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Abstract 

The adsorption-partitioning model based on the formation of the adsorbed organic 

layer on the top of reversed-phase adsorbent surface was verified using two different 

homologue series as analytes (alkyl benzenes and ketones) and five different HPLC reversed-

phase columns (CIS, Cl2, Cs, C4 and CI). Adsorbents used were based on the same silica 

support with the surface modified by alkylsilanes ofdifferent chain length. 

The model describes the analyte RPLC retention as a sum of two processes: 

partitioning into the organic adsorbed layer followed by analyte adsorption on the 

hydrophobic surface. The following equation was derived using the proposed model. 

v: =Vr: +(K -1)V: +SY ar{csl
r 0 P S ''''P dlj 

where 	 Vr = retention volume of an analyte, 
Vo total liquid volume inside the column, 
Kp distribution coefficient of an analyte between the mobile phase and the 

adsorbed layer, 
Vs = total adsorbed layer volume, 
S = the total surface area of the adsorbent per column and 
dJYcJldcs = KH Henry adsorption constant. 

The main goal was to test the applicability ofthe proposed model and verifY the 

possibility of independent determination of individual parameters of the equation written 

above. Four independent variables (V01 Kp, Vs and KH ) to predict the retention were 

measured independently in a binary system (acetonitrile-water or acetonitrile-analyte) while 

the experimentally obtained retention was measured in a ternary system (acetontrile-water

analyte). 



The model works well throughout the concentration range studied (acetonitrile-water 

as the mobile phase) on three columns (CIS, C l2 and Cs). For mobile phase composition 

below 40% (v/v) acetonitrile-water, the correction of the volume of the adsorbed acetonitrile 

is required. This is because the formation of a stable adsorbed layer was found when the 

mobile phase composition exceeded 40% (v/v) acetonitrile-water. The predicted retention 

volume was found to be much higher than experimentally obtained retention volume when 

columns having shorter alkyl chains (C4 and CI) were used. This was attributed to the 

polarity of the solvated-bonded ligand. The derived equation does not have polarity of the 

solvated-bonded ligand as one of the variables since it was derived based on distribution. 
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Thesis Structure 

The work described in this thesis contains studies performed to support the partition! 

adsorption model presented here. This section is provided for the reader to understand how 

different aspects of the work are related to each other. 

Chapter I is dedicated to the different retention models presented over the years of 

exploration of retention mechanism of reversed-phase liquid chromatography (RPLC). The 

emphasis is placed on the partition versus the adsorption process. An overview of the current 

understanding of the bonded layer is presented with chromatographic and spectroscopic 

evidence stating that the organic modifier of the mobile phase is adsorbed on the bonded 

phase. The chapter ends with the results generated in our laboratory indicating that the 

bonded layer under the chromatographic conditions is in its least energy state or collapsed. 

Chapter II describes the adsorbed layer in terms ofcomposition and volume. 

Interpretation of the excess adsorption isotherms leads to the conclusion that the adsorbed 

layer is a multilayer when acetonitrile is used as the organic modifier. It is also shown that 

this multilayer adsorption lies on top of the collapsed bonded layer. Then, a model is 

presented which describes the RPLC retention as a sum of two processes: partitioning into 

the organic adsorbed layer followed by analyte adsorption on the hydrophobic surface. A 

mathematical relationship was derived which can predict the retention of an analyte under 

given set ofexperimental conditions based on the presented model. This equation has four 

unknowns: dead volume, adsorbed layer volume, liquid-liquid partition coefficient and 

Henry's constant. 

Chapter III summarizes the data obtained using RPLC for the measurement of three 

of the four unknowns (void volume, adsorbed layer volume and Henry's constant). A brief 

xvi 



1 

literature review is given on the effect ofmobile phase composition and the effect of bonded 

alkyl chain length on RPLC retention. 

Chapter IV describes measurement of the gas-liquid distribution constant using 

headspace gas chromatography. A literature review on current methods and instrumentation 

used to measure the gas-liquid distribution constants is given. An isochoric headspace 

system is introduced which was used for the measurement of gas-liquid distribution constants 

at atmospheric pressure. The calculation of liquid-liquid partition coefficients on the basis of 

the measured gas-liquid distribution constants is discussed. 

In Chapter V, the comparison of the predicted retention volumes with experimentally 

measured retention volumes for all analytes studied at different experimental conditions 

(acetonitrile-water composition and alkyl chain length) are discussed. Based on the 

comparison, some conclusions and limitations of the proposed partition! adsorption model 

are discussed. 

Chapter VI highlights the important conclusions of the current study. 

xvii 



Chapter I: Historical 

Summary 

The mobile phase driven retention mechanism (solvophobic theory) that is widely 

referenced in the literature and the experimental evidence that challenges its validity is 

addressed since stationary phase is a passive receptor in this model. Studies that support the 

concept that the stationary phase drives retention will then be presented. The partitioning 

mechanism is compared with the adsorption mechanism in discussing the relative importance 

of the stationary phase to the mobile phase. Early models and more advanced statistical 

models ofbonded chain organization are discussed with the goal of highlighting the 

influence of chain organization on retention. In addition, adsorption ofmobile phase 

components onto the bonded phase and its effect on the chemical and structural nature of the 

stationary phase will be discussed through several representative chromatographic and 

spectroscopic studies. Lastly, the effect of solvent adsorption on the conformation and the 

structures of the stationary phase are discussed in terms of the effect ofmobile phase 

composition and bonded alkyl chain length. All of the discussions on the RPLC stationary 

phase are restricted to alkyl bonded phase, with an emphasis on monomeric type phases. 

Introduction 

Reversed phase liquid chromatography (RPLC) has been the most widely used branch 

ofhigh-performance liquid chromatography (HPLC) for the analysis and purification of a 

wide variety of substances [1]. Most commonly, RPLC employs porous silica chemically 

modified with alkylsilanes of various alkyl chain length [2], such as ocadecylated silica, 
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which offer high separation efficiency combined with versatility and reproducibility. The 

use ofbonded hydrocarbon stationary phases ofdifferent provenance and a variety ofhydro

organic eluents to modulate retention offers a wide range ofoperating conditions to separate 

mixtures containing small or large molecules ofdifferent polarity [3]. As a result, RPLC is 

employed in science and technology for numerous applications such as pollution control, 

food, clinical and pharmaceutical analysis, and separation ofpeptides, proteins and nucleic 

acids. 

Proposed Retention Mechanisms in RPLC 

Despite its importance, there is still considerable uncertainty as to the mechanism of 

the overall retention process [4-41]. Retention in RPLC has received extensive theoretical 

treatment over the past thirty years [4-41]. The major question asked by many 

chromatographers is what is the mechanism of HPLC retention [4, 30, 31]. There have been 

many retention mechanisms proposed (refer to Table 1-1) on the basis ofexperimental results 

[5-42], but not all of the obtained data can be applied to one of the proposed mechanism. 

Three major retention mechanisms widely discussed in the literature are adsorption [9-12], 

partitioning [13-14] and solvophobic theory [15]. 

Mobile Phase Driven vs. Stationary Phase Driven Retention Mechanisms 

Most of the early retention models emphasized the role of the mobile phase as the 

sole governing factor in determining analyte retention in RPLC. This concept of mobile 

phase driven retention mechanism traces back to Horvath et aI's solvophobic theory [15], 

adapted from the work ofSinanoglu [42,43]. This model emphasizes the exclusion of the 
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Table 1-1: Proposed retention mechanisms and models in RPLC. 

Major driving force of retention and/or the name of the model Reference(s) 

Scott-Kucera model- solvent-solute and dispersion interactions - based 5 

on adsorption of organic molecules on the surface 

Snyder-Soczewinski model displacement mechanism 6-8 

Adsorption 9-12 

Solvophobic theory 15 

Solubility parameter is used to predict retention in RP-HPLC 16-17 

Model based on molecular connectivity 18 

Based on adsorption of organic solvent molecules on the surface 19 

Interfacial aggregation - microscopic micro-droplet model 20 

Two-site adsorption model 21 

"Penetration and close contact" mechanism 22 

Dual mechanism - solvophobic (hydrophobic) and silanophilic 23 

(participation of sHanols) interactions 

Aggregationldeaggregation model to explain wetting 24 

(reordering/resolvation) of immobilized chains 

Model based on interaction indices 25-27 

Breathing model - Lattice model 28 

Distribution theory (between two phases) 29 

Partitioning through Lattice models 30-31 

Lattice theory 32 
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Table 1-1 (continued) 

Major driving force of retention and/or the name of the model Reference( s) 

Partition-Displacement model 4,33 

Retardation coefficient (RF = tm!{tm+ts}) is used to explain retention in 34 

RP-HPLC 

Model based on bonding density: High bonding density is partitioning 35 

and Low bonding density is adsorption 

Intermolecular interactions between solute and mobile phase 36 

UNIFAC model - functional group-oriented method 37 

Linear solvent strength theory 38 

Organization and formation of clusters in hydro-organic (acetonitrile) 39 

mixtures 

LSERs to predict retention - Linear Solvation Energy Relationships 40 

Adsorption/partition model 41 
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less polar analyte molecules from the polar mobile phase with subsequent sorption by the 

stationary phase. According to this model, the analytes are "driven" towards the stationary 

phase because of their "fear" of the aqueous mobile phase, rather than any intrinsic affinity 

between the analyte and the stationary phase. The stationary phase is considered as a passive 

receptor. 

The solvophobic theory focuses on the closing ofan analyte size cavity in the mobile 

phase after the transfer of a analyte molecule from the mobile phase to the stationary phase. 

The theory models the analyte retention based on the free energy obtained in closing a 

analyte-size cavity in a single phase, i.e., the mobile phase in this case. The transfer process 

ofanalyte from the mobile phase to the stationary phase and the interactions of analyte with 

the stationary phase bonded ligands are neglected. In summary, the solvophobic theory 

considers the RPLC retention as a solubility process in a single phase rather than as a transfer 

process between two chromatographic phases. Although the model gives fairly good 

predictions on the retention of nonpolar analytes, it does not provide a sufficiently detailed 

explanation of the dependence of analyte retention and selectivity on the stationary phase 

variables. 

Nonetheless, the solvophobic theory has influenced many research groups in 

interpreting their experimental data and in making conclusions about the retention 

mechanism in RPLC [24-26,48-50]. Cheong and Carr [48] found that the retention factors 

for a series of alkylbenzenes were highly correlated with their activity coefficients in the 

mobile phase. Thus, they concluded that most of the free energy of transfer in RPLC arises 

from processes taking place in the mobile phase. Alvarrez-Zepeda et al. [49] reached a 

similar conclusion based on studies ofmolar excess enthalpies and entropies of transfer. 
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Jandera and coworkers [25-27, 50] developed a retention model based on "interaction 

indexes" of mobile phase and analyte molecules, and neglected the effects of stationary 

phase. Two possible reasons have led to a biased opinion about the role of stationary phase 

in analyte retention. First, technical limitations in the early days hindered direct investigation 

on the role of the stationary phase. Second, many results were deduced from 

chromatographic measurements that were largely based on variations in mobile phase 

composition. The relative changes in the free energy terms as the mobile phase was varied 

have been mistaken as the analyte contribution in a retention term [25-27, 50]. 

Nevertheless, there are many chromatographic studies that pointed to the fact that the 

stationary phase is not a passive partner in the retention process [28, 51-68]. These studies 

showed that chromatographic retention and/or selectivity are greatly influenced by the nature 

of the bonded phase, such as the length of the bonded chains [53-57], the chemical properties 

of the bonded chains [58] and surface coverage [59]. The stationary phase also shows 

functional group selectivity that could not be explained by the solvophobic theory [51-52, 60

63]. In addition, according to the solvophobic theory, analyte transfer from water is 

accompanied by a large negative change in heat capacity, being entropy-driven around room 

temperature and being enthalpy-driven at higher temperatures. However, these temperature 

dependencies were not observed in the chromatographic retention ofmany nonpolar analytes 

[28, 64-68]. 

In a study of gas-liquid partitioning of a series of alkylbenzenes in aqueous organic mixtures, 

Carr et al. [45] found that there is a very narrow range in the solvent compositions (around 

20% acetonitrile in water) at which the partition coefficients, and thus the free energies of 

transfer, of the alkylbenzenes are the same. Figure 1-1 shows the gas-liquid partitioning 
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Figure 1-1: 	 Plots of log K (gas to liquid partition coefficients) vs volume fraction of 
acetonitrile. 0 =Benzene; • Toluene; V' n-Ethylbenzene; ~ n
Propylbenzene; D = n-Butylbenzene. The figure is taken from reference [45], 
figure 2. 
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results for aqueous acetonitrile mixtures. Similar results were obtained for aqueous mixtures 

ofmethanol, tetrahydrofuran and 2-propanol. However, alkylbenzenes can be separated with 

excellent selectivity in RPLC using the same aqueous mixtures as mobile phase. This result 

strongly implies that at those mobile phase compositions, a great deal of the non-polar 

functional group selectivity observed in RPLC is due to the net free energy of the analyte in 

the stationary phase. Besides, in the same study, the pure organic solvents were found to 

better discriminate the alkylbenzenes, in terms of gas-liquid partition coefficients, than does 

water. This is in stark contrast to RPLC practice where mobile phase ofhigher water content 

leads to greater methylene group selectivity [69]. Unless one considers the stationary phase 

to dominate the analyte retention, the above findings cannot be reconciled with practical 

experience in RPLC. 

In order to investigate whether the mobile phase or stationary phase drives the retention 

process in RPLC, one has to compare the free energy of the analyte in the mobile phase and 

stationary phase, separately. Carr et al. [45] showed that the free energy of transfer ofa 

methylene group from gas to hexadecane is larger than that from gas to water or to organic 

aqueous mixtures. The free energy term here indicates the net free energy resulting from the 

endorgic cavity formation process and the exoergic analyte-solvent interaction. 

On the premise that bulk hexadecane is justified as a good model for RPLC bonded 

phase, at least for nonpolar analytes, Carr et at. [45] concluded that most of the energy of 

retention arises from the net attractive (exoergic) processes in the bonded phases (shorter 

than eight carbons), and not from net repulsive (endoergic) processes in the mobile phase. In 

other words, they conclude that retention mechanism of nonpolar analytes is stationary 
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phase-driven (for bonded length less than eight carbons), not mobile phase-driven, which is 

in contrast to the solvophobic theory. This result was found to hold for at least four organic 

modifiers; methanol, acetonitrile, tetrahydrofuran and 2-propanol. 

Hence, for at least nonpolar analytes, the retention mechanism is not mobile phase

driven (when using bonded chain less than eight carbons), as predicted by the solvophobic 

theory, instead it is stationary phase-driven. The retention mechanism of polar analytes is 

predicted to be strongly dependent on the nature of the mobile phase in view of the 

substantial polar interactions (dipole-dipole, dipole-induced dipole and hydrogen bonding) 

between the analytes and mobile phase. However, this does not mean that the solvophobic 

theory will be able to explain the retention mechanism ofpolar analytes, since it was initially 

adapted to explain mainly the retention ofnonpolar analytes only. 

