekly absorbance measurements and corresponding concentrations 
from samples taken from the Clonshaugh Bridge site at a wavelength of 380 nm

Date Absorbance Exp. Cone. P043 - P [mgL1]
Average Std. Dev. % RSD Average Std. Dev. % RSD

19-Jul-01 0.0055 0.0003 4.4000 1.6250 0.0387 2.3840
31 -Jul-01 0.0051 0.0002 4.8644 1.5055 0.0778 5.1673
2-Aug-01 0.0044 0.0001 1.7682 1.2688 0.0241 1.8988
3-Aug-01 0.0050 0.0001 2.7087 1.4567 0.0420 2.8831
9-Aug-01 0.0040 0.0002 4.6036 1.1704 0.0582 4.9723

The data in Table 4-7 has been treated by a moving average for n = 25 data points. 

The average values of absorbance and concentration are the result of triplicate 

measurements (n = 30 data points / experiment). The weekly values of 

absorbance and concentration were averaged and calculated as 0.0048 ± 0.0006 

(RSD: 12.2454 %) and 1.4053 mgL1 P 043' - P ± 0.0186 mgL1 P043’ - P (RSD: 

13.0623 %) respectively.

The values were expected to vary due to the fact that a river is constantly under 

flux. However the values were all high compared to the recommended values 

quoted in Table 4-4. The high concentrations of phosphorus can be attributed to 

two principle factors namely:

A Population Density: Kilmore -  Coolock suburbs means large quantities of 

domestic waste

Industry: Clonshaugh Industrial Estate
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The Irish EPA quotes threshold P concentrations [mgL'1] on an annual basis, so it 

has to be clarified that the concentrations calculated in this study are only a 

snapshot at a specific time on one particular day. Over a one-year period 

phosphorus concentrations are constantly under flux and are affected by temporal 

change, as well as the volume of discharge for domestic and agricultural waste. A 

follow-up study, whereby samples are taken each quarterly at a number of 

sampling locations along the Santry River would give a better trend, which could 

then be compared to the annual median values quoted by the EPA.

4 . 5 . 3  R e a l  S a m p l e  A n a ly s is  o f  t h e  R i v e r  W a r d

Repeatability studies were carried out on a sample taken from the Chapel Midway 

Bridge sampling location on the River Ward. Six repeat measurements were made 

on the same sample over a 60 min period post-filtration. Sample were filtered on

site and analysed back in the laboratory. Each measurement was made in 

triplicate and the whole process was repeated six times. The data treatment was 

the same as before, whereby the average values (n = 30 data points) were 

calculated from the treated data set (moving average for n = 25 data points) quoted 

in Table 4-8. The calibration data and its corresponding equation of the line for the 

Santry River analysis was used here, as the analysis was carried out at the same 

time on the microsystem (see Figure 4-6 and Equation 5-3).

For every absorbance data point a corresponding concentration data point was 

calculated. The concentration data was treated by a moving average for n = 25 

data points and was plotted versus time as shown in the example in Figure 4-7. 

From the sample plug the baseline was calculated as the average of the stable 

portion of the baseline signal (n = 30 data points) for the raw and treated data as

0.3377 mgL'1 ± 0..1256 mgL'1 (RSD: 37.2010 %) and 0.3027 mgL'1 ± 0.0153 mgL'1 

(RSD: 5.0629 %) respectively. The average of the plug maximum was calculated 

as 1.6764 mgL'1 ± 0.1279 mgL'1 (RSD: 7.6317 %) and 1.6579 mgL'1 ± 0.0183 mgL'

1 (RSD: 1.1014 %) for the raw and treated data respectively. The results showed 

that when the raw data was treated with a moving average for n = 25 data points, 

where the data set has greater than 500 data points, there is a 7-fold reduction in 

the signal noise, thus improving the sensitivity of the measurement.
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Figure 4-7 Example of a sample plug of P043' - P concentration versus time at a 
working wavelength of 380 nm

The average absorbance and experimental concentration were calculated to be

0.004 ± 0.0002 (RSD: 5.5459 %) and 1.2434 mgL'1 ± 0.0690 mgL'1 (RSD: 5.5458 

%). The results showed a good reproducibility in the absorbance measurements 

made in the microfluidic manifold.

Table 4-8 Average absorbance and corresponding experimental concentrations

Run Absorbance Exp. Cone. P043‘-P [mgL'1]
Average Std. Dev. % RSD Average Std. Dev. % RSD

1 0.0043 0.0003 6.6620 1.3526 0.0003 0.0222
2 0.0038 0.0002 6.5006 1.1902 0.0002 0.0200
3 0.0038 0.0001 2.1148 1.1864 0.0001 0.0061
4 0.0039 0.0001 2.4969 1.2044 0.0001 0.0085
5 0.0042 0.0000 1.0408 1.3049 0.0000 0.0037
6 0.0039 0.0002 5.4770 1.2217 0.0002 0.0195

The biggest challenge encountered in real sample analysis of any river water body 

is the need for an increase in the frequency of sampling without being overly
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labour-intensive. Without autonomous monitoring techniques, a true picture of 

phosphorus concentrations in water bodies cannot be determined.

The development of a simple testing device based on microfluidic analysis with the 

yellow method is a good alternative. The stopped flow regime means that the 

reagent consumption and waste production can be as little as 50 ml / year, which is 

an environmentally friendly approach. The stopped flow approach means that 

measurements are taken at set intervals, for example 2 measurements / hr with 

each measurement requiring 1 |a.L of reagent. The total volume for each 

measurement would then be 2 .̂L (combined volume of sample and reagent).

From this the yearly reagent and waste consumption can be estimated as 17.5 ml 

and 35 ml respectively. The yellow method reaction is fast, reaching completion 

within 3 min at room temperature, making sample turnaround quick. The yellow 

method has been validated in the microfluidic system and the results presented in 

this section have demonstrated that the microfluidic measurements are also 

comparable with bench-scale techniques such as Ion Chromatography.

4 . 6  A p p l i c a t i o n  o f  t h e  Y e l l o w  M e t h o d  in  a n  I n d u s t r i a l  

P r o t o t y p e  I n t e g r a t e d  M i c r o f l u i d i c  S y s t e m  ( M i c r o C h e m  

P r o j e c t )

The yellow method is straightforward (one-reagent), and fast, enabling a relatively 

simple microfluidic manifold to be adopted. As has been demonstrated previously 

the method was first optimised on a bench scale, and then implemented in the lab 

demonstrator set up (Chapter 2, Section 2.4 -  2.9 and Chapter 3, Section 3.4.3 

respectively). The next stage was its transferral to an industrial prototype (IP) 

designed under the MicroChem initiative (EU 5th Framework, No. BRPR - CT98- 

0787). The result section documents the initial experiments undertaken to 

implement a phosphate-monitoring method into the industrial prototype.

The MicroChem Project initially concerned itself with the determination of ammonia 

in wastewater, but the chemistry associated with the Berthelot reaction for
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ammonia detection was far more complex than the yellow method for phosphate. 

Consequently the emphasis was switched to the determination of phosphorus with 

the IP. Preliminary trials were performed with the IP system and set of microfluidic 

chips were specifically designed for phosphorus determination.

4 . 7  I n d u s t r i a l  P r o t o t y p e

The industrial prototype was developed by the MicroChem project partners and 

took three years from inception to industrial prototype. The IP was contained within 

a leak-free solid shell to protect the electronics. The membrane dialysis filter of the 

sampling unit was the only component that was in contact with the external 

environment. The same principle components for the laboratory microfluidic 

system were applied here. However the complete integrated system is more 

complex to enable it to be used on-site at a riverbank or wastewater treatment 

facility. The sampling unit was already developed and operating in wastewater 

treatment plants as part of the Evita® sensor (Danfoss A/S, Nordborg, Denmark). 

It utilised a dialysis membrane filter with a diameter of 45 nm, which hasn’t show 

any signs of biofouling in excess of one year. The sample passes through the 

membrane into a micro-channel before being introduced onto the microfluidic chip 

as the carrier solution. It was the remarkable anti-biofouling properties of the 

membrane that made this simple unit so effective for sampling and ensured that it 

could be used for long periods of time without being replaced.

The optical detection was achieved with a UV-LED and a photodetector, whereby 

optical fibres connected to either end of the microfluidic chip holder are aligned 

over the 200 (¿m-diameter optical cuvette. The microfluidic chip and holder have 

kept the same design as described in Chapter 3. However the chip layout has 

been altered and is described in more detail in Section 5.7. Again the fluidic 

interconnects were made with PEEK tubing for fluid transfer and o-rings for leak- 

free flow in the microfluidic chip. The reservoir solutions were stored in plastic 

leak-free pouches in the top part of the shell with the waste reservoir being kept 

separate.
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The pumping was carried out by gas pressure, whereby when a small pressure 

was applied to the system the fluid flows at a corresponding flow-rate. The flow- 

rate and gas pressure were monitored with a flowmeter and a pressure sensor 

respectively and can be observed in real-time with the IP software.

Figure 4-8 Schematic of the internal components of the industrial prototype, 
including the gas pressure pumping, microfluidic manifold, optical detection and 
sampling unit

The valves controlling the multiple channels were automated, as was the pumping 

and the light detection. All the components were connected to the back-plate as 

shown in Figure 4-8, which is the complex electronics board, which automates the 

whole process. The back-plate was connected to a PC and from the IP software 

the different components were individually controlled.
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Figure 4-9 Photograph of the IP microfluidic chip holder

In Figure 4-9 the microchip holder is shown. The inlets / outlets are labelled to 

show where the respective solutions are introduced onto the chip. At each inlet / 

outlet the o-rings lie flush with the surface of the holder and the PEEK tubing. In 

the case of the sampling unit, prior to each analysis the solution upon filtration was 

introduced onto a micro-channel and passed out the other end to PEEK tubing 

where it was transported to the inlet marked S for sample. The components are 

labelled as follows:

1. S: the sample or carrier inlet

2. R1: the reagent inlet

3. Ref. 1: the 0 mgL"1 P standard solution inlet

4. Ref. 2.: the 50 mgL"1 P standard solution inlet

5. Clean: the 0.1 M HCI cleaning solution inlet

6. Waste: the waste outlet

7. Ref. Cuvette: the reference cuvette for referencing the light from the LED

8. Opt. Cuvette: the optical cuvette for the analytical measurement

The microfluidic chip was embedded into the holder and attached to the sampling 

unit and secured to the IP with four screws.
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4 . 8  IP  C h i p  L a y o u t

Ultimately the phosphate chip was more simplistic in design due to the simple 

colorimetric chemistry employed for the reaction. The microfluidic chip designed 

for the phosphorus determination required two inlets, one for the reagent and one 

for the sample.

The phosphate chip layout is shown in Figure 4-10. There are a number of 

integrated components on the microfluidic chip. There were eight key components 

of the microfluidic chip, which are labeled 1 -  8 as follows:

1. The inlet for the combined yellow method reagent

2. The sample inlet

3. Disused reagent channel (Milli-q water)

4. Disused reagent channel (Milli-q water)

5. The mixing coil

6. The long reaction coil

7. The optical cuvette

8. The waste channel

The microfluidic channels had an etch depth of 120 fim with the exception of the 

waste channel, which had a 200 ^m depth. The channel dimensions varied from 

80 -  120 in width. The smaller width was for the mixing channel (5) and the 

larger for the reaction coil (6). All inlets holes were of 100 fxm diameter with the 

exception of the waste channel, which was again bigger at 200 ûn. The reference 

and optical cuvette were both 200 ûn in diameter and had a path length of 400 jim, 

which is the thickness of the silicon wafer substrate upon which the microsystem 

was etched. All inlet holes are spaced 4.6 mm apart from each other on a 5 x 6 

hole grid to facilitate fluidic interconnects via PEEK tubing through the microchip 

holder.
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Figure 4-10 Schematic of the IP microfluidic chip

There were a number of additional components integrated onto the microfluidic 

platform including connection to the sampling unit, two reference channels and a 

cleaning channel. The sampling channel aided the transfer of the carrier solution,

i.e. the sample, to the sampling unit from which it is passed to the sample inlet. 

The carrier was firstly passed through a polymer microdialysis memebrane of 45 

fxm pore-size.

The IP software was designed so that an autocalibration would automatically be 

performed prior to any real measurement. Consequently the two reference 

solutions were chosen as 0 and 50 mgL"1 P043"- P standards. It was 

recommended for this test stage in the development that the system was 

autocalibrated on a daily basis. With repsect to the cleaning solution for the yellow 

method, a 0.1 M HCI solution was used to flush the micro-channels, also on a daily 

basis.

The IP chip was designed for the yellow method reaction at elevated temperatures

between 30 -  40 °C (similar to that of waste water, which was the target water body



for the IP). The reaction is complete between 20 -  30 s in this temperature range. 

The total flow-rate envisaged for the system was 1 jxL / min to minimise the reagent 

consumption and waste generation under continuous flow conditions. The dead 

volume of the microfluidic chip therefore depended upon three parameters:

1. The temperature at which the reaction takes place (< 40 °C)

2. The time requried for the reaction to reach completion before the sample 

plug passes over the optical cuvette (40 s w 0.6667 min)

3. The dimensions and shape of the microfluidic channels for quick, efficient 

mixing by diffusion and full reaction development.

