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1 INTRODUCTION

The development of methods of analysis for
trace organics in water was severely hamvered until the
introduction, in 1950, by Braus, Middleton and Walton'
of 'a large scale sampling system which allowed
systematic separation and identification of'organic
water pollutants. The sampling and concentration
techniques available prior to this development re-
stricted the analyst té the use of crude.collective
parameters, such as biological oxygen demand and
total organic carbon or a few methods for specific
organic substances such as oil, grease, phenol and
furfural, for the measurement Of'drganic water pollut-

ants.2

The methods and instruments available for
organic analysis became useful in the analysis of
organic water pollutants with the introduction of this
method. The deveIOpment‘in the methods of analysis for
trace organics since that time has been closely linlked
to the development‘of improved éoncentration.téchniques
end the rapid development of gas chromatography as a
sepafgtion technique.

The rapid development in this area is shown by
the fact that prior to 1970 only about 100 different
organic compounds had been identified in water.

Today about 2000 organic compounds have been identified

in various waters.



2 CONCENTRATION TECHNIQUES

The trace organic compounds present in a
water sample must, in almost every case, be concentrated
before analysis. There are several reasons for sample |
preconcentration. 1In addition to the low concentration
of the compounds present it is also necessary to use
instrumental methods of analysis in which only very
small volumes, usually in the low microlitre (ml) range,
can be used. Many different processes have been used for
this'purpose of which liquid-liquid extraction, liquid-
solid adsorption, gas phésevstripping and distillation
érevthe most important. To date no method has been
developed that is suitable for the full range of organic
contaminants found in water samples. A combination of
concentration methods needs to be applied when samples
that contain a wide range of substances are to be

analysed.

2.1 LIQUID-LIQUID EXTRACTION

Introduction

The simplest and, until recently, most
widely used method for the extraction of trace amounts
of organic compounds fromwater has been single step
liquid-liquid extraction with a water immiscible
solvent. By choosing the correct solvent and other

-conditions most organic compounds can be extracted



from water.

Princivnle of the method

Theory:- Solvent extraction 1is based on
the selective distribution of a solute or solutes in
two essentially immiscible solbents. The distribution
of a component A between the immiscible phases can be
considered in terms of the distribution law. At
equlibrium the ratio of the concentrations of the
solute in the two phases is given by the distribution

constant K.

total concentration of A in organic phase
total concentration of A in aqueous phase

K =

The distribution of a compound between the two phases is
determined by the various attrzction and repulsion forces
between the solvent and solute. The extraction
efficiency devends not only on the distribution constant
but also on the volumes of the phases and the number of
extractions carried out. It is usual to use a series of
extractions since one extraction with a given volume of
solvent is less efficient thnan two extractions using
half the solvent volume each time. However, when the
distribution constant is large, multiple extractions are
usually not required.

Ratch Extraction:- Simple one sten liquid-

liquid extraction using various solvents such as

3-6 3,8-10 53,5

5 cyclohexane7, hexane , 1so-octane ,

benzene1o, dichlorOmethane1o’]1, chloroform12,

pentane
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10 have been

methylcyclohexane3 and benzene/hexane
described for the concentration of organic solutes from
water. A given volume of sample solution is allowed to
remain in contact with a given volume of the solvent

until egulibrium is obtained. The two layers are

then separated.

The method has been applied for extrenme tface
1evels13’”+ when specific detection, eg. electron capture
for halogenated hydrocarbons, is available. The
sensitivity beccmes much poorer when the sample is to
be znalysed for a wide rangé of organic compounds due to
the fact that the extract must be concentrated by a
factor of up to 50,000 before analysisq; The extract
consists not only of the substancés extracted from the
water but also of the abundant impurities contained in
the concentrated solvent. The accumulation of solvent
impurities as well as severe losses of the more volatile
extracted substances during concentration ofteh render
the procedure impractical.

Grob et. al.L'L and Mur‘ray]5 among others have
described methods that to some extent overcome this
problem. These metihods are based on shaking a large
amount (1L) of water with a small amount (200mL) of
solvent and subsequent high reéolution gas chromatographic
analysis of the extract without need.of further
concentration. Using these methods solvent bj-
products are decreased 500 fold. Qualitative and semi-

quantitative information at the parts per billion (10'2)
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level has been obtained. The use of such small quantities
of solvent however, limits the analyst to the use of
solvents that have low solubilities in water. The
solubilities in water of carbon tetrachleoride, carbon
disulphide, méthylene chloride and diethyl ether for
‘instance prohibits these solvents from use in these

L

methods.

Continuous Liouid-Liaquid Extraction:- Werner et.al.16

first used continuous liguid-liquid extractors for
concentrating and isolating trace amounts of organic
substances from water. Continuous liquid extraction
overcomes two of the 1imiting factors in solvent extract-
ion. The saturation capacity of the solvent is eliminated
by continuously providing fresh S§lvent and the volume

of water available for extraction is not limited as in
batch extraction.

In continuous extraction unlike batch extraction
the mixing separation and sclvent recovery opefations are_
performed in a flowing system. There are three different
flow types: countercurrent, crosscurrent and concurrent
operations.

