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lNTRODUCTlON 

Liquid-liquid extraction is often part of bioana- 
lytical assay methods prior to chromatographic 
analysis, Although this sample preparation stage is 
very important from an analytical point of view, less 
attention has been paid until now to the systematic 
optimization of liquid-liquid extraction. For meth- 
od development involving liquid-liquid extraction 
prior to high-pcrformancc liquid chromatography 
(HPLC)., great effort is often spent on the dcvclop- 
ment of a proper sample preparation procedure. 
Choices. have to bc made with respect to the 
extraction solvent or mixture of solvents used, what 
buffer solution will be used, etc. The choice of all 
these parameters depends on the matrix that has to 
bc analyscd, the equipment available, the method of 
dctcrmiaation that is used and the amount of labour 
and time spent. The USC of systematic methods for 
the development of sample preparation procedures 
may decrease the method development time. 

In liquid-liquid extraction, the partition cactIi- 
cient of individual solutes may bc influenced by a 
number 0’ factors. First, the inftucncc of the pH is 
an import;tnt factor [l-4]. Adjusting the pH to a 
suitable value converts acidic or basic drugs into 
non-ionizec! species, which are more soluble in a 
non-polar solvent. Second, the ionic strength of ihr: 
biological stunplc influences the partition cocffi- 
cicnt. The addition of highly water-soluble ion&d 
salts decreases the solubility of drugs in the aqueous 
phase, followed by an incrcasc in the solubility of the 
drug in the arganic phase. This phcnomcnon is 
called the “salting out effect” and is caused by 
diminished nvililability of water molecules acting as 
a solvent for the drug [S,6]. The influcncc of the ratio 
of the volume of the organic phase, Vnrrr, to the 
volume of the aqueous phase, Vaq, is also known. 
There is no influence of the ratio of Vt,rg to Vi\q on the 
magnitude of the partition cocffic&t. Howcvcr, it 
dots influcncc the fraction of the drug extracted into 
the organic phase (rccovcry). Of course, v,,, should 
not be too high. for economical and practical 
~WSLM. The temperature of an extraction system 
has a minor effect on the partition coefficients. 
Extractions arc generally performed at room tem- 
peraturc. Small fluctuations of room tcmpcraturc 
have insignificant cffccts on p‘trtitioning. Also im- 
portant for the cxtraclion ofdrugs <ram body fluids 

is the sample matrix, However, this is an uncontrol- 
lable factor. Finally, a very important factor influ- 
encing the partitioning of drugs between two phases 
is the choice of the organic solvent [4,7]. Specific 
solvents can be selected with regard to their physical 
properties. Intuitively, one may have an idea about 
the extraction behaviour of the analyte in develop 
ing new analytical assay methods using liquid-liquid 
extraction. However, it is difkult to select a proper 
extraction solvent with a first guess, Contingent 
selection of a mixture of different solvents is even 
more difficult. Extraction solvents are often selected 
by trial and error, and improvcmcnt of extraction 
yields is not considered as long as they are stttisfac- 
tory, even if they are not optimum or if the rcpro- 
ducibility of the extraction couid bc improved. 
implementation of chcmomctric optimization pro- 
ccdurcs in snmplc prcparution proccdurcs using 
liquid-liquid extraction may be useful for the sclec- 
tion of optimum extraction conditions. 

Two general systematic optimization procedures 
arc the simultaneous and sequential methods. In 
sequcntiat methods (c.p.. simplex optimization), 
results of previously pcrformcd cxperimcnts are 
used to calculate conditions for new cxpcrimcnts to 
bc carried out. In this manner, the response surface 
is sequentially tracked until an optimum has been 
located, which is not, howcvcr, o pricjri a global 
optimum. Another disadvantage of this located 
optimum is that it may be dcpcndcnt on the initial 
variable settings. Finally, a very important rcstric- 
ticn of a scqucntial simplex optimization may be the 
complexity of the optimization function. This func- 
tion is a prcdefincd function, which may be com- 
posed of several criteria. Such a composite criterion 
leads to ambigious results [S]. Other important 
disadvantages of a simplex optimization method arc 
that often local optima are determined and that the 
number of cxperimcnts needed is not known bcforc- 
hand 

Simultaneous optimization methods do not suffer 
from these problems. Experiments to be carried out 
are previously planned. according to some cxperi- 
mental design. within the factor space. The expcri- 
mctttal results arc collected and then any response 
criterion desired can be modelled, Simultaneous 
methods may provide the global optimum. The 
experimental designs arc used to obtain maximum 
information out of a series of carefully selected 
cxpcritncnts. 



Applications of simultaneous methods in chroma- 
tography have been described by Giajch et at. [is] and 
Weyland et at. [IO] and more recently by Mulholland 
and Waterhouse [t I-131 and Cocncgracht et al. [14]. 

Applications of systematic optimization of cx- 
traction liquid composition in biomedical analysis 
using sequential or simultaneous methods in liquid- 
liquid extraction have not been reported. In fiquid- 
liquid extraction, the selective interactions OF the 
extraction solvent and the matrix components to be 
extracted influence the magnitude of extraction [ 151. 
The extraction liquid composition should be chosen 
such that there is high selectivity For the matrix 
component(s) to be extracted. The polarity of the 
extraction solvent used is very important for the 
recovery. HOWCVC~, the sclectivc interactions be- 
twccn solvent and solute arc also very important. 
ThcreForc, the selectivity of the solvent should bc 
adjusted such that interaction between the solvent 
and solute is optimum. In this way, extraction yields 
can be maximized. Here. we propose a new method 
for the systematic optimization of the extraction 
liquid in liquid-liquid extraction, in which several 
theories have been incorporated. The solvent selec- 
tivity theory dcvclopcd by Rohrschneidcr [I61 and 
Snyder 1171 was used to select three solvents rc;pre- 
scnting different types of sctective interactions. 
Tricyclic amincs were extracted with different mix- 
tures of three extraction solvents atzording to a 
mixture experimental design in combination with a 
factorial design for two extraction process variables. 
The efftciency of the extraction (recovery) was 
modelled. The final objective of this investigation 
was to study Ihe applicability of combined fractionai 
experimental designs for the simuhaneous optimum 
choice of extraction liquid composition (the mixture 
design part), extraction time and extraction intensity 
(the factorial design part). The optimization critc- 
rion was to maxim& tha extraction cfftcicncy of the 
extraction system and to minimize the time needed 
for a single extraction. The latter criterion was 
introduced for future application of a laboratory 
robot with serialized sample processing. Moreover, 
the ruggedness of the extraction system was evalu- 
ated for pairs of amines. 