From the parameters given and the channel dimensions for the mixing and reacting 

coil the volume should theoretically be a minimum 0.6667 |aL allowing for a 10% 

deviation after mixing was complete. The dead volume, from the intersection of the 

reagent channel and the sample channel to the optical cuvette, was calculated as 

1.3 (j.L.

4 . 9  E x p e r i m e n t a l  P r o c e d u r e

A number of procedural steps had to be carried out before the analysis was started 

including the:

1. Stabilisation of the pressure

2. Optimisation of the optical signal

3. Realisation of a constant from all contributing channels

4. Cleaning of the microfluidic chip with deionised water

In order to optimise the conidtions for the yellow method all the channels were

switched on and the entire system was flushed to eliminate or at least minimise air

bubble formation in the channels and to flush out only the reagent / sample 

residues of on the chip. Air bubbles commonly occur when the reservoir pouches 

are replaced because the accompanying PEEK tubing has to be detached from the 

old and reattached to the new pouch. Often minute amounts of air can get into the
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tubing, which results in a poor and unstable optical signal. However, as long as 

fluid is flowing through the system continuously, the bubbles will pass through 

slowly. There were a number of ways the formation of air bubbles and their 

subsequent removal was dealt with. The number of air bubbles that form, either in 

the tubing or on the mircrofluidic channels, cannot be minimised. However the 

movement of these air bubbles through the system can be addressed. Air bubbles 

are only a major problem if, after they are introduced into any system, they become 

trapped or lodged in the system, resulting in rendering the measurement useless. 

The widening of channels at orifices, i.e. inlets, and at the optical cuvette, which is 

known as channel tapering, was used. The problem with the air bubbles was their 

size, in particular, in the optical cuvette. The dimensions of the optical cuvette 

were ideal for bubble lodgement. However with the inclusion of a taper leading up 

to and after the optical cuvette, the bubble settles for awhile, but eventually under 

pressure is pushed out and into the wide and deep waste channel. The waste 

channel dimensions ensured that once the bubbles had passed through the 

microfluidic chip, they were quickly removed to a waste reservoir.

The system was initially run with all channels open for 10 min to allow the system 

to begin to stabilise, at which point the software was started and under continuous 

flow with three channels running the system’s stability was assessed for ca. 1 hour. 

During that time the flow-rate, pressure and optical signal were monitored 

continuously by the IP software. Three measurements were taken at time, t = 0 , 

30 and 60 min and the average value for each calculated demonstrating the 

systems stability. The average flow-rate, pressure and optical singal were 

estimated as 5.6667 |aL / min + 0.1801 jxL /min (RSD: 3.1781 %), 1019.3334 mbar 

± 18.4752 mbar (RSD: 1.8125 %) and 27986.3334 AU ± 15.1767 AU (RSD: 0.0542 

%) respectively (AU = arbitrary unit). The three channels used in the stabilisation 

of the IP were reference 1, the carrier and the cleaning solution. The flow-rate for 

each was set as approx. 2 yL I min. However, the overall contribution, i.e. the 

Q to ta l  was less than 6 / min, which meant that either the flow from one channel

was lower than the other or that the flow from each although equal was too low. 

The valves were switched to measure the flow-rate from each channel individually 

resulting in a relative deviation of less than 2 % for the the three channels. The 

average flow-rate was calculated as 1.8889 / min ± 0.0388 |J_ / min, which was

down on the set value of 2 |iL / min. The relative error was calculated as 5.5550 %
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for the experimental flow-rate compared to the set flow-rate. In this case because 

the channels were running at the same rate, the fact that the total flow-rate was 

lower than the set value did not interfere with the measurement.

When the system was flushed and ready for analysis the software program was 

restarted, which triggered the pump and the UV-LED, whilst continuously 

monitoring the flow-rate, optical signal, temperature and pressure via small sensors 

incorporated into the system. At the software interface the channels used for the 

analysis were selected as the reagent and the carrier. In order to make a 

measurement a sample solution was placed in the carrier reservoir, where the 

sampling membrane is submerged. For the laboratory experiments the carrier 

reservoir was a flat petrie dish for ease of change. In the harsher, real wastewater 

environment the system would be submerged or partly submerged in the activated 

sludge tank.

Five standard solutions were prepared from a 50 mgL'1 PO43' - P stock by dilution. 

Calibration data was collected beginning with the lowest concentration of 0 mgL"1 

and plotted against the P043' - P concentration over the range 0 - 5 0  mgL'1. 

Initially a single calibration was undertaken followed by a repeatability study, 

whereby the calibration was carried out in triplicate.

4 . 1 0  P r e l i m i n a r y  a n a l y t i c a l  m e a s u r e m e n t s

The optical signal was converted to an absorbance value from Equation 4-4, where 

A is the absorbance, /ref is the averaged optical signal of the baseline or blank and 

Isample the averaged optical signal of the samlpe for n = 30 data points.

The IP chip for the yellow method was designed for use in a wastewater treatment 

facility at a temperature of 30 -  40 ° C  at a total flow-rate ( Q to ta l )  of 1 ^L / min. The 

highest chip temperature achievable in the system was 37 ° C  and the Q to ta l
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fluctuated between 2.5 -  3.25 jxL / min. The dead volume of the chip was 

calculated as 1.15 ^L, and from Table 4-9 the time required for the sample plug to 

pass over the optical cuvette at three different flow-rates is given based on the 

Equation 5-5, where T is time, V is volume, |il_ and Q is total flow-rate, |il_ / min.

T = V
Q Equation 4-5

Table 4-9 Time taken for a typical sample plug to pass through the optical cuvette 
at three different flow-rates

Qtotal [Ul/min] Time [s]
2.5 31.25
3 25.99

3.25 24

From kinetic experiments carried out in the microfluidic system estimates of total 

reaction time were individually calculated over the temperature range 20 -  45 °C 

(Chapter 3, Section 3.5.2). The maximum temperature possible in the IP (using the 

heating unit) was approx. 37 °C. From the reaction kinetics at 35 °C the reaction 

needed 30 -35 s to reach completion, and at 40°C required 10 -  15 s. There is no 

exact figure estimated for a temperature of 37°C. However, it can be estimated to 

be somewhere between 20 - 25 s. From Table 4-9 it is clear that if the reaction is to 

reach completion before it reaches the optical cuvette for detection the flow-rate 

cannot be any faster than 3.25 / min, if we assume the temperature is 37 °C.

Initially when the experiments were started a blue colour was noted at the waste 

outlet. The chip was flushed for approx. 15 hours with the cleaning solution and the 

carrier (in this instance, H20). The system was flushed until the tubing and the 

waste running was clear in colour. Then the reagent valve was flushed out to 

ensure that the reagent channel was completely clear.

The software triggered the IP to perform an automatic calibration of two standards,

0 and 50 mgL'1 P043', respectively. The manual calibration was then performed, 

whereby each standard passed through the sample unit to the carrier channel and 

onto the chip, where it mixed and reacted with the reagent.
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Firstly an autocalibration was performed with the two standards (or autocal 1 and 2 

as labelled in Figure 4-11), which were stored in reservoir bags within the IP. The 

process was automated by the IP software, whereby both standards were 

individually analysed by reacting each with the reagent on-chip under continuous 

flow. The absorbance plugs for autocal 1 and 2 are shown in Figure 4-11 and the 

average absorbance values were caluclated from the treated data (moving average 

for n = 30 data points) as 0.3854 ± 0.0013 (RSD: 0.3240 %) and 0.0010 ± 2.1300 

(RSD: 20.3721 %) for autocal 1 and 2 respectively.

A calibration was then manually performed for the concentration standards

0,5,10,25 and 50 mgL'1 P043'. From Figure 4-11 it was evident that sample plugs 

with a concentration less than 5 mgL"1 P043' - P would be very difficult to decipher 

from the noisy baseline signal. It was obvious that the lower limits of detection 

were poor in this particualr set up and have been shown to be significantly better in 

the laboratory microfluidic system (Chapter 3, Section 3.1).

Time (days after new chip insertion)

Figure 4-11 Automatic and manual calibration carried out on the IP

Average values for each sample were calculated from n = 30 data points on the

stable portion of the plug. The absorbance values are shown in Table 4-10, where
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the repeatable results meant the relative deviation of each standard over the linear 

range was less than 1.3 % with the exception of the 5 mgL'1 concentration sample, 

which was considerably less repeatable with a relative deviation of 11.8 %. All 

absorbance values, presented in the table, were calculated by subtracting the 

absorbance of “autocal 2” (0 mgL"1 P 043' - P) from each average plug maximum.

Table 4-10 Absorbance measurements made for the initial calibration with the

Conc.P043'-P[mgL'1] Abs. (treated) Std. Dev. % RSD
0 0.0000 0.0000 0.0000
5 0.0036 0.0004 11.8214
10 0.0588 0.0007 1.2285
25 0.1829 0.0014 0.7855
50 0.3735 0.0022 0.5973

The linear plot of absorbance versus P 043" - P concentration over the range 0 - 5 0  

mgL"1 at a working wavelength of 380 nm is given in Figure 4-12. The linearity was 

good with an R2 value of 0.9984.

Concentration P043' - P [mgL'1]

Figure 4-12 Calibration plot with the phosphate chip configuration over the
concentration range 0 - 5 0  mgL'1 P043' - P at a wavelength of 380 nm
The absorbance of autocal 1 (50 mgL'1 P043" - P) was compared with the

experimentally determined absorbance given in Table 4-10. A relative error of
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3.0907 % was calculated, which showed that calibrations, which were carried out 

manually were very similar to the automated calibration values.

4 . 1 1  C a l i b r a t i o n

Triplicate measurements were carried out with five different concentration 

standards, namely 0, 5, 10, 25 and 50 mgL'1 P. The sample plugs were labelled 1 -

15 as shown in Figure 4-13. The absorbance values were calculated as the 

average of the baseline signal of deionised water (9.9 x 10"4 + 1.23 x 10'5, RSD of 

1.25 %) subtracted from the average plug maximum. In Figure 4-13 the fifteen the 

real time plot of absorbance is shown.

Time (days after insertion o f new chip)

Figure 4-13 Triplicate measurements with the phosphate chip in the IP

The average, standard deviation and % relative standard deviation were calculated 

for each concentration and from the results presented in Table 4-11 there are
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errors associated with all the results obtained, which can be directly attributed to 

the instability of the optical signal.

Table 4-11 Calibration data over the concentration range 0 - 5 0  mgL'1 P043" - P 
for the IP

Cone. P043'-P [mgL'1] 1 2 3 Average Std. Dev. % RSD
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
5 0.0228 0.0207 0.0207 0.0214 0.0012 5.7526
10 0.0435 0.0387 0.0452 0.0425 0.0034 7.9747
25 0.1599 0.1787 0.1872 0.1753 0.0140 7.9804
50 0.3332 0.3246 0.3282 0.3286 0.0043 1.3012

Concentration P 0 43' - P [mgL'1]

Figure 4-14 Linear plot of absorbance versus P043' - P concentration over the 
range 0 - 5 0  mgL'1 in the industrial prototype with the phosphate configured 
microfluidic chip

In Figure 4-14 the linear plot of absorbance versus P043' - P concentration over the 

range 0 - 5 0  mgL'1 at a working wavelength of 380 nm is plotted. Error bars are 

included in the plot and a relative standard deviation of less than 8 % for each 

standard in the calibration study was calculated.
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The calibration was linear over the range with an R2 value of 0.9907 ± 0.0044 

(RSD: 0.4447 %).

4 . 1 2  U n k n o w n  a n a l y s i s

The unknown solutions were prepared from the 50 mgL'1 P043' - P stock solution, 

and the dilution ratio is given in Table 4-12. 50 ml samples were prepared in 

volumetric flasks and mixed on-chip with the reagent.

Table 4-12 Dilutions made to 50 mgL'1 P stock solution resulting in five samples of 
“unknown’’ concentration [f].

Unknown Vol. HzO [ml] Vol. P 0 43'-P stock [ml]
1 2 48
2 9 41
3 42.5 7.5
4 17 33
5 27.5 22.5

In Figure 4-15 the sample plugs of unknown concentration are shown, labelled 1 -

5. The plot represents the data, which has been treated with a moving average for 

n = 25 data points and the average absorbance of each sample was calculated for 

n = 30 data points.

There was an obvious absorbance change to coincide with the change of sample 

as each unknown was analysed, but accurate analytical results were not really 

possible.

t "unknown" concentration can theoretically be calculated, but is experimentally determined
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2.0300 2.0350 2.0400 2.0450 2.0500

Time (days after insertion of new chip)

Figure 4-15 Injection plugs obtained for the 5 orthophosphate-containing samples 
of unknown concentration

Unknown Absorbance(n = 20) Std. Dev. % RSD
1 0.0035 0.0004 10.1654
2 0.2651 0.0105 3.9714
3 0.0494 0.0081 16.3308
4 0.2267 0.0087 3.8216
5 0.1356 0.0020 1.4378

The experimental concentration of P043' - P was determined from the absorbance 

data in Table 4-13 and the equation of the line for the linear plot of Figure 4-14. 