Countercurrent Extraction:- The term counter-
current is used to refer to two streams flowing in
opposite directions with both phases continually renewed.
The types of apparatus used are often based on mixer-

settler17 or column16’18 operation with large contact
" surface areas between the two phases. A typical ex-

tractor for use with solvent lighter than water is shown
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- sample inlet

- sample outlet
solvent chamber
- reflux condensor
- porous frit.

HOQW >
|

TFigure T,

with this apparatus.

Countercurrent Extractor

‘design for solvent lighter

than water

A concentration factor of up to 105 has been obtained

Crosscurrent Extraction:- The principle

of crosscurrent extraction is shown in Figure 2

20

i

Figure 2.

——etc.

A I

ZSchematlc dlagram of cross-
_current extraction. The vertlcal
- . arrows 1nd1Cate 1ntroduct10n,}}}[~,~
'.ﬂof fresh solvent e
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Anhoff and Josefsson®!?22 described a continuous
liquid-liquid extractor based on this principle.. The ex-
traction efficiency ranged between 83-96% for a variety
of organic-compounds at the 0.1-1.0ng/L level. The
apparatus is normélly used with a solvent lighter than
water but with siight modification it‘is poscsible
to use é solvent heavier than water.

Concurrent Extraction in a2 Narrow Tube:- The
efficienéy of extraction depends on the contact surface-
area of the two phases, contact time and rate of
transport. A very simple method involves the use of a
narrow tube in a helical coil. The two phases are
pumped through the tube together. Depending on the
tube diameter énd the surface tensions of the liquids with
respect to one another and with resrect to the wall of
the fube droplets will be formed. The friction between
the drons and the wall creates a turbulent flow and
therefore mixihg. This kind of extractor can be used
with either lighter or heavier than water solvents. Thé
phases are separafed in a wider column that acts as a
settler. This arrangement can be used for both counter-
current and crosscurrent extractions. Wu and Suffet25
described the use of a 10 metre Teflon helical mixing
coil for continuous liguid-liguid extraction of
pesticides from water at the microgram (ug)-nanogrsm (ng)/L
levels., The recoveries of these compounds was greatér
than 80% with an aqueous flow rate of 900 mL/hr and a

water to solvent ratio of 10:1.



 Concentration of'Extracts

It has been shown that the concentration
step following liquid-liquid extraction and other
techniquesisﬁCh as adsorption onto éolids with lizuid
desofptionb(see Section 2.2) is a criticél step where
serious solﬁte lossés'can Qccur2”-27. Junk et a124
recommend a distill~tion technique to concéhtrate the
'Sample'affer.finding that 10-80% of soluteé were lost
when uéinﬂ free evandration aided by nitrogen. They

2

'usnd the annaratus shown in Figure 3

Figure 3. Scale drawing of concentration
apparatus (A) Snyder distillation
column; (B) bakelite heat shield

‘covered with A1 foil; (C) 50ml
vessel; (D) solvent; (E) graduated
and calibrated taper; (F) hotplate.

Junk et a124 have also iﬁvestigated the shane bf the
. ecsel in whlch the concentratlon sten 1s carrlod

'ﬁout. Several shsnes that were studled are shown

 ~.1n Figure 4




Figure 4. Scale draw1n“ of the concentration
. vessels. (A) is recommended, (B) is
ncatlsfactory, (C) is questionable.
When vnssels (B) and (C) were used, solute losses from
10-60m noted, whereas losses from vessels of shape (A)

were less than 6%.

2.2 " ADSQRPTION ON SQLIDS

~ Introduction

Extraction of organic substances from water
by adsorption has gained in importance in recent years
and appears to be replacing liquid extrzction for -

a_ _
1,28-30 has been

routine analysis. Activated carbon
used:widely for severai decades and this method has

bzen elaforateﬂ in detail and standardised .. Récentlv
better results have been obtalned by ren1301n0 actlvated

carbon w1th orvanlc reslns such as Amberllte XAD 232 37

Amborllte YAD 4’7” Sephadex’9 and Tenax37 40
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Princivnle of Method

Extraction:- Extraction of trace amounts of
organic compounds from water with a solid sOrbent is a
method in which gdsorption on a solid substance is
used in order to isolate compounds dissolved in water.
Like ligquid extraction,»that is based on the partition
of the .dissolved compounds between the solvent and the
water, sorbent extraction is based on the distribution
of the dissolved compounds between the solid sorbent
and water. Provided that the sorbent is selected
correctly the partition coefficient is shifted more
towards the sorbent than in ligquid extraction. The
principle of tihe method is therefore analogous to that
of liquid extraction, the differeﬁces lying in the
extraction materials used and in the resulting effect,
the enrichment factor.

In the extraction prccedure the water csamvple,
typically 1-100 Litres, is passed, usually with the aid
of a pump, through a column packed with the solid
sorbent. The adsorbed compounds are then desorbed and
anzlysed chromatographically. A typical concentration
colu.mn/+1 as shown in Figure 5, from bottom to top,
consists of a porous'septum, a layer of sorbent, a layer
'of glass pellets, a layer of inert material mixed with
glass wool and a further layer of glass pellets. The

equipment used with this column is also shown.



1.

48—
b on

Figure 5. Right: Eg uloment for extraction. 1 glass
' contalner, 2 glass tubes; 3 silicone rubber
hose; 4 perlstaltlc opump; 5 glass
adsorption column; 6 extracted water
discharge. Left: adsorption column .
(dimensions in centimetres).