THEURY 

Several studies have attempted to relate the 

partition cocfkient ofa solute in a liquidchromato- 
graphic system between two phases, one of which 
has a varying composition [t 6,1$-201. Schoenma- 
kers and co-workm 121,221 derived a relationship 
for a binary mobitc phase in reversed-phase WPLC 
from the sohtbility parameter theory of Hildcbrand 
ct al. [23]. Similarly, a relationship can be derived Fur 
liquid-liquid extraction with extraction liquids com- 
posed of three components: 

E~l<pj+FrpztoJ+G~t+Hrpz+f~j+J (11 

where A-J are functions of the solubihty paramctcrs 
of the extraction liquid components and 4~~. tp2 and 
~1 are the fractions of mixture components I, 2 and 
3. respectively, This equation is a reduced form of a 
.norc complex equation with three mixture vari- 
ables, but this complex equation has been simplified 
hecausc in mixtcrre designs the sum of the Fractions 
of the extraction liquid components equals t (q3 = 
I-91 - cpzI. Eqn. I provides considerable insight 
into the partitioning of a solute between the aqueous 
and the organic phase in liquid-liquid extraction. 
Quadratic effects of fractions and interaction effects 
between two fractions are indicated. This factorial 
design-like model cttn be transfermed into a qua- 
dratic mixture model when the constraint that the 
sum of the fractions equals 1 (q~, + cp, + (p3 = 1) k 

substituted. The mixture variables (the fractions of 
the components in the extraction liquid) are now 
rcpccscnted by si: 

p*Js$.sJ +- p,‘~.Y~.Y.~ -i-E (2) 

This transformation of a physico-chemical model 
into a chemometric model was also discussed by 
Weyland et nl. 191. A ternary non-hnear blending 
term is often added to improve the descriptive power 
of cqn. 2. Then, a special cubic mixture model 
(eqn, 3) is obtained: 

In P = ptsI i- /&sz + /33.r_t + @t~-Kt-X~ + 

~,J.YIS~ -I- &JS,.S> + /3,$1S~S3 f =s 0) 

where ~,-fi,z, are the regression coefkients to be 
estin;atcd ,ifter ihc experimental part and F is the 
residual error to be estimated, For estimation of the 
regression coefficients and the residual error. at least 
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as many experiments have to be performed as the 
number of model coefficients plus one. In a mixture 
design experiment, the response to a mixture of q 
components depends only an the fractions of mix- 
ture components and does not depend on the total 
amount of the mixture. 

Eqn. 3 describes the relationship between the 
composition of an extraction liquid and the parti- 
tion coefficient. However, liquid-liquid extraction is 
often quantified by the recovery R, i.e., the fraction 
of the total amount of analyte transferred from the 
aqueous phase into the organic phase (R = ~o,~): 

/ v,,,~'x 

R = ¢P,,,~ = P Vor~ 

where V,,,~ and ~"~,,~ are the volumes of the aqueous 
and organic phase, respectively, and P is the parti- 
tion coefficient of a given analyte under certain 
conditions (pH, ionic strength, extraction liquid. 
temperature, sample matrix). This relationship can 
be transformed into the following: 

R V,,~ 
(l-R) F'or~ 

With a constant ratio of the phase volumes 
through all the experiments: 

R 
1 - R  

Thus, when recoveries of analytes arc measured, 
these recoveries can be related to the extraction 
liquid composition by writing eqns. 2 and 3 as 
follows: 

In =/)l.Yl +/~2N2 q- fl3.\'3 q-/~i 2,rl.\-: + 

/~, 3.x'lx.~ +/~., ~x,,x ~ ( +/~, ,,.~x,x,,.\,d + ~: (5) 

Summarizing, to optimize tlae partition coeffi- 
cient P of a solute i and consequently R~, P~ and R~ 
shculd be maximized by mixing three solvents in the 
correct proportions. The use of mixtttre design 
statistical techniques with the natural logarithm of 
the partition coefficient as response criterion is a 
valid way to achieve this. 

Introduction o f  process variables in mixture :nodels 
For the selection of factors that influence extrac- 

tion one has to select as few variables as possible, to 
avoid models with large numbers of coefficient and. 
consequently, large numbers of experiments. Fac- 
tors that influence liquid-liquid cxtraction are the 
following: the pH of the aqueous phase of the 
extraction system: the ionic strength of the aqueous 
phase: the ratio of the volumes of the organic phase 
and the aqueous phase. V,,,a and V,,; the tempera- 
ture of the extraction system: the matri× in which the 
solute is dissolved; thc choice of the solvent: the time 
in which the extraction is performed (extraction 
time): and the intensity with which the extraction 
takes place (extraction imensity) ~ the rotations per 
minute of a tumble mixer. 

The first six factors ~vcrc disc usscd in the Intro- 
duction. Arguments Ibr the introduction of the last 
two factors (extraction intensity and extraction 
time) are discussed below. 

Liquid-liquid extraction is b~:scd on partitioning 
equilibrium of a solute ovcr the two phascs. [mpof 
rant factors for this phenomenon may be the time of 
extraction and the intensity ,~f e,:tracfion. Tlae 
influence of these factors is generally not knox~n. 
Far extraction solvents with different compositions, 
equilibria may possibly adjust differently. Thus, 
when different solvents (or mixtures of solvents) are 
used, different adjustment parameters (process vari- 
ables) arc probably needed. They may be different 
tbr several solutes [24]. Often an extraction equilib- 
rium is obtained rapidly. Extraction times are often 
too long [25], which was also acknowledged by 
Campbell [26]. However, Lagerstr6m et al, [27] 
t\~und a time-dependent extraction from plasma. 
They investigated the influence ofextraction time on 
the extraction yield of hydrophobic tertiary amines 
in diethyl ether, hexane-propanol (95:5) and meth- 
ylene chloride. They suggested that the amines 
investigated were probably occluded in protein 
precipitates and that diffusion o~lt of that environ- 
mcnt was very time consuming. Schillet al. [28] 
showed the effect of dilution in protein precipita- 
tion: extraction yields of two sulphonamides in- 
creased strongly after dilution of Flasma with water. 