The theoretical concentrations were calculated for the dilution factors given in 

Table 4-14 and compared with the experimental values in Table 4-14, where the 

relative deviation was less than 7.8 % for each unknown in the study.
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Table 4-14 Comparison of actual concentration and experimental concentrations 
of the 5 unknowns

Actua l Cone. [m g L '1] Experim enta l Cone. [m g L 1] % Relative E rror
2 2.1543 7.7152

41 39.5515 3.5328
7.5 7.3757 1.6570
33 33.9869 2.9907

22.5 20.7890 5.5045

4 . 1 3 C o n c l u s i o n

The analyses undertaken with various river water samples emphasised that when 

the yellow method is implemented in a microfluidic manifold real samples can be 

assessed with accuracy. This shows that both the method and the system are 

flexible and robust enough to be developed for in-situ analysis compared to many 

techniques and instruments can only be used under strict controls in a laboratory 

set up. The yellow method is very simple and when the microfluidic manifold is 

fully integrated concept is that will the system will require little or no maintenance 

for long periods of time (> 1 year).

The results obtained with the industrial prototype (IP) were carried out over a one- 

week period and serve as a precursor to precise analytical measurements. The IP 

performed reasonably well considering the number of parameters to be assessed 

and the limited analysis time period (1 week). If the optical signal had been more 

stable, the noise level would have been reduced and improved analytical 

measurements in terms of lower limits of detection could have been achieved. The 

yellow method was adapted to the IP instrument and promising results were 

obtained.

From the initial experiments it was determined that a more extensive study of the 

yellow method in the IP was possible and that with more time the system could be 

optimised and validated to produce reproducible analytical measurements 

comparable to those achieved with the laboratory microfluidic system (Chapter 3, 

Section 3.7). The primary benefit of optimising the yellow method in the IP was to 

demonstrate the flexibility of the colorimetric method in a new, field-deployable,

prototype instrument that can be placed directly into a rigorous wastewater
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environment to make real measurements. It was estimated that the labour time 

required to optimise the system and to prepare the IP for the real environment 

would be ca. 3 months. This short turnaround time is partly due to the simple 

chemistry of the yellow method and the ease of its adaptation to any instrument 

and the fact that the IP has been previously tested and optimised in a real 

wastewater treatment facility for the determination of ammonia.

Further improvements to the system in terms of materials used, fully integrated 

components and autonomous function in the environment are all currently under 

development. In Chapter 6 the use of polymer materials to fabricate the 

microfluidic manifold is described. Polymer materials not only provide a cheap 

alternative to silicon, but flexibility in terms of design and a fast turnover of devices. 

In Chapter 7 the use of hot embossing as a new polymer fabrication technique is 

described, along with a discussion relating to new polymer materials, miniaturised 

pumping designs, integrated sampling techniques and general strategies for 

remote monitoring of environmental water bodies.
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5  T h e  D e s i g n .  F a b r i c a t i o n  a n d  A p p l i c a t i o n  o f  a  P o l y m e r

M i c r o f l u i d i c  M a n i f o l d
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Many microfluidic systems have been designed and fabricated in silicon and 

applied to a variety of different analyses in silicon [1], However in recent years the 

attention has turned to polymer-based fabrication as this offers rapid prototyping, 

low costs and a wide variety of materials for specific applications. There are a 

number of techniques that can be used to fabricate polymeric micro-devices 

including, micromilling, injection molding, laser ablation and hot embossing.

The yellow method has already been optimised on a standard bench scale 

instrument in Chapter 2 and implemented in the Si-microfluidic manifold as 

described in Chapter 3. The method is simple requiring one reagent and an 

orthophosphate-containing sample mixed in a 1:1 ratio to form a yellow heteropoly 

acid complex, which absorbs strongly below 400 nm. The kinetic information about 

the yellow method reaction was very useful when designing the layout and 

choosing the dimensions of the polymer microfluidic chip and during the overall 

analytical approach. Under stopped flow the reaction manifold was simplified and 

the reagent consumption and waste generation was minimised (< 50 ml / year).

The polymer microfluidic chip design is based upon a T-junction mixing channel to 

facilitate the simple colorimetric analysis for the determination of phosphorus that 

takes place in the optical cuvette. The optical detection was integrated into the 

microchip holder with the UV-LED embedded in the upper part and the detector 

connected to the bottom section and aligned above and below the optical cuvette 

in the microfluidic chip. Previously a portable spectrometer has been used as the 

detector, which is too big to be integrated into the microchip holder. Hence an 

optical fibre was aligned with the holder and transmitted the signal to the 

spectrometer. In this chapter the replacement of this bulky component with a 

smaller optical device, a photodiode is investigated. The photodiode can be easily 

embedded in the bottom section with the UV-LED integrated into the top part; a 

compact instrument can be envisaged.

Laser ablation techniques are fast and are often used to fabricate prototype 

systems. A C 02 laser was used in the fabrication of the first generation chip 

presented here based on polymethyl methacrylate (PMMA), as the polymer 

substrate. The channels were sealed with a simple thermal bonding process and 

leak-free fluidic interconnects were designed. The polymer microfluidic chip was
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used to analyse a number of water samples and the results were validated against 

two reference methods, a conventional spectrometric method and an FIA method.

5 .1  M i c r o f l u i d i c  C h i p  a n d  H o l d e r  D e s i g n

The microfluidic chip was designed for the application of the yellow method in the 

determination of phosphorus. Taking from the design of the Pyrex / Silicon / Pyrex 

3D stack from the previous silicon chips, a simplified concept was put forward. The 

new chip design was completely fabricated in a polymer material. With this in mind 

the simplest design possible was chosen. Polymeric microfabrication techniques 

are not as advanced as that of silicon due to the relatively short time polymer 

materials have been applied to microfluidic technology. There are so many classes 

of polymer materials with a vast array of properties that choosing the right one can 

be a lengthy process.

The microfluidic design had to have a minimum of three layers to ensure leak-free 

optical detection was achieved and fluidic interconnects for the sample, reagent 

and waste were established. The concept of a three-layered structure raised a 

number of issues including the alignment of each layer in terms of detection at the 

optical cuvette, the even bonding of multiple layers of varying thickness and leak- 

free transfer of fluid from the external environment onto the microfluidic channels.

The first chip design consisted of the most basic microfluidic structure to allow the 

yellow method reaction to take place on-chip under stopped flow conditions (see 

Figure 5-1).
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Basic T-junction 
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Figure 5-1 Schematic of the 3-D microfluidic chip with the three layers labelled (1) 
coverlid, (2) microfluidic features and (3) interconnects

The simple concept of a three-layered design is given, whereby the layers are 

labelled (1), (2) and (3). Layer (1) was a coverlid. Initially the only requirement of 

the coverlid was that it was of an optically clear grade polymer material. Layer (2) 

contained the microfluidic channels, where the sample and the reagent were mixed 

and reacted. The resulting coloured complex was detected and flushed to waste 

through an outlet to waste. Layer (3) contained three through holes (2 inlets for the 

sample and the reagent, the third, an outlet for the waste), which facilitated the 

introduction of fluid to the microfluidic channels and the removal of waste solution 

after detection.

In Figure 5-2 the basic design of the casing for the microfluidic chip is shown. The 

design incorporated components for the optical detection, and fluidic interconnects.
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Figure 5-2 Side profile schematic of the microfluidic holder

The microfluidic chip is placed in the centre of the holder. The dual function of the 

holder is to protect the chip from the external environment and to align and 

integrate optical components, the light source and the detector, with the optical 

cuvette located on the microfluidic chip.

5 . 2  C 0 2 L a s e r  T e c h n i q u e

The CO2 laser was manufactured by Synrad Inc. (Model: FH Series marking head

2, Mukilteo, WA, USA). A schematic of the process by which the laser cuts a 

surface is shown in Figure 5-3. The Winmark Pro software sends a series of 

commands, based on the design made in the drawing window of the software 

program, to the marking head. Basically the marking head was designed to mark 

stationary parts on a moveable platform. It positions and focuses the laser beam 

onto the surface to be ablated. The beam was first collimated, and then deflected 

onto two x, and y mirrors, which are mounted on scanners. When the exact 

position is reached the beam is passed through a single-element focusing lens 

onto the marking surface. This type of set up is known as vector micromachining 

[2]-
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5 .2 .1  L a s e r  A b la t io n

The C 02 laser emits light in the infrared range at a wavelength of 10.6 urn. 

Because of this the material is always ablated photothermally. A number of factors 

influence the dimensions of structures in laser-ablated pieces including:

1. Choice of lens for the laser

2. Distance between the surface of the material to be ablated and the working 

lens

3. Specific properties of the material for ablation

4. Laser parameters

The minimum channel width is dependent on the choice of lens and each lens has 

a specific focal length. When that focal length is equal to the lens-surface distance 

the minimum spot size for that particular lens is achieved. The channel width is 

always greater than the spot size. From Table 5-1 the various settings for a 

particular lens are given [2], For each lens there are six categories, which can be 

used as a guideline to optimise the performance of the C 02 laser.

Table 5-1 Laser and marking head specifications according to the choice of lens
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Lens Focal Length [m m ] 80 125 200 370
M a r k i n a  S p e c i f i c a t i o n s

Nominal Field Size [mm] 2 7 x 2 7 7 4 x 7 4 1 10  x 1 10 198 x 198
Maximum Field Size [mm] 33.5 x 41.2 85.7 x 105.6 134 x 165 241 x 297
Working Distance [mm] 74 ± 1 128 ± 2 190 ± 3 350 ± 5
Spot Size [^m] 116 180 290 540
Depth of Field [mm] ± 0.4 ± 1.5 ± 2.5 ± 10
Maximum Incident Angle [degrees] 5 1 1 16 19
M a r k i n a  S y s t e m  P a r a m e t e r s

Position Accuracy [mm] 0.01 0.02 0.03 0.05
Position Resolution [|im] < 3 <6 < 9 <15
Repeatability {mm] 0.015 0.025 0.038 0.063

These include:

1. The focal length (F.L.): The distance required to ensure the laser beam is 

focused on the ablation surface

2. The nominal field: The surface area of the surface to be ablated by the 

laser

3. The maximum field: The maximum possible surface area that can be 

ablated

4. The working distance: The distance of the lens from the surface of the 

material to be ablated

5. The spot size: The diameter of the focused laser beam that ablates the 

material

6. The depth of field: The depth of the material at which the laser beam is still 

focused and able to form proper structures

7. The incident angle: The maximum deviation from 0° permissible, where 

there is still a satisfactory accuracy in the structures being ablated.

The cut of the laser as it ablates produces a distinctive shape in the material. The 

channel profile is Gaussian in form as is shown in Figure 5-4. The laser beam 

moves across the surface melting the polymer as it goes. Heated gases are given 

off whilst the polymer vaporises, which disperses the pool of molten polymer away 

from the beams spot, where it is sufficiently cool enough to solidify. The process of 

ablation allows structures such as channels, through holes etc. to be formed.
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laser beam

PMMA workpiece

Figure 5-4 Schematic of the laser ablation process [3]

Polymethyl methacrylate (PMMA) is one of the most suitable polymers for C 02 

laser ablation. PMMA has many common names and is often referred to as acrylic 

and / or Plexiglas. Acrylic is a general term used to describe a large family of 

polymers. PMMA is an amorphous, transparent and colourless thermoplastic with 

a glass transition temperature, Tg of 105 °C. It has good abrasion and UV 

resistance, excellent optical clarity and good solvent resistance. Thin films of 

PMMA are normally made from impact-modified grades, which incorporate a small 

amount of elastomer, in order to improve their flexibility. PMMA is ideal for laser 

ablation because it is not easily melted and it has a high absorptivity at the laser’s 

operating wavelength of 10.6 ^m.

C 02 lasers emit light continuously. In the case of PMMA this causes a rapid 

increase in the temperature of the polymer material when the focused laser beam 

hits the surface. The rapid elevation in temperature causes the material to 

decompose resulting in a cavity. At the boiling point of PMMA, the polymer chain 

vaporises in the form of monomers. The rate of decomposition depends on the 

strength of the chemical bonds and the structure of PMMA. When PMMA is 

ablated with a C 02 laser it forms clean structures, which are not contaminated by 

degradation components [3-5],
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Commercial black PMMA has virtually the same composition as the optically clear 

grade PMMA, the difference being purely the addition of a black dye to the 

composite mixture. This subtle difference in composition resulted in notable 

differences in the surface characteristics between the clear and black PMMA. This 

can be seen when the exact same structure, a reaction loop coil, was fabricated 

with the C 02 laser using the same laser settings on both polymers.

Figure 5-5 Photograph taken with a CCD camera under the microscope 
(magnification 10x) of two sets of micro-channels fabricated in (A) optically clear 
PMMA and (B) black PMMA

In Figure 5-5 (A) and Figure 5-5 (B) the reaction loop coil of each chip was 

compared. From Figure 5-5 (A) the channel is clearly defined with a width of 120 
nm, compared with the channel in Figure 5-5 (B), which is slightly misshapen and 

wider at 140 ^m. The optically transparent PMMA was shown to be more suited to 

the laser marking approach than the black PMMA. During the ablation process the 

black PMMA melted and deformed to cause a prominent ridge on the rim of the 

channel. However, even though the clear PMMA was better for fabrication with the 

C 02 laser, in terms of optical detection the black PMMA was far superior. The 

sensitivity of the measurement was drastically improved due to minimal loss of light 

intensity compared to the transparent counterpart.