Mineral oils may deactivate the sorbent causing
edecreased adsorntlon of compounds of 1ntereet ‘This |
phe nomenon is overcome w:Lth the aid of the arrangement
descrited above.;n whloh the oils are trapped in the first
part of the oolumnq1.;; | | |
| | Desorption: - Desorption-of the compounds from
the concentratlon column can be performed elther w1th a

110u1d or by heatlng

quuld Desorptlon - When the extractlon 15”?

'3'completed a small volume of 110u1d for Whlch the partltloh

‘_;_coefflclent in the glven system is shlfted in favour of

}the eluent (dleth 1 etrer2“ 33 42 43
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isopropan0138, methyl isobutyl ketone ’ pyridine‘ ’
acetone55,'chloroform30) is passed through the column.
As the liguid passes through the column, the adsorbed
compounds are desorbed from the column and dissolved in
the eluent. The volume of eluent required for total
desorption is usually tens of millilitreszu. As gas or
liguid chromatography is used for subseguent analysis
only about 0.01 - 0.1% of the total eluent volume
(0.1-1ul) can be used for the determination itself.

The extract must therefore be concentrated and there is
a risk of losses particularly of compounds with lower
boiling points if the concentration is performed by
evaporétion of ;hefeluentaq. (Sec section - Concentration
of Extracts).

The difficulties with the concentration of the
extract are eliminated by using 2 mini sampler method with
ags little as 50-100,;uLL'r6 of the eluent being sufficient
for desorption.

The presence of the eluent liquid in the
solution used for gas chromatographic analysis is another
problem encountered when using liquid desorption. A peak
due to the eluent is present in the chromatogram and as
the eluent is in excess this peak may overlar some peaks
of compounds extracted from the water. 1In some instances
the peak of the eluent can be eliminated by using en

45

abstraction precolumn™”.

L7-50

A method in which a liquid chromatogranh
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incorporates a concentration column before the
analytical column of the liquid chromatograph has
been described. During the extrzction phase water
passes through the concentration column while the
analytical column is disconnected. When the extract-
ion is completed the concentration coiumn is connected
to the analytical column. The adsorted compounds are
desorbed by the carrier liqﬁid and eluted directly ontc
the chromatographic column. |

Thermal Desorption:- Thermal descrption
involves the placemant of the concentration column
before the analytical cclumn of a gas chromatograph.
The precolumn is heated and the adsorbed compounds are
consequently desorbed and transported by the carrier
gas onto the chromatographic column51’52. It is
imnortant that the desorption temperature and time,
which differ for various adsorbents53, are sufficieht
to ensure that all of the compounds concentrated on
the column are totally desorbed. To eliminate the
reak broadening that'occurs with this method the first
portion of the chromatographic column can be cobledL*8’5L*’5-5
and only after complete desorption is it heated to the
temperature required for the analysis. The temperature
of desorption 1is determined by the stability of the
adsorbed comvounds and by the maximum temperature at
‘which the chromatographic background of the sorbent is
acceptable. The gas chromatograms (Figure 6) obtained

by flash heating of Tenax and Amberlite XAD-2 to



400 C and 275 Cc resoectlvelv show that Amberllte_ -

'XAD—Z 1s unsultable for thermal dcsorptlonq';

IV TR

FigUre 6. Polymer blanks (4) TensX;”ﬁOOOC;
(B) Amberlite XAD-2, 275°C.

In thermal desorption; all of the compounds
adsorbed from the water sample sre transferred on to
the gas chromatograrhic column. This is in_contrast
to the 1iouid desorption procedure wvhere a small pro-
portlon of the comoounds are transferred to the gas
chromatogranhlc columr Therefore by us*ng thermal
desorptlon a gain in sens1t1v1ty of 2 3 orders of
v'ﬁfmagnltude is achleved but the entlre samole of extracted

'»comoounds is consumed in the ana1y51s A second
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Figure 7. Cas chromatograrhic scan of the eluent
- from an X4D-2 blank, after dry storage
and dry packineg.

=
i

: cure 8. Gas chromatographic scan of the same

) : - XAD-2 blanlz used in Figure %, but with
methanol storage aid slurry packing.
A1l other conditions and chromatographic
paramcters were the same as in Figure 3.

James et a1.58 however, have found it essential
to also wash the XAD resin with diethyl ether immediately
‘before used to enable lower detection limitsAto be

achieved due to the absence ef interfering bombounde euch

. _as n- alkanes arlulng from the breakdown of the re51n eveﬂ

mhen stored under methanol.

The varlous XAD res;rs have been used to adsorbr~
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a variety of organic species from water including

36,37,59

poly chlorinated

O
biphenyls57 and vpolynuclear aromatic hydrocarbon6o.

=4
phenolsz”Bz, pesticides

" The efficiency of XAD-2 in extracting a
wide range of organics from water has been stu_diedZL+

and a summary of the results can be seen in Table 1,

Table 1: Recovery Efficiency for the XAD-2 Sorption

Method
Compnound Tyve - No. Tested " Average %

: Recovery
Alcohols _ 8 oL
Aldehydes + Ketones 7 95
Esters 15 93
Acids 5 101
Phenols 6 89
Ethers 5 90
Halogen Compounds 10 7
Polynuclear Aromatics 8 89
Alkylhenzenes L 90
N,S .Compounds 10 89
Pesticides + Herbicides -5 _9¢

’ Total = 83 Wt, Ave. = 91

Thirteen differeut chemical glasses were tecsted with
four to fourteen chemicals per class. The weighted
average of the recoveries was 291% for the 83 compounds
tested.