Partitioning vs. Adsorption Mechanisms 

Whether an analyte physically partitions into the layer of the bonded phase or adsorbs 

at the interface between the bonded phase and the adjacent freely moving milieu is a long

standing debate among chromatographers [12, 37, 38, 40]. Knowledge of the physical 

location of analyte molecules is important in predicting retention and in designing 

chromatographic phases. Many retention models involving both partitioning and adsorption 

have been proposed [6, 28, 31, 70-73], and even the definitions ofpartitioning and adsorption 

have varied. Here, the partitioning vs. adsorption mechanism in terms of the definitions 

given by Dill and Dorsey are addressed [31]. In a partitioning mechanism, an analyte 

molecule is approximately fully embedded within the stationary phase; while in an 

adsorption mechanism, the analyte is in contact with surface with the stationary phase and is 
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I 

I 

not fully embedded [31]. A representative schematic of these two definitions is shown in 

Figure 1-2. According to Dill and Dorsey, the main driving force for analyte retention by 

either mechanism is the deferential chemical affinity of the analyte for the mobile- and 

stationary- phase molecules. Under the partitioning mechanism, all the analyte-mobile phase 

I interactions are replaced by analyte-stationary phase interactions; while only a fraction of the 

analyte-mobile phase interactions are replaced under the adsorption mechanism. Thus, based 

on the number of intermolecular contacts, the driving force for adsorption mechanism can 

only be a fraction of that for the partitioning process. In addition, the chain organization 

imposed by the interfacial constraints will influence the partitioning mechanism, but has no 

effect on the adsorption mechanism as the analyte is not immersed within the bonded chains. 

Based on the Dill and Dorsey definitions of the partitioning and adsorption processes, 

a great deal ofexperimental evidence leads to the conclusion that the retention mechanism in 

RPLC resembles partitioning rather than adsorption. First, retention in RPLC was found to 

be proportional to the oil/mobile phase partition coefficients [3, 74-82], i.e. the slope of the 

dependence is close to unity. A slope of liz (z is the lattice coordination number) would 

have been expected if analytes were retained via the adsorption mechanism. Tan and Carr 

[40] compared the free energy of transfer ofa methylene group from the mobile phase to 

RPLC bonded phase to that from the same mobile phase to bulk hexadecane. They found 

that the energetics of the transfer of alkylbenzenes from hydroorganic liquid phase to bulk 

hexadecane was similar to that RPLC retention in the organic modifier range from 0-70%. 

They concluded that the retention of small nonpolar analytes in RPLC is governed by the 

partition mechanism with bulk liquid hexadecane serving as a good representative of the 

stationary phase characteristics for describing the retention behavior in the above range of 
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Figure 1-2: 	 Schematic drawing illustrating a partition mechanism and an adsorption 
mechanism. An analyte molecule is fully embedded within the stationary 
phase in a partitioning mechanism (a) and only in surface contact with the 
stationary phase in an adsorption mechanism (b). 
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organic modifier concentrations. At higher organic modifier concentrations, retention 

behavior in RPLC deviated from partition like behavior and this was attributed to a shift to 

adsorption mechanism, to the adsorption oforganic modifier on the stationary phase. By 

examining the methylene group selectivity for the ratio ofequilibrium constants of two 

homologous differing by a single methylene unit (for the transfer from the mobile phase to 

the gas phase as well as from the gas phase to bulk liquid hexadecane), the authors further 

concluded that the contribution of the stationary phase to methylene selectivity in RPLC is 

significantly greater than that of the mobile phase. 

Second, RPLC retention ofnonpolar analytes depends on the surface density of the 

bonded phase [59, 83]. If analyte molecules adsorb onto the bonded phase, the dependence 

on the surface density would be insignificant. Third, Tchapla et al. [84] showed the existence 

of a very subtle but real discontinuity in plots of log k' (retention factor) vs. the number of 

I 

I
, 

methylene groups in a side chain ofan analyte for a given homologous series. The 

discontinuity in the plot was shown where the number ofmethylene groups in a side chain of 

an analyte for a given homologous series was nearly equal to the number ofmethylene 

groups attached to the bonded alkyl chain of the bonded ligand as the stationary phase. This 

suggests the analyte alkyl chain insert itself within the bonded phase, in other words, the 

analyte partitions as per Dill and Dorsey's definition. Fourth, RPLC retention coefficients 

(ofnonpolar analytes) were shown to depend approximately linearly on analyte size and the 

surface tension ofmobile phase, as predicted for distribution coefficients in a pure partition 

system [15, 72, 75, 85, 86]. 

Despite the fact that many studies have shown that RPLC retention is partition-like, 

analyte molecules are not homogeneously distributed throughout the bonded phase upon 
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retention. Statistical models [4,30,87] suggest that most analyte molecules reside in the 

boundary region between the mobile phase and the stationary phase. 

Stationary Phase Models in RPLC 

The structure and composition ofbonded phases in the presence ofdifferent 

eluents have been the subject ofmany studies [3,6,30,37,44-45,88-90]. In the literature, 

there have been about five stationary phase models that have been proposed to describe 

retention in RPLC. A review given below describes the characteristic features ofsome of 

these models. 

Early models of the organization ofbonded alkyl chains were derived from 

chromatographic results. Bonded phases were pictured as an alkyl "brush" (refer to Figure 1

3a), whose individual bristles extend away from the silica surface [88]. The "brush" or 

"bristle" model is also referred as the "fur" modeL The model predicts that the extended 

bristles are fully exposed to the mobile phase molecules and made up of rather rigid matrix 

with which analyte molecules in the mobile phase interacted. However, the concept of fully 

extended configuration of the bonded chains contradicts the solvophobic theory that implies 

aggregation ofnonpolar moieties upon contact with polar environment. The free energy will 

be prohibitively high in order for the bonded chains to configure themselves to allow for such 

a high degree of exposure. In view of the solvophobic effects, Hemetsberger proposed the 

blanket model (refer to Figure 1-3b), where bonded phase is depicted as a hydrocarbonaceous 

sheath made up of recumbent alkyl chains [91]. The alkyl chains lie close to the surface to 

minimize the solvophobic surface area in contact with the polar mobile phase. However, the 

blanket model failed to explain the liquid-like nature observed on the bonded phase. 
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(a) 

(b) 

Figure 1-3: Schematics drawing illustrating early models ofmolecular organization of 
. bonded phase chains in RPLC: (a) brush model and (b) blanket model. 



f 


I 15 

Liquid Hydrocarbon Partition Model or Lochmuller & Wilder Model 1 
i
I 

I 	
Lochmuller and Wilder [20] were the first ones to propose the liquid hydrocarbon 

layer model to describe the sorptive behavior of alkyl-silica bonded stationary phases in 

1 

I 
RPLC. 

They proposed that bonded alkyl chains in methanol-water mobile phases might 

associate with each other due to hydrophobic interactions to form "liquid-droplet" like 

I 
i 
t 

clusters. Such clusters could afford a bulk liquid-like environment for the partitioning of 

small analytes. They were the first ones to propose a liquid-droplet model where the i 
J 

I 
collapsed alkyl chains form "patches" of alkyl droplets that permit three-dimensional 

interactions with analyte molecules (refer to Figure 1-4a). The "patches" model is more 

realistic in view of the heterogeneity in surface coverage of alkyl chains, as a result of the 
1
i 
1 amorphous nature of silica supports and configuration constraints on derivatized chains. In 

i 	 summary, according to the liquid hydrocarbon model, the partition-like behavior ofRPLC is
! 
I 

I 
J observed only with the retention of small nonpolar analyte molecules by stationary phases 

employing alkyl-bonded chains longer than 12 carbon atoms. 

Another liquid hydrocarbon layer model depicts the bonded alkyl chains as "picket 

i 
fence" of rigid rods with no internal degrees of freedom [3] (refer to Figure 1-4b). j 

l 
l 
4 	

According to the model, the bonded alkyl chains are grafted close to one another and none of 

the mobile phase or analyte molecules can essentially fit in between the "fence posts". This 

"picket fence" model is not realistic from two practical perspectives. First, within the 

temperature range for practical chromatography, alkane molecules are highly disordered [92]. 

A significant population of the bonded alkyl chains in RPLC has been shown 
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I 
I Figure 1-4: Schematics drawing illustrating the early models ofmolecular organization of 
j bonded phase chains in RPLC: (a) liquid-droplet model and (b) picket fence 

model. 
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to assume gauche confonnation [92]. Second, the model represents only the limiting case of 

maximum possible surface coverage, a situation prohibited by the interchain constraints that 

is extremely expensive entropically. In practice, the surface coverage of 
t 
1 
J 
I bonded alkyl chains ranges from 1.5 to 4.0 Ilmol/m2 for silica surface of 8.0 llffiol/m2 silanol 
I 
I 

i 
~ bonding sites. 
1 

I 
1 Liquid-Crystalline Hydrocarbon Partition Model or Martire-Boehm Model 

Recently, the Flory-Huggins lattice theory for polymer in solution was applied to 

I, 
 model bonded alkyl chains. Based on an extension of mean field statistical thennodynamic 


1 
adsorption theory, Martire and Boehm proposed the first statistical mechanical model that 

1 
I addressed the effects ofbonded chain organization in RPLC [28]. They considered the 
1 
! changes in the properties of the stationary phases under different mobile phase conditions, J 

, I 

and their influence on the retention behavior in RPLC. Two regimes of the eluent 
I 

composition were identified in which the stationary phase chains were believed to assume 

different geometric configurations. At high organic modifier concentration, the bonded 1 
i 
f chains are expected to be extended and oriented more or less nonnal to the surface, thus 

i 
~ 

giving it a ~rush-like appearance and allowing complete penetration by the solvent and 

"J 

i 
~ analyte molecules. In contradiction, the authors found that with water-rich mobile phases, 

I the stationary phase behaves as a quasi-liquid layer of recumbent alkyl chains that hinder 

i 
! 

solvent penetration but do not preclude analyte penetration. They provided theoretical 

I support for the latter geometric configuration under typical conditions in RPLC with 

I commonly used hydro-organic eluents and concluded that the retention process approaches 
I 

I 
! 

that ofclassical liquid-liquid partitioning. According to the model, the bonded phase is 
1 

i 
~ 

1 
j 

! 
I 
I 
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I 
f 

comprised of chemically homogeneous, semi-flexible chains randomly bonded to an inert 

surface, with mobile phase components intercalated within the bonded chains. The first 

I segment of the bonded chains is fixed to the solid surface while the last segment is fixed in 

j 

I 
the layer adjacent to the mobile phase. The bonded phase is assumed to be uniform in 

chemical composition, density and chain organization. It resembles a liquid crystal. 

1 
Although chain organization is considered in this model, the ordering of the stationary phase 

! was overestimated. Nonetheless, Martire and Boehm introduced the important idea of a 

"breathing model" for the stationary phase, where the interphase volume changes upon 

sorption ofmobile phase component [28]. We need to define the term interphase, as it is 

different from the term interface. An interphase denotes the whole volume of the body 

comprised of the bonded alkyl chains, the sorbed mobile phase components, and the mobile 

phase components subjected to influence of the potential (refer to Figure I-5a). An interface 

denotes the surface area between the mobile phase and the bonded phase (refer to Figure 1

5b). Martire and Boehm [28] predicted an increase in solvent sorption into the bonded phase 

as the compatibility between solvent molecules and bonded chain increases and as the 

stiffness of the bonded chains. This dependence has been observed in many RPLC 

experiments [3,20,91,93-94]. 

Adsorptive Hydrocarbon Monolayer Model or Dill's Model 

Dill considered adsorption as an alternative mechanism of retention in RPLC [30]. A 

schematic ofthe analyte retention in RPLC according to the adsorption mechanism is 

illustrated in figure 1-6a. Retention in RPLC is believed to be governed solely by the 

adsorption mechanism when the density ofbonded nonpolar functions is high enough for the 
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Figure 1-5: 	 Schematic drawing illustrating the definitions of (a) interphase and (b) 

interface as applied to the RPLC bonded phase. 1 
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Figure 1-6: 	 Schematic illustration (a) and lattice model (b) of the retention in RPLC 
according to the adsorption mechanism. The tips of the alkyl-bonded silica 
fonn a hydrocarbonaceous adsorptive monolayer serving as the 
chromatographic surface for analyte binding. 
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I chains to interact laterally among themselves and to disallow penetration of analyte 

molecules into the amorphous-crystalline hydrocarbon layer at the chromatographic surface. 

1 
I In this case, the tips of the alkyl-bonded-silica chains offer a hydrocarbonaceous surface for 

I the adsorption of the sample components. 

t Lattice monolayer approximation was employed [30] to treat adsorption in RPLC. 

I 
t 

Assuming a cubic lattice as shown in figure 1-6b, the theory predicts that logarithmic 

retention factors in RPLC depend linearly on the logarithmic equilibrium coefficients of the 
J 
f 

appropriate liquid-liquid partition system with a proportionality factor of 116 (1 =adsorption,I 
l 

I 
1 

6=partition). Only one cubic face of the analyte surface is supposed to be in contact with the 
f 
1 stationary phase in adsorption while all 6 sides of the cube are in contact with the stationary 
I 
! phase in partitioning. On the other hand, the lattice theory based on the amorphous-

I 
i 

crystalline hydrocarbon layer model predicts a similar linear dependence but with a 

I proportionality factor of 1. Upon analyzing the experimental RPLC data obtained with 

I hydrocarbonaceous analytes, Dill observed a value ofunity for the proportionality factor and 

I 
concluded that partition is the primary mechanism of retention in RPLC in a wide range of 

mobile phase conditions [30]. Again, the major weakness of this model is it neglects the 

adsorption of mobile phase components onto the bonded phase. 

Amorphous-Crystalline Hydrocarbon Partition Model or Dill-Dorsey Model 

Dill and Dorsey [31] proposed the so-called "interphase" model for the description of 

retention behavior in RPLC. They argued that the molecular organization of the bonded 

phase resembles neither the all-trans crystalline state ofn-alkane chains nor the randomly 

structured liquid state nor even a liquid-crystalline state of intermediate order. Instead, the 
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chromatographic surface in RPLC may be likened to the interphase between lamellar 

crystalline and adjoining amorphous regions in a semicrystalline polymer [95]. The 

"interphase" model is referenced here as the "amorphous-crystalline hydrocarbon layer 

model", in order to differentiate it from the liquid-crystalline hydrocarbon layer model 

proposed by Martire and Boehm. 

Based on a mean-field lattice statistical mechanics theory, Dill and Dorsey describe the 

bonded layer as small, flexible chain molecules organized in different conformations [30, 

31]. In contrast to the Martire-Boehm model, Dill and Dorsey predict a "density gradient" 

and "chain disorder gradient" normal to the grafted surface. The bonded phase density and 

chain configuration constraints are predicted to decrease with depth from the grafting 

surface. The concept ofa "disorder gradient" is more consistent with spectroscopic 

observations on chain mobility [96]. Nonetheless, within an individual lattice layer parallel 

to the grafting surface, the chain density and configuration constraints are homogeneous. 

The Dill-Dorsey model predicts an increase in bonded chain extension and order upon 

insertion ofa analyte into the partially ordered interphase. In view of the induced ordering, 

the analyte concentration profile is predicted to the greatest near the chain terminal and 

diminishes as the grafting surface is approached. Nonetheless, the density profile and 

configurations ofbonded chains are prefixed in Dill-Dorsey model, and only the distribution 

profile of analytes in the grafted layer is obtained from statistical thermodynamics. One 

great weakness ofthe Dill-Dorsey model is that it neglects the adsorption ofmobile phase 

components onto the bonded phase. This neglection is contradicted by a multitude of 

chromatographic and spectroscopic studies that indicate extensive solvent adsorption [15, 97
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101]. In the Dill-Dorsey model, the bonded phase is thus chemically much less polar than it 

actually is, and its volume is virtually constant. 