5 . 2 . 2  F a b r ic a t io n  o f  M ic r o n - s i z e d  S t r u c t u r e s

The laser parameters, which have been mentioned, are instrumental in terms of the 

dimensions of the ablated structures. Here the three laser control parameters are 

explained. By varying each parameter the ablation depth can be altered. The 

three parameters are:
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1. No. of passes: The repetition of the same structure in the polymer material
2. Velocity [mm / s]: The speed at which the laser ablates a specific structure
3. Power [%]: The intensity of the laser beam as a percentage of the

maximum intensity possible

The 3-D graph plotted in Figure 5-6 shows the interconnected relationship the 
three parameters had on the depth of ablation.

Depth [mm] 00

15 Power [c

■ 180-200 

□  160-180
■ 140-160
■ 120-140
■ 100-120 
□  80-100 

■ 60-80
■ 40-60
■ 20-40
■ 0-20

Velocity [mm I s]
1000

Figure 5-6 Relationship of velocity, depth and laser power with a focal lens of 200 
mm

A general trend observed was as the power [%] increased and the velocity [mm / s] 
decreased the depth of ablation increased. This was caused by the longer time the 
laser beam took to ablate the surface at a higher intensity.

An experiment was designed to show that if two of the laser parameters were set 
as constant values and the third was varied the depth would change, but the width 
would remain as a constant. A 1.5 mm thick piece of PMMA was used for the 
experiment. The velocity was fixed as 120 mm / s and the number of passes made
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was 1. The power range was maintained within 1-20 % because depths greater 
than 300 [Am were not necessary. The structure ablated was a straight channel of
1 cm length. 5 power settings, within the range, were chosen as 1, 5, 10, 15 and 
20 % and three 1 cm channels of each were ablated, which resulted in a polymer 
piece with 15 micro channels configured in a 3 x 5 array as shown in Figure 5-7. 
The experiment was carried out with a 200 mm lens and the area of the ablated 
polymer piece had dimensions 75 (I) x 25 (w) mm.

75 mm
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Figure 5-7 Channel layout on PMMA piece after ablation has taken place where 
rows, 2 and 3 represent the repeated structures of row 1

A microscope with an x, y scale on the objective was used to measure the width 
and depth of each channel using the scale given in Table 5-2.

Table 5-2 Scale based on magnification in the microscope for measuring micro
structure dimensions

Objective Magnification Scale [tun / mark]
4x 26
10x 10
40x 2.5

Dimensions of the channel width were measured under the microscope at a 
magnification of 40x. For depth measurements the polymer piece was divided in 
three pieces down the middle of each channel as shown in Figure 5-7. The cross- 
section cut resulted in a depth profile for each channel. Each piece was milled to 
remove any surface deposition from the laser cutting process. The depth was then 
measured from the polymer surface to the apex of the Gaussian-type profile. For
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both the width and depth the average value (n = 3) was plotted versus the Power 
[%] as illustrated in Figure 5-8.
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Figure 5-8 The dependence of the depth on the intensity of the laser beam (power 
[%]), where the velocity and the no. of passes are constant (120 mm / s and 1 , 
respectively)

The depth had a linear relationship with the power, i.e. an increase in power 
corresponded to an increase in the depth. Error bars were included for the 
triplicate measurements of depth and due to the good reproducibility a relative 
standard deviation of less than 4 % was calculated. The width remained constant 
as the power was increased. An average width for the 15 micro channels was 
calculated as 338.7 ± 16.9 (RSD: 5.0 %).

5 .2 .3  O r d e r  o f  A b la tio n

As a design is drawn with the software, the order, in which each part of the design 
is drawn, is recorded. The order has huge effects on the landscape of the ablated 
polymer, which is addressed in Figure 5-9. There are two sequences of ablation



presented, where a micro-channel and a through hole are cut in the middle of the 
channel.

Figure 5-9 Schematic of the laser ablation of a through hole for the inlet, outlet 
and/or optical cuvette

Sequence 1 showed the resulting structure formed when the micro-channel was 
ablated before the through hole. The channel wasn’t flat with ridges forming where 
the through hole was ablated, caused by the molten polymer material as it cooled 
down. These ridges impeded the uniform, controlled flow resulting in bubble 
formation. When the reverse sequence was implemented the through hole was 
ablated first. The ridges were removed when the micro-channel was ablated, 
which resulted in a flat, smooth flow surface.
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Figure 5-10 Schematic of the 1st approach to the fabrication of the optical cuvette 
in PMMA with the C02 laser

A uniform diameter of the optical cuvette through the polymer piece was extremely 
important, i.e. the diameter on the ablated and flipside (underside) of the polymer 
piece should be equal. The alignment of optical components was affected when 
the optical cuvette was not of uniform shape (cylindrical) and diameter. From 
Table 5-1 the depth of field for the 200 mm lens was ±1.5 mm. For the microfluidic 
channels black PMMA of 2 mm thickness was utilised, which meant that when a 
through hole was ablated the diameter decreased with depth as shown in Figure
5-10 (B), where the diameter at the point x > y. The first suggestion to maintain a 
uniform shape was to ablate the hole from one side then the flip the chip 180° and 
repeat the same ablation step on the opposite side as shown in Figure 5-10 (C). 
However there were two major challenges posed by this approach. The first 
involved the difficulty in aligning the chip after it had been flipped 180°. The 
second is shown in Figure 5-10 (D), where the diameter of x = y, but that the 
diameter of the optical cuvette was not uniform through the whole piece.

The second suggestion for creating a through hole for the optical cuvette was to 
carry out the ablation in two steps as shown in Figure 5-11.
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Figure 5-11 Schematic of the 2nd approach to the fabrication of the optical cuvette 
in PMMA with the C02 laser

The first cut only penetrated approx. 1 mm through the piece (Figure 5-11 (B)). 
The table upon which the ablation of the polymer material took place was adjusted,
i.e. the distance was adjusted by 1 mm to accommodate the change in the depth, 
where the through hole was cut. The second cut was made at the same point and 
with the same laser settings resulting in a through hole of uniform diameter as 
shown in Figure 5-11 (C). This was achieved by always maintaining a constant 
distance between the lens and the ablation surface.

5 .3  S c a n n i n g  E l e c t r o n  M i c r o s c o p e  (S E M ) A n a l y s i s

A scanning electron microscope (SEM) was also used to measure channel and 
through hole dimensions and to establish that the microscope was a quick and 
accurate method of estimating width and / or depth. The polymer pieces were 
initially placed inside the SEM, but the intensity of the beam caused rapid changes 
in the surface morphology of the material. This was primarily due to the low glass 
transition, Tg, temperature of PMMA of 105 °C. Each surface that was analysed 
under the SEM had to be pre-coated in a fine layer of gold to protect the integrity of 
the structures. The gold was applied with a sputter coater instrument (Model: 
S150B, Edwards Sputter Coater, BOC Edwards, Sussex, old model discontinued). 
The process is very quick and the pieces were ready in less than 5 min for 
analysis.
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For Scanning Electron Microscopy (SEM) analysis the surface to be examined is 
coated in order to make it conductive. The SEM instrument used was 
manufactured by Hitachi (Model: S-3000, SEM 50E5107, Hitachi Europe, 
Maidenhead, Berkshire, UK). The SEM uses electrons rather than light to form an 
image. The large depth of field associated with SEM allows a large surface area of 
the sample to be in focus at one time. SEM instruments produce images of high 
resolution, which means closely spaced features can be examined at high 
magnification.

Figure 5-12 Photograph of the reaction micro-channel including dimension 
measurements

A photograph of the first three-layered polymer chip that was fabricated with the 
C02 laser is shown in Figure 5-12. The middle layer containing the microfluidic 
structures was analysed with the SEM prior to bonding the chip. The microfluidic 
chip is labelled R for reagent, S for sample, W for waste and OC for the optical 
cuvette. The micro channels were laser ablated at a velocity of 120 mm / s, with 
the number of passes made set as 1 and the power at 20 %. From Figure 5-8 the 
depth and width at 20 % power were calculated as 235.8 mm ± 5.2 mm (RSD: 2.2 
%) and 310 mm ± 10 mm (RSD: 3.2 %) respectively with the microscope set-up.

In Figure 5-13 the width of the T-junction of the micro channel was measured at 
five points on the chip. The average width of the channel was calculated as 354.92 
jim ± 3.50 fim (RSD: 0.99 %). The average width calculated with the SEM was



compared with the average width calculated with the microscope (338.7 (im ± 16.9 
nm (RSD: 5.0 % for n = 3)). The relative error was calculated for the microscope 
values as 4.58 %, which was a good comparison and showed that the microscope 
was a satisfactory way to estimate the channel dimensions.

Figure 5-13 SEM image of a T-junction at a magnification of x30

For the depth measurements the channel was cut with the C02 laser across the 
micro channel to give the side-profile Gaussian, shape. The depth of the channel 
was measured from the flat surface of the polymer material to the apex of the peak 
as shown in Figure 5-14. The photograph also shows the small ridges, which 
formed after ablation, as previously discussed.
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Figure 5-14 SEM image of the cross-section of a micro-channel depth at a 
magnification of x180

The depth was compared to the average depth calculated with the microscope at 
20 % power. The relative error for the microscope measurements was calculated 
as 11.1 %. This was a larger error than that of the width measurements. The 
width was a direct measurement, whereas for the depth measurement the micro 
channel had to be cut resulting in polymer deposition after ablation on the surface, 
followed by a micromilling process, which can interfere with the accuracy of the 
measurement.
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Figure 5-15 SEM image of the optical cuvette at a magnification of x30

The optical cuvette was analysed under the SEM as shown in Figure 5-15. The cut 
appeared to be fairly clean and the shape was symmetrical, however, it was noted, 
that the cracked rim could cause potential problems in terms of bonding. The 
diameter of the optical cuvette was significantly larger than that found in the silicon 
system, but again by varying the laser settings the diameter was reduced. The 
minimum diameter made with the 200 mm lens was calculated to be 340 jim ± 10
H.m (RSD: 2.9 %). This can be reduced to less than 200 jim when an 80 mm lens 
is used with the C02 laser.

5 .4  C h ip  I n t e g r a t i o n

The final design of the three layers is shown in Figure 5-16. Layer 1 represents the 
coverlid that seals the microfluidic channels. It required no preparation, except 
cutting the piece to fit the microfluidic layer and was made from 0.125 mm thick 
optically clear PMMA. Layer 2 shows the simple T-junction design suitable for the 
yellow method. It consists of a T-junction channel, where the reagent and sample 
were introduced onto the chip at the points, R1 and S1 respectively, an optical 
cuvette labelled OC and a waste channel ablated on the flipside, which runs to an 
external waste reservoir at the point, W1.
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The T-junction channel has dimensions 10 mm (I) x 200 urn (w) x 120 .̂m (d), 
where I represents the length, w the width and d the depth. The waste channel has 
dimensions 5 mm (I) x 200 jim (w) x 200 ûn (d). And finally the optical cuvette has 
a diameter of 350 urn and a depth equal to the thickness of layer 2, which is 2 mm.

30 mm

3  o W 2 ,

R 2  0  oS2|

- —  flipside

Figure 5-16 Layout and design of the three layers of the micro fluidic chip

Layer 3 aids fluidic interconnection of the sample and reagent onto the chip and 
the removal of waste from the chip. There are three through holes in the 1.5 mm 
thick optically clear PMMA layer. 2 of the holes, labelled R2 and S2, act as inlets 
for the reagent and sample respectively, and 1 the final outlet hole for waste is 
labelled W2. The three holes have a diameter of 1.6 mm, to facilitate yellow PEEK 
tubing of inner and outer diameter 1.6 mm and 175 m̂ respectively (Model: Yellow 
PEEK, Anachem Ltd., Luton, Bedfordshire, UK), carrying fluids from the reservoirs 
onto the micro channels, and a depth of 1.5 mm (equal to the thickness of layer 3).
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5.5 Bonding

When the microfluidic chip design was optimised and then fabricated, the three 
layers had to be bonded together. The Mikroelektronik Centret (MIC) at the Danish 
Technical University (DTU) in Copenhagen developed a thermal bonding process 
[3], Prior to bonding the three layers were annealed, which involved placing the 
PMMA in an oven and ramping the temperature up to just above its glass transition 
temperature, Tg. The optimum temperature was maintained for 2 hrs and then the 
temperature was decreased slowly at a rate of 1.25 °C / min. PMMA is an acrylic 
polymer and depending on the thickness of the three layers a corresponding 
annealing program can be implemented (see Table 5-3). The three layers each 
have a different thickness. Therefore they had to be annealed separately. Layer 1 
of 0.125 mm thickness was not annealed because there was an elasticiser 
included in the polymer batch cocktail and the properties of this thin sheet differed 
from the sheets with a thickness greater than 1 mm. Layer 2 of 2 mm thickness and 
layer 3 of 1.5 mm thickness had total annealing times of 5.4 hrs and 4.9 hrs 
respectively as taken from Table 5-3.

Table 5-3 The relationship of PMMA thickness and annealing time
Time at Max. Temp, [min] PMMA Thickness [mm] Total Annealing Time [hrs]

30 0.5 3.9
60 1 4.4
90 1.5 4.9
120 2 -3 5.4
150 3 -4 5.9
180 4 -6 6.4

The three major benefits of annealing were.