61,62

Other studies hzave shown that resin

mixtures, in particular an equal weight mixture cf XAD-4L
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and XAD—8; are most efficient when isolating complex
mixtures of compounds.

Tenax: TenaX i1s 2 porous nolymer based on

ay must

'3

2,6-diphenvl-p-vhenylene cxide. Before use Te
be conditioned by heating in a stream of inert gas to
) .
507C for 320 mlnuteSAS, or for 3 hours with subsecquent

heating at 200°¢ overnight62.

. Lo, L .
Leconi and Cc-workers® 10,41 have studied Tenax

- L

for the extraction of PAH and pesticides from surface

and drinking waters. A diagram of the device used is

shown in Figure S5, After the passage of 20L of water

joh

(at a flow of BL/hr.) the célumn is disconnected an
air was blovm through for a few seconds in order to
eliminate 2s much water =s possible. Pesticides were
eluted with three 10mL volumes of diethyl ether. The
recovery of pesticides was found to be z2kout 90%40.
The recovery of Polynuclear Afomatic Hydrocarbqns

was in the range 85-98%. The main disadvantage of
Tenzax is that it is very expensive in comparison to
XAD re51“~. This annears to have influenced workers

to select XAD resins instead of Tenax.

i
]
0]
oy

‘\J

cen

Activatzad Carhon: ActiVat d Carbon
1,25,30

, 6

N

(‘v

used eytonclvely over several decades as a

sorbent for the removal of trace organic compounds from

water prior to analysis. The removal of orgasnics from

water by carben is highly dependent upcn the polarity of
64. - In

the organic molecule generzal, less polar materials
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are adsorbed and reccvered more effectively than more
polar materials. Before use the carbon must be
cleaned. Soxhlet extraction with chloroform for up
tb 11 hou:s61 has been found necessary to obtain
accentable blanks.

| One major drawback with the use of activated
carbon is the fact that some molecules are irreversibly
adsorbed52’61’65. It has been shown that carbon
adsorption slso promotes chemical alteration of some of
the orgaﬁic compound566. Because of thecse major draw-
backs, and the development Qf other sclid adscrbents, the
use of activated carbon has déclined in recent years.
Activated carbon is however still preferred over the more
recently develoved adsorbents for some apwnlications

63

including pesticide analysis ™,

Polvurethane Foam: Polyurethane foam has been

used for the concentration of chlorinated insecticides,

67,68

polychlorinated biphenyls and polynuclear aromatic

60,69.

hydrocarbons The adsorption cavacity of poly-
urethane foam for these compounds was found to be
greater than the adsorption capacity of the other solid

adsorbents available. The trapped material is usually

eluted with methanol acetone or benzene69.

2.3 HEADSPACE

Static Headspace Technigue: The simvlest

form of headspace analysis involves the samnling and

analysis of the vavor phase in equilibrium with an
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aqueous sample in a closed container. It has been
known for many years that when volatile organic
materials in water are allowed to come to equilibrium
with the vapor headspace, the‘concentration in the
headspace is proportional to the concentration in the

70

water'”.

Volatile trace organics can be determined
in the 2-100umg/L concentration range using this static
sampling’procedure8. The most common way to conduct
such an analysis is to partially fill a small vial
fitted with a septum cap with the water sample to be
analysed. This vial is then placed in a thermostated
bath and allowed to come to equilibrium. A sample of
the headspace (1-2 mlL) 1is then remqved, with a syringe
via the septum, for analysis.

Most of the compounds which are amenable to
concentration and sampling in this manner are also
amenable to gas chromatography. Quantification is
obtained by comparing the response of the sample with
the response curve prepared by analyzing known
concentrations of the compounds of interest added to
water,

Temperature, salt concentration, and pH, can
all have inportant effects on isolating velatile trace
materiels from aqueous samples71.

Static headspace techniques have been used

extensively to determine halomethanes and haloethanes
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in water2?’2” 7%, oOne of the>major advantages of
headspace anaiysis is that no solvent extraction is
involved so that these low molecular weight, volatile
compounds are not masked by the solvent pealk when
analysed by gas chromatograprhy. Detecticn limits are
restricted by the equilibrium concentration of the
organics in the vapour phase as well as the limited
amcunt of headspace gas which can be conveniently
sampled and analysed. An improved technique using

dynamic instead of static sampling has been developed.

Purge and trar techniocue: Volatile substances

present in agueous samples can be stripped from the
water by a stream of inert gas75_77. Origina11y75
the purged organic compounds were trapped cryogenically.
The trapped compounds Wefe then transferred to the
analytical system (usually gas chromatography) by rapid
heating of the freezing trap. A vast improvemént of fhé
recovery was achieved by Grob29 using an adsorbtent trap.
The organic compounds were recovered by washing the
adsorbent with a suitable solvent. This technique has
13,78-81.

gained acceptance within the last few years

A purging device developed by Bellar and Lichtenber

0]

is the most widely used apéaratus for the purging step15.