Bohmer-Koopal-Tijssen Model 

To allow for a more realistic description of the alkyl bonded phase, Bohmer-Koopal

Tijssen model extended the self-consistent field theory of adsorption (SCF A) to 

accommodate RPLC conditions [87]. In contrast to the above models, the SCF A theory does 

not make a priori assumptions about the conformations of the bonded chains, or the 

distributions of the sorbed solvent and analyte molecules in the bonded phase. Instead, the 

equilibrium distribution of each participating molecule-chain, solvent and analyte is obtained 

from the self-consistent minimization of the free energy of the system. The bonded chain 

configurations, solvent adsorption and analyte distribution can thus be studied in a wide 

variety of conditions and as functions of solvent quality, surface coverage, bonded chain 

length, analyte polarity, etc. The thickness of the bonded phase was shown to be functions of 

solvent quality, surface coverage and the length of the bonded chain. It agrees with the 

"breathing model" proposed by Martire and Boehm [28]. 

LiquidlLiquid Partitioning vs. RPLC 

A strong correlation between retention in RPLC and liquid/liquid partitioning were 

predicted using the Martire-Boehm and Dill-Dorsey models [102]. This implies that the 

main driving force for analyte transfer in RPLC is the relative chemical affinity of analyte 

molecules for the mobile- and stationary phases. Bohmer et al. [46] concluded that, if the 

bonded chains are not too short (c.a. octyl chain) and the surface coverage is moderate (c.a. 
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I 
 30% surface coverage), analyte distribution in RPLC resembles liquid/liquid partitioning 


closer than it does adsorption on a surface. However, this does not mean that the analyte 

molecules are homogeneously distributed throughout the bonded phase. The Bohmer

1 Koopal-Tijssen model strongly suggests that analyte molecules, regardless ofpolarity,I 
1 

accumulate near the boundary between the bonded chains and mobile phase [103]. For 1 
I 
i 

! amphilic analyte molecules, the polar head group generally lies close to the mobile phase 
I 
I 

than does the nonpolar moiety of the analyte. The specified accumulation profiles of analyte~ 

I 
1 

molecules are largely due to the effects of entropic packing, being lowest in the boundary 

region and increasing as the grafting surface is approached. The simulation results also stress 

I 	 the importance of the boundary region in analyte retention, as has been suggested by 

I previous study [48]. However, this boundary accumulation profile is not consistent with the I 

I 
! 

work of Tchapla et al. [84J that proposes insertion of linear analyte molecules aligned with 

~ 	
the bonded alkyl chains. In Bohmer et al.'s simulation, analytes with chain length equivalent 

to five methylene units accumulate mostly on the boundary instead of being inserted within 

the bonded alkyl chains. However, Bohmer et al.'s model is more consistent with the 

entropic requirement imposed on the chain configuration. The Martire-Boehm, and Dill-

Dorsey models also suggest a strong correlation between liquid/liquid partitioning and 

retention in RPLC, but their description of the boundary region are over simplified. Martire 

and Boehm totally ignore the boundary region in their model, while Dill and Dorsey treat it 

1 as a simple planar interface. 

t As mentioned earlier, the main driving force for analyte transfer in either RPLC 

1 retention or liquid/liquid partitioning, is the analyte's relative chemical affinity for mobile-

I 	 and stationary phase molecules [31]. However, two types of chain constraints complicate 

j 

1 
I 
I 
! 
\ 

t 
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analyte distribution in a bonded phase: the boundary constraint imposed by the interface, and 

the packing constraint resulting from the lateral interactions among neighboring chains [31]. 

Both constraints cause the bonded chains to be more "ordered" than on amorphous bulk 

alkane liquid, and thus partitioning of analyte into the bonded phase is less favorable than 

into an amorphous phase. In addition, the interfacial constraints, imposed by the grafting 

surface and the bonded chains-mobile phase boundary, greatly limit the volume of the 

interphase. In contrast, the bulk phase in liquid/liquid partitioning is macroscopic in scale 

and the interfacial region has little influence on the partition coefficient. 

The following lines of evidence demonstrate the effects of chain organization on 

retention. First, isomers with nearly identical hexadecane/water partition coefficients can be 

well separated in RPLC [52]. This clearly shows that the anisotropy of the bonded chains 

gives rise to functional group selectivity among the isomers. Second, functional group 

selectivity of RPLC bonded phase was shown to increase with increasing surface coverage 

density [59]. Third, the selectivity of a series of polycyclic aromatic hydrocarbons (PARs) 

were found to be dependent on the type of the bonded phase, whether monomeric, oligomeric 

or polymeric [6]. 

The Martire-Boehm and Bohmer-Koopal-Tijssen models can be extended to analyte 

molecules of different size, shape and flexibility; thus permitting the study of functional 

group selectivity. Both models show that rigid-rod analytes are more retained than the 

flexible-chain analytes and that functional group selectivity increase with surface coverage 

[31,80,87]. The rod-like analyte and alkyl chains of the bonded layer can align, and thus do 

not have much consequence for the entropy of the analytes. Flexible chains will loose more 

entropy on alignment and hence lead to weaker retention. The Dill-Dorsey model requires 
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the analyte and mobile phase components to be monomeric, and thus does not allow the 

study of functional group selectivity. 

The statistical mechanical models presented before have greatly improve the 

description of bonded phase chains in RPLC, compared to the bristle, blanket, picket fence or 

liquid-droplet models. The chain configurations were considered, as well as the interactions 

between bonded chains and solvents. However, all three models consider the mobile phase 

as a homogeneous medium, neglecting microheterogeneity that has been observed in 

acetonitrile-water and tetrahydrofuran-water mixtures and preferential adsorption observed in 

almost all organic-water mixtures [103-106]. In addition, all three models consider that the 

bonding surfaces as approximately planar and are sufficiently separated that chains 

emanating from one surface do not interact with those of another. However, in practice, 

surface curvature can be significant and can limit the coverage of the alkyl bonded phase. 

Given a fully extended (all trans) octadecyl chains measures about 22A, the extending 

bonded chains may easily interact with one another in a 60A pore. These interacting alkyl 

chains can affect the mass transfer of mobile phase and analyte molecules. Because silica 

supports always show significant degrees of polydispersity in pore size distribution, the 

curvature effects must be considered as being substantiaL 

Chain Flexibility 

Although chain flexibility is seldom mentioned in chromatographic practice, 

simulation of semiflexible, anchored alkyl chains in lattice models pose a real challenge. In 

the Martire-Boehm model, a "chain stiffness" parameter was introduced to account for the 

energy required for a bond to bend in a direction parallel to the grafting surface [107]. The 
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bonded phase thickness was shown to increase with increasing chain stiffhess. However, the 

Martire-Boehm model does not prevent backtracking ofa chain segment on its predecessor 

and thus, it underestimates the stretching power of the bonded chains into the mobile phase. 

Dill and Dorsey preclude back folding of chain segment in their model [30, 31]. In Bohmer

Koopal-Tijssen model [88], chain flexibility is moderated such that back folding is forbidden 

for five subsequent segments and trans bonds are energetically favored over gauche bonds 

[107, 108]. The trans bonds become increasingly favored over gauche bonds as the surface 

coverage increases, so as to reduce the packing entropy of bonded chains. 

Fadeev and Staroverov [109] showed that the conformation structure oflong alkyl 

bonded chain layers depends on the pore structure support. Reduction in average pore 

diameter produces a bonded layer of"rigid structure" in contrast to the "flexible structure" 

found in wide-pore modified silicas. Later, Fadeev et aL [110] studied pyrene lateral 

diffusion in the bonded layer ofn-alkylsilane-modified silicas and emphasis was placed on 

the effect of the bonded alkyl chain length and average pore diameter. Their results indicated 

that the bonded alkyl layers have markedly higher viscosity than the corresponding liquid 

alkanes. This was attributed to the reduction in the degree of freedom after alkyl chain 

fixation on the silica surface. The viscosity of the bonded hexadecyllayer reduced as the 

average pore diameter of the silica support decreased. This was explained through the 

concept ofa "rigid structure" of the bonded layer [109]. In summary, they found that the 

smaller the average support pore diameter, the greater the rigid structure. 
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Silica surface 
1 

In actual chromatographic practice, the residual silanol groups on the silica supports 

are found to affect the solvent adsorption process (discussed later), and exhibit specific 

affinities for basic compounds. The active role of the silica support is neglected in Martire 

I 
I 

and Boehm's model [91]. In Dill's model, the sHanol effects were indirectly addressed by 

assigning a different interaction parameter to analyte molecules adjacent to the underlying 

surface [30, 31]. Bohmer et al. addressed the issues in detail. Properties of the underlying 

surface can be varied by adjusting its relative compatibility with other molecules, i.e. the 

bonded chains, the mobile phase components and analyte molecules, in the system [87]. 

When the underlying surface is simulated as silica, i.e. having great affinity towards polar 

components (e.g. water), Bohmer et al. [46] showed that a layer of water molecules was 

formed on the underlying surface. Their simulation results are consistent with some 

experimental reports that suggest physisorb of water molecules on the silica surface [111

112]. Thus, Bohmer et al.'s model is considered quite successful in predicting the active 

roles of the silica-bonding surface in interacting with the polar components of the mobile 

phase. 

Although participation of silanols and metal impurities on the silica support generate 

problems in RPLC, details of these topics will not be discussed here. Review articles on the 

topics have been presented elsewhere [113-115]. 

Evidence Supporting Solvent Adsorption on the Bonded Phases in RPLC 

This section only focuses on the evidence supporting the solvent adsorption on the 

bonded phase. The thermal/chromatographic and spectroscopic evidence of solvent 
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adsorption are presented. The next section will focus on the effects of solvent adsorption on 

the structure of the bonded alkyl chains. 

ThermaVChromatographic Evidence of Solvent Adsorption 

Significant amounts ofmobile phase components - the organic modifier and water 

are adsorbed on the bonded phase [14, 102-106]. The organic modifier is preferentially 

adsorbed compared to water [103-105, 116], i.e., the composition of the adsorbed layer is 

always richer in organic content than the bulk mobile phase. In reversed phase conditions, 

the adsorbed organic solvent has found to be monomolecular [14]. Scott and Kucera [14] 

assumed that upon retention, analyte molecules with k' values less than 10 will not be able to 

displace the adsorbed solvent. Preferential adsorption ofmobile phase constituents will 

affect the functional group selectivity of the analyte. The more favorable solvent 

environment that the organic modifier represents to the analyte compared to that of the binary 

hydro-organic mobile phase, the analyte will spend more or less time in the organic rich 

adsorbed layer compare to the mobile phase depending on the nature of the organic modifier. 

The difference in polarity between the hydro-organic mobile phase and the solvent modified 

stationary phase ligands is also less than that between the bulk mobile-phase and alkyl 

ligands alone, and this should allow for a lower energy of analyte transfer under these 

conditions. Thus, analyte molecules are thought to interact more with this adsorbed organic 

layer and less with the alkyl chains (refer to Figure 1-7). 

The formation of the adsorbed layer is a dynamic process controlled by the mobile 

phase composition, the length of the bonded alkyl chains, the bonding density and the 

residual silanol activity [15, 102-105, 117]. Adsorption of organic modifier on the bonded 
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phase is governed primarily by dispersive interactions between the organic solvent and the 

bonded chains. Thus, the amount of organic modifier adsorbed increases in the order of 

RPLC solvent strength as follows: tetrahydrofuran > 2-propanol > acetonitrile> methanol 

[15, 102, 104, 105]. The enrichment of water molecules in the stationary phase is controlled 

by hydrogen bonding ofwater with the adsorbed organic modifier molecules and residual 

silanol groups [106, 118]. Thus, the amount ofadsorbed water depends on the relative 

hydrogen bonding strength of the organic modifier, and has been shown to vary in the 

following order: tetrahydrofuran» 2-propanol > methanol> acetonitrile [104, 105]. 

The adsorption of organic solvent and water on the surface of the bonded phase varies 

significantly with the organic content of the mobile phase. The incorporation oforganic 

modifier increases nonlinearly with the organic concentration of the mobile phase [15, 103, 

105]. The trend ofwater adsorption is more complicated [104, 105]. 

Spectroscopic Evidence of Solvent Adsorption 

Spectroscopic techniques provide a more direct means ofobtaining bonded phase 

structural information, compared to the thermal approach which infers the information from 

chromatographic results. In addition, information deduced from spectroscopic techniques is 

independent of and complimentary to chromatographic studies. Electronic spectroscopy is a 

powerful tool for assessing the nature of the local environment of the bonded phase. This is 

I because the changes in the characteristic electronic state of an indicator dye result from 
i 

I changes in its cybotactic region. A great body of experimental evidence from fluorescence 

I 
and UV -visible absorption spectroscopies shows that typical CI8 reversed phases in contact 

with mobile phases are significantly more "polar" than either a dry CI8 phase or the 

analogous bulk alkane [119-124]. The results are consistent with chromatographic isotherm I
1 
I 
j 
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studies [15, 102, 104, 105] that show the adsorption of significant amount of organic solvents 

on the bonded phase. The "polarity" of a CIS surface in contact with water has been reported 

to be similar to bulk octanol [120]. "Polarity" here refers to the overall measure ofa 

solvent's ability to interact with an analyte, comprised of dispersion, induction, orientation, 

and hydrogen bonding interaction [125]. 

Fluorescence studies show that the "polarity" of the bonded phase greatly depends on 

the type and concentration of organic modifier in contact with the bonded phase [119]. This 

is consistent with thermal studies that show variation of adsorption properties with the nature 

of the mobile phase. However, the trend of dependence is complicated. Carr and Harris 

found that the effective polarity of a CIS phase decreased with increasing organic 

concentration in the mobile phase over the range of 0-50% methanol, but then increased with 

the organic concentration over the range of50-80% methanol [121-122]. On the other hand, 

the bonded phase polarity increased non-linearity with organic concentration for 20-70% 

acetonitrile and 25-45% tetrahydrofuran. These complex adsorption trends suggest that the 

measured polarity depends not only on the type and amount of organic modifier adsorbed, 

but the amount ofwater adsorbed, which in tum is controlled by the residual silanol groups 

[104, 105]. 

Spectroscopic studies also suggest that the alkyl-bonded phase is in fact an 

anisotropic medium. J3C NMR chemical shift studies suggest that the surface coverage of 

bonded alkyl chains is heterogeneous, even at high coverage density [125]. The 

heterogeneity in bonded chain distribution was largely due to the complex chemical and 

structural properties of the base silica [127] and the variability in silanol activity [128]. 

Gangoda et al. showed that bonded alkyl chains exhibit a mobility gradient along the axis 
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normal to the silica surface [101, 129]. The bonded chains exhibit lowest mobility at the 

methylene group next to the silica supports and highest mobility at the terminal group. The 

observation is in accord with Dill's lattice model that suggests a chain-ordering gradient 

along the chain backbone [30, 31, 130]. Gilpin and Gangoda [131] observed that the 

terminal end rotation of a bonded chain is significantly reduced once a particular bonded 

density was attained. At lower surface coverage than the critical bonded density, the 

mobility of bonded chains is relatively constant. The results suggest that chain ordering is 

influenced by the alkyl chain surface coverage. Thus, the overall structure of the RPLC 

adsorbed layer is a function of the bonded alkyl chain, the degree of alkyl derivatization of 

the silica surface, the system temperature and pressure, the number and types of residual 

silanols remaining on the silica surface following derivatization. 

NMR studies have also shown that the addition of neat organic solvents to a dry 

bonded phase drastically increases the mobility of the chain segments. However, as water 

concentration is increased in the organic-aqueous mobile phase, random motion in bonded 

alkyl chains decreases [132-135]. In predominantly aqueous mobile phase, the hydrophobic 

alkyl chains are thought to assume a highly collapsed or folded configuration in order to 

minimize their surface contact with the polar mobile phase [91, 136, 137]. This 

"hydrophobic clustering" phenomenon is thought to cause entrapment of mobile phase 

components within the collapsed stationary phase structure, especially within narrow-necked 

silica pores [136]. The bonded phase was also reported to lose its liquid like nature as the 

water content in the mobile phase increases [138]. 
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The Effect of Mobile Phase Composition, Bonded Alkyl Chain Length and Solvent 
Adsorption on the Structure of Bonded Alkyl Phase under RPLC Conditions. 