1. Minimum warping of the material
2. Reduction in stress cracking
3. Improvement in dimensional stability [6]

In Figure 5-17 a photograph of the bonding equipment is shown. The clamp, used 
to hold the bonded pieces in place, was manufactured by Scangrip (Model: 7, 
Optiko A/S, DK-5700, Svendborg, Denmark).
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Figure 5-17 Photograph of the apparatus utilised to bond the polymer sheets 
under temperature and applied force

The three chip layers were wedged between two metal blocks and secured with 4 
nuts and bolts (6 mm). The block was then placed in the clamp and the tightness 
adjusted to ensure no movement could take place and that just enough pressure 
was applied to facilitate bonding. The clamp was positioned in the centre of the 
block to evenly distribute the applied force across the three layers. It was 
important that the bonding was uniform for the whole chip.

In Figure 5-18 the bonding apparatus is illustrated. The three layers are centred 
within the metal blocks, which were sandwiched between the grips of the clamp. 
The two blocks of metal, labelled top and bottom, showed the four alignment holes 
and the positioning of the microfluidic layers.
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o Top o
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Pivoting

heads
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O Securing pins

F ig u re  5-18 Sch em a tic  show ing  the  bonding p ro cess
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The bonding process was very straightforward. The three layers of PMMA were 
placed in an ethanol bath for 10 min to improve the adhesion properties of the 
polymer material. The pieces were then cleaned with lint-free, cleanroom-quality 
tissue to remove any excess ethanol. The locator pins were put in place to 
maintain the alignment and the pieces were sandwiched between two Pyrex plates 
of 25 mm (I) x 75 mm (w) x 1 mm (d) dimensions and pressed between two metal 
blocks, each of 3 cm thickness. The piece was then clamped and placed in the 
oven, when the temperature was still below 80 °C. The temperature was ramped 
up to 110 °C and maintained for 2 hrs. After which the program was stopped and 
the bonded piece was left to cool until the temperature had dropped to below 60 
°C.

The top layer (or layer 1) has previously been described as the coverlid, which 
sealed the microfluidic channels resulting in leak-free flow. In Figure 5-19 a cross- 
sectional drawing of the bonding between layer 1 and layer 2 is shown.

Figure 5-19 Schematic showing the effect bonding had on the three-layered 
microfluidic manifold

The force applied on the three layers during bonding can cause a bow effect in 
layer 1, which occurs over cavities (channel, optical cuvette etc.) in layer 2. This 
bowing alters the channel geometry, changing the total chip volume. When the 
chip volume is very small to begin with, the extent of the change in channel 
geometry after bonding can hinder the proposed analytical measurement.

With this bonding method there was no definitive applied force that could be set. 
The optimum conditions were discovered by trial and error.

optically transparent PMMA sealing lid

black PMMA workpiece
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5.6 Leak-free Microfluidic Interconnects

In Figure 5-20 the complex interconnection network is shown from two angles (A) 
the top view and (B) the side profile. In Figure 5-20 (A) the three components that 
facilitated leak-free flow where PEEK tubing (yellow), o-rings (black) and “polymer 
bricks” (red and white striped). In Figure 5-20 (B) the order and alignment of the 
three components is shown with respect to the microfluidic chip.

(A) Top View

microfluidic chip 
underneath

2  m m

waste out

sample in

reagent in

Cross-section (* cut on dotted line)

(B) Side Profile 

Top layer of250 n

Etched micro channels 
in 2 mm thick layer

O-ring 
- PEEK tubing

Bottom layer 
of the 

microfluidic 
holder

Bottom layer of 
1.5 mm for inlets

Figure 5-20 Schematic of interconnects used in polymeric microfluidic manifold

The interconnection of the micro-fabricated fluidic device and the external 
environment was initially made with yellow PEEK tubing, which was chosen 
because it coincided best with the through hole dimensions (outer diameter) and 
the micro-channel dimensions (inner diameter) made with the C02 laser. The 
bottom layer of the chip holder had sunken crevices, where the fluidic connections 
were made, to accommodate rubber o-rings of inner and outer diameter of 1 mm
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and 2 mm respectively (Apple Rubber Products Inc., Florida, USA). The o-rings 
were selected based on three criteria, size, hardness and chemical compatibility of 
the material with the yellow method reagents. A sunken depth of 0.5 mm was 
required to ensure the o-rings lay flush with the surface of the chip holder. The 
C02 laser was used to make the o-ring holes in the chip holder.

The polymer bricks were made to further ensure that leak-free flow was maintained 
in the microfluidic manifold. These bricks had a through hole in the centre, which 
the PEEK tubing was fed through. They were fabricated in 1mm thick PMMA using 
the C02 laser and sat on top of the o-rings.

When the entire system was assembled and tightened with the alignment pins the 
polymer blocks were an extra protection for the transfer of fluid from reservoir onto 
the chip and from the chip to a waste container.

5 .7  E x p e r i m e n t a l

In this section the final integrated microfluidic system is discussed. Two detectors, 
a silicon photodiode detector and a portable spectrometer (Ocean Optics S2000) 
were used and the results from both were compared. The portable spectrometer is 
the same detector that has been used throughout this research. The Si- 
photodiode was used because it is a small compact, cheap, low-powered 
alternative to the spectrometer. The overall goal of the project was to scale down 
each component of the system whilst maintaining good analytical data. Replacing 
the spectrometer with a suitable photodiode is the next obvious step.

5 .7 .1  M icro flu id ic  S y s te m

In Figure 5-21 the microfluidic system is shown for the two modes of optical 
detection and are labelled (A) for the portable spectrometer and (B) the silicon 
photodiode detector. The system in Figure 5-21 (A) has previously been described 
in chapter 3, Figure 3-1. On the other hand the system in Figure 5-21 (B) is new 
design.
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Figure 5-21 Schematic of the integrated microfluidic system

In Figure 5-21 (B) the optical detection is integrated into the microfluidic manifold 
with the Si-photodiode embedded in the bottom layer of the chip holder. When the 
yellow heteropoly complex is formed under stopped flow conditions in the optical 
cuvette of the microfluidic chip an electronic signal is captured from the Si- 
photodiode into the LabView program in the form of a voltage change, which is 
visually displayed on the PC screen. The electronic circuit board is used to power 
and control the UV-LED and the Si-photodiode.
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Figure 5-22 Photograph of the microfluidic chip holder

In Figure 5-22 a photograph of the polymeric microfluidic manifold is shown. The 
optical alignment involved the positioning of the UV-LED and the Si-photodiode 
over the optical cuvette ensuring that the maximum light intensity was detected in 
the system. Screws (3 mm diameter x 14 mm length) with washers and bolts were 
used for aligning and the securing the holder in position. The alignment holes were 
made with a micro-milling machine and located on opposite ends of the holder.

5 .7 .2  O p tic a l D e te c t io n

The optical cuvette was designed as shown in Figure 5-23, whereby three laser 
cuts were made. The first labelled, 1, was ablation of the through hole, the second 
was ablation of the reaction channel and the third was ablation of the waste 
channel. In that way the fluid flows down through the optical cuvette, where 
detection occurs and out to waste. The top and bottom layers act as cover plates 
for the channels and the optical cuvette.
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Figure 5-23 Ablation sequence for the fabrication of the optical cuvette

Photodetector

The use of a UV-LED as the light source has been elaborated upon in Chapter 2, 
Section 2.3. The silicon photodiode detector was manufactured by Hamamatsu 
(Model: S1227-33BR, Hamamatsu Photonics UK Limited, Hertfordshire, UK) and 
was powered by 2 x 5 V batteries in series. The photodiode was attached to an 
electronic PC-board and controlled by a simple LabView program. The optical 
signal was recorded in LabView and exported to Microsoft Excel for post-run data 
analysis.

In Figure 5-24 the alignment of the UV-LED and the Si-photodiode with respect to 
the rest of the microfluidic manifold is schematically shown. The chip holder was 
fabricated to house and align the optical components over the optical cuvette in the 
microfluidic chip for optimum detection. The side profile shows the optical 
alignment with respect to the inlet channels.

199



UV-LED

Sample
inlet

Leak-free
seal

PEEK
tubing

Three-layered 
microfluidic chip

reagent
inlet

I— Leak-free 
seal

Figure 5-24 Schematic of the integration of optical components, the UV-LED and 
Si-photodiode in the microfluidic manifold

In Figure 5-25 the side profile shows the alignment of the optical components over 
the optical cuvette and with respect to the waste channel.

UV-LED
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of UV-LED 
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photodetect 
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PEEK tubing and 
interconnects
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Figure 5-25 Schematic of the optical alignment within the microfluidic manifold

The optical detection was best when both the UV-LED and silicon photodiode were 
precisely aligned as shown in the illustration. The schematic also highlights how

200



waste fluid was removed from the chip through the waste outlet and back through 
the bottom layer of the chip and holder.

5 .8  A n a ly t i c a l  R e s u l t s

The first analytical measurements taken with the polymer microfluidic system are 
presented here. This included a linearity study with both optical detectors, namely 
the silicon photodiode and the portable spectrometer. The results from the study 
were also validated against conventional measurements in a 1 -cm cuvette 
spectrophotometric system and a flow analysis system. Real samples were 
collected and analysed on-chip under stopped flow demonstrating the versatility of 
the yellow method in the determination of phosphorus.

5 .8 .1  V a lid a t io n  o f  P o ly m e r  M icro flu id ic  C h ip

A five-point calibration was performed with the two detector systems. Both 
microfluidic systems were identical, the only difference being the detector used. 
The analyses were carried out under the same experimental conditions over the 
concentration range 0-50 mgL'1 PO^ - P as all previous calibrations described in 
this thesis and the standards were prepared from the same 50 mgl_"1 P stock 
solution as prepared in Chapter 2, Section 2.1.

The Silicon Photodiode as a Detector

The UV-LED is a narrowband light source, which emits in over the wavelength 
range ~ 370 -  385 nm. Consequently the Si-photodiode receives light within the 
same wavelength range and transmits an averaged signal for the entire range. For 
the purpose of calibration a baseline optical signal was recorded for distilled water 
and then the optical signal of the sample was taken. The signal was converted to 
an absorbance value using Equation 6-1.

iample J
E q u a tio n  5-1
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Where A was absorbance, lref, was the optical signal of the blank (distilled water) 
and I sample, was the optical signal of the product (heteropoly acid complex). When 
the reaction had reached completion and a stable signal had been achieved, data 
points were acquired at a rate of six measurements / min. Five repeats were taken 
for each standard and the average absorbance was plotted against the P043' - P 
concentration over the range 0 -50  mgl' 1 at a working wavelength of 380 nm as 
shown in Figure 5-26. The raw data recorded is shown in Table 5-4.

Concentration P043" - P [mgL'1]

Figure 5-26 Calibration plot of absorbance against P043' - P concentration over 
the range 0-50 mgL'1 with the Si-photodiode as the detector

The calibration plot gives an R2 value of 0.9940 ± 0.0037 (RSD: 0.3767 % for n = 
5) that indicates good linearity. The reproducibility was reasonably good for each 
calibration point, which is evident from the RSD less than 8.8 % determined for 
each set of repeat values, where n = 5.
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T ab le  5-4 R e p e a t absorbance  m e a su re m e n ts  o f  standard  sa m p le s  for the
determ ination o f  P 0 43' - P  m a d e  with gf-photodiode  ____  ___  ____ __
Cone. P043‘ - P [m gL’1] 1 2 3 4 5 Aver. Abs. Std. Dev. % RSD

0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
5 0.0154 0.0157 0.0170 0.0149 0.0148 0.0156 0.0008 5.1473
10 0.0291 0.0242 0.0288 0.0248 0.0301 0.0274 0.0024 8.7894
25 0.0497 0.0517 0.0586 0.0482 0.0563 0.0529 0.0040 7.4759
50 0.1200 0.1207 0.1083 0.1095 0.1230 0.1163 0.0061 5.2742

The Portable Spectrometer as a Detector

The calibration was performed in triplicate and the sample plugs obtained under 
stopped flow for the first set of calibration standards are shown in Figure 5-27.

Time [s]

Figure 5-27 Real-time plot of absorbance for a series of calibration standards at a 
wavelength of 380 nm using the Ocean Optics spectrometer

The real-time data shown in Figure 5-27 have been processed (moving average for 
n = 25) to give a smoother response profile. Absorbance values were then 
calculated by subtracting the baseline signal from the plug maximum at steady 
state. An average of 25 data points was used. Each standard was analysed in 
triplicate and the average absorbance was then plotted against PO^ - P 
concentration. An R2 value of 0.9938 ± 0.0040 (RSD: 0.4020 % for n = 3) was 
calculated indicating a good linear response over the range 0-50 mgL'1.



C o n c e n t r a t io n  P 0 43 - P  [m g L '1]

Figure 5-28 Calibration plot of absorbance against POf - P concentration over 
the range 0- 50  mgL'1 with the portable spectrometer as the detector at a 
wavelength of 380 nm

Error bars were included for each data point and the reproducibility of the 
calibration was shown to be good with an RSD less than 5.2 % (n = 3), which was 
calculated from the data represented in Table 5-5.

Table 5-5 Repeat absorbance measurements for the determination of P043' - P 
over the concentration range 0-50 mgL'1 PO4 ~ - P with the portable spectrometer 
at a working wavelength of380 nm_______________________________

Cone. P043- - P [m gL-1] 1 2 3 Aver. Abs. Std. Dev. % RSD
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
5 0.0222 0.0215 0.0221 0.0219 0.0003 1.5204
10 0.0398 0.0393 0.0371 0.0387 0.0014 3.6297
25 0.0847 0.0848 0.0849 0.0848 0.0001 0.1488
50 0.1568 0.1543 0.1423 0.1511 0.0077 5.1262

The calibrations from the two detectors were plotted on the same graph to compare 
the performance of the Si-photodiode against that of the portable spectrometer. 
The calibration comparison is shown in Figure 5-29.