(Figure 9)
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Figure 9 Purging device developed by Rellar

”

An inert ras, free from volstile organic contaminants

is introduced into the inlet. An acuecus sample 1is
then injected into the avbnaratus. The solid adsorbent
tran is connected to the exit of the apnparatus. The
bubbles of inert gas vascing through the frit purge
the volatile orranics from the =zqueous samples. These
orcanics are collected by the adscrbent trap. Purging

is continued until the organics are quantitatively

removed from the sample and trapped on the adsorbent.

As with static headspace sampling, adding szlt,

and increasing the temverature of the agueous sample

dramatically improves the removal of most organic

71

com»ounds’ .

Purge and trap technigues have been used to

routinely analyse for organohalidesBszB, arenes, and
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vinyl chlo:c‘:i_de79 and other volatile organics with

84

boiling points less than 140°C°" at the 1lug/L level.

2.4 DISTILLATION

Steam distillation can be used as an effective
concentration technique for low molecular weighi
volatile»trace organic water péllutants. The technique
is quite straightforward.

The sample is placed in a distillation flask
and the sahple is heated6q. After distillation the
distillate is analysed by a_suitable method., Rest
results have been obtained for those materials which
form azeotropes with water that boil at temperatures
velow 99°¢tH,

| A small all glass distill=zation-concentration
system for organics in water which can obtain 300
fold concentration with recoveries of 80% has been
described85. Linear recovery of acroleih, acrvlonitrile,
alcéhols and ketones was reported over the concentration
range of 10-100ng/L.

A technique combining distillation and static
headspace sampling has been described86. Detection
limits for methanol, ethanol, acetone, 2-prcpanocl and
methyl ethyl ketons were in the range of 4-8rng/L.

An exhaustive steam distillation/solvent

87

extraction-apparatus (Figure 10) has been develoved~ ',
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Figure 10  Exhaustive steam distillation and
solvent extraction apraratus.

The water sample is placed in a distillation
flask fitted‘to the bottom of the column. The solution
"is boiled and the steam distiilate passes through the
inner tube and condenses on the walls of the cooling
joecket., The condensate runs down the walls and passes
through 2 layer of low density sclvent which extracts
the trace organics. The extracted condensate passes
through the overflow tube in the centre of the column
and returns to the distillation flésk. Szmnles are
removed through the sclvent withdrawal tube., The
,apparatﬁs has beer limited to pesticide résidue analysis
to date, but the technisue appears to be suitable for

other volatile orgenics as well.
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2.5 MFMBRANT SEPARATIONS

“can be ucsed to isolate

]
(7

Membrane senaratio

trace orgenice freom vater. A membr: is chosen that

by
D

is pmermeable to the components cof interest but not the

undesirable matrix components.

Membrzne/Mass Snectrometrv: This separation

technique is shown in Figure 11. Acs water containing

ic CUMﬂonnnt floves acrcss the eurface

<3
(d)
j~
)
o+
(S
[I]
D
o}
H
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‘_I

of 2 silicon mcmbrane the organics dicsolve into the

memktrane permeate throurh and enter the mass srectrometer

. ]
vacuum syctem where they are analysed convent10nally64"8

\/MEMBRANE
“— Z
:6 MASS
9. ~ SPECTROMETER
— 4 l
Figure 11 Schematic of Membrane/Mass Snectromcter

When Jdetermining severzl comronents

2.

in th

D

simultaneously the mass spectrometer iz onerate

selected ion mode, choosing ions unique to each species,

alvsis: The zeccnd genersl type of membrane
technique uses dialysies of the components of interest
from water into ancther sclvent., Usually the solvent

volume is 1-3 orders of magnitude less than the volume



of water88._ Therefore after dialysis-the solute is
. not only isolzated into a more convenient matrix but
also concentrated to facilitate analysis,

In some cases dialysis can offer features
not obtainable with ligquid-liguid extraction. Dialysis
can be uced with a water miscible solvent; membrane
selectivity can prevent removal of otherwise extractable
components'and solutions that form emulsions can be

extracted easily.

2.6 OTHER TECHNIQUES

Other technigues that have been used for
concentrating trace organics in water include the
following.

Freeze concentration which hes been used
to concentrate m-cresol 20 fold with an 80% recovery89"92.
In this technigue a portion of the water is frozen which
concentrates the dissolved substances in the unfrozen
portion.

Lyophilization or freeze drying which has
been used as a concentration technigue., The water sampnle
is frozen and the water is removed by subliﬁation under
vacuum. The more volatile components are lost in this
process., Concentration factors of several thousand have
been achieved. A major difficulty is the recovery of
the organic material from the residue, which is comvosed

93

largely of inorganic salts
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p) SEPARATION TECHNIQUES

The sometimes large number of organic comnounds

that are extracted from water samvles need to be

&2

eparated bkefcore qualitative or guantitative analysis,

9]
Ay}

The two major separation techniocues used are gas

chromatography and high performance liauid chromatography.

3.1 GAS CHROMATOGRAPHY

Introduction

Gas Chromatography (G.C.) is the most widely
used technique for the senaration of mixtures of organic
comprounds that have been extracted from water., By
choosing the correct column and conditions a wide

varicty of compounds in a mixture can te separated.