A survey of a number of recent i ~sues of Jourmd o f  
Cl, 'mmttography (Biomedical AI7 'ications) showed 
that a small number of publications describing 
liquid liquid extraction prior to dctcrminalion did 



not report the extraction time. Howcvcr, most of the 
pub1icatior.s in thcsc issues did not report the 
extraction intensity or cvcn the method of shaking. 
This indicates that the significance of the physical 
conditions during an cxtraccion is often disregarded 
and is not considered as being important. Howcvcr, 
investigation of the extraction conditions other than 
pH or solvent used may be interesting, as demon- 
strated by the examples rcportcd above [24-261, 

Of course, neither factor influcnccs partition 
cocfftcicnts, but they may help to accclcratc the 
adjustment of extraction equilibria. Arguments can 
bc put forward to optimize both factors. fn most 
routine iaboratorics samples to bc analyscd arc 
prepared simultancousl~: the aetutll shaking of al\ 
sampics does not last longer than the time nccdcd to 
extract one sample. In automated liquid-liquid 
extraction proccsscs (robots), howcvcr, in which 
samples ar processed crlnsccutivc 129-3 11, time is an 
important variable; the shorter the time of cxtrac- 
tion, the higher is the throughput of samples. On the 
other band, equilibria may adjust slowly and long 
periods of extraction may bc necessary. Optimiza- 
tion of the extraction time may be required. Higher 
extraction intensities decrease the size of the droplets 
of the organic and the aqueous phase in the cxtrac- 
tion container. This rcsu!ts in a larger contact 
surface between the two phases and may influence 
extraction positively. Vigororrs shaking may reduce 
the extraction time needed. In other words. there 
may bc interaction bctwecn extraction time and 
extraction intensity. Disadvantages of thorough 
mixing may be the formation of emulsions, which 
may be diflicult to scparatc in a centrifuge. A 
disadvantage of both long periods of extraction and 
high extraction intcnsitics may be the amount of 
contamination extracted. Also, drawbacks of ex- 
tcndcd extraction may be irreversible adsorption 
of associated drug molecules to plasma proteins. 
Hence for many reasons it is important to seltyt 
proper values of the process variables. 

Three variables were selected: the composition of 
the extraction liquid (which may be divided into a 
number of sub-variables, the number of mixture 
components), the extraction time and the extraction 
intensity, The cxtruction liquid components arc 
called mixture wriables. Extraction time and esrrac- 
lion intensity arc called process variables or fmors 
anti their infiucnce can be srudicd with factorial 

designs. tt is not irratioaal to presume interaction(s) 
between mixture and process variabics: equilibrium 
may be achieved faster using a given extraction 
solvent A than using a given extraction solvent B or 
a mixture of A and 8. 

Mixttw ciesifins. A wide variety of applications of 
mixture cxpctizncntal designs were summarized by 
Cornell [32]. For the optimization of the liquid- 
liquid extraction of drugs from biological matrices. 
the use of mixture components as variables seems 
very reasonable. as discus& prcvious\y. The loga- 
rithm of the partition coefftcicnt of the analytc is the 
rcsponsc to be optimized and the fractions of the 
different mixture components in the extraction 
solvent are the control variables. Particularly when 
more solutes with dif&cnt structures have to be 
extracted from a sample, a mixture of solvents may 
give a better response than a single solvent, 

Aspects of mixture designs have been described in 
detail by SchefE 1331. Snee (343 and Gorman and 
Hinman (351. Influences of pure components cannot 
be investigated in mixture designs. as a change in the 
fraction of one inixture component always causes a 
change in the fraction of another component: vari- 
ables cannot be varied i.rdcpcndcntly. The quadratic 
and cubic terms in cqns. 2 and 3 are therefore not 
called interaction terms. but non-linear blending 
terms. 

By mixing more solvents into one extraction 
solvent. the multivariate solubility parameter fi 
[22.23] of the cxtrrtstion liquid can he adjusted to an 
optimum value. 

Famrid ciesigtts. Factorial designs are often 
applied to study the influence of process variables 
(factors) or to optimize the settings of factors. The 
application. use and characteristics of factorial 
designs have been discussed in detail by Box rt al. 
(361. 

Cottthittd &sigm~ When both mixture and pro- 
cess variables are observed in one design. interaction 
between these variables can bc investigated. There- 
fore. a combined esperimental design has to be 
selected. which may become large unless efftcicnt 
fractionation can be accomplished. There are nu- 
ii;eious examples in the literature of combined 
mixture and factorial designs f3733j. Fractionation 
ma)’ often he nescssar>: the experimental effort ma> 



Fig. I. Two rqwsentu~iona UT full combined mixture und 
litctaritri designs for three mixture ntriublcs turd twa litctdat 
vuriublca ttt lhrcc Icvclr. 

incrcizsc considerably without fractionation. In our 
problem, whcrc we hnvc two factors ut three lcvcls 
(32 = nine cxpcrimcnts) and throc mixture variilblcs 
with a special cubic mixture model (cqn. 3: scvcn 
cxpcrimcnts), 7 * 9 = 63 model cocfkicnts plus an 
error term would have to bc cstimutcd. Thcrcforc, 
64 cxpcrimcnts should bc pcrformcd according to 
the designs in Fig, 1, which rcprcscnts (I) the 
performance of a mixture design with cvcry combi- 
nation of process variable settings of \hc factorial 
design and (2) the performance of a factorinl design 
with all compositions of the mixture. In fact, thcsc 
rcprescntations correspond to the same cxpcri- 
ntcnts, Doornbos CI ul. 1421 dcvclopcd fractionated 
combined mixture-factorial designs with a concomi- 
tant hierarchy of polynomial models. Qptimality of 
the designs was judged with G, V and D optimality 
criteria. By rotation and contraction they sclcctcd ;t 
combination design for a 25- s design (Fig. 2). 

l 4 

E)II’EKIMENTAL 

S&crimi yf estrmricm st~lrrwls 
The composition of the extraction liquid is very 

important for the- magnitude of the partition cocffi- 
cicut of H solute. Several quantities have been 
studied to dcscrihc solvent properties [16-l&22,44- 
46], Snyder [ 17.181 grouped the relative scicctivitics 
of solvents into sotvcnt selectivity classiftcation 
groups, each group bcingcharnctcrizcd by its proton- 
rl sting. proton-accepting and dipole interaction 
propertics. 