The detailed models of chemical interactions on the adsorbed layer on octadecylsilane 

bonded silica which have been developed are an attempt to represent the average interactions 

which are available [4]. These refinements of the RPLC stationary phase model provide a 

more detailed and accurate description of the intermolecular interactions responsible for 

retention and selectivity than was previously available. However, it must be remembered 

that, when a highly porous silica surface is chemically modified with an alkyl silane, a 

surface which is heterogeneous in both physical structure and chemical activity is obtained, 

so that any average picture of the system is not complete in itself. Further considerations 

such as the nature of the original surface, the intermolecular interactions of the solvent 

components of the contacting mobile phase and the chemical nature of the bonded species 

must be taken into account in order to understand the behavior of widely varying systems. 

The major focus of this section is to describe the effects of bonded alkyl chain length, mobile 

phase composition and solvent adsorption on the bonded phase structure. 

Adsorption of the mobile phase components has an immense impact on the physical! 

chemical properties of the bonded phase and the structural organization of the bonded alkyl 

chains. The current understanding of the composition of RPLC stationary phase and its 

interactions with analyte species are based upon three important parameters [128]. The 

adsorption of solvent components on the bonded alkyl chains plus the bonded alkyl chains 

together represents a dynamic layer on the silica whose structure is determined by (i) the 

length and type of the bonded hydrocarbon alkyl chains, (ii) the surface density of the bonded 

alkyl chains, and (iii) the type of intermolecular interactions provided by the solvent 

component(s) adsorbed on the stationary phase. All three of these parameters have an impact 
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on the structure of bonded alkyl chains under RPLC conditions. Only the effect of linear 

hydrocarbon chains bonded to the surface will be considered in the current discussions. 

The alkyl chain length and the surface density primarily determine the volume of the 

stationary phases in a column. Her~, we will discuss the definition ofphase ratio. In 

classical terms, the phase ratio is defined as the volume of the stationary phase divided by the 

volume of the mobile phase. The main problem with this definition is that it is too general. 

It is now known that the components ofthe mobile phase are adsorbed on the stationary 

phase and the degree of adsorption depends on alkyl chain length, surface density and 

silanols present on the silica surface. So, what is the volume of the stationary phase? Is it 

just the bonded alkyl chain layer volume or does it also include with it the adsorbed solvent 

molecules? Determining the volume of the stationary phase is a practical problem. It is for 

this reason, in the literature, researchers have avoided defining what actually is the phase 

ratio, in particular, the volume of the stationary phase. 

In classical terms, once the phase ratio is defined, the simple understanding of the 

retention process (the partitioning of analytes between the mobile phase and the bonded 

ligand chains containing organic solvents extracted from the mobile phase) can explain the 

effects ofmobile phase composition and stationary phase structure. The theory developed by 

Jaroniec [4] represents the currently most comprehensive explanation. According to the 

model, one should distinguish between two stages of the process ofRPLC: (i) the formation 

ofa combined solvent-surface stationary phase and (ii) the partitioning ofthe analyte 

between the mobile phase and this stationary phase. According to this model, the stationary 

phase is made up of bonded ligand chains and adsorbed solvent molecules. This model is 

very similar to the classical partitioning, except the stationary phase contains the adsorbed 
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1 

solvent molecules. The analyte distribution, thus the retention, occurs via a partition j 

I mechanism only, according to the modeL The model, however, does not take adsorption into 

account. As indicated earlier, a pure partitioning mechanism cannot explain the retention in 

RPLC. In summary, this model takes solvent adsorption into effect, but fails to explain the 

1 
retention in RPLC, since the prediction of the model is that only process via the retention 

occurs is partitioning. 1 
RPLC retention cannot be described as a purely adsorptive process either because the 1 

J surface-bonded groups do not represent a classical surface [139]. Neither do these groups I 
comprise a liquid phase because of their surface anchoring and sparse population relative to a 

pure liquid hydrocarbon [31]. It has been shown that solute molecules intercalate themselves 

between the hydrocarbon chains and that once the entire molecule further increase in bonded 

chain length has a diminished effect on retention [84]. A plateau in length, as well as a 

dependence of the critical chain length on the size of the solute molecule has also been 

observed [57]. 

Surface coverage of the bonded hydrocarbon moieties has a two-fold effect. As the 

number ofhydrocarbon groups on the surface is increased, the retentive capacity ofthe 

material through non-polar interactions increases. However, past a certain point determined 

by the packing density of the bonded chains, the solute distribution coefficient decreases as a 1 

i 
!, 

I 
result of restricted access between the bonded hydrocarbon chains [31, 140]. A 

complementary consideration is that, as an increasing number of hydrocarbon groups are 

bonded to the silica surface through siloxane bonds, the amount ofpolar silica sites is 

decreased in both concentration [141] and accessibility [31, 142]. The effect of these sites is 

primarily seen on sparsely derivatized silica in the asymmetric elution band shape of polar 
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solute species. The interactions at these polar sites are usually attributed to sHanol groups 

[24] and accompanying adsorbed water [97, 143, 144]. 

The chemical and structural heterogeneity of the base silica [128] can also affect the 

bonding density and distribution of alkyl moieties. Surface chemical heterogeneity can 

produce non-uniformity in the distribution ofalkyl moieties during bonded phase synthesis 

based on the variability in sHanol reactivity. The highly complex porous structure of the 

silica can produce bonding heterogeneity based on both size exclusion ofbonding reagent, as 

well as cooperativity ofdensely packed alkyl moieties. The resultant heterogeneity in 

bonded moiety distribution can effect solute and solvent interactions with the stationary 

phase particularly for polar species, which participate in hydrogen-bonding interactions. 

Retention ofnon-polar solute species is accompanied by intercalation of the solute 

molecule into the solvated stationary phase [30-31,59, 140]. A statistical mechanical lattice 

model developed by Martire and Boehm [28] described chain organization in the stationary 

phase as similar to a liquid crystalline material. Dorsey and Dill [30, 31] presented 

refinements to the lattice-interphase model in terms of the surface-anchored chains and their 

configuration entropy. The bonding density studies of Sentell and Dorsey [59] 

experimentally supported the model presented by Dorsey and Dill. Evidence that molecular 

shape selectivity is related to hydrocarbon bonding density, especially on polymeric bonded 

phases, has been presented by Sander and Wise [145, 146] and Sentell and Henderson [147]. 

The third factor controlling the behavior of the stationary phase is the type oforganic 

solvent(s) used as the mobile phase modifier(s). The saturated hydrocarbon moieties 

participate in interactions based upon the relatively weak Van der Waals and dipole-induced 

dipole forces. However, additional forces (dipole-dipole, hydrogen bonding) may playa role 
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in the solvent-solvent, solvent-solute [148], and solvent-silica surface interactions. Because 

of the strength of the specific hydrogen-bonding interactions between the silica surface and 

water, as evidenced by the difficulty in drying the silica by thermal means [128], it is 

expected that accessible silica surface is covered by at least one monolayer of adsorbed water 

[97, 143]. The organic-water solutions have been found to possess a positive surface excess 

oforganic solvent component of the mobile phase and this enrichment increases as the 

chromatographic strength of the solvent increases [Methanol<Acetonitrile<Ethanol<THF]. 

In addition, the incorporation of water into the adsorbed layer has been shown to vary 

significantly with organic solvent component in the order Acetonitrile<Methanol<Ethanol« 

THF [102, 149]. 

At this point, it is necessary to add a forth consideration to the structure and 

interactions of the stationary phase, namely, the conformational shape and mobility of the 

bonded hydrocarbon chains. Karch et al. [150] suggested that the bonded hydrocarbon 

chains be described as bristles sticking out from the silica surface like a brush. Further 

research added refinements to this model and Riedo et al. [93] showed a phase transition in 
J 
1 hydrocarbon bonded to acid-etched silica as detected by a sharp change in wetting angle as a 
j 

function of temperature and chain length. In comparing liquid-liquid extraction data with 

I 
i 

i 
RPLC bonded phase selectivity, Lochmuller and Wilder [20] proposed that the hydrocarbon 

moieties preferentially associate with one another to form pseudo-liquid droplets on the 

surface. Gilpin and coworkers [24, 151] further showed that for intermediate length (CS-CIO) 

bonded hydrocarbon materials with pure water mobile phases, an irreversible transition 

involving the release of surface organic solvent could be effected as a function of 

temperature. This transition was shown to be a function of the bonded-alkyl chain length and 
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the type oforganic conditioning solvent, but not the type of bonding chemistry [152]. Based 

upon these data, they proposed that hydrocarbon chains held trapped organic solvent until 

sufficient thermal energy was supplied to extend the chains in pure water and release the 

trapped solvent. Complementary observations on the kinetics of exchange of stationary 

phase-entrapped solvent have been presented for gradient elution equilibria [153]. Another 

type of surface transition was observed by Morel et at [139, 154] using both GC and LC 

retention data in which they found a non-linear change in retention as a function of 

temperature. Similar conformational transitions of octadecyl-bonded phases were observed 

with RPLC on densely bonded materials with non-polar solutes [147, 155]. Morel et al. 

[154] suggested that it is unfortunate that RPLC phases were not historically developed using 

Cl6 or shorter bonded hydrocarbons because octadecyl chains form a thermodynamically 

unstable system over the usual operating temperature range. 

The molecular mobility ofbonded hydrocarbon chains has also been investigated 

spectroscopically. Using l3C NMR, Zwier [156] showed that the liquid-like mobility of the 

chains increased as a function ofchain length and solvation, but only minor changes occurred 

as a function of temperature over the range studied. By selective positional13C enrichment 

of hydrocarbon bonding reagents, Gilpin and Gangoda [129] showed with NMR that 

mobility increases rapidly with distance from the anchoring surface bond along the carbon 

chain. This is also consistent with the lattice model predictions of Dorsey and Dill [30,31]. 

FTIR spectrometry was employed by Sander et al. [92] to show that for dry bonded-phase 

silica, a phase transition similar to that ofa pure liquid hydrocarbon can be thermally induced 

on long-chain bonded-phases (ClS-C22). For well-solvated materials FTIR measurements 
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indicated a decrease in the number of gauche C-C bonds of the hydrocarbon moieties relative 

to unsolvated conditions. 

Adsorption ofmobile phase components on the bonded phase can greatly alter the 

chemical properties of the bonded phase, and thus affect the interactions with solute 

molecules. A growing body of spectroscopic and thermodynamic evidence suggests that 

bonded phase with the adsorbed layer have higher polarity and hydrogen bonding ability than 

bulk alkanes [48, 119-123, 157-159]. The proposed polarity profile of the bonded phase with 

adsorbed layer is shown schematically in Figure 1-8 as a function ofdistance from the silica 

surface and interchain distance. It is seen from the schematic drawing that the polarity of 

shorter alkyl chains, when adsorbed by the organic modifier, are more polar than longer alkyl 

chains when they are adsorbed by the organic modifier. 

Direct experiments with pyrene as a fluorescent probe demonstrated that the diffusion 

of solute molecules within the bonded layer is markedly increased in the presence of solvent 

[58]. It was shown that the environment ofpyrene adsorbed on an ODS (Octadecylsilane) 

support in the absence of a solvent is very non-polar and it corresponds to that in liquid 

hydrocarbons. In the presence of solvent the environment of pyrene depends both on the 

eluent composition and on the properties of the ODS support. 

Upon application of binary mixtures, e.g., alcohol-water, acetonitrile-water, 

THF-water, the organic molecules having a high affinity to get adsorbed on the bonded 

hydrocarbon chains. However, in relation to the structure of the bonded layer (rigid, 

flexible), the nature of the modifier and the method ofmodification, the resulting effect of 

the solvent on the bonded layer can be different. Two papers [120, 121] dealing with the 

effect of the eluent composition on the polarity of the bonded layer as studied by analysis of 
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Figure 1-8: Schematic representation of the postulated adsorbed-layer polarity 
gradient in the ODS-bonded silica stationary phase. 
Figure taken from Reference 159. 
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the fine structure of the fluorescence spectra ofpyrene sorbed on reversed stationary phases 

are considered as an example. In these papers, LiChrosorb C18 based on silica with a pore 

diameter of lOnm modified by octadecylmethyldichlorosilane [120] and Partisil C18 [121] 

based on silica with a pore diameter of 5nm modified by octadecyltrichlorosilane and end

capped with were studied. 

It was demonstrated [120] that when the content oforganic modifier in the mobile 

phase is increased (up to 30% with methanol and up to 14% with acetonitrile), the polarity of 

the environment of sorbed pyrene is decreased in comparison with an aqueous eluent. 

Penetration of organic components of the eluent into the bonded layer and blocking of 

accessible silanol groups may cause this. A further increase of the content of, e.g., 

acetonitrile (from 14 to 28%) leads to an increase in the polarity of the pyrene environment 

owing to saturation of the bonded layer by the molecules of the organic component. 

In contrast, an increase in the polarity of the environment was observed [60] at a low 

content of organic component in the eluent in comparison with an eluent containing a high 

concentration of organic component (methanol). This effect was explained by 

"displacement" ofpyrene from the bonded layer at low contents ofmethanol in the eluent. 

These apparently contradictory results [60, 120, 121] may be explained by the effect 

of the pore structure on the state of the bonded layer. Thus, the stationary phase [121] 

consists in a 100% rigid structure and the penetration ofpyrene into the bonded layer is 

hampered. This is related first to eluent containing a small amount of organic component, 

which hardly wet the bonded phase. An increase in the organic component content favors 

wetting of the bonded layer and the partial penetration ofpyrene into the layer ofattached 

hydrocarbons. Thus the polarity of the pyrene environment is decreased. The rigid bonded 
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layer causes a low accessibility of silanol groups for both pyrene and methanol. The 

difficulties in penetration ofmethanol into the rigid bonded layer were confirmed [160]. 

According to the models considered above, part of the bonded layer in case ofa 

support based on LiChrosorb 100A-silica [120] has a flexible structure. It is difficult to 

estimate the proportion of flexible structure as some batches of LiChrosorb 100A-silica may 

have an average pore diameter of even 16-17 nm, i.e., may contain about 100% flexible 

structure in bonded layer. 

Hence, the variations in the structure of the bonded layer of ODS stationary phases 

may lead to basically different mechanisms of interaction between the support and a solute 

and the support and a mobile phase. 

Recently, Dorsey et al. [161] employed a direct, noninvasive, on-column approach to 

examine the solvent-dependent conformational behavior of bonded CIS ligands under flowing 

conditions by Raman spectroscopy. In addition, the bonded chain rigidity was also 

investigated by examining two stationary phases differing only in ligand density: a 2.34 and a 

3.52 Ilmol/m2 Microporasil CIS stationary phase. Their results indicated that the drastic 

solvent-induced conformational changes of the bonded C18ligands, from a collapsed state in 

the presence of the polar aqueous mobile phase to an extended "brushlike" state in less polar 

organic mobile phases, was not observed by Raman spectroscopy. Such conformational 

changes would have been indicated by significant spectral changes in the carbon-carbon

stretching region for the bonded phase ligands. No dramatic changes in the carbon-carbon 

stretching region were observed with mobile phase changes, although, as was shown in their 

other paper [162], the temperature effects on the CIS bonded ligand spectral features in this 

region are significant. Nonetheless, more subtle solvent-induced conformational changes 
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were observed, as evidenced by the difference in methylene stretching of the bonded CIS 

ligands in aqueous and chloroform mobile phase environments. Bonded ligand methylene 

stretching was observed to be more prominent in chloroform than in water, and was observed 

to be more prominent for the lower bonding density stationary phase upon exposure to 

chloroform. 