Princivle of the Method

Chromatograprhy is 2 procecs in which chemical
species are distributed between a stationary phase and
a2 motile phase, and migrate in the direction of flow
with a ceftain velocity. The stationary phace in gzs
chromatography is either a so0lid (Gas Solid Chromatograrhy)
or-a thin layer of non volatile liguid held on a

s0lid support (Gas Liquid Chromatography). Thec mobile

1 inert gas. A sample conteining the solutes

0]

a

¥

rhase 1

Q

is injected into the column where solutes are rerpectedly
adsorbed by the stationary rhase and then desorbed t

fresh carrier gas. Each solute travels at its own velocity
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and therefore a band of each solute is formed.

Chromzatograrhic Columns

Two basgic types of columns are in general

N’

columns.

Q

use, namely packed and oven tubular (capillary

-

Packed éolumns are tubes made usually frem glass
filled with either an adsorbent (GSC) or an inert
supvort coated with a non volatile liguid phase (GLC).
They are normally 1-2 metres long and 2-8mm in diameter.

'Open tubular columns have an unrestricted hole
through which the gas can flow and the se?arating medium
is coated on the wall of the tubing. The major drawback
to wall ccated open tubular columns (WCOT) is the small
amount of liguid phase that the Wéli is capable of
holding. This objection is overcome by”increasing the
surface area of the column by coating the wall with a
finely divided support on which a much larger zmcunt of
liguid rhase c2n be coated, This is the suppoft coated
oven fubular column (SCOT). The main advantage of open
tubular columns is that the low pressure drop of the
carrier gas along the column allows longer lengths to be
used. Open tubular columns range from 30-300 metres
long and O.1 to O.6mm in diamcter.

The separating ability per metre of an open
tubular coiumn does not differ greatly from that of
packed cclumns. The use of longer column however, allows

separation of compounds that have small differences in



their physical characteristics as well as for the

analysis of compleXx samples Figure 1294.

Packed Column
3m/2mm
ov-1i

!
200°C

Glass
Capillary
Column

| JJWLJW.M%JM“ J | L M@hﬂu

170°C S e e 25°C .

Figure 12 Compariscn of packed & oven tubular
capillary columns.

Detectors

The detector which is located at the exit of
the cclumn sences the arrival of the separated commonents
as they leave the column and provides =2 corresppnding
electrical signal which ics fed via an electrometer to a
chart recorder. There are several detection systems

available for use »nd slthough the fields of application



of each detector overlap to =a

30.

certain extent one of

the detectors will usually have characteristics making

it most suitable for =2 particular analysis.

The characteristics of the three most common

detectors used in the analysis of trace orgsnics in

water ére listed below.

Tyre of Detector Selectivity Detection Applications
limit (g)
Flame Ionisation  all organic 1x1077 organic gcidsg5
Detector compounds phenols?
except polynuclear
formaldehyde aromatic hydro-
and formic carbons3%
acid samples contain-
ing a wide
variety of
pollutént594’97’98
-12 .
Electron Capture compounds 1x10 organochalogen
Detector having a compounds in
high wastewater9/
affinity for polychlorinated
electrons binhenyls in
(halogen drinking water100C
containing chloropnhenols in
compounds) drinking wateriO!
phenols after
conversion to their
heptafluorobutyrl
derivativesiC
< s -10 .
Thermionic compounds N:1x10 hydrazine
Specific containing 1 recidues in
Detector nitrogen P:5x10~ water!03
or nitrogen contain-

phosphorus

ing pesticides1
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3.2 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

Introduction

The application of high performance liguid
chromatogranhy (hplc) to the anzlysis of trace amcunts
of organic compounds in water has gained importance in
recent years. Typically 80-90% by weight of the organic
comnonents of a2 water sample will not, even after
derivitization, paés through a gas ch_omatographic column.
High performance liquid chromatography is presently the
ieading technique for separating these non volatile

ccmpounds.,.

Princivle of the Method

As in gas chromatogranhy, high performance
lisuid chromatography is a process in which separation
cf chemical svecies is achieved by nartitioning between
mobile and stationary phases.

In hplc eluent from a solvent reservoir
is filtered, pressurised and pumped through the
chromatographic column. A mixture of solutes injected
at the top of the column is senarated into components
on travelling down the column and the individual solutes
are monitbred by the detector and recorded as peaks on
a chart recorder.

In hplc unlike gc selectivity is achieved by
varying the mobile rhase as well as the column packing.

Hplc columns may be run isocratically i.e. constant



compnosition of eluent or they may be run in tﬁe
gradient elution mode in which the mobile phase com-
position varies throughout the run. Gradient elution
is the analogue of temperature programming in gc.

The main mode of chromatogranhy used is
adsorbtioh chromatogranrhy. -In adsorption hplc the
separation is carried out with a ligquid mobile phase and
a2 solid stationary phase which reversibly adsorbs the
solute molecules. The stationary phase may be polar
(silica) with a relétively ncn-polar mobile phase
(hexane) as has been uszd for the anélysis of phthalate
ecsters =zt the ng/L'level105 or non«polar with a polar
mobile phase. The latter is known as reverse phase
holc. »Reverse phase hplc has been used for the

106,107’ volynuclear aromatic

108

analysis of phenols

109

[
hydrocarbons/o, pesticides and tetrachloroethylene .