Solvents used hcrc for a general liqllid-liq~lid 
extraction method were selected from Snyder’s 
solvcn~ selectivity triunglc, The goal was to sclcct 
three solvents that rcprcscnt a wide variety of 
sclcctivc interactions, so that extraction liquids 
composed of mixtures of thcsc solvcnts m8y enter 
into maximum interaction with the nnalytc. Addi- 
tionully, the solvents should be sufficiently polar to 
cnsurc quantitrttivc atraction. In addition to sclcc- 
tivity and polarity rcquircmcnts, the solvents should 
also meet a few other criteria, mainly for practical 
rcusons: they should not be miscible with water, 
huvc low boiling points (for rclativcly fast cvapora- 
tion proccdurcs) and have dcnsitics suffkicntly 
diffcrcnt from the density of water. for pure solvents 
and for sclcctcd binary or tcrnury mixtures of 
solvents. 

The solvents sclcctcd were similar to those which 
Glajch c’! trf. 191 used for normat-phase liquid 
chromatography. Methyl rert.-butyl cthcr (a proton 
acceptor) was sclcctcd instead C. f dicthyt cthcr, as the 
former is less volatile. The other two solvents 
sclcctcd wcrc mcthylcnc chloride (dipolc intcrac- 
Cons) wnd chloroform (proton donor). Thcsc three 
soIvcnts meet all practical rcquircmcnts. The polari- 
tics P’ 1171 of the solvents arc 2.5, 3.1 and 4.1. 
respectively. The solvents were used in pure form: no 
supporting solvent was used. 

The extraction process variable adjustments were 
a rotating speed of 20. 40 and 40 rotations per 
minute (rpm) during 5, IS and 25 min of shaking. 

Three lcvcls of a process variable justify invcstiga- 
tion of quadratic effects of this process variable. 
AIso. interaction between mixture vuriablcs (frac- 
tions of solvents in the extraction liquid) and both 
process variables can be csamincd. 



The fructions of the three solvents in the cxtrac- 
tion liquid ;\re mixture vuriablcs. Dctuils of mixture 
vuriahlcs wtrc given by Corncll 1471. The process 
variuhlcs oxtrrkctian intensity turd cxlruction titttc 

hvc to bc opGmizcti using ;I factorial &sign. I-fcrc 
WC propose u combined design for the sirnu~t~n~~us 
nptimizution of’mixturcund praccssvarkrblcs, which 
rcduccs the number of cxpcrimcnts nccdcd. All 
vltriublu interactions urc given in Fig. 3, 

Previous cxpcrimcnts Icd to the choice of it spccint 
cubic mode! for mixture nnd process vuriablcs 
(cqn. 6). To cstirmttc the I._ c 33 ocffkicnts nnd the error 
tcrnt at lcas~ 23 cxpcrimcnts itrc rcquircd. 

variable 1 t v t*t v*v t*v 
-.--- _ 

Xt m m m l a I 

X2 l l l l l m 

X3 l m l a l l 

X1x2 a 

X1X3 a 

x2x3 l 

XlW3 I 



Eqn, 6 is a spcciui cubic mixture modcf cxpandcd 
with combinations of mixture variables with linear 
and squared process variables and with an intcrac- 
tion term between the two process variables with one 
mixture variable; t is the extraction time and v is the 
extraction intensity. The &terms are parameters of 
the mixture models included. The y-terms are the 
paramctcrs for the interaction terms between mix- 
ture and process variables. Superscripts in the 
paramctcrs refer to the process variable(s) involved 
and subscripts in the parameters rcfcr to mixture 
variables involved. 

Each of the three solvents selected (the mixture 
variables .I-~) is located at a vertex of a triangle, here 
called factor space, Each point within the f%ztor 
space is a combination of the fractions of the 
solvents in the extraction liquid. Several mixture 
triangles arc plotted which symbolize the levels of 
the process variable(s). Experiments sclcctcd should 
bc well distributed over the factor space. With the 
method described hcrc, no restrictions wcrc made to 
maximum or minimum fractions of mixture compo- 
nents. The cntirc factor space (the mixture triangle) 
is used for design of experiments. In total, 30 cxpcri- 
ments were selected, which is seven more than 
necdcd for the model (eqn. 6). The extra cxpcrimcnts 
wcrc used for statistical evaluation of the model. 
Fig. 4 depicts the factor space and the experiments in 
the fractional experimental design selected for the 
amincs. Corresponding values of the fractions of 
methyl tel-!.-butyl ether, cklorocorm and mcthytcno 

rlnipramhle D&p&e 

o;hioridc and ~hc process variabics t (extraction lime) 
and v (extraction intensity) are given in Table 1. 

The criterion modcllcd in this study was the 
extraction cfkicacy (rccovcry, R), Owing to the 
introduction of the two process variables the phy- 
sico-chemical model of the partition cocfftcicnt 
introduced in the theory section was of icss value. 