204



C o n c e n t r a t io n  P 0 43 - P  [m g L '1]

Figure 5-29 Comparison plot of the calibrations with the Si-photodiode and the 
portable spectrometer over the concentration range 0-50 mgL'1 P043~ - P at a 
wavelength of380 nm

A linear relationship between absorbance and PO43" - P concentration over the 
range 0 - 5 0  mgL' 1 was observed with both detectors. The sensitivity of the 
measurement was a magnitude of approx. 1.3 better with the portable 
spectrometer, which was established by the ratio of the respective slopes. The Si- 
photodiode was an inexpensive, small device compared with the more robust and 
powerful portable spectrometer, which can explain the obvious difference in 
sensitivity between the two detectors.

The main reason for using a photodiode as the detector was to develop a fully 
integrated microfluidic system capable of performing as well, if not better than a 
bench-size instrument. The results achieved with the Si-photodiode could be 
improved, if the optical set up was fully optimised. A narrow bandpass filter would 
limit the wavelength range (10 nm range), which would mean that the averaged 
signal from the Si-photodiode would be nearer the chosen working wavelength of 
380 nm. Then a better comparison could be made between both detectors.
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5 .8 .2  R e a l S a m p le  A n a ly s is

Real samples were analysed in the polymer microfluidic manifold utilising the 
portable spectrometer. The portable spectrometer was easier to set up, calibrate 
and apply to the determination of PO^ - P in real samples. In Chapter 4 river 
samples were exclusively analysed. In this chapter a range of different water 
samples were collected. In Table 5-6 a list of the samples collected and analysed 
is given.

Table 5-6 List of water samples, type and location_______________
Sam ple No. W ater Type Source

1 River Santry River: Clonshaugh Bridge
2 Pond St. Anne's Park
3 Sea /  Estuary Bull Island Estuary, Dollymount
4 Wastewater Swords W ater Treatment Facility
5 Tap Leixlip Drinking Water Facility

Again the samples were filtered on-site through single use disposable 0.22 m̂ 
membrane filters. The samples were stored in acid-washed brown glass (24 hrs in
2 M HCI) and transported back to the laboratory. The analysis of each sample was 
performed in triplicate in less than 2 hrs (Post-filtration).

Validation Methods

Two simple analytical methods were chosen to establish the validity of the 
microfluidic measurements. They were a conventional 1 cm cuvette measurement 
with a spectrometer and a HPLC instrument re-configured as a simple direct 
injection flow analyser. Two calibrations were performed in triplicate over the 
concentration range 0 - 5 0  mgL"1 P043' - P at a working wavelength of 380 nm. 
Firstly the calibrations performed with both instruments are described in the 
section, followed by the results of the real sample analysis for both systems 
compared with the results from the polymer microfluidic manifold.
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Flow Injection A na lysis  with a M odified HPLC Instrum ent

The separation column of a standard HPLC instrument (Model: Varian ProStar, 
JVA Analytical Ltd., Dublin, Ireland) was removed and replaced with a stainless 
steel union. This allowed direct sample injection. The instrument was run at a 
flow-rate of 2 ml / min and all injections were made at a fixed wavelength of 380 
nm. 5 ml pre-mixed samples of the reagent and sample were prepared in a 1:1 
ratio prior to injection. 1 fiL aliquots of the sample were injected via the injection 
port (in the load position). The Varian Star software (Version 5.3) plotted the 
corresponding real-time peak as absorbance against time [s]. Because there was 
no column used the elution time response was quick (< 20 s / injection). In Figure
5-30 the averaged data from the triplicate runs was plotted against time [s] over the 
concentration range 0-50 mgL'1 PÔ 3" - P at a working wavelength of 380 nm.

Time [s]

Figure 5-30 Elution peaks of each calibration standard plot as absorbance versus 
time over the concentration range 0-50 mgL'1 POt - P

From the triplicate measurements the peak maximum at t = 4.8 s for each standard 
was averaged and plotted versus PO^ - P concentration over the range 0 -50  
mgL'1 at a working wavelength of 380 nm as shown in Figure 5-31. The
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relationship was linear and an R2 value of 0.9942 ± 0.0063 (RSD: 0.6392 % for n = 
3) was calculated.

Concentration P043'-P [mgL-1]

Figure 5-31 Linear plot of absorbance versus POf~ - P concentration over the 
range 0-50 mgL'1 at a wavelength of380 nm with the FI A analyser

Error bars were included (n = 3) and the data was reproducible with a relative 
standard deviation of less than 4.7 % over the entire calibration.

Conventional Spectrometer with 1 cm Cuvette

The conventional system was documented in Chapter 2 and the same system was 
utilised here. The calibration was carried out over the concentration range 0-50  
mgL'1 PO43' - P at the working wavelength of 380 nm. A series of standards were 
prepared from the 50 mgL' 1 P stock solution and each standard was mixed with the 
reagent in 1 : 1  ratio and the absorbance of the resulting yellow heteropoly solution 
was measured at 380 nm. Each sample was analysed in triplicate and the average 
absorbance was plotted against PO43' - P concentration as shown in Figure 5-32.
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Concentration P043' -P [mgL'1]

Figure 5-32 Linear plot of absorbance versus P043~ - P over the range 0-50 mgL 
1 at a wavelength of 380 nm in a conventional 1 cm cuvette

The linear relationship was reflected in an R2 value of 0.9947 ± 0.0041 (RSD: 
0.4091 %). The reproducibility was good as the RSD of less than 5 % (n = 3) 
showed.

Polymer Chip Calibration

A second calibration was made with the portable spectrometer prior to the analysis 
of the real samples. The method is as described previously. The calibration has 
been demonstrated to be linear and the equation of the line was given as in 
Equation 6-2.

y = 0.003 lx  + 0.0058 Equation 5-2
In Table 5-7 the average absorbance values were calculated from the triplicate 
measurements highlighting the accuracy of the measurement with a RSD of less 
than 5 % (n = 3).
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Table 5-7 Average absorbance values calculated from the triplicate 
measurements made for the real sample analysis at a wavelength of 380 nm

Sample No. 1 2 3 Aver. Abs. Std. Dev. % RSD
1 0.0134 0.0131 0.0126 0.0130 0.0004 3.0956
2 0.0184 0.0192 0.0191 0.0189 0.0004 2.3063
3 0.0276 0.0302 0.0279 0.0286 0.0014 4.9794
4 0.008 0.0084 0.0083 0.0082 0.0002 2.5283
5 0.0072 0.0071 0.007 0.0071 0.0001 1.4085

There were five real samples, labelled 1 -  5 as shown in Table 5-6. Each sample 
was analysed on the three systems, the conventional 1 cm cuvette, the microfluidic 
chip and the FIA system. On each system the samples were analysed in triplicate. 
From the three calibrations carried out Equation 5-2 was used to determine the 
P043' - P concentration of the unknown samples. This was done to consolidate the 
microfluidic results with those obtained with the instrumental methods. The results 
obtained for each sample are tabulated in Table 5-8.

Table 5-8 Comparison of the concentrations calculated for the real samples from
the three methods at a wavelength of380 nm__________________________
___________________ Experimental PO43' - P Concentration [mgL~1] ____________________

Label Sample No. 1 2 3 4 5
A Microfluidic 2.3323 4.2258 7.3441 0.7849 0.4194
B 1 cm Cuvette 2.4313 4.0627 7.0613 0.8780 0.4573
C Flow Injection 2.5309 4.0459 7.0978 0.8822 0.4571

A to B % RE 4.2480 3.8606 3.8501 11.8548 9.0564
A to C % RE 8.5188 4.2571 3.3535 12.3944 8.9974

Previous analyses of the Santry River showed that the PO43" - P concentrations 
determined here (Sample No. 1) was slightly higher than the trend in the 
measurements made at the Clonshaugh Bridge location (Aver. conc. of ~1.4 mgL'1 

PO 43' - P) as shown in Chapter 5, Section 4.5.2. The relatively high PO 43" - P 
concentration determined in the pond water (Sample No. 2) can be attributed to the 
stagnant nature of the water and the obvious signs of Eutrophication at this 
location. The seawater (Sample No. 4) had a considerably lower P043" - P 
concentration than expected. However the seawater content is very different from 
that of fresh water and the high concentration of various salts may have influenced 
the measurement. The P043~ - P concentration of the wastewater (Sample No. 3) 
was within the criteria outlined by the Irish EPA and documented in a EU directive

210



[7]. Finally the tap water (Sample No. 5) had an acceptable concentration within 
the EU requirements for drinking water [8],

The experimental concentration of each sample calculated for the polymer 
microfluidic system was compared with results from the 1 cm cuvette and FI 
systems by calculating the RE [%] (see Table 5-8). From the results the 
microfluidic measurements compared favourably with the other methods for 
Sample No. 1,2 and 3. However, for the seawater and tap water samples, which 
were in the lower concentration range, the RE [%] was not as good. This validation 
study showed that the first microfluidic chip fabricated with the CO2 laser in PMMA 
was successfully used to determine PCX.3- - P concentrations in real samples with 
the yellow method.

In this chapter the initial goal was to fabricate a microfluidic chip, similar to the Si 
chip used in previous chapters, in a polymeric material. In order to bring the 
concept to fruition many challenges were presented. The C02 laser was chosen 
as the micro-fabrication technique because structures could be fabricated rapidly 
and many designs could be tested in a short period of time. PMMA was chosen as 
the polymer material because it was the most suitable for C02 laser ablation. The 
thermal bonding procedure was optimised for PMMA and the design of the 
microchip holder facilitated optical integration and alignment and a tight, leak-free 
environment for the microfluidic chip.

The system described in this chapter is the first polymer microfluidic system with 
integrated optical detection that was utilised to analyse real samples. There are a 
number of changes that could be made to improve the performance of the system. 
The laser ablation technique can be changed to a more accurate method of 
fabricating micron-sized structures, for example, hot embossing. Nearly all 
polymers can be hot embossed, which means that the material that suits the 
methods chemical and optical requirements can be selected, rather than the 
material that suits the micro-fabrication technique. The optical path length can also 
be optimised and the alignment of the optical components be improved upon.

The main advantages of developing the polymer microfluidic system were rapid 
prototyping, low cost (when compared with silicon chip fabrication costs), range of 
material properties (in contrast to silicon), including mechanical, electrical, thermal
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and optical, robustness, integration of optical components and a simple bonding 
process. Sampling strategies can be developed and sampling components can 
either be fabricated in polymer materials as a separate unit or a more complex 
microfluidic manifold can be designed to integrate the sampling. Finally by utilising 
either small-sized pumps with microlitre flow-rates or fabricating smart on-chip flow 
components, an integrated miniaturised system can be realised.

5 .9  C o n c l u s i o n

In conclusion a simple microfluidic system was designed and fabricated in the 
polymer material, PMMA. The C02 laser was used to fabricate the microfluidic 
structures and a thermal bonding process was used to seal the channels. The 
optical components were integrated into the microfluidic manifold. Real samples 
were collected, filtered and analysed under stopped flow in the new polymer 
system. The PO43' - P concentration of each sample was determined and the 
results were validated against two reference methods. The polymer microfluidic 
chip was successfully fabricated and applied to the analysis of “unknowns”.
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6  C u r r e n t  S t a t u s  a n d  F u t u r e  W o r k
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6.1 Polymer Microfluidic Manifold Fabrication

The initial results with the polymer microfluidic manifold were promising. The 
technique employed in the fabrication of the device was CO2 laser ablation. CO2 

ablation is a reasonably crude method, which is noted more for its ability to rapidly 
reproduce simple designs than its pinpoint accuracy for small-scale dimensions. 
However there are other micro-fabrication techniques available that could be used 
to improve the system described in this chapter. One such method was hot 
embossing. A combination of hot embossing and micromilling is a possible 
alternative to C02 laser ablation. At present fabrication of a new microfluidic 
manifold has begun. The goal of this research is to develop the second-generation 
prototype. From which point the basic research emphasis would turn to other 
challenges such as sampling, total component integration, power consumption, 
remote monitoring and new pumping initiatives.

6 .1 .1  H o t E m b o s s in g

The technique of hot embossing has been briefly discussed in the literature survey 
(Chapter 1, Section 1.4.5). However to recap, hot embossing involves the 
stamping of a pattern into a polymer softened to just below its glass transition 
temperature. A tool / stamp / mold, upon which the design is inverted, is used to 
make the micron-scale size features. Once the various conditions such as touch 
and applied force, temperature and time at Tg have been optimised the process the 
cycle time can be less than 10 min. The particular instrument we used was 
manufactured by Jenoptik (Model: Hex 02, Jenoptik Mikrotechnik, Jena, Germany).