Detectors

After leaving the column the individual solutes
are monitored by the detector and recorded as neaks on
- a chaft recorder,

Ultraviolet detectors: UV detectors measure

the change in UV absorption as a solute passes through

a flow cell. On modern instruments the flow can be
stopped and a scan of the UV spectrum can be made for
each solute. The sensitivity of the UV detector depends
on the molar extraction coefficient of the solute.

Phenols'?®, pntnalate esters'®3, tetraphthalic aciall0,



108 109

pesticide residues and tetrachloroethylene
have all been determined at the ng-ug/lL levels by
hpnlc using UV detection. .

Fluorimetric Detectors: As the solute

passéé through a flow cell it is excited by UV radiation
of a given Wave_eﬁgth. The fluorescence energy which

is emitted at a longer wavelength is then detected.
Fluorimetric detectors are»generally more sensitive

than UV detectors. Polynuclear aromatic hydrocarbons
(PAH) have been determined using fluorimetric

50,111,112 °

detectors as low as the subpicogram per

litre 1evel11].

Refractive Index Detectors and Infra-red Detectors:
These are available but have not been widely anvlied to
the determination of trace organics in water because of

their lower sensitivity.

Mass Svectrometry: Combined high verformance

ligquid chromatography mass spectrometry has been used for

139 140

the determination of herbicides’ and vesticides but

its anplication has been limited by low sensitivity.
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4 IDENTIFTICATION TECHNIQUES

The major techniques that have becn applied
to the identification of organic water rollutants are

mzass spectrometry and infra red spectrosccny.

4.1 MASS SPECTROMETRY

Introduction

The first mass spectrometer was develorned
around 1912, However, it was not used for the ident-
ification of water pollutants until much later' '-.

The counling of a sas chromatogranh to a mass
L < (@] (] i

spectrometer provided a2 technique of first separating
. o . . 11
and then identifying components in 2 mixture 4. One

of the most significant advaonces in the identification
of water pollutants came with the development and
application of comruter assisted gas chromatograghy/

mass srectrometry which allows computer metching of

W
l._l
3
Q.
i)
et
o)
o
N
=
=
n

sample spectra with reference spectr

Comronents of Mass Spectrometers

The mass spectrometer is a device with th

nasisting of the

o]

ability to procuce charged particles ¢
parent ion and ionic fragments cf the original molecule

to mass ratio.

@

and separate them according to their charg

There are four basic elements in a mass spectrcometer:-

h

the inlet system, the ion source, the mass separator and

[}
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the ion current detcctor.

.

Inlet Svstem:~ In tlhe cnalysies of water
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romatozrophy columns with much lover carricr ga2s

s;ectremcter, the direct ccupling of the GC column to the

ion source of thc masc spectrometer hes been possible,

L bricf survey of the mest common coupling techniques is

given in Figure 13,

Tyre of Interface Flow Rance Efficiency Enrichment
nl/min o Factor

11

OPEN SPuIT

1-100 1-20 - -

|13 ’
DIRECT COUPLING . .
W3 s 10 100 -

NS

= "~ 10-80 50
ne ’

"7 SILICONE RUBER ™
WENGRANE

N N
60— =" s ' 1 —50
m

\n
o

104

0
(@]

used in GC-ME. a) Cpen Split; .
b) Vacuum Coupling; c¢) Jet Separator;
d) Mcmbrane Separator,

i . .
Figure 13 Schematic Survey of interfacing techniques

.
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The enrichment factor is defined as the

relative increase in the concentration of the

compound in the carrier gas after passing the inter-

D

face. The efficiency is the percentage of the

¢

comncund in the GC effluent entering the mass
spectrometer,.

More recently an interface has been developed
which allows a liguid chromatograph to be linked to a
mass speétrometer117. Although still in the develop-
mental stages this technique has been applied to

118

organic water vncollutant analysis .

Ton Sources:- The most common ion source is
electron impact ionisation, where positive ions are
formed by bombarding the samrle with electrons emitted
from a heated filament. Chenmical ionisation, where a re-
actant gas is fed into the ionisation chamber during
electron bombardment produces a spectrum where; unlike
electron impact ionisation, the molecular icn is often
the most prominent. Field ionisation, where molecules

produce positive ions when subjccted to intense electric

n

3

fields, preoduces a simpler spectrum than electron imnact
but has the disadvantage of needing much more sampl
Each ionization process produces molecular ions and a
number of ionic fragments. The mass spectrum produced
is a record of the numbers c¢f different kinds of ions
and is characteristic for every compound, including

isomers. This is tne basis for tihne applicztion ¢f mass



37

spectrometry in the identification of organic compnounds,

3
m
]

positive ions formed in tlhie ionization chamber are
accelerated by an electrostatic field into the mass

separator.

Macss Senarator:- The primary function of the

mass analyser 1s to sevarzte the positive ions from the
ionization souree according to the mass to charge ratios

S8

)

yvith either electrical or magnetic fields., Them

evarator must be canakle of focusing the ion beam tc

9]

improve separation between adjacent positive m/e ions

&)

for more accurate and vnrecise mass measurements.