Their interpretation of the effects of acetonitrile and methanol on the conformational 

behavior of the bonded CIS ligands was complicated by the incomplete subtraction of the 

solvent features [161]. The C18ligand spectral features obtained from acetonitrile and 

methanol, as with those obtained from water and chloroform, do not support the hypothesis 

that the stationary phase ligands collapse and elongate with changes in mobile phase 

composition. However, more subtle solvent-induced changes were not readily discemable in 

acetonitrile and methanol, due to the overlapping of bonded ligand and solvent spectral 

features. They indicated that the use of deuterated acetonitrile and methanol solvents would 

provide more information about the effects of these solvents on the orientation of the CIS 

ligands. 

A more direct approach was taken in our laboratory to see the effect of bonded alkyl 

chain length on the bonded phase structure under RPLC conditions [163-164]. First, the 

molecular volumes of bonded ligands was calculated experimentally (refer to Figure 1-9) 

under L TNA (Low Temperature Nitrogen Adsorption) conditions (77°K under vacuum). 

When compared to the liquid n-alkanes (most dense conformation of the chains), the values 

found for each bonded ligand is approximately the same between the two (refer to Figure 1

9). Silica modified with trimethylchlorosilane (C I ) has bonding density of3.12 IJ.mol/m2, 

CIS bonded phase had bonding density of2.12IJ.mollm2. These values are translated to the 
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approximate linear distance between anchoring points of4.3A for C1 and 7A for CI8 on the 

surface. Figure 1.10 shows molecular model of silica surface (assuming cylindrical pore 

model) with C1 (A) and CI8 (B) chains attached on the surface with mentioned average 

distance. The C1 layer is dense and does not have any "gaps" between bonded chains. The 

CI8 bonded layer, on the other hand, has significant space between bonded chains shown in 

all-trans conformation, which in further discussion is denoted as "free" volume. Model C in 

Figure 1-10 represents the same C I 8 bonded phase in a "collapsed" state. The energy of these 

chains has been minimized using MM2 minimization with HyperChem software. The density 

of this phase with minimized energy is the same as the density of the corresponding liquid n-

alkanes.. 

The shortest ligand (CI) has a very high bonding density. Its effect!ve volume is 

mainly determined by bonding density and not by its conformational freedom, which is 

minimal. However, longer ligands (C8 - C18) have lower bonding density values (Table I-II, 

column 6) and greater conformational freedom (Figure 1-6, B and C). Thus, not only their 

bonding density determines their effective volumes but also by their conformation. The 

correspondence of the effective molecular volume assessed from L TNA data with that 

volume of liquid n-alkanes (Figure 1-9) indicates that this flexible chains most probably in 

the most dense conformation (Figure 1-10, C) and may fill "gaps" in the surface. Since 

adsorbent samples were vacuumed first at elevated temperature and then submerged to liquid 

nitrogen temperature (77oK), that restricts the chain mobility, the experimental dependencies 

represent the molecular arrangement of alkyl chains in vacuum. However, the calculation 

has been made solely by using the surface area ofbare silica and the total pore volume of 

modified adsorbents, without any assumptions in reference to the pore shape, 
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A 

B 

c 

Figure 1-10: Molecular model showing the silica surface modified with 
(A) Trichlorosilane - C), 
(B) octadecylsilane in all trans conformation - CI8, and 
(C) same as B except with minimized energy. 
Figure taken from reference 164, figure 6. 
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I Table I-II. Geometric parameters of bare porous silica and alkylsililated gels measured by 

t 
I 

LTNA. 

t 
! 
1 

I 
i 
i 
1 

Adsorbent BET surface 
area 
[m2/g] 

Total pore 
volume 

[mLlg] 

Mean pore 
diameter 

[A] 

"Carbon" 
Load 

[C% w/w] 

Bonding 
density 

[!lmole/m2] 
,1 Silica 374 0.965 97 0 0 
t 

1 
J 

C I 

C2 

292 

301 

0.804 

0.804 

88.6 

88.2 

4.840 

5.383 

3.121 

2.650 

C3 295 0.781 87.1 6.010 2.401 

C4 299 0.778 86.4 6.735 2.272 

Cs 288 0.746 84.8 7.677 2.253 

C6 288 0.736 83 8.502 2.210 

Cs 287 0.726 81 9.996 2.123 

CIO 264 0.687 80 10.92 2.123 

C l2 236 0.623 78 13.17 2.082 

CIS 182 0.531 79 17.98 2.117 
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structure and the pore size distribution. This treatment leads to the conclusion that alkyl 

chains under vacuum are "collapsed" on the surface, so that they occupy minimum possible 

volume, and surface energy is minimized. 

However, after being exposed to mobile phase under HPLC conditions, the 

conformation (or bulk molecular arrangement) that these ligands are in is another question 

and this was also addressed as following. If the conformation of the bonded alkyl chains 

under HPLC condition is same as it is under L TNA condition, then the pore volume from 

L TNA in reference to silica should be proportional to the total pore volume from HPLC, and 

the proportionality coefficient should be the same for all adsorbents. Indeed, for C, the pore 

volume should be the same for HPLC and L TNA, due to the lack of conformational freedom 

of the alkyl group. However, for a CIS modified adsorbent, the situation may be different, 

since long alkyl chains may have different conformations under L TNA and HPLC 

conditions, and organic eluents may show preferential solvation of the bonded layer. The 

ratio ofHPLC to LTNA pore volume is very consistent for all columns (C I to CIS), with a 2.5 

% RSD. This clearly indicates that prevalent alkyl chain conformation of the bonded phase 

exposed to HPLC eluent is practically the same (in terms ofoccupied volume) as it is under 

L TNA conditions. Therefore, alkyl chains tend to occupy lowest possible volume 

("collapsed"; refer to figure 1-10 (C» since the intermolecular interactions are dominant 

compared to eluent-alkyl chain interactions. 

The conclusion is also supported by the comparison of the void volume (Vo) values 

obtained for three different eluent systems [163, 164]. If there is preferential solvation of the 

bonded phase the pore volume decreases and hence yield lower pore volume values. Vo 
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values measured with methanol, acetonitrile, and tetrahydrofuran match for each column and 

are independent of the eluent used. 

Conclusions 

The stationary phase in RPLC is definitely not a passive receptor in the retention 

process. Advanced statistical mechanical models for RPLC bonded chain have shown that 

analyte distributions and solvent adsorption are greatly influenced by the nature of the 

bonded phase, such as the length of the bonded chain, surface density and chain flexibility. 

In addition, adsorption of mobile phase components on the bonded phase was shown to have 

great effects on the chemical and structural nature of the stationary phase, which in turn 

affects the retention. The conclusions given by the chromatographic and spectroscopic 

studies, although varied in small details, all suggest that the RPLC stationary phase is highly 

heterogeneous, in terms ofphysical! chemical properties and structural conformations. The 

bonded phase is by no means similar to an analogous liquid alkane. Its chemical properties 

are largely modified by the adsorbed mobile phase components, while its structural 

conformations are altered by the boundary and packing constraints. 

Although many mechanisms have been proposed to account for retention process in 

RPLC, most of them are based on or can be applied to the retention behavior of a limited 

range ofanalyte under limited LC conditions (e.g., mobile phase composition, type of 

bonded phase, temperature). It is desirable to have a unified understanding of the retention 

behavior including that provided by the stationary phase effects. In fact, important 

information can be gained from the stationary phase effects in terms of the retention 

mechanism, which indicates an active role for the stationary phase. 



Chapter II: Introduction of the Partition! Adsorption Model 

Summary 

Excess adsorption isotherms can be measured in order to study the adsorbed layer that 

is residing near a surface, in terms of composition, thickness and volume. First, the concept 

ofexcess adsorption is explained. The correlation is made between the excess adsorption 

and RPLC retention, and then, the partitioning/ adsorption model is introduced. The 

proposed model describes the RPLC retention as a sum of two processes: analyte partitioning 

between the mobile phase and the organic rich adsorbed layer followed by its adsorption on 

the hydrophobic surface. A mathematical equation is derived from the model that can predict 

analyte retention when certain conditions are given (mobile phase composition, column etc.). 

Background 

To shed light on the retention mechanism ofRPLC, a theory that describes both the 

mobile- and the stationary phases, and that pays due attention to conformational aspects of 

retention in a grafted layer is needed. Further, this theory should provide insight into aspects 

such as the dependence ofchain length and mobile phase composition on retention. In order 

to obtain an accurate description of the retention mechanism in RPLC, the boundary region 

(preferential adsorption oforganic solvent modifier) between bonded chains and the mobile 

phase cannot be ignored. Experimental evidence presented in Chapter I suggests that a better 

understanding of the physical location of the solute molecules could certainly improve the 

development ofmolecular retention models. 

51 
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To provide a better model that can describe RPLC retention, it was made clear in 

Chapter I that stationary phase plays a big role in retention and it is not a passive receptor. 

So, a discussion of the structure of the bonded phase was made and it was concluded that the 

bonded alkyl chains are in their least energy state or "collapsed" phase. In addition, it was 

shown that there is preferential adsorption of the organic solvent molecules on the surface 

and due to this adsorption, the chemical environment near the surface is changed. In other 

words, the adsorbed layer is somewhat different in composition than the mobile phase. To 

learn more about retention theory, the surface must be considered first, in this case, with the 

adsorbed layer. 

The connection of RPLC retention with adsorption phenomena is one of the keys for 

the interpretation of the retention mechanism. It was shown in Chapter I that in RPLC, when 

using a binary solvent system (e.g., acetonitrile/water), the organic solvent molecules (e.g., 

acetonitrile) are preferentially accumulated on the surface. The first question that can be 

raised is whether this is a monomolecular or a multilayer adsorption? The next question is 

how are monomolecular or multilayer adsorption on a RPLC column measured? The last 

question is what is the composition and thickness/volume of this layer? To answer these 

questions and to obtain more insight into the influence of the organic modifier on the bonded 

alkyl chain length and the nature and concentration of the adsorbed organic modifier, it is 

important to study the adsorption isotherms for organic modifiers on reversed-phase· 

materials. 

There have been different methods [19, 98, 119, 165-172] used to measure the 

adsorption of organic eluent components on the surface of reversed-phase packing material. 

The methods applied for adsorption measurements are frontal chromatography [19,98, 119, 
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165-172], retention of deuterated eluent components [19, 98, 119, 165-172], and introduction 

of a minor disturbance into the equilibrated chromatographic system [98, 119, 170-172]. All 

of these methods allow the measurement of the excess amount of the component adsorbed on 

the surface. 

The Concept of Excess Adsorption 

Adsorption is an accumulation of one component in a close proximity to the adsorbent 

surface, under the influence of surface forces. In a binary liquid solution, this accumulation 

is accompanied by the corresponding displacement of another component (solvent) from the 

surface region into the bulk solution, thus increasing its concentration there. At equilibrium, 

a certain amount of the solute will be accumulated on the surface in excess of its equilibrium 

concentration in the bulk solution, as shown in Figure 2-1 [173]. 

Everett [174, 175] gave a strict definition for the excess adsorption value on the basis 

of experimentally observable quantities for binary mixtures. Refer to Figure 2-1 for the 

following discussion. nO is the analyte amount in the initial solution ofmole fraction xl, the 

mass of solid adsorbent is m that has a specific surface area S, and the final equilibrium mole 

fraction in the liquid is x/ at given temperature T and pressure P. The system thus contains 

an amount nOxl of component 2. If, in the final state, the liquid phase were ofuniform 

composition x/ throughout its extent, it would contain an amount nOx/. This latter 

hypothetical state in which the composition remains uniform up to the solid surface is taken 

as the reference state. The real system thus contains an 
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Figure 2-1: Schematic drawing illustrating the concept of excess adsorption. C-axis 
represents the analyte (component 2) concentration, which is dependent on the 
distance from the adsorbent surface (z-axis). The system on the left represents 
inactive adsorbent surface (original concentration Co is uniform throughout the 
whole volume of the liquid phase). The right system is with active adsorbent 
surface. Ce is the equilibrium concentration in bulk solution after adsorption. 
Shadow areas represent equal amounts ofanalyte, which was transferred on the 
surface from bulk solution. An excessively adsorbed amount r is represented by 
right lined area under the distribution curve. 

(Figure taken from reference 173, figure 1). 
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excess of component 2, over and above that was present in the reference system. This is 

given by 

(2-1) 


and defines one measure ofadsorption, nin 
) , called the reduced surface excess of component 

2 [175]. This may be expressed in terms of the surface excess associated with unit of 

surface area, the areal (reduced) surface excess, l1(n), 

oA~I 
r (n) _ n '""2 

2 - (2-2)
mS 

This include two assumptions: 

1. 	 The liquid is uncompressible, or molecular volumes of the solution components 

are constant. 

2. 	 The adsorbent surface is impermeable and represents a physical boundary 

introducing adsorption forces into the liquid phase adjacent to that surface. [174]. 

Assumption of a constant molecular volume allows the transition from r n
):1 to r v

)], i.e. from 

molar excess adsorption to volume based excess adsorption. 

(2-3) 


Instead of the total number of moles of component 2, the total volume of the liquid phase in 

the system, Vo, and corresponding molar concentrations of component 2 before adsorption, 

Co, and after the equilibrium is established, ce, are used. 

CoVr/mS in the Equation 2-3 is the total amount ofpreferentially adsorbed component 

in a binary system (shown on the left pane of Figure 2-1), and ceVr/mS is the amount left in 
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the hypothetical equilibrated system where, according to Everett, the composition remains 

uniform up to the solid surface. The difference between these values would represent an 

excessive amount accumulated on the surface due to adsorption. This definition is shown 

graphically in Figure 2-1. 

After establishing the equilibrium there will be a certain distribution of the analyte 

along the z-axis due to the stronger attractive effect of the surface in respect to component 2. 

It should be noted that the profile ofthe analyte distribution is dependent on the types ofthe 

analyte, the solvent, the chemistry of the surface, and the initial analyte concentration. 

However, the total volume ofthe liquid phase will not change since the accumulation of the 

analyte will cause the displacement of the solvent into the bulk liquid far from the surface 

and constant molecular volume of all components is assumed. 

For reversed-phase adsorbents, the concept of the surface area is complex [164]. The 

only definite surface area, which could be taken into account, is the surface area ofthe 

original silica. Any comparison of the adsorption values (usually related to the unit of the 

surface) should be done relative to the surface area of underlying silica. 

The Relationship between Excess Adsorption and HPLC Retention 

The connection ofHPLC retention with adsorption phenomena is the key for the 

interpretation of the retention mechanism. The general concept is based on the assumption of 

instantaneous adsorption equilibrium in a dynamic chromatographic system and the solution 

ofthe mass-balance equation for a chromatographic column. General relationships for 

calculating the surface excess amount from chromatographic retention data was first given by 
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1 , Wand, Duda and Radke [19] and later generalized, on the basis of adsorption theory, by 
j 

J 
1 	 Riedo and Kovats [176]. Both had introduced the Gibbs dividing plane prior to the 

application of the excess adsorption concept to the mass-balance in the HPLC column. 

1 
" 	 It is shown below that while using the excess adsorption concept, the introduction of
I 
I the Gibbs dividing plane is not necessary for construction and solution of the mass-balance I 
x
I equation. However, the introduction of this plane is necessary for interpretation of the excess 
l 

i adsorption isotherms. 


I An infinitely small cross-sectional area of the column with thickness dx is considered. 