Analyses were performed with an HPLC system 
consistin~ofa~tcrs(Mi1ford,MA,USA)Modc145 
HPLC pump used at a flow-rate of 1.2 ml min- ’ and 
a Kratos (Ramsey, NJ, USA) Model 757 WV detec- 
tor (wavelength 250 nm, range 0.01 a.u.f,s., rise time 
I s). Injections of extracts into a Zymark (Hopkin- 
ton, MA, USA) 2 310 HPLC injection station, 
equipped with an electrically controlled Rhcodync 
valve with a 1 0-btl sample loop, wcrc performed by a 
Zymatc 11 robot system. The Zymark 2 3 10 analyti- 
cal instrurrlent interface was used to control the 
HPLG injection station. Data analysis was pcr- 
formed by means of a Spectra-Physics SP4270 
computing integrator. The analytical column was a 
Chrompnck (100 x 3.0 mm I.D.) Sphcrisorb, S-Etrn 
CN cartridge system. which was maintained at 35°C 
by a thermostatic bath. The injection volume was 
10 /iI. Mixing was performed on a vortex mixer 
type FV2 (Jankc und Kunkcl. Staufcn, Germany). 
shaking of the extraction container was pcrformcd 
on a Hcidolph (Kclhcim, Germany) Rcax-2s shnkcr 
for ttrmhlc I-rixinp and a Horaeus (Ostcrrodc am 



The tricyclic umincs imipruminc (IMI), umitrip 
tylinc (AM I), nortriptylinc (NOR), dcsipruminc 
(DES) and trimipr~tmin~ (TRl) (Fig. 5) wcrc sup 
plied by Sigma (St. Louis, MO, USA), These umincs 
wcrc used bccnusc tagcrstriim et al. [27] found ;t 
time-depcndcnt rc~ovory for these compounds in 
scvcral cxtrnction solvents. Acctonitrilc (ACN), 
mcthylcnc chloride (DCM) and methanol (McOH) 
wcrc supplied by Labscan (Dublin, Ireland) and 
wcrc of HPLC gritdc. Chloroform (Clf) was of 
ilnulyticill-rcugcnt grade and supplied by Malinck- 
rodt (Promo&m, WCS& Gcrmnny). Phosphoric 
acid (SS%), sodium hydronidc (NaOH ). disodium 
phosphutc (Na2HPOJ - 2H20) wcrc all of anulyti- 
c;tl-rcugcnt grndc and supplied by Merck (Durm- 
stadt, Gcrntunyf. Methyl tczrt,-butyl cthcr (Uvi\sol) 
(tBME) wns also supplied by Mui;rck. Water was 
purili~d by using a Milli-RO-4 and at Milli-Q water 
purification system (Milliporc, Bedford. MA. USAt. 
Unless stated othcrwisc. Milli-Q quality water was 
used throughout, AlI blank plasma santplcs used in 
this study wcrc obtained frotn it single pool ot’hlank 
plnsma. This was done in order to elintinntu the 
effect that may bc prcscnt through the use of’ 
diffcrcnt plttstnn sntnplcs. 

A phosphate butkr (pH 6.5) was prrparcd b) 
dissolving 450 mg of N;1H PO, s ZH 2O in 500 ml of 
water. pH adjustment was pcri’ormcd using conccn- 
trntcd phosphoric acid. The mobile phase ws 
prcparcd by misinb 3 200 ml of phospharc bulV2r. 
600 ml of ACN and 200 ml of MuOH. NaOH 
solution (0.03 l\$: pH 12.5) was prcpurcd by dis- 
solving 1.20 g of NaOH in I I of water. Stock 
solutions of the triogctic amincs wcrc prepared by 
dissolving 100 mg of the compounds in 50 ml of 
wutcr. Thcsc solutions wxc stored at 4 C and wcrc 
usal to prepare a standard solutions of1 mg !- ’ doll 
amincs in water. This standard solution contained 
all five amines and was used for the extraction 
studies and stored at 4 C. 

t pH t 2.5) wax ‘rddcd and mixed for IO son a vortcs 
mixer. A 9-ml volume of extraction liquid was added 
and the tubes were cxtractcd on a Hcidoiph tumble 
mixer according to the cxperimenfttl &sign in Fig. 4 
and Table 1. A potential problem arises if the 
solvents used arc mixed in direrent compositions: a 
composition can possibly bc sclcrted that has a 
density cquul to the density of the aqueous layer, 
which may give rise to problems with the phnsc 
scpurution . 

After ccntrifugation at 4000 rpm (2755 g) for 
tOmin. the organiclayer was tmnsfcrrcdintoanothcr 
glass tube of I I.5 ml and cvaporatai to dryness 
under a gcntlc stream of nitrogen at SK. The 
residue was reconstituted in I ml of MeOH; 10 jtl of 
the solution were injected into the HPLC system. 

For the determination of the absolute analytical 
t+LTovcry (R = Op,,,}. the peak heights of the prcpurai 
samples wcrc compared with the mcun peak height 
of scvcn direct injections of the standard solution 
into the HPLC system, 

For the corna determination of the rccovcrics 
and the partition cocfliciunts (for use in future 
studies). each tube was wcighcd scpnratcly before 
and uftor the extraction solvent dispensing step (to 
give \qn) and bcforc and after phase scpuration (to 
give t’~;,,,~). The volume of the cxtraction liquid used 
for extraction, V,,. was culculatcd from iris, and the 
density of the extraction liquid consider& In this 
\vi\y the exact volumes used could bc nlci\surcd. 
which wcrc used to calculate the rircoverics and the 
partition coc!Iicicnls: 

whcrc 0.75 is the volume of the uyu~~us layer (ml), 
Vi,, is the vo\umc of the organic phase (cu. 9 ml) used 
for atraction ( I’i, = tt+in,“Pi; pi is the density of the 
cstlaction liquid involved). 

As the volumes of both the organic and the 
aqueous phase intlucncc the recovery of a solute. 
cspcrimcnts were done to study if there was an cfl&t 
of mixing on the vohnnc of the resulting cstraction 
liquid: volumes of 10 ml of methyl rerr.-butyl ether. 
chlorororm and mcthylene chloride wcrc mixed to 
give binary and tcrnwy solvents. Thcsc cxporimcnts 
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TABLE 1 

RECOVERIES OFTHETRICYctlC AMtNES AFTER EXTRACTION ACCORDlNG TOTHE EXPERIMENTAL DESIGN IN 
FIG. 3 

SCC\I .\‘c.g .~lllM(t I” vh TRI AMI IMI NOR DES 
_---II-- _---- ---_ _-_- __ .___ -__ ____~ ..-.--l___ 