With this system there are four main parameters to be optimised in order to 
produce micron-scale size features in polymer materials and these are force, 
temperature, position and time. The four parameters are all inter-dependent, for 
example if the temperature is increased; a decrease in the time and the applied is 
usually necessary. The optimisation process is governed by a trial and error 
approach. There are two types of force, a touch and an applied mode. The touch 
force is used to bring the tool and substrate into contact. The applied force is an 
additional exerted pressure applied to the tool and substrate. The applied force
depends on the aspect ratio of the structures to be fabricated, whereas sometimes
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the touch force can be enough to fabricate microstructures, when the temperature 
and time at temperature have been extended. There are 4 temperatures to 
consider. These are the temperature of the tool, the substrate, i.e. the polymer 
material, the top plate upon which the tool is affixed and the bottom plate upon 
which the polymer sheet sits. An optimised hot embossing program would have an 
even temperature distribution from the time the tool comes into contact with the 
substrate until the microstructures are formed and the plates are moved. An 
example of a typical temperature profile is shown in Figure 6-1. Initially all four 
components are heated. Then when the touch force is reached, the temperature 
begins to balance out. At time, t = 500 s, all four components have reached the 
same temperature. When this occurs the polymer sheet is ready for embossing 
and the applied force is exerted.

Substrate 
— Top Plate 
—  Bottom Plate
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Figure 6-1 Example of the plot of the change in temperature as a function of time 
for the process of hot embossing

Another important rule is that the glass transition temperature should never be 
exceeded; otherwise the structures will not be completely formed. The next 
parameter is position. This refers to the position of the top and bottom plates. 
When the plates are moved towards each other they use micro-sensors to align
themselves with each other and to bring both into contact. If the sensors are not
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functioning correctly the microstructures formed are not always representative of 
the tool being used. Finally the timing is vital. Every step of the process is timed. 
The time taken to bring the tool and substrate into contact, the time required to 
ramp the temperature up to near its glass transition temperature, the time taken at 
the applied force, the time taken for the tool and substrate to cool down etc.. The 
timing of each of these steps has an overall effect on the embossing of the 
microstructures.

Master Fabrication

The tool used for the fabrication of microfluidic structures suitable for the 
determination of phosphorus with the yellow method was designed with Tanner 
EDA software (Package: L-Edit, EDA Solutions Ltd., Southampton, UK). A mask 
template was set up in L-Edit, whereby a total of 12 chip layouts could be 
designed. In this case 4 chips were designed and repeated in triplicate as shown 
in Figure 6-2. The tool / stamp used to fabricate the micro-channels in the polymer 
material was fabricated on a silicon 4" wafer with an inverted surface topography 
with respect to a normal silicon etched mask, i.e. the micro structures are raised on 
the surface of the silicon. The inverted mask was coated in Teflon to protect the 
integrity of the structures. The mask was designed by Steffen Horowitz 
(Gesellschaft fur Silizium Mikrosysteme (GeSim) mbH, Dresden, Germany).

Figure 6-2 Handheld photograph of the inverted Silicon mask with a 3 x 4 chip 
design layout
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The tool was affixed to an aluminium plate with an epoxy resin (Model: EPO-TEK 
377, Epoxy Technologies, Promatech Ltd., Gloucestershire, England), which was a 
two-component adhesive that was applied thinly and cured at 150 °C for 1 hr.

In Figure 6-3 a micro-channel fabricated with the C02 laser is compared with one 
that was made with the hot embosser. The photographs were taken with the SEM 
at a magnification of 70x and 350x for (A) and (B) respectively. Not only is the 
micron-scale width of the channel far smaller in Figure 6-3 (B) but also the 
definition, i.e. channel walls, and the surrounding surface are clearer than in Figure
6-3 (A). In (A) the surface of the polymer, which wasn't ablated is covered in 
debris from the process. The amount of debris is much less in photograph (B).

Figure 6-3 Photograph of a microfluidic channel in a 1.5 mm thick PMMA sheet 
made by (A) C02 laser ablation and (B) hot embossing

In Figure 6-4 the first PMMA sheet, to be hot embossed with the optimised 
parameters, containing the microfluidic structures from the inverted mask is shown.

218



Figure 6-4 Photograph of the hot embossed PMMA sheet of 1.5 mm thickness 
fabricated from the inverted mask tool

The PMMA sheet has a thickness of 1.5 mm and the embossed wafer contained 
the microfluidic channels for all 12 chips from the mask. The total time required to 
produce 1 wafer was 15 min, which computes to 50 microfluidic test pieces / hour.

Hot embossing is a powerful tool that when optimised can produce highly 
reproducible micron-scale sized dimensions and can be used for rapid prototyping. 
The next stage in the design is to cut the chips to size and source a reliable way to 
make the through holes of the inlets, outlet and optical cuvette. After that, other 
issues such as the bonding, alignment and preliminary analytical testing of the 
microfluidic chip have to be addressed. Ultimately the hot embosser has so far 
proven a useful micro-fabrication instrument.

6 .1 .2  C h o ic e  o f  P o ly m e r

Of the abundance of polymer materials currently commercially available, 
polymethyl methacrylate (PMMA) is one of the most frequently used in micro
fabrication (Rohm GmbH, KG, Darmstadt, Germany). At present PMMA has been 
the most adaptable material to both C0 2 laser ablation and hot embossing, but 
PMMA is not, in the long-term, the most chemically compatible material for the 
yellow method reagent and end product, which are both extremely acidic. In an 
effort to design a microfluidic system, which can function, maintenance-free for 1 

year in the environment a PMMA-based chip would show signs of acidic erosion. 
PMMA chips can be used for several months without any signs of erosion. After
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this time the surface characteristics of the polymer will be compromised and 
subsequently interfere with the analytical measurement in several ways including, 
erosion of channel walls, wall coating by reagent solutions in channel and optical 
cuvette and dissolution of polymer surface molecules in acidic yellow method 
reagent.

In order to pre-empt this problem becoming the limiting factor in this research, 
preliminary investigation of a number of alternative polymer materials has begun. 
There are an ever-growing number of polymer composites coming onto the market, 
which offer limitless opportunities to researchers to find the ideal polymer for a 
specific application. Two such polymer materials are polydimethyl siloxane 
(PDMS) and Topas®, which stands for a thermoplastic olefin polymer of 
amorphous structure. PDMS is more hydrophobic than glass, which makes it 
difficult to wet with aqueous solvents, however it has excellent bonding properties 
without the need to chemically alter its surface, which could make it more desirable 
than PMMA (Sylgard 184 Kit, Silicon Elastomer, Dow Corning GmbH, Wiesbaden, 
Germany). Topas® comes from a strand of polymers known as the cycloolefin 
copolymers (COC’s), which consists of amorphous, transparent copolymers based 
on cyclo- / linear- olefins. There are many advantages to this new polymer material 
including its low density, high transparency, extremely low water absorption, good 
electrical heating, high rigidity, strength and harness and its good resistance to 
acids and bases. The most interesting property of Topas® is probably its optical 
transparency. It has a 95 % transmission for a 2 mm thick sheet, surpassing that 
of both PMMA and PDMS. The major drawback in using Topas® is that it is only 
commercially available as a resin, which means that the sheets have to be 
fabricated in the laboratory. This can be done with a “mini” injection molder 
(Model: Babyplast, Cronoplast S.L., Barcelona, Spain). The resin is annealed in 
the oven just below its glass transition temperature (~ 115 -118 °C depending on 
batch and supplier). A copper tool has to be micro-milled and polished, which can 
take hours to get the smoothest possible finish.

In silicon-based microfluidic systems Perspex or glass has primarily been used as 
the cover and seal microfluidic channels. There are numerous reasons for this, but 
for colorimetric analysis glass has been proven to have excellent optical properties 
in terms of % transmission. The yellow method complex absorbs strongly below
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400 nm and throughout this research a working wavelength of 380 nm has been 
selected as the A,max for yellow method analysis, which coincidently coincides with 
the emission spectrum of the UV-LED (A,max: 375 nm).

The absorbance spectra of the three polymer materials of 1 mm thickness were 
measured to assess their optical transparency, with comparisons being made at a 
wavelength of 380 nm as shown in Figure 6-5. The absorbance spectrum of glass 
was also plotted on the same graph as a reference spectrum. From Figure 6-5 it 
was clear that at 380 nm there were no two materials with the same optical 
properties. For optical detection systems the ideal polymer would mimic the optical 
properties of glass.

Wavelength [nm]

Figure 6-5 UV spectra for a range of polymer materials compared with glass over 
the wavelength range 200 -  450 nm

A wavelength of 380 nm has been used throughout this research. So in order to 
compare the polymer materials the wavelength range in Figure 6-5 has been made 
smaller to focus on the range of interest, 375 -  385 nm.

221



A surprising outcome from Figure 6-6 was the relatively high absorbance of PMMA 
with respect to the two other polymers and to glass. It is well known that the 
composition of any polymer can vary greatly form supplier to supplier, which could 
in fact be the cause of this phenomenon. A further study of polymer material 
suppliers would confirm this.

Wavelength [nm]

Figure 6-6 UV spectra of the same materials over the range of interest 375 -  485 
nm w.r.t. the yellow method

PDMS and Topas® were initially investigated in terms of fabricating 
microstructures, chemical compatibility with the reagents of the yellow method and 
bonding possibilities. Neither PDMS nor Topas® can be ablated with the C02 

laser. The former has a very hydrophobic surface, a low Tg and is very elastic, 
which mean it can’t be ablated with the C02 laser because it melts before any 
structures can be formed. The Tg of the letter’s, on the other hand, is too high, 
which results in pinhole markings, but again no structures being formed. The 
bonding capabilities of PDMS and Topas® were both assessed. Because of its 
hydrophobicity PDMS exhibits good bonding qualities and can be bonded to most 
polymer surfaces, including PMMA, without the need for a chemical pre-treatment, 
an applied force and / or a temperature increase. Topas® can at extremely high



temperatures be bonded to another sheet of Topas®, but under no conditions to 
PMMA.

6 .2  P u m p i n g

In order to power the microfluidic device over long periods of time, the pumps, 
which will be programmed to switch in and out, periodically delivering sample and 
reagent, will have to have very low power requirements. Initially to test the 
feasibility of a pumping system for use in the device, Bio-Chem Valve pumps (Bio- 
Chem Valve Inc., New Jersey, USA) were tested. However these pumps, while 
robust and capable of dispensing the samples required in addition to high purity or 
aggressive fluid samples with discrete outputs of 8 pL per solenoid actuation, have 
very high current requirements, 0.22 amps at 70° F (21° C), with a 12V DC supply, 
and this therefore eliminated the possibility of using these pumps for long-term 
battery powered field work.

A second set of pumps, shown in Figure 6-7, recently purchased from Fraunhofer 
Verbund Mikroelektronik are currently under evaluation.

Figure 6-7 Photograph of the piezoelectric pump and driver taken with a Canon 
MV1 digital video camcorder

These piezoelectrically actuated micropumps have a maximum flow rate of 2 ml / 
min with self-priming and bubble tolerance. Pump delivery is controlled using a tiny 
potentiometer in the controller interface and can be set from 2 Hz to 650 Hz, thus 
allowing an adequate flow-rate range to suit the application. Due to its very low
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current requirements, this pump is also ideally suited to use in portable battery 
powered devices. Currently, software to allow the switching on / off of the pump 
has been developed using a LabView program (Model: DAQ-700 Card, LabView, 
Version 5, National Instruments Corp. (UK) Ltd., Hambridge Rd., Newbury, 
Berkshire, RG14 5SJ, UK). However the micropumps and the optical detection will 
eventually be on one integrated platform with a remote web-based control of the 
various components (see Section 6.2.3).

6 .2 .1  P re l im in a ry  F lo w -ra te  M e a s u r e m e n t s

Preliminary lab tests were undertaken to ascertain the smallest flow-rate possible 
with the micropumps. These experiments were conducted by manually adjusting 
the frequency of the pumps. The pumps are connected to a driver, which is shown 
in Figure 6-8. The driver connects the pump to a power supply and also facilitates 
the pumps manual or external control. The driver can be connected to a software 
program, which can trigger the pumps to start / stop and to set / change the 
frequency at which the pump works. Manually the pumps can be turned on and 
(see “ein / aus” switch in Figure 6-8) and the frequency can be adjusted with a 
small flat-head screw-driver, i.e. clockwise to increase the flow-rate, anti-clockwise 
to decrease the flow-rate.

Connection to
Piezopump

Internal / •»-
External (on / off)

Connection 
to Power

Manual
Frequency
Setting

Supply

F ig u re  6-8 P iezoelectric  pu m p  driver to control the flow-rate
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The preliminary tests to ascertain the lowest repeatable flow-rate were carried out 
by manual adjustment of the frequency. The frequency was turned off completely 
and then tweaked to allow a minimum flow to be transported through the pump. 
The pump was connected via FIA tubing of 0.6 mm internal diameter and an 
external diameter of 10 mm to a glass capillary of 0.6 mm inner diameter. The 
glass capillary was affixed to scientific paper, where each square has an area of 1 
cm2. The volume of the glass capillary was calculated using the formula for the 
volume of a cylinder.

The volume of the glass capillary was calculated as 0.0141 cm3, where the 
capillary length was 5 cm. A schematic of the experimental set up is shown in 
Figure 6-9.

Battery
Supply

i

D riv e r! 1

1 Clm2 paper 
A

.5 cn'-4----1I.

r
— ^ m ;::äs* iRqjllU !