F is the volumetric flow through the column and Ce is a concentration of the analyte in the 

1 bulk flow. During the time dl, the amount ceFdl of the analyte will move into the selected 
J 

I section. At the same time, the amount (ce+dcJFdl will leave this section of the column. 

Total accumulation (positive or negative) in the selected cross-section of the column is 1 
1 	 Fdldce. Any accumulation in continuous media will form the gradient (\7). 

1 
1 Or 	 (2-4)Fdtdc. = -F( '::: l dxdt1 
I 

The total amount ofanalyte in a selected cross-section of the column is distributed between 

the contacting phases and surfaces. If the distribution function is denoted as rp(cJ, a general 

form ofmass balance equation can be written 

(2-5) 


where fj/(cJ in this equation provides a sense of the number of moles of analyte in the 

selected area of the column. 
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To solve this equation, a specific distribution model must be assumed and an exact 

expression for the analyte distribution must be written. In the equilibrated column with 

constant flow ofbinary solution, some excessive amount ofone component is adsorbed on 

the surface and the solution pumped through the column has equilibrium concentration 

similar to that shown in the right panel of Figure 1. The total amount of the component in the 

liquid phase in a small cross-section of the column can therefore be written as: 

(2-6) 


where Vo is the total volume of the liquid phase in that cross-section, Ce is the component 

equilibrium concentration, s is the adsorbent surface area in selected cross-section, and [Iv) is 

the component excess adsorption. The term VoCe represents the analyte amount in the whole 

volume, vo, of the liquid phase ofchosen cross-section, as it was defined by Everett [174]. 

The rightmost term of Equation 2-6 represents the excessive amount adsorbed on the 

adsorbent surface, s. 

Equation 2-6 is the basis for the solution ofmass-transport equation, which has been 

discussed before [19, 172, 176] and leads to the following expression (refer to Appendix I for 

its step-by-step derivation). 

(2-7) 


where VR is the component retention volume, Vo is the column void volume (the total volume 

of the liquid phase in the column), S is the adsorbent surface area, and dfM(cjldc is the 

derivative of the component excess adsorption isotherm. Parameter Vo in this expression 

represents the total volume of liquid phase in the HPLC column and S is the total surface of 
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adsorbent in this column. Note that in this brief description, no model of the adsorbed layer 

was introduced, nor was the position of the Gibbs dividing plane defined. Use of the excess 

adsorption concept in HPLC does not require any additional assumptions, but, as stated 

before, the interpretation of the excess adsorption isotherms does. 

Integration of the Equation 2-7 leads to the expression given in the Equation 2-8. 

r(V)(C
e 

} = }VR(C1-VOdC (2-8) 

° 

There are no restrictions to the use of this equation for the description of two-component 

systems. The surface area and dead volume are properties of the chromatographic column. 

Excess adsorption was defined as the difference in the component concentrations (measured 

far away from the surface) of two systems, one without the influence of the adsorbent surface 

and another with influence. In this case, the column is equilibrated with a two-component 

solution and then a small amount of the same solution with a small difference in 

concentration is injected (introduction ofminor disturbance in the system). This minor 

disturbance peak for each component will have the retention volume corresponding to the 

Equation 2-8. Measurement of the dependence of the minor disturbance peak retention 

through the entire concentration range allows the calculation of the excess adsorption of the 

component using the Equation 2-8. 

To calculate the excess adsorption oforganic eluent on a RP surface on three different 

binary solvent systems typically used in RPLC (acetonitrile-water, methanol-water and THF-

water), an extensive study was conducted in our laboratory [163, 164, 173] using a minor 

disturbance method [98, 119, 170-172]. However, for the current study, the focus will be on 

an acetonitrile-water system, where acetonitrile is preferentially adsorbed on the surface. 
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Equation 2-8 was then applied to the measured retention volume of acetonitrile for the 

calculation of the excess adsorption of acetonitrile. The dependence of excess adsorption of 

acetonitrile was measured on columns having different alkyl chains (C) to CIS), which were 

bonded to the same silica surface. 

Overlay of the excess adsorption isotherms ofacetonitrile (refer to Figure 2-2) reveals 

the similarity of acetonitrile adsorption behavior on different bonded alkyl chains. All of the 

isotherms show slight negative excess at high organic concentration. This indicates a 

preferential adsorption ofwater and is an indication of the presence ofaccessible residual 

silanols. Between the region of 8 and 17 molelL of acetonitrile (refer to Figure 2-2), all of 

the isotherms have negative slope. This region represents maximum filling of available 

hydrophobic adsorbent surface with acetonitrile. Essentially this means the formation of an 

adsorbed layer composed ofpure acetonitrile. 

The excess amount adsorbed, r, is known, but the amount, ae, which was already on 

the surface from the equilibrium solution is not known (only the concentration, Ce, is known). 

A model of the adsorbed layer structure is needed for the estimation of that amount. The 

introduction of an imaginary plane separates the adsorbed layer from the bulk solution. The 

underlying assumption is that the adsorbed layer concentration throughout the volume of the 

adsorbed phase is uniform. Measurement and calculation of the excess adsorption is possible 

without assumption of any specific adsorption model, however, the interpretation of the 

adsorption isotherm requires the introduction of a model. 

The existence of a hypothetical plane parallel to the adsorbent surface with distance 't 

from the adsorbent surface is assumed. Above this plane, component concentrations are 

equal to the equilibrium concentration. Between this plane and the adsorbent surface, the 
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Figure 2-2: Acetonitrile excess adsorption isotherms on C], C2, C3, C4, Cs, C6, Cg, ClO, C12, 
and CIg modified adsorbents. 
(Figure taken from reference 173, figure 3). 
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amount of preferentially adsorbed component per unit of surface area may be expressed as 

follows 

(2-9) 


where Dads is the total amount adsorbed in [mole/m2], Ce is the equilibrium concentration in 

[mole/mL], 't is the adsorbed layer thickness in [A] multiplied by 10-4 for unit conversion, 

and r(cJ is the excess adsorption in [mole/m2]. 

Linear decrease of r(cJ values with the increase of the acetonitrile concentration in 

the region between 7 and 18 molelL (refer to Figure 2-2) indicates complete filling of the 

adsorbed layer and Dads is constant in this region. According to Everett [181], extrapolation 

of the slope of the excess adsorption isotherm in that region to the intercept with the y-axis 

indicates the maximum adsorbed amount (as shown in Equation 2-9). Estimation of the 

maximum adsorbed amount from the excess adsorption isotherm, as described by Everett 

[174], is shown in Figure 2-3. 

Since the maximum adsorbed amount represents a complete filling of the adsorbed 

layer with the corresponding component and since a constant molar volume in the adsorbed 

and bulk phases is assumed, the volume of adsorbed layer per unit of surface area, Vads, can 

be calculated as 

Vads = n max • V mol (2-10) 

where Vmol is the adsorbed component molar volume. Value of Vads has a dimension 

of [mLlm2], which could be transferred into linear dimensions representing the apparent 

thickness of this adsorbed layer. The thickness of the adsorbed layer for all measured 
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Figure 2-3. Estimation of the maximum adsorbed amount on the basis of the model of finite 
thickness adsorbed layer. Diamonds are the experimental excess adsorption 
isotherm, crosses are the amount of the adsorbed component in the adsorbed 
layer from equilibrium concentration, and squares are the total amount of analyte 
in the adsorbed layer. 
(Figure taken from reference 173, figure 6). 
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j isotherms on all studied adsorbents was calculated. The dependencies of that thickness on 

the number of carbons of alkyl chains bonded on silica surface are shown in Figure 2-4. 

In summary, methanol forms an adsorbed layer ofapproximately 2.5-A thickness, 

which clearly indicates monomolecular character of its adsorption on the surface of the 

I reversed-phase adsorbent. On the other hand, the corresponding thickness for acetonitrile 

I 	 and tetrahydrofuran coincide at about 14 A. This indicates that these components form 

multilayer adsorbed phases. As mentioned before, the focus of the current study is on I 
I 	 acetonitrile-water as the mobile phase. 

j 
The following discussions and conclusions are based on the study performed in our 1 

j laboratory [163, 173]. If the mobile phase consists ofany composition ofacetonitrile-water, 

1 then acetonitrile molecules could either accumulate on the top of the surface or could get 1 
i 

embedded between the alkyl chains. If all acetonitrile molecules are embedded between the 

alkyl chains ofbonded phase, then the increase of the adsorption values should be 

proportional to the increase of the carbon number of the bonded ligands. Figure 2-5 

represents the thickness of the bonded layer and the adsorbed layer of increasing alkyl chain 

length. It can be seen that at the lower chain lengths there is not enough volume, to 

accommodate the volume of the adsorbed layer. This confirms that the volume of that 

adsorbed layer is on top of the bonded layer. However, at higher alkyl chain lengths, Cl2 and 

C18, there is room for the acetonitrile molecules to penetrate. However, the adsorbed layer 

thickness is independent of the alkyl chain length. It can be assumed that since the adsorbed 

layer is on top of the smaller less hydrophobic alkyl chains that it is still on the top of the 

longer hydrophobic ligands. These results clearly show that the acetonitrile forms a thick 

adsorbed layer on the hydrophobic surface of reversed-phase adsorbents (refer to Figure 2-6). 
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Figure 2-4: Adsorbed layer thickness for THF, acetonitrile, and methanol on the surface of 
silica-based adsorbents modified with alkylsilanes of different chain length. 

Figure taken from reference 163, figure 7. 
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Figure 2-5: Comparison of the bonded layer and adsorbed layer thickness versus carbon 
number ofthe alkyl chain bonded to the silica surface. 

Figure taken from reference 163, figure 5-35. 
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Figure 2-6: The dependence ofthe acetonitrile adsorbed layer and collapsed bonded layer 
thickness on the length of the bonded chains. 
Figure taken from reference 173, figure 9. 
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This layer is shown to be equivalent to about 4 to 5 molecular layers on top of each 

other. The explanation of this multi-layer formation requires further investigation and out of 

the scope of the current study, but may be based on the self-association of acetonitrile [176] 

on the hydrophobic surface. The thickness of this adsorbed layer is independent on the 

length ofunderlying bonded alkyl chains. This suggests the prevalent character ofdispersive 

forces in adsorption interactions of the acetonitrile molecules. 

From the results obtained in our laboratory [163, 173], a schematic of the surface of 

the reversed-phase column is shown in Figure 2-7. Majority of the surface in reversed-phase 

adsorbent is inside the pores of silica. Inside these pores, the bonded alkyl chains are in their 

most dense configuration, or in "collapsed" state (independent of the bonded alkyl chain 

length, type of organic modifier and the mobile phase composition). There is preferential 

adsorption of the organic modifier (e.g., acetonitrile) on top of this collapsed phase, which is 

different in concentration than the mobile phase (e.g., acetonitrile-water) composition. 

The Partition! Adsorption Retention Model 

The adsorbed organic layer on top ofthe bonded phase may act as a real liquid 

stationary phase in RPLC and suggest a complex retention mechanism for analytes in the 

RPLC column. Since there is an adsorbed layer ofdifferent composition than the bulk eluent 

being pumped, an analyte may partition (distribution) from the bulk eluent into the adsorbed 

layer of a certain thickness. The thickness ofthis layer is dependent upon the concentration 

of acetonitrile in the binary eluent system. The overall RPLC retention process most likely 

consists of two processes (refer to Figure 2-8 for schematic representation of this model): 1) 

distribution of the analyte between the mobile phase and the adsorbed layer and 
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Figure 2-7: A schematic representation of the bonded layer, the adsorbed layer and the 
mobile phase. 
Figure taken from reference 163, figure 5-37. 
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Figure 2-8: Schematic representation of the analyte distribution according to the described 

partitioning-adsorption model for RPLC. 
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2) adsorption of the analyte onto the surface of the reversed phase material 

The following assumptions are made: (1) binary mobile phase is pumped through the 

column at a constant composition long enough to establish equilibrium and to form a stable 

adsorbed organic layer. (2) Analyte is injected on the column in a small volume of 

a very dilute solution. (3) Injection of small amount of analyte does not disturb the 

equilibrium of the binary eluent in the column. 

Analyte retention in this system could therefore be described as superposition of two 

processes: analyte partitioning from the eluent into the adsorbed layer followed by its 

adsorption from that layer on the surface of the bonded phase. Using the description of the 

model given, an equation is derived as follows, which can predict analyte retention under 

given mobile phase composition and a column. 

A small section of a column of length dx that is at the distance x from the inlet is 

considered. Analyte concentration, Ce, in the eluent is a function of both time and length. 

The volumetric flow rate through the column is F mLimin, therefore during time dt the 

analyte amount ofceFdt will move into the layer dx of the column and the amount 

(ce + dcJFdt will move out of this layer. The accumulation (positive or negative) in this 

layer will be 

- Fdtdce = Fdt· V(ce)dx (2-11) 

where V(c.) ~ -( '::': ), is the gradient ofconcentration in layer dx which was fonned at time 

t for a two-component system. This amount of the analyte is distributed between the mobile 

phase, the adsorbed layer and the surface. 
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Analyte concentration in the adsorbed layer is governed by its distribution coefficient 

between the mobile phase and the liquid that is adsorbed on the bonded alkyl chains. This 

I distribution coefficient, Kp , is defined as the ratio of the concentrations of the analyte inside 

1 
the adsorbed layer, Cs and inside the mobile phase, Ceo1 

! 
(2-12)I 

i Kp will depend on the temperature and the mobile phase composition. The total amount, n,I 

I 
) 

i 

of analyte in the length dx ofour column at a given concentration can be represented as 

follows: 

I 
~ 

(2-13) 

I 
! Where Vo is the total liquid volume per length dx of the column, Vs is the total adsorbed layer 

1 
I 

volume of the organic component of the mobile phase per length dx of the column, s is the 

surface area of the adsorbent per length dx of the column and ris the excess adsorption of 
1 
I the analyte on the surface from the bonded alkyl chains (where the analyte concentration is 

I Cs). Equation 2-13 reflects the summation of the amount of analyte present in the different 

i 
'I 

regions of the column. The first term ofEquation 2-13 represents the amount of analyte 

present in the bulk mobile phase (not counting the adsorbed layer volume). The second term 
1 

represents the amount of analyte present in the adsorbed layer volume and the third term 
1 
! represents the amount of analyte present on top of the bonded alkyl chains. 

i 
The change in the amount of the analyte in the cross-sectional area of the column of 

thickness dx at the distance x from the column inlet during the time dt will be: 

I 
j [! ((vo-v.le, +v,c, +sr(c.))ldtdx (2-14) 

I 
'I 

i 
1 
i 
! 

1 
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According to mass balance conditions, the rate of accumulation of the analyte in the length 

dx and the rate of its distribution inside this area, (i.e. partitioning inside adsorbed layer and 

forming the excess amount) should be equal. Thus, 

(2-15) 

or, equating partial derivatives 

Substituting for Cs from Equation 2-12 and since Kpdoes not depend on time we obtain: 

Since the concentration of the analyte is measured by the detection in the liquid phase we 

have to substitute the surface excess by the concentration in the mobile phase according to 

the following expression: 

(2-18) 


The function (8c s /8t t can be substituted as follows: 

(ac.) (ac.] (ace) (2-19)at aCe atx x x 

When equations 2-17, 2-18 and 2-19 are combined and remembering that (8cs / 8ce t = K p , 

the following equation is obtained. 