I .oooo 0.0000 
o,oooo I .oooo 
0.0001) 0.0000 
0.3333 0.3333 
0.6667 0.3333 
0.3333 0.01100 
11.0000 U.6667 
0.3333 0.6667 
0.6667 0.0000 
U.OUU# U.3J.K~ 
U.3333 0.6667 
0.6667 O.OOUO 
1LUOOU 0.3333 
I *oooo 0.0000 
0.0000 I .a000 
0.0000 O.UOOO 
0.3333 0.3333 
0.6667 Cf.3333 
0.3333 O.OOOU 
U.OOOU 0.6667 
U.6667 0.3333 
0.3333 O.UUUO 
U.OUUU 0.6667 
0.3333 n 6667 
U.6667 (’ .UUUU 
0.01fUU 0.3333 
I .OOUU 0.0000 
U.UUOO I .OOOU 
U.UUUU U.UUUU 
a3333 0.3333 

0.0000 
0.0000 
I .oooo 
0.3333 
U.OUUU 
0.6667 
Q.3333 
U.UUOO 
0.3333 
0.6667 
0.0000 
0.3333 
0.6667 
O.UOUO 
0.0000 
I .OOUO 
0.3333 
U.OUOO 
13.6667 
0.3333 
0.0000 
0.6667 
0.3323 
U.OUOU 
U.3333 
U.h667 
U.U#lfU 
0.0000 
I .UUUff 
0.3333 

I 

O.t46? 
n.ltll 
0.2875 
0, I7HO 
0.2225 
0.3732 
11,3O63 
0 7’6’ ..a.. .B 
0.3487 
0.4713 
U. I144 
0.3313 
0.3012 
0 “6’ .__ _ 
O.lSSl 
0.3854 
0.1744 
0 19’8 
0:37;4 
0.2696 
0.1907 
0.3525 
U.7XX’) 
0. I782 
0.2037 
U.l26:! 
0.9660 
0. IS?:! 
U.WS 
0.3485 

11.2726 
0.2669 
0.4267 
Oh3370 
0.3976 
0.541% 
us227 
0.4 I61 
USYK I 
0.6695 
U.298U 
0.4140 
0.4665 
0.4372 
0.3859 
U.5621 
U.Sl2S 
11.4103 
0.5742 
0.5335 
11.4346 
U.5653 
0.5635 
0.4641 
U.S8S9 
U.6836 
O.Sl9U 
0.4x50 
0.6XZh 
0.6561 

0.4377 
0.4730 
0.64% 
0.5300 
0.6230 
0.7950 
0.7985 
Oh638 
(1.8195 
0.8646 
0.4184 
0.7193 
U.6984 
0.7074 
0.6897 
0.7sos 
t1.7t7CI 
0.6944 
U.7725 
0.7395 
0.7587 
0.7993 
0.787 I 
lLH630 
0 X79’ I _ 
o.tm.! 
U.YO74 
0.9144 
O.YfJ4 
0.0538 

wt’c done prior to the actual cstraction cspcri- 
mcnts. The dcnsitics and vo\umcs of the outcoming 
liquids were tncasurcd to invcstigatc the cffcct of 
mixing on the density and volume of the outcoming 
liquid. 

Mod& of the rccovcrics wcrc calculated with 
multiple ordinary Icast-squurcs rcgrcssion for each 
amine on an 1 BM PS/:! Modcl 60 computer using the 
laboratory-made software package SOLEX (sys- 
tcmutic optimization of liquid extraction) tvrittcn in 
PaSC?\l . 

RESULTS AND DISCUSSKIN 

The mixture compositions in Table I did not give 
rise to any problems with phnsc separation due to 
equal densities of the organic and the aqueous 
layers; all compositions used could bc scparatcd 
from the aqueous layer. 

The density and volume mcasurcments after mix- 
ing diffcrcnt solvents showed that thcrc ws no 
influence af mising on the density and volume of the 



outcoming liquid. The outcoming votumc ( V,,) of’the 
mixed liquid was uqual to the sum of the individual 
volumes of the diffcrcnt extraction sofvcnts. For a 
liquid cr\mposcd of arbitrary voiumcs of mcthylcnc 
chloride ( VDCh,), chloroform ( V,,,) and methyl w.- 
butyl cthcr ( VttlMr), 

V n = Vws, + VW + Vmw 

A linear r~~~tiof~~hip (r = 0.9999) wus found to 
describe the density of the outcoming (p,,) liquid as it 
fimction of the pttrticular densities ({jr) and fmctions 
of the different solvents in the liquid (si). For a liquid 
composed of tt cxtntction solvents: 

I91 

Owing to the tincarity of these properties it was 
unnecessary to correct for mixing cff’ts on density 
imd votumc. 

No dificultics in any of the settings uf the 
vctriublcs in Table I wcrc observed with respect to 
emulsion formation due to vigorousty shaking the 
extraction container. The rccovcrics of the flvc 
tricyelic amincs wwc mcitsuad with the extraction 

CALCULATED REGRESSION COEI-FICIENTS AND MODEL VALfDhTlON CRII’ERIA 01; THE COMBINED SPECIAL 
CUBIC MIXWRE MODEL AND THE QUADRATK I-ACTORIAL MODEL 1EQN. b) WI-t-Ii -i-HE RESULT OF ALL 
WL’tiRlhlENTS FOR THE AMINES 

_._ _-_._____-____ . . . . ..-----_.“_ ._._.. _ _ _.~__._ .-. ___._-.. ^ __--- 



liquid cotupositions, cxtraclion Litllcs and cstrucliotl 
intcnsitics in Tublc 1, which also gives the results. 
For adcquutc sensitivity of dctc%tion and nnnlyticttl 
r~pro~iuc~bi~ity, it is csscntiul that extraction ~mv- 
cry of the anulytc is at least 50%. Dcsipruminc gcnd 
nortriptyline hrwc rccovcrics higher than 50% for all 
extraction liquid compositions using all process 
vurinblcs. The other amincs, trimipraminc, amitrip- 
tylinc and imiprnminc, show rclativcly low rccov- 
c&s. Thcsa rucovcrics can be improved by sclccting 
another composition and/or another value for the 
process vari;tblcs. its can bc seen in Tubto 1. 