Althiough there are many tynes of mass znalysers avail-

able, the magnetic-deflection cycloidal focusing, double
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mass analyzer the separated ions strike a collector.
For ion currents akove 10_]5 Ames an'’  insulated cup
(Faraday Cage) is used for the collector., As each

rositive ion strikes the collector it picks up an

electron so that an electron current flows toc the
1=

collector., For ion currents below 10 12 Amps 2an

electron multiplier is used.

Applications

Combined gas chromatography/mass spectrometry

is the most zdvanced method for the separation and



identification of trace orgznics in wate The
technigque has been used widely during recent years.

Examples of its apvlication are, the identification

. . 119
and determinstion of purgable organics in wastewaters'1’,
: . 120 15 A s
chlorinated guaiacols , phenolics, nesticides and.
. . 121 . 5 66
rolychlorinated biphenyls , and chlorinzted phenols~ -,

<

Specialized computer programs have been devel-
cped to simplify the data processing and to extract
obscured information from the data obtained in a GC/MS
run. One such computer program has received various
names in the liferature, HLimited Mass Search'",
"Specific Ion Monitoring”'or "Mass Chromatography". The
technique is used to idgﬁtify:the-locations of specific
compounds or classes of compounds within a total ionization
chromafogram (TIC).> The computer program extracts the
ion current intensities from cach svectrum in the TIC
at a specific mass which is c! arac*erlstlc of a compound
or class of compounds. This technique has been used for

the determination of nhthalate esters]22, polynuclear

. : 1 1
aromatic hydrocarbons 23, mononuclear aryl hydrocarbons 24,

. . 12 ; .
chlorinated organics 5 and many other tynes of compounds

in water extracts.

4.2 INFRARED SPECTROSCOPY

Introduction

Infrared spectrosceopy has been used for many

years as a method of identification of organic contaminants



. ) : )
in water28’1“6. The past few ycars have seen consid

n the use of combined gas chromatcercphy

[

erz2nle interect

o
O
foa ]

and infrared snectroscony (GC/IR) due to tie zdven
Fourier Fransforn infrared'spectrosconﬁ (FTIR).
Cémputer software has been developed which enables resl
time infrarcd reconstructed chromatograms and cn line

. 1 28
library Searchlng'27’1—v,

the utilization of GC/FTIR for environmental watci anszlysis,

Fourier transform infrared srectroscopy measures
the interferogram resuvlting from 2 Michelson Interferometer

(Figure 14).

- | DETECTOR

777777777
/ N

BEAM-
M m
Ny F'll SPLITTER
IR ()
SOURCE
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RADIATION

1

Figure 14 Schematic of Michelson Interferometer




Lo

An interferomefér consists of a beam-splitter,ﬂa fixed
"mirror and 2 mo&ing mirror. The beam of light is split

s0 that half of the light goes to each mirror. As the
moeving mirror (M;) goes back and forth the two split beams
are recombined with one beanm being out of phase with the
other. A beam of light resulting from the constructive

nd destructive interference of the two split beams is

W)

produced and directed to the sample cell, The light
transmitted through the sample strikes the detector.
After the data are collected a computer executes

a Fourier Transform of the data into-a single beam sgect-

rum wiich may then be ratioed against a background to

to noise ratio than a dispersive instrument due to the
fact that 211 freguencies simultaneously reach the
2

detector. This ic known as Fellgett's adVantage1 7Y

entrance and exit slits of the mcnochromator, he

interferometer has a large circular aperture and no
slits therefore more energy reaches the detector
egulting in greater sensitivity. This iz known as

131.

Jacguinot's advantage



dvantages a
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. Z .
chromatqgraphy1/2{133 has 2llowed the techrique to
be widely used for the analysis of trace crganics in
water. GC/FTIR has been used to identify up to 55
substances in the one sample134. GC/FTIR has been
successfully used to iaentify components in paper mill

133,135 ' s s
wastewaters . The use of FTIR to identify vezaks

136

eluting from a HPLC has alsc been investigated but
t

there has been little application of this method to water
analysis. |

GC/FTIR like GC/MS is used almost entirely for
the idéntification of unknown compounds in complex
mixtures. Studies show tﬁat the two techniques are
complementary137. GC/FTIR shows more selectivity for
polar ccmpounds, whereas GC/MS selectively favours non-

nolar compounds.
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5 CONCILUSTION

The rate cf development in the area of
analysis of trace organics in water is still limited
by the available methods for separating the compounds
from water and from each other. As yet there i:s no
technique that is applicable tc the full range of
contaminants that are encountered.

XAD resin adsorption appears to te the best
techniaque for separating organic contaminants from
water but not all compounds encountered can be
quantitatively desorbed from the resin.

Most of the work on separation techniques to
date has dealt with the small percentage of compounds
that are volatile and are capzable of being separated by
gas chromatography. New techniqgues will need to be
develoned for the remaining compounds. Much wider use
of liguid chromatography/mass spectrometry could solve
some cf these problems.

The area cf identification of organic nollutants
should see wider use of gas chromatcgraphy/Fourier Transform
infrared s?ectrophotometry es tlhiese instruments become |
more freely available. This technigue will complement
the information gained by the use of gas chromatography/
mass spectrometry. There may also be ccntributions from
‘little used techniques such as nucleaf magnetic resonance,
Thereshould be continued concentrated research

in the area of identification of trace organics in water

over the next few years.
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