(2-20) 

Since the concentration of the analyte is a function of both x and t, its full derivative is 



74 

(2-21 ) 

Dividing this expression by dt at constant Ce (dce=O) we obtain an equation relating partial 

derivatives: 

(2-22) 

Substituting into the Equation 2-20, this expression is obtained: 

- F(ace] = (vo - Vs + Kpvs + sKp dr(cJ)(_ aCe] (ax] (2-23) 
ax 	 dcs ax atI 	 I e 

Dividing both parts by - (ace lax)/ the following expression is obtained: 

dr(c, ))( ax] (2-24)F = Vo - vs + K p vs + sK p ( 	
edc s at 

Where (ax/att = U (the linear velocity of the chromatographic band at a certain c 

concentration of the analyte) is substituted. 

F =(v -v+ K v+ sK dr(cJ)u 	 (2-25)o 	 s Ps P d e

Cs 


Dividing both parts of the equation by U c and substituting for F/ue = Vr 

(2-26) 

Now to go from the reduced amounts (area dx) to total amounts (column length), both parts 

of the equation are multiplied by L, which is the column length. 
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(2-27) 


where VR is the retention volume ofan analyte, Vo is the total liquid volume inside the 

column, Kp is the distribution coefficient of an analyte between the mobile phase and the 

adsorbed layer, Vs is total adsorbed layer volume, S is the total surface area of the adsorbent 

per column and dr(cJ/dcs can also be referred to as KH (Henry adsorption constant). This is 

because the analyte is injected in very low amount and its adsorption on the surface of the 

bonded alkyl chains is assumed to be in the Henry region (analyte adsorption is linear with 

respect to analyte concentration). Equation 2-27 is re-written as the following: 

(2-28) 

KH is the analyte Henry constant for its adsorption from pure eluent component (adsorbed 

layer) on the surface of the bonded phase. 

According to this model, Equation 2-28 represents the mathematical relationship 

describing analyte retention in RPLC. Retention volume ofan analyte is a function of void 

volume, adsorbed layer volume, distribution constant of that analyte between the mobile 

phase and the adsorbed layer, surface area and analyte's Henry constant. (Kp -1)Vs term is 

referred to as the partition term and SKpKH term is referred to as the adsorption term. The 

analyte must distribute itself between the mobile phase and adsorbed organic layer before it 

can adsorb on the bonded alkyl chains. Therefore, Kp is also present in the adsorption term, 

which indicates that adsorption process depends on the partition process. 

Kp is defined as the distribution constant of an analyte between the adsorbed layer (pure 

organic modifier) and the mobile phase (organic-water mixture). If the mobile phase is pure 



76 

organic, then Kp is equal, by the definition set in this model, to 1. So, for a given column, at 

pure organic mobile phase, the Equation 2-28 is reduced to the following: 

(2-29) 


where V/oo is the retention volume of an analyte in pure organic as the mobile phase. Vo is 

measure independently, as we will see in Chapter III, in a binary system (organic-water) and 

S does not need to be measured for the following reason. When analyte retention volume is 

predicted using Equation 2-28, we know two parameters; column and mobile phase 

composition. The same column is used to measure V/oo, from which KH is derived as shown 

below. 

v.IOO 
- V 

KH-
- R 0 (2-30)

S 

So, in reality, KH depends on the given column since dead volume and surface area will vary 

from one column to another. When equation 2-30 is combined with equation 2-28, the 

surface area cancels out (only when Vo, KH and experimentally measured Vr are measured on 

the same column). 

Conclusions 

Since all involved parameters can be measured independently, the partition! 

adsorption model can be experimentally verified. Column's dead volume (Vo), and adsorbed 

layer volume (Vs) of the organic modifier are product of a given chromatographic column 

and can be measured independently in a binary system (organic modifier plus water). The 

Henry constant of the analyte is the slope of its adsorption from pure organic component 
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(two component system; organic modifier and analyte). By measuring Vo, Vs and KH in a two 

component system (e.g., acetonitrile-water or acetonitrile-analyte) and Kp is measured 

independently by headspace gas chromatography (HS-GC), we can predict the retention of an 

analyte for a given chromatographic conditions (this is a ternary system - acetonitrile, water 

and analyte). By comparing the theoretically predicted VR of an analyte on a given column 

and mobile phase composition using Equation 2-27 to the experimentally measured Vr of 

that analyte on the same exact column and mobile phase composition, we can find out the 

validity of the model presented here. This is the main goal of this study. 



Chapter III: Results - RPLC. 

Summary 

Results obtained using RPLC are summarized in this chapter. Three of the four 

independent variables (Vo, Vs and KH) of Equation 2-28 measured using RPLC to predict the 

retention volumes of all analytes being studied are given here. All of the materials, 

instrumentation and parameters used for RPLC experiments are also summarized in two 

separate experimental sections. 

The definition of Vo and the measurement of Vo using the minor disturbance method 

are discussed. A procedure to calculate the Vs is described and results obtained for all five 

columns are given. Directly measured experimental retention volumes for all analytes at 

different acetonitrile-water composition on all five columns are given and discussed. The KH 

values measured for all analytes on five columns are also discussed here. 

Dead Volume, Vo 

The dead volume, Vo, (also known as the void volume) is one of the most significant 

parameters in modem liquid chromatography (LC) and it is essential for all HPLC 

calculations. The primary chromatographic retention parameter VR (retention volume) 

consists of two parts: first, the volume in which the analyte molecules are in the moving 

phase and second, the volume of the mobile phase passed through the column while the 

analyte is retained on the surface of the solid phase. The first part depends only on particle 

porosity, particle shape, packing quality, and other geometrical parameters of the column and 

the chromatographic system. The second part is concerned with the partition coefficient. 

78 
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In all chromatographic methods, the contribution of surface interaction to the 

retention volume must be separated from its geometrical part. The widely used retention 

factor, k', is the most convenient approach to do this. 

k'= (VR - VJ (3-1) 

Vo 
It allows us to eliminate geometrical parameters of the adsorbent, column, system and it also 

looks like the partition coefficient. Because it resembles the partition coefficient, 

chromatographers widely use k' as a thermodynamic parameter (partitioning process is 

assumed) [13-14]. It is obvious that the accurate, universal, and precise determination of 

dead volume is very important. There have been at least six methods suggested for the 

determination of Vo; direct weighing methods [84,97,99, 178-180], use ofunretained 

compounds [18, 179, 181-187], use of isotopically labeled components of the eluent [77, 83

85,98, 170, 180, 188], minor disturbance methods [18,97,99, 189-191], inorganic salts [99, 

179 -182,184,186,189,193] and linearization of homologous series [57,179,180,193

195]. Knox and Kaliszan [170] mentioned that all of these methods neither represent an 

acceptable definition of Vo nor provide reliable methods for its determination. 

Riedo and Kovats [176] based their description of the liquid chromatographic 

phenomena on the more widely known partitioning principle common to gas chromatography 

(GC). This partitioning model is based on the exchange of analyte molecules between two 

different and well-determined phases (gas- and stationary phase in GC). In LC, however, the 

adsorption layer is part of the liquid phase and, as pointed out by Gibbs [196], it is very 

difficult to determine the exact position of a divided plane between a bulk phase and an 

adsorbed layer. 
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Definition of Vo 

There have been numerous attempts to define Vo [19, 97, 99, 116, 172, 178, 193, 

197]. Mockel and Freyholdt [194] proposed that the dead volume of a LC column is that 

volume of the mobile phase that passes through the column while the analyte molecules are 

distributed in it. However, it has been shown by many chromatographers [97,99] that eluent 

molecules are adsorbed onto the bonded phase, forming a stationary layer of mobile phase 

components, and they concluded that this reduces the column dead volume. Most 

chromatographers base their approach to the LC process on the classical distribution model, 

which consists ofpartitioning of the sample molecules between mobile and stationary phases 

(both liquids) [69]. It is known that for different kinds of molecules, the volume of the 

adsorbed layer will be different. Hence, different molecules will have different dead 

volumes. 1. H. Knox and co-workers have also considered the molecular exclusion effect 

and its influence on Vo [192]. 

To determine the dead volume of a column, it must be defined. The dead volume, Vo, 

can be defined as the total volume of the liquid phase inside the column. This volume is the 

sum ofmobile phase volume (Vm) and adsorbed layer volume (Vs). Inside the column, we 

have three different volumes: pore volume (Vp), exclusion volume or interstitial volume (Vex) 

and adsorbed layer volume (Vs). The following equations can be written: 

Vrn (Vp- Vs)+Vex (3-2) 

Vo=Vm+Vs (3-3) 

Vo Vp + Vex (3-4) 

The Vo is easily accessible, e.g., by filling the column with two solvents of different 

density and then weighing it after each filling. This, ofcourse, is contingent on the 
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assumption that the molar volumes of all components do not change on adsorption, which is 

a good approximation. 

Since liquid is practically incompressible, Vm could be determined by injection ofa 

compound that is believed not to be adsorbed, that is, it does not enter the adsorbed layer. 

Multiplication of the retention time of this compound by the flow-rate gives Vm. It turns out 

that different neutral "Vm probes" ofmoderate molecular size (organic compounds) yield 

different Vm values, while deviations of the order of 50% occur when ions (inorganic salts) or 

polymers are used as probes. This uncertainty seems to corrupt the reliability of liquid 

chromatography experimental data (capacity factor, selectivity and resolution). 

Consider a different approach to the definition of dead volume. First, we assume that 

all processes (adsorption, retention, exclusion, etc.) occur in the liquid phase that is in contact 

with the adsorbent surface. Gibbs' approach is applicable to this adsorption phenomenon. It 

should be pointed out that the results are independent of the cause of concentration changes 

(physical adsorption, exclusion, or ionic attraction). 

A basic thermodynamic approach to a description of adsorption processes following 

Gibbs [196] is based on the comparison of the two systems (refer to Figure 2-1). The first 

system corresponds to the two-component solution with initial concentration of the solute 

(Co) and volume (JI) and without any influence from the adsorbent surface. The second 

system is essentially the same as the first except the solution is in contact with the adsorbent 

surface. Excess adsorption (as defined in Chapter II) of the investigated substance is 

measured as the difference between the Co {initial concentration) and Ce(equilibrium 

concentration) after achieving equilibrium. The following equation was derived in Chapter II 

(Equation 2-3). 
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(3-5) 


The relationship between excess adsorption and chromatographic retention volume was 

described in Chapter II and the following equation was derived (Equation 2-7). 

(3-6) 

The given definition of Vo leads to the consequence that all adsorption processes occur in the 

liquid phase. It is not necessary to define the position of the dividing plane between bulk 

solution and adsorbed layer on that stage. 

Experimental 

Adsorbents and Columns 

High purity porous silica was used in this study. This silica was chemically modified 

with alkyldimethylchlorosilanes of different alkyl chain length (C), C4, Cs, C12 and CIS) 

[164]. The alkylsilylation procedure has been described elsewhere [198]. Adsorbents were 

packed into 150 x 4.6 mm stainless steel columns using the slurry packing procedure 

(Phenomenex Inc., Torrance, CA). Phenomenex also supplied the technical details, 

geometric parameters ofbare porous silica and alkylsililated gels for all five columns. These 

are summarized in Table 3-1. 

HPLC Systems 

Two different HPLC systems were used for dead volume determination. System I: 

HP model 1050 pump and autosampler (Agilent Tech, Little Falls, DE) equipped with 
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Table 3-1. Geometric parameters ofbare porous silica and alkylsililated gels. 

1 2 4 5 6 7 

Adsorbent BET Total Mean "Carbon" Bonding 

surface pore pore Load density 
area volume diameter 

[mZlg] [mLlg] [A] C%w/w [Jlmole/m2
] 

Si 374 0.965 97 0 0 
Cl 0.804 88.6 4.840 3.121 
C4 0.778 86.4 6.735 2.272 
C8 0.726 81 9.996 2.123 
C12 0.623 78 13.17 2.082 
C18 0.531 79 17.98 2.117 



84 

refractive index detector ERC-751O (Erma, Kingston, MA). System II: PE model 410 pump 

(Perkin-Elmer, Norwalk, CT); HP model 1050 autosampler (Agilent Tech, Little Falls, DE) 

and model 401 RI detector (Waters, Millford, MA). The column temperature was set at 25°C 

and controlled by a circulating water-bath (Brinkman Model RC6, Lauda-Konigshofen, 

Germany). All eluents were degassed with a degasser unit (Phenomenex, Torrance, CA). 

All HPLC systems were equipped with Turbochrom-4 data acquisition system 

(Perkin-Elmer, Norwalk, CT). 

Extra-column volumes of all systems were determined by direct connection of 

column inlet and outlet capillaries. The measured extra-column volumes are 53 ilL for 

Waters 401 RI detector (Waters Corp., Millford, MA) and 117 J.lL for the Erma detector 

(Erma, Kingston, MA). The average retention volume of a 1 J.lI injection of 100 ppm 

benzene solution at 5 different flow rates was used. 

Solvents and Chemicals 

All solvents and reagents used were high purity HPLC grade (Sigma, Allentown, 

PA). 

Dead Volume Measurement by Minor Disturbance Method 

From equation 3-6, a simple method for the determination of dead volume can be 

derived. If the data for the excess adsorption of the compound of interest on the adsorbent is 

available, then the dead volume can be calculated using Equation 3-6. 

Another method for determining dead volume is based on using the data for the 

retention of the disturbance peaks (minor disturbance) of a component of the eluent [172, 
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175]. Excess adsorption for any pure component is always equal to zero because ofthe 

assumption ofuniformity of the specific molar volume in both the bulk phase and on the 

surface. If we integrate Equation 3-6 through the entire concentration range 

(3-7) 


Vo is a constant and by definition, rCe min (0) rCe min (l00) == 0, hence 
Cemax 

JVR(Ce~Ce (3-8) 
Cemin 

Equation 3-8 gives us a simple method to calculate Vo from the data generated. 

On the basis of this approach, it can be concluded that Vo should be independent of 

the type of mobile phase components. Many researchers have confirmed this [97, 163, 172, 

195]. For the current study, the minor disturbance method was used to determine the dead 

volume of five reversed-phase columns using acetonitrile-water as the mobile phase. 

Results and Discussion 

The minor disturbance measurements were performed using acetonitrile-water for all 

five columns studied (refer to Table 3-11). Figure 3-1 represents the retention volume of 

minor disturbance peak versus the percent acetonitrile in the acetonitrile-water mobile phase. 

The dead volume measured with the minor disturbance method is actually an integral average 

(Equation 3-8) of the retention dependence ofminor disturbance peaks throughout the entire 

acetonitrile concentration range. The measured dead volumes for five columns using minor 

disturbance method are given in Table 3-111. The dead volume values decreases as the alkyl 

bonded chain length increases since longer alkyl chain occupies more volume. 
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Table 3-11. Acetonitrile/Water minor disturbance retention volumes, in mL, for five 
columns. 

I 

Acetonitrile 

concentration 
(%, v/v) 

C1 C4 Cs Cl2 CIS 

0 2.694 2.817 3.496 4.020 4.258 

1 2.373 ----- 2.906 3.089 3.125 

5 2.309 2.557 2.589 2.530 2.432 

10 2.328 2.467 2.438 2.386 2.274 

20 2.270 2.297 2.236 2.210 2.122 

30 2.131 2.097 2.001 1.964 1.903 

35 2.022 1.967 1.865 1.800 1.751 

40 1.918 1.807 1.742 1.683 1.628 

50 1.636 1.567 1.491 1.410 1.381 

60 1.488 1.391 I • .352 1.268 1.256 

70 1.473 1.387 1.342 1.283 1.244 

80 1.589 1.497 1.439 1.376 1.324 

90 1.789 1.677 1.609 1.543 1.476 

95 1.927 1.797 1.736 1.673 1.597 

99 2.227 ---- 2.063 1.985 1.921 

100 3.027 2.867 2.770 3.224 3.540 

----- Not determined. 
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Figure 3-1: Dependencies ofthe minor disturbance peaks on different columns. 
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Table 3-111. Void volume values measured by minor disturbance method with acetonitrile
water for five columns. 