!-or dcsipruminc:, the rocovury in somc casei 
cxcccds 100% which is mainly 8 result ol’ small 
variations in the HPLC analysis und the evaporation 
step f 1 S-4%). Howcvcr, the variation of the recov- 
cry of one analytc rclativc to another is smallcr, as 
variations in HPLC analysis and evaporation affcct 
all compounds similarly. 

Polynomial rcgrcssion was pcrformcd on the data 
in Table I using cqn. 6. Rcgrcssion models and 
descriptive crlpncitics of the comhincd rcgrcssirrrt 
tt~odcls in uccordancc with cqn. 6 arc given in 
Table 11. 

Generally, it can bcconclttdcd that the rccovcry of’ 
the tricyclic amincs is Hess in methyl tcrt.-butyl cthcr 

md WWS~ in olMwl*orm. Hcncc the rccovcry in- 
crci\scs with dccrcasin~ solvent polarity. This is 
uncxpcctcd, us it is of&n ussutncd that the more 
polar the extraction solvent, the higher is the 
rccovcry of the analytcs in the solvent. St scans 
uppropriutc to assume an important role of the 
sclcctivity of the cxtruction liquid in the cxtrttction. 
Methyl terr,-butyl ether is capublc ofhaving stronger 
interactions with the umincs than chloroform or 
mcthylcnc chloride, probably bccauso of its proton- 
accepting propcrtics. 

The model prcscntcd in cqn. 6 dcscribcs wcil the 
results obtained uccording to the cxpcrimcntnl dc- 
sig,il in Fig. 4. Correlation cocfficicnts vary from 
0.978 for dcsipraminc to 0,994 for imipraminc, 
values which correspond to cxplaincd variuncc 
pcrantagcs 01’95.7---98X The standard dsviation of 
the residuals (RSD) aftcr the rcgrcssion analysis was 
very small, 0.0053 for trimipramii~c ‘0 0.0070 foi 

imipraminc. The prcdictivc power UI rhc rcgrcssion 
models can bcjudgcd by two criteria. First, the mean 
prcdictivc error sum of squares imPRESSf: 

I T3V3 
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and _i+i is the WIUC prcxlicted by the rcgwssion nIod& 
in which cxpcrimcnt i wts not incorporatL&. The 
mPRESS vnluc is wry good for trimiprunrinc. 
nmitriptylinc and imipmminc and acwptabk for 
nortriptylino und dosipmminu. Second. the standtlnl 
error ol’ prediction (SEP) was calculrtttxk 

SEP = 
d 

iG t 
I? - 1 

whcrc <ii is the prcdictcd error culculatcd from yi (the 
csporimcntal value) und yi (the vuluc pndictcd by 
the rcgrcssion model, in which csperimcnt i was not 
incorparutcd). C& = yi - _t’i: <I is the mean of t/i. The 
SEP value shows the snmc characteristics for the 
nmincs as the mPRESS criterion. ix., good for 
trimipruminc. amitriptylinc and imiprnminc and 
ncrcptablc for nortriptyline and dcsipraminc. How- 
cvcr. the adjusted value for PRESS und SEP. which 
;LTC the Y:~I~ws ci~lcukttcd without the USC of cstra- 
polated design points in the crowvalidation. arc sig- 
nificnntly better for nortriptyline and desipraminc. 

Fig. 6 shows nine chromatogxms of the tivc 
amincs using thnr different extraction liquids [( 1) 
DCM. (2) CIf and (3) tBME] with three diffurcnt 
settings of the process variables (Tl VI, i = 5 min. 
1’ = 20 rpm; TWZ. t = 15 min. ‘L’ = 40 rpm: T3V3. 
t=35 min. i’= 60 rpm). It can be seen from these 
chromatograms that the peak heights of the antincs 
incrcasc considerably from T 1 Vl to TX2 owing to 
an incnxsc in the recovery and that there is also a 
small increase from T2V2 to T3V3. From thcsc 
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chromatograms the selectivity of the different cx- 
traction liquids used can also bc scan: the ratio of the 
peak heights of each combination of two pocks 
varies with the extraction liquid used. 

The plots of the extraction efficiency W~:WS tho 
extraction time of the extraction system in Figs, 7.8 
and 9 (DCM, Clf and tBME. rcspcctivcly) dcmon- 
stratc un obvious cffcct of both extraction intensity 
and extraction tinw. The importance of the cxtrac- 
tion tine dccrcascs if the extraction intensity in- 
crcuscs. This is cspccially demonstrated by the 
rccovcry of nortriptyline in mcthylcnc chioricic 
(Fig. 7). which incrcascs from less than 60% at 
20 rpm to almost 90% ut 60 rpm using an extraction 
time of 5 min. The latter is almost the same as the 
recovery at 20 rpm for 25 min. This is important 
information for extraction perforntcd by laboratory 
robotic systems. Such systems often arc programmed 
for scheduled sample preparation (i.c., processing 
samples scqucntially; within the proccdurc scvcral 
samples may be proccsscd in diffcrcnt modules at the 
same time [29-311). A significant dccrcase in the 
duration of the often time-consun-dng extraction 
phase in sample prcparution may dmmaticaHy dc- 
crease the total duration of the analysis of a series 
of samples or may dramatically increase szunple 
throughput (productivity) in the laboratory. 