111rum p pn!t ' \

Glass
F IA  tubing Capillary

Reservoir

Figure 6-9 Schematic of the flow-rate experimental set up

The pump was turned on and the water from the reservoir passed through the 
tubing into the glass capillary. A bubble was generated along the tubing by 
removing the reservoir tubing from the solution of water. The time taken for the 
bubble to pass through the glass capillary (5 cm length) was recorded and used to 
calculated the flow-rate [jul / min] by applying the results to Equation 6.2, where T is 
the time [s], V is the volume [nl] and Q is the total volume [|il / min].
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E q u a tio n  6-1

The simple experiment was repeated ten times and the results are shown in Table
6-1. The results showed that even at a very flow-rate the repeatability was good 
with a relative standard deviation of less than 3.8 % for the ten measurements.

Table 6-1 Flow-rate measurements by manual manipulation of the frequency (Hz)
Measurem ent T [ s ] T [m in ] F low-rate [m l / m in ]

1 100.9 1.6817 8.4024
2 92.0 1.5333 9.2152
3 91.4 1.5233 9.2757
4 97.6 1.6267 8.6865
5 94.6 1.5767 8.9619
6 92.3 1.5383 9.1853
7 100.1 1.6683 8.4695
8 99.8 1.6633 8.4950
9 95.5 1.5917 8.8775
10 93.4 1.5567 9.0771

Average 95.8 1.5960 8.8646
Std. Dev. 3.6 0.0601 0.3313

% RSD 3.8 3.7662 3.7369

It has been established that the pumps can operate reproducibly at flow-rates 
below 10  fxl / min, the next step is to have two pumps working in tandem at 
identical flow-rates. Two pumps are required to introduce the orthophosphate- 
containing sample and the yellow method reagent onto the microfluidic chip, 
whereby a determination is made under stopped flow conditions. The sample and 
reagent react in a 1 :1 volume ratio, which means that the pumps must both have 
the same flow-rate.

There are two ways to approach this. The first involves setting each pump driver to 
the same frequency and establishing whether the flow-rate is the same from both 
pumps. If it isn’t the same then it can be assumed that the difference will be the 
same every time and the difference can be accounted for in the data analysis. The 
second approach involves running both pumps off one driver. If one driver can be 
used to control both pumps the flow-rate from both pumps can be made equal. 
The investigation of both procedures is on-going.
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6 .2 .2  S a m p lin g

Sampling is of major importance to most environmental monitoring systems and is 
nearly always the limiting factor in water analysis. The development of sampling 
techniques, which can be integrated into the microfluidic system, and function long
term, maintenance-free in an external environment, has been the main goal. 
Initially the decision to use membrane filtration was made from previous experience 
in the MicroChem Project*. In orthophosphate determinations water samples must 
be filtered through membranes of 0.45 p.m pore size to ensure all organic 
phosphates are removed [1],

Two-week field trials were performed with four different membrane materials as 
shown in Figure 6-10. The membranes were polyvinylidene fluoride (PVDF), 
polyether sulfone (PES), Nafion, Teflon (PTFE) with pore sizes of between 0.2 and 
0.5 jim and were labelled 1 to 4 respectively. The membranes were incorporated 
into the top lid of 5 x 5 cm leak-free plastic containers. Each sampling unit was 
placed in pre-filtration bags to ensure large particulate matter didn’t damage the 
membrane surface.

Pre-filtration bag

Filter
membrane

Figure 6-10 Photograph comparing 4 filter membranes after two week field trialsf

The sampling units were left for two weeks in a river untouched. After which the 
sampling units were retrieved and brought back to the laboratory for assessment. 
The purpose of this trial was to identify the membrane materials with the best anti-

* EU 5th Framework (BRPR-CT98-0787), www.microchem.dk 
f Field trials earned out by Dr. Edel Minogue, NCSR, Dublin City University.
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biofouling properties that would be capable of operating long-term maintenance- 
free.

The second issue associated with sampling was the design, fabrication and 
integration of the sampling unit / component with respect to the microfluidic 
manifold. Currently a number of ways to achieve this are being examined. There 
are two ways to approach this issue. The first involves developing a sampling unit 
as a separate component, which is attached to the microfluidic manifold via PEEK 
tubing and can be replaced with ease, if biofouling should occur. The second 
incorporates a sampling channel into the microfluidic chip adopting a fully 
integrated approach, which is the most desirable development provided that a 
suitable membrane material can be found.

6 .2 .3  R e m o te  S e n s in g

The development of a device capable of functioning autonomously in an external 
environment, with reliable data capture and retrieval, is the next hurdle to be 
overcome. Now that the chemistry and the microfluidic design are optimised the 
focus turned towards how the data will be captured, stored and then transmitted 
without having to go to the actual location of the device. There were many 
complex and long-term ideas put forward, but in order to develop a prototype that 
can be tested on a river body easiest approach was to take one measurement per 
day and store the information in a simple data logger. Routinely the logger 
transmits the raw data via GSM to a web-based program, where the data is treated 
and a graphical display of the results is plotted.

In Figure 6-11 a photograph of the small data logger is shown along with the 
modem for GSM transmission.
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Figure 6-11 Photograph of remote data logger*

In Figure 6-12 the sequence in which data is recorded and transmitted is shown. 
The data is initially transmitted to a base station with a GSM modem phone 
connection. The PC is programmed to update the web site at specific time interval. 
The PC has a modem installed and calls up the remote GSM phone attached to the 
base station. The data is transmitted across the connection and the web page 
automatically updates.

Software allows 
the data to be 
transferred to a 
website where it 
is continuously 
updated.

ni-ivnio s

Data transmitted via 
GSM communications 
to PC

PC with modem 
calls GSM phone 
user defined 
intervals.

at

GSM
Modem
phone

Data Transmitted 
via RF
Communications 
to Base Station

Base Station 
connected to 
GSM modem 
phone

Figure 6-12 Operation of GSM-data logged

The schematic gives an impression of the type of system we are currently 
developing with Whistonbrook Technologies. Our system will be slightly larger 
than the one shown in Figure 6-11 because it has additional components included 
within the packaging. The other components include four input switches to

t Fabricated by Steve Edwards of Whistonbrook Technologies, Luton, UK.
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automate the operation of the two pumps, the UV-LED and the Si-photodiode 
detector and a bulky battery that will power the entire system for a minimum of six 
months.

6 .2 .4  P a c k a g in g

The dimensions of the components are tabulated to give an indication of the scale 
of the entire system. The electronic parameters and power usage are given in the 
technical data sheets attached.

• Light Source: UV-LED (Model: NSHU590E, Nichia Europe B.V., Homweg 
18, 1045 AR Amsterdam, The Netherlands). A more detailed description of 
the UV-LED is given in Chapter 3, Section 3.2.1.

• Photodiode detector: Si photodiode (Model: S1227-33BR Series,
Hamamatsu Photonics UK Ltd., 2 Howard Court, 10 Tewin Road, Welwyn 
Garden City, Hertfordshire, AL7 1BW, UK). Another more detailed 
description of the Si-photodiode detector is given in Chapter 5, Section 
5.7.2.

• Pumps: piezo-electric pumps (Micro pump driver module PAS 002, 
Farunhofer Institut IZM, Micro-Mechatronic Centre (MMZ), Argelsrieder, 
Feld 6, D-82234 Oberpfaffen-Weliling, Germany, see Fraunhofer Intstitut)

• Packaging: Polycarbonate (Model: IP67 piccolo series, RS components, 
Radionics Ltd., Glenview Industrial Estate, Herberton Road, Rialto, Dublin 
12)

The polycarbonate packaging was chosen because it is airtight in water under 
pressure to depths of approx. 1 m, which is suitable for our application. The 
container has dimensions 17 cm (I) x 14 cm (w) x 9.5 cm (d) to house all the 
system components. In a list of all the components dimensions was used as a 
rough estimate for the packaging size required.

$ Figure 6-11 courtesy of June Frisby, NCSR, Dublin City University.
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T ab le  6-2 List o f  co m p o n en ts  spatial d im ensions
Com ponent length [cm ] w id th  [cm ] th ickness [cm ]

Chip 1 1 0.12
Holder 2 2 1.2
Pump 1 3.5 0.5

Pump driver 4 4.5 2
UV-LED 5.6 4.7 (diam.) N/A

Photodiode 7.6 6 2
Active Area 2.4 2.4 N/A

Leak-free box 17 14 9.5

□ Piezoelectric pump, where PI is 
for sample and P2 for reagent

S: sample channel 

R: reagent channel 

W: waste channel

Si-photodiode

a  UV-LED

»Sampling unit: membrane 
filtration

Cable connection to GSM Comm.

Figure 6-13 Schematic of proposed design for the packaged microfluidic system 
with integrated sampling, pumping and optical detection

In the prototype system shown in Figure 6-13 the chip holder has dimensions 2 x 
cm x 2 cm x 1.1 cm. The UV-LED and Si-photodiode have to be positioned 
opposite each other at about a distance of 1 cm. The system is connected to the 
data logger via the cable in the schematic. The data logger also contains the 
battery supply, which can power the system for a minimum of six months when 
operated in “sleep mode”.
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6.3 Conclusion

The microfluidic manifold has been fabricated by a number of techniques with the 
best results, to date, being found with the hot embosser. The microchip holder has 
been fabricated to house the chip, to facilitate leak-free fluidic interconnects and to 
integrate the optical components. Small-sized piezoelectric pumps have been 
assessed and will be incorporated in the final packaged device. The sampling will 
initially be a separate component for the first prototype system, but will eventually 
be incorporated in the microfluidic design. The data retrieval and transmission will 
be established by GSM communications and the data uploaded to a web-based 
program periodically. The power requirements will be kept to a minimum by 
limiting the number of measurements to be made and the “sleep mode” operation 
of the system. The waste production and reagent consumption, which have 
already minimised by adopting a stopped flow microfluidic measurement, are 
further reduced by the periodic measurement strategy.

The project is moving towards integration and autonomous function. It is 
envisaged that a fully automated autonomous laboratory demonstrator will be 
complete by end of March 2003 with the first set of field trials to take place in early 
May. At this point it is hoped that further funding can be acquired with the scope 
for development of a commercial product.

6 .4  R e f e r e n c e s

1 A.E. Greenberg, A.D. Eaton, L.S. Cleseri, Standard Methods for the Examination 
of Water and Wastewater, 4500-P Phosphorus, 18th Edit., 1994, ASPH, 
Washington DC, USA, 166-181.
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Conclusion

Clearly it can be seen that some of the major issues relating to the use of the 
yellow method in the determination of phosphorus have been resolved. The yellow 
method was an excellent choice, in terms of long reagent lifetimes, stability of the 
reaction, adaptability to the microfluidic manifold and the availability of a low power 
UV-LED light source.

A validation study of the yellow method has been carried out in the microfluidic
manifold to include parameters such as linearity, reaction rate, pH, Fe2+
interference, repeatability, reproducibility and limits of detection. The analysis of
river water samples has been carried out in the microfluidic manifold with the
yellow method and compared to analyses performed with conventional techniques, 
such as spectrometry and ion chromatography (1C).

The adoption of this simple method, and the use of a stopped flow regime, enabled 
a very simple fluidic manifold to be employed, with considerably smaller reagent 
consumption than equivalent continuous flow. It was clearly established that the 
kinetics of the method were very rapid, even at room temperature (~ 3 min), 
enabling sample turnaround in less than 5 min.

A novel microfluidic manifold solely consisting of PMMA was successfully designed 
and fabricated using C02 laser ablation. Most of the challenges faced have now 
been overcome including channel sealing / bonding, optical alignment and leak- 
free fluidic interconnects. The polymer device has since been applied to real 
sample analysis. The initial use of the C02 laser was a good platform upon which 
to begin this part of the project with and knowledge gained there is now being 
applied to the fabrication of a new and improved prototype device with a hot 
embossing instrument and an Excimer laser. This research also raised awareness 
of other issues such as the choice of polymer material, the range of micro
fabrication techniques available and the integration of multiple components into 
one device.

The concept of a fully integrated analytical instrument has now become the main 
emphasis of the research with a whole new set of considerations including the 
design and integration of a sampling unit, the pumping unit, the power consumption



of the system, the choice of location for preliminary in-situ testing and the 
transmission of raw data to a base station via GSM or radio frequency 
communications (RF). Cosmetic decisions such as the frequency with which a 
measurement should be made and the number of times / day data is retrieved and 
downloaded to a base station or web site have also been discussed.

The development of a remote, compact, in-situ micro-device is the next major 
stepping stone in the realisation of our goal of the development of an extended 
environmental “digital nervous system”. The outcome of developing such a device 
will be reduced costs, efficient energy usage, lower consumption of reagents (10 
fxL / min flow rate * 50 ml / year reagent consumption using stopped flow pumping) 
coupled with less waste production, compact design, reliable analytical data and 
higher sample throughput.

In conclusion the yellow method has been optimised and implemented in both 
silicon and polymeric microfluidic manifolds. The polymer microfluidic manifold 
was designed and fabricated using a C02 laser and real samples were analysed 
and validated against more conventional analytical techniques. The yellow method 
itself is very simple, the reagent is stable for time periods in excess of one year and 
the reagent consumption and waste generation is minimised by utilising a 
microfluidic system in the determination. Bulky conventional optical components 
have been replaced with LED’s and photodiodes and syringe pumps with piezo
electric micro-devices. Overall the project has been successful and it is envisaged 
that within the next six months a field-deployable prototype will be completed and 
field trials begun.