Bonded alkyl chain length Vmd (mL) 

CI 1.893 ± 0.057 

C4 1.876 ± 0.020 

Cs 1.814 ± 0.053 

C12 1.765 ± 0.042 

CIS 1.713 ± 0.036 

* Integral average (using Equation 3-8) of the minor disturbance peak 
retention dependence (values obtained from Table 3-II) on the eluent 
concentration. 

The standard deviation of the three values obtained, for each column, using 
three different methods represents the error for the measured dead volume. 
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The accuracy of the measured dead volume was also studied in our laboratory by three 

different methods: minor disturbance (three different solvent systems: acetonitrile-, 

methanol- and tetrahydrofuran-water), isotopically labeled solvents and pycnometry (three 

different measurements). It was shown [163, 164, 173] that all-different methods give the 

same value of the volume of liquid phase inside the column - dead volume (2.2% RSD of all 

measurements). 

The Adsorbed Layer Volume, Vs 

The preferential adsorption ofacetonitrile molecules on top of the collapsed bonded 

phase was discussed in Chapter II. When the thickness of this adsorbed layer is compared 

using different alkyl bonded chain lengths, it was shown in Chapter II that it does not change 

much. For the current study, the adsorbed layer volume of acetonitrile at each composition 

on every column (different bonded alkyl chain length) must be known. 

Using the retention volumes obtained from the minor disturbance method for each 

column, an excess adsorption isothenn was created as described in Chapter II. These 

isothenns, one for each column, are represented graphically in Figure 2-2 (page 61). For the 

current study, the isothenn should be represented in tenns of adsorbed volume (flLlm2
) for 

the reasons given ,below. 

Interesting infonnation can be obtained from the adsorption isothenn of acetonitrile and 

water. Everett [174] had described the interpretation of the excess adsorption isothenn of 

binary mixtures (e.g., acetonitrile-water). The procedure proposed by Everett [174] allow the 

estimation of the maximum total amount of organic component that could be accumulated in 
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the adsorbed layer. As illustrated in Figure 3-2, Everett showed using the monomolecular 

adsorption model, the crossing of the tangent to the slope of the excess adsorption isotherm 

in the saturation region (linear portion of the excess adsorption isotherm) with the y-axis 

represents the reciprocal value of the adsorbate molecular area (if the graph is plotted as 

J..lmoles/m2versus molelL). The molecular area of the acetonitrile molecule may be obtained 

by dividing the reciprocal maximum amount adsorbed by Advagardo's number. Using this 

technique, it was shown that acetonitrile adsorption has multilayer character [163, 164, 173]. 

For the current study, the number of layers or the thickness of this layer are not 

important, but the volume of this layer (one of the four variables needed to predict the 

retention volume) is of interest. The linear decrease of the excess adsorption with the 

increase of the equilibrium concentration is associated with the saturation of the adsorbed 

layer. Extrapolation of this slope towards the y-axis will give the maximum possible 

(absolute) volume of adsorbed component that could be accumulated in the adsorbed layer. 

To calculate the adsorbed layer volume, Everett [174] showed that if the excess adsorption 

isotherm were plotted as J..lLlm2 versus volume fraction of analyte being adsorbed 

(acetonitrile for the current study), the extrapolation of the linear portion would be the 

volume of the adsorbed layer per unit area (m2). Since the surface area of the column is 

already known, the volume of the saturated adsorbed acetonitrile layer can be obtained. 

Excess adsorption isotherms of acetonitrile from water have been measured by means 

of the minor disturbance method. The following step by step calculation is shown as an 

example using Cl8 column. The calculations on other four columns were performed using 

identical steps. The retention volume values over the entire composition range are given in 

Table 3-11 (for all five columns). Excess adsorption values [J..lLlm2] were calculated using the 
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Figure 3-2. 	Determination of the molecular area of adsorbed molecule from the excess 
adsorption isotherm using Everett's [174] approach. 
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following equation (derived from Equation 3-6) and using the surface area of the adsorbent in 

the column. 

(3-9) 


VR(CJ is taken from Table 3-II, Vo is taken from Table 3-III and S is taken from Table 3-1. 

Once the integration is performed, the values found for IM(CJ are given in column A of 

Table 3-IV for each volume fraction of acetonitrile. When column A is plotted versus 

column B (volume fraction of acetonitrile in the mobile phase), an excess adsorption 

isotherm is generated in terms of volume, for this case. The excess adsorption isotherms for 

each column are given in Figure 3-3. 

The linear portion of the excess adsorption isotherm is from 0.5 to 0.8 volume 

fraction of acetonitrile (refer to Figure 3-3 and 3-4). An Y-intercept of extrapolated line of 

this linear portion was calculated and the value obtained for CIS column is 1.007 IlLlm2
• 

This volume represents the maximum saturated adsorbed layer volume of acetonitrile at 

equilibrium per unit surface area. The adsorbed layer volume is constant under the 

assumptions described in Chapter II. To determine the adsorbed layer volume at equilibrium 

at each volume fraction of acetonitrile in the mobile phase, each volume fraction of 

acetonitrile is multiplied with 1.007 IlLlm2
• The resulting value is denoted as ae and is given 

in column C of Table 3-IV. The difference between ae and ris shown schematically at the 

bottom of Figure 3-4. The total saturated adsorbed layer volume at each volume fraction of 

acetonitrile is determined as the sum of ae and rand this value is given in column D ofTable 

3-IV. To get the total volume of acetonitrile adsorbed at each volume fraction of acetonitrile, 

the sum of Qe and ris multiplied by the surface area of the column and the found values are 
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Table 3-IV: Excess adsorption ofacetonitrile on a CIS column (in terms ofvolume). 

A B C D E 

ae r+ae 
r (vol) vol frae (v) • 1.007*v r + 1.007*v Adsorbed layer volume for 

whole column 
uL/m" uL/m" 

• 

-2.1014 E-16 I 1.00 1.007 

uL/m" (mL) 

1.007 0.37 
-0.0274 0.99 0.997 0.969 0.36 
-0.0324 0.95 0.957 0.924 0.34 
-0.0086 0.90 0.906 0.898 0.33 
0.0755 0.8 

0.705 
0.881 0.33 

0.1910 0.70 0.896 0.33 
0.3156 0.60 0.604 0.920 0.34 
0.4217 0.50 0.503 0.925 0.34 
0.4778 0.40 0.403 0.881 0.33 
0.4809 0.35 0.352 0.833 0.31 
0.4655 0.30 0.302 0.768 0.29 
0.3848 0.20 0.201 0.586 0.22 
0.2542 0.10 0.101 0.355 0.13 
0.1680 0.05 0.050 0.218 0.08 
0.0533 0.01 0.010 0.063 0.02 

0 0.00 0.000 0.000 ! 0.00 
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Figure 3-3: Excess adsorption ofacetonitrile from water on different bonded alkyl chains. 
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given in Column E of Table 3-IV. Graphical representation of ae, rand ae+rversus volume 

fraction of acetonitrile is given in Figure 3-4. It can be seen from the graph that the adsorbed 

layer is saturated starting at approximately 004 volume fraction of acetonitrile. Below this 

region «0040 volume fraction of acetonitrile), the calculated adsorbed layer volume 

indicated in Column E of Table 3-IV will be used. 

Table 3-V to 3-VIII are given for the other four columns. The values in these tables 

were derived as described above for the CIS column. The calculated adsorbed acetonitrile 

layer volume is constant from CIS to C4 (different bonded alkyl chain length), except for the 

C I column, which has a lower adsorbed acetonitrile volume. 

Experimentally measured retention volumes (Vr) 

Introduction 

Homologous series are often used as chromatographic solutes to determine the 

suitability of a particular solvent system of stationary phase to perform high-resolution 

separations. However, homologous series of compounds, which vary by the number of 

methylene units in their alkyl group, have also been widely used as solutes for fundamental 

RPLC studies [199]. Their popularity as test compounds stems from the advantages that they 

offer in terms of the simple relationship between retention factor (k~ and the number of 

methylene units (n) for any given homologue in the series [65]: 

In k'n n In a: + In p (3-10) 

where k'n is the retention factor of the nth homologue, a: is the chromatographic selectivity 

(k' n+ 11k'n), and Pis the retention factor of the parent functional group of the homologous 

series [65]. The selectivity is the difference in the change in free energy (MG) between 
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Table 3-V: Excess adsorption ofacetonitrile on a Cl2 column (in terms of volume). 

A B C D E 

ae r+ae 
r (vol) vol frae (v) 1.082*v r + 1.082*v Adsorbed layer volume for 

whole column 
uL/m4 • uL/m4 uL/m4 (mL) 

21 E-16 1.00 1.082 1.082 0.39 
-0.0232 0.99 1.071 1.047 0.38 
-0.0303 0.95 1.027 0.997 0.36 
-0.0086 0.90 0.973 0.965 0.35 
0.0761 0.80 0.865 0.941 0.34 
0.1967 0.70 0.757 0.954 0.34 

_......... 

0.3322 0.60 0.649 0.981 0.35 
0.4502 0.50 0.541 0.991 0.36 
0.5107 0.40 0.433 0.943 0.34-_......... 

0.5140 0.35 0.379 0.893 0.32 
0.4978 0.30 0.324 0.822 0.30 
0.4087 0.20 0.216 0.625 0.23 
0.2611 0.10 0.108 0.369 0.13 
0.1652 0.05 0.054 0.219 0.08 
0.0495 0.01 0.011 0.060 0.02 

0 0.00 0.000 0.000 I 0.00 
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Table 3-VI: Excess adsorption of acetonitrile on a Cs column (in terms of volume). 

A B C D E 

ae r+ae 
r (vol) vol frae (v) 1.092*v r+ 1.092*v Adsorbed layer volume for 

whole column 
uL/m" uL/m" uL/m" (mL) 

-4.993 E-16 1.00 1.092 1.092 0.37 
-0.0177 0.99 1.081 1.063 0.36 
-0.0278 0.95 1.037 1.010 0.34 
-0.0071 0.90 0.983 0.976 0.33 
0.0780 0.80 0.874 0.952 0.32 
0.2023 0.70 0.764 0.967 0.33 
0.3394 0.60 0.655 0.995 0.34 
0.4546 0.50 0.546 1.001 0.34 
0.5125 0.40 0.437 0.949 0.32 
0.5140 0.35 0.382 0.896 0.31 
0.4965 0.30 0.328 0.824 0.28 
0.4069 0.20 0.218 0.625 0.21 
0.2532 0.10 0.109 0.362 0.12 
0.1505 0.05 0.055 0.205 0.07 
0.0407 0.01 0.011 0.052 0.02 

0 0.00 0.000 0.000 0.00 
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Table 3-VII: Excess adsorption ofacetonitrile on a C4 column (in terms ofvolume) . 

A 
I 

B C 
• 

D E 

ae r+ae 
r (vol) vol frae (v) 1.030*v r + 1.030*v Adsorbed layer volume for 

whole column 
uL/m'" uL/m'" uL/m'" (mL) 

-1.653 E-16 1.00 1.030 1.030 0.37 
-0.0639 0.99 1.019 0.955 0.34 
-0.0444 0.95 0.978 0.934 0.33 
0.0367 0.90 0.927 0.963 0.34 
0.1585 0.80 0.824 0.982 0.35 
0.2943 0.70 0.721 1.015 0.36 
0.4048=1 0.60 0.618 1.02 0.36 
0.4579 0.50 -+-&515 
0.4564---+ 0.40 .412 

0.973 0.35 
0.868 0.31 

0.4346 0.35 0.360 0.795 0.28 
0.3446 0.30 0.309 0.654 0.23 
0.2028 0.20 0.206 0.409 0.15 
0.1137 0.10 0.103 0.217 0.08 

0 0.05 0.051 0.051 0.02 
0 0.01 0.010 0.010 0.00 
0 0.00 0.000 0.000 0.00j 

I 

t 

1 
1 
1 
! 

I 

1 

I 

I 

\ 
I 

J 
I 

I 

I 

I
I 
I 
j 
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Table 3-VIII: Excess adsorption ofacetonitrile on a C) column (in terms of volume). 

j 

i 
t 

I 

I

1 


~ 

i 


I 

I 

t 
1 

1 

i 

I 

i 


A B C D E 

ae r+ae 
r (vol) vol frae (v) 1.007*v r + 1.007*v Adsorbed layer volume for 

whole column 
uL/m" uL/m" uL/m" (mL) 

-4.053 E-16 1.00 0.852 0.852 0.31 
-0.0204 0.99 0.844 0.823 0.30 
-0.0408 0.95 0.809 0.769 0.28 
-0.0359 0.90 0.767 0.731 0.26 
0.0209 0.80 0.682 0.703 0.25 
0.1218 0.70 0.596 0.718 0.26 
0.2366 0.60 0.511 0.748 0.27 

.... 

0.3288 0.50 0.426 0.755 0.27 
0.3612 0.40 0.341 0.702 0.25 

-0:3505 0.35 0.298 0.649 0.23 

o~ 
0.30 0.256 0.581 0.21 

O. 0.20 0.170 0.410 0.15 
0.1 0.10 0.085 0.212 0.08 

~ 
0.05 0.043 0.110 0.04 
0.01 0.009 0.026 0.01 
0.00 0.000 0.000 0.00 

I 
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solutes n and n+1 for the transfer between the mobile and stationary phase. The magnitude 

and sign of p are characteristics of the parent functional group, whereas a is influenced by 

the homologue unit's chemical properties. It has been shown by many researchers [1, 14, 15, 

40, 45-48, 59, 200] that there is a constant contribution to the free energy of retention (and 

therefore to In kj with each methylene increment in the alkyl chain. Since both a and k' are 

thermodynamic quantities, the terms in Equation 3-10 will also depend on the mobile phase 

and stationary phase composition and the temperature of the chromatographic system [65]. 

Effect of bonded alkyl chain length on RPLC retention 

Numerous studies discussing the effects of changing the length and/or the density of 

the alkyl chain ligand on the retention behavior in connection with the separation mechanism 

in RPLC have been published [14, 20, 55, 56, 91, 140, 199, 201-212]. The scientific 

literature contains contradictory results regarding the influence of the alkyl chain length 

and/or density on the retention in RPLC [14,20,55,56,91, 140, 199,201-212]. 

Claessens et al. [201] and Scott and Kucera [14] linearly correlated k' and percent 

carbon and corrected retention volume and percent carbon, respectively, for various 

commercial octadecyl and octyl columns. Shaikh and Tomaszewski [202] found a linear 

relationship between k' and carbon loading for seven commercial octadecyl packing whereas 

Engelhardt and Ahr [203] noted linearity between log k' and percent carbon for four 

commercial octadecyl phases. Using stationary phases of varying alkyl chain lengths, 

Spacek et aL [204] found linear behavior between k' and percent carbon, whereas 

Lochmuller and Wilder [20] and Hemetsberger et aL [91] found such plots to be curved. For 

such stationary phase systems, Hemetsberger et al. [91] and Berendsen and de Galan [205] 
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I obtained linear plots of log k' versus percent carbon. Jinno and Kawasaki [55] successfully 

I 
correlated stationary phase percent carbon and capacity factor for various benzyl-modified I 

i 
! 	

phases. Comparison of chromatographic retention behavior of stationary phases prepared 
i 
t 	 with different types of reagents, alkyl chain lengths, and/or silica substrates adds these 

variables to an already complex situation and may explain the inconsistencies among the 

1 
j 	 conclusions drawn by these different groups. Furthermore, early in the history of bonded 
I 
I phases, Unger et 	aL [206] pointed out that carbon content is misleading because