The initial dccreasc in rccovcry as a function of 
extraction time is nor significant. This is a result of 
small variations in rccovcry due to HPLC variations 
and vurintions in evaporation. Fig, 10 shows the 
contour plots of the recovery of nortriptylinc for 
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thaw difft~~t settings ot‘ the probes vurinblcs. It 
domonstrutes u chnngc in the cntrnction bchwiour 
with rcspcct to the composition of the cxtrnction 
liquid when the settings of the process variables ore 
ultwod: the optimum moves from 18% Clf in tBME 
(Ti Vi ) to 51% Clfin @ME (333). Thccxwclusian 
for nortriptglinc from Fig. 10 muy bc the following: 
the optimum sclcutivity of the extraction liquid 
within the csporitncntnl design ttpplic4 hcrc muy be 
rcwhal by mising chloroform rind methyl WT.- 
hutyl cthcr. l-lowcvcr, the partitioning cquiiibrium 
muy ad_iust more slowly with such tt mixture us 
compared with a cxtruction liquid consisting of pure 
methyl wt.-butyl cthcr. Methyl ret.-butyi ether has 
;I iowcr partition cocfficicnt but the tyuilibrium is 
rc~u2h~ui fZkstcr_ 

Figs. i 1 rmd iZ show the rtlticr of the rcxxwcry of 
trimipraminc to those of amitriptylinc. imiptwninc. 
nortript> iinc and dcsiprnminc uftcr extraction with 
mcthyictw chloride. chlorafctrm tend methyl wt.- 
butyi ether \vith varying extraction time (Fig. 11) 
mci cstrxtitw mtcnsitg (Fig. 12). It cm bc seen that 
the cstruction time and the cstwction intcnsit} can 
bc optimixd in ;t proper cstraction liquid ccrmpos; 
tion with rcspcct to the mtio of the x~~overies. The 
ratios cun bc optimized towvw-ds unity or the robust- 
ness of the cstrxtion conditions can bc optimized to 
t hc best values. For the cstrxtion of compounds it is 
important to have high rccovwies: the higher the 
rccovcrg. the bcttcr is the precision. In anaiyscs 
\vhcrc t\vo or more solutes have to be cstructed 
simuitancously (c.,g.. compounds with an internal 
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standard). it is ulso important to have an tyual 
aflinity of the extraction liquid for all compounds to 
be cstrxted (Ri/Ri = 1) and robust estraction m- 
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methyl wt.-butyl cthcr (tBhlEb w~.s~~v the extraction intensity 1’. 

tios: small variations in the extraction conditions 
(extraction liquid composition. oxtraction time. es- 
traction intensity) should therefore not afkt the 
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rittio of the rccovcrics of two compounds. Cottdi- 
tions should bc sclcctcd whcrc the wtriulion in the 
rntio, due to variation in the conditions, is mull, i.e., 
the ratio is robust. The robustncss criterion cm bc 
used to select values of the cxtruction iutcnsity und 
the cxtruction time where the conditions arc robust 
to small variances, This robustness is very important 
in routine analysis 1481. 

A typical cast is the extraction of trimipraminc 
and dcsiprarninc in tBME with varying extraction 
time (Fig. 1 I): the extraction ratio of these analytcs 
is optimum (0.75) using iIn extraction time of 2S min. 
Howcvcr, using this cxtrnction time, the robustness 
of these conditions for the ratio is not very good. The 
best extraction time for this pair of anulytos with 
rcspcct 10 the robustness of the oxtruction condi- 
tions for the ratio is 5 min. Howcvcr, using this 
extraction time, the ratio is worst (0.28). 

Gcncrally, it can bc seen from the results in this 
papa that interactions betwcon extraction liquid 
composition and process vuriablcs do not equally 
affect the recovery of all amincs: small di@crcnccs 
can bc seen. Thcrcforc, cvcn when the diff’crcnccs 
bctwccn compounds to bc extracted arc very s~null. 
as in this instance, a significant difl’crcncc in cxtrac- 
tion bchtiviour cnn be seen. This observation 1Xt~ 
Icad to new oxtraction cxpcritnonts whcrc cmn- 

pounds arc used that hnvc larger di!‘fcrcnccs. Thcn 
the diffcrcnccs in extraction bchctviour twy bc won 
more dramatic. 

CONCLUSIONS 

Misturcs of prcsclcctcd organic solventtj result in 
highc;_ rccovcrics ot’ the trioyclic amincs than pure 
sol\fe:?ts. The t~pplici\tion ofa fitetotial dcsipn it~or- 
porn&d in a mixture cxporimcntal design in the 
optimization liquid-liquid cstructicrt of drugs from 
biological matrices gives good results for the cstrac- 
tion of a number of tricyclic amincs from plusn~i\. 
Optimization of rccovcrics is rcasonablc by ntising 
three solvents with ditTcrcnt sctcctivc intcrnctions. 
The introduction of two process variables and tltc 
simultaneous variation of thcsc variables with the 
misturc variables makes possible tllc sittl\lItiillcoLts 
modclling of combined cxpcrimcntal designs. A 
prcsclcctcd litnitcd number of dosign points permits 
thC USC Of fractional designs Ibr the Optit~IiX;\tioll of 
liquid liquid cstrwtion of drugs !i-om biological 

J. I twk>q (‘f Zlf. f ,I. c%rorrI:lffJ,~r. (i2v I fVV3, 1x1 WV 

inatriccs; the trpplicttbitity of comhinai f’ructioiwl 
cspcrit~tcltti~l. designs t’or the sitnultancws optimizu- 
tion of cxtruction liquid composition, extraction 
time and cxtruction intensity !IUS been del~onstr~tcd. 
For a group of tricyclic umincs thcrc is intcruction 
bctwccn the two process vuriablcs (cxtrnction inten- 
sity und extraction time): a higher cxtruction intcn- 
sity justifies u shorter extraction time. For future 
rcscnrch, using optimizution of liquid-liquid cxtruc- 
tion of drug with it laborutory robot ;md subscqucnt 
use of the optimized extraction liquid composition 
itnd process variable adjustmctlt undur routine cot\- 
ditions mu1 result in a distinct dccrcitsc in the time 
nccdcd for an wnalyticul ruts. 

An intcntction exists botwccn the compositiotr of 
the cxtru\;.ion liquid and the process vuriablcs; the 
cxttuction bchaviour changes when these v;\rit\blcs 
are varied stmultat~cously. Structurully rclntcd corn-- 
pounds dcmonstratc diffcrcnt cxtrilction bchi\viours 
in a ternary liquid- liquid cstruction system corn-- 
posed of mothylonc chloriclc, chlorokrm arld methyl 
rc)j*t.-butyl other. In invcstigi\tions for linding propel 
internal W\ndurds, ow should tUkC into account the 
oxtraction liquid used for extraction ol’bolh itttUlytc 
iind intcmal standard. 

The authors thank the Dutch I’cchnology RXII~- 

dation (Sticbting vow dc Tccbuischc Wctcnschup- 
pen, STW) ihr their support ol‘ this project. 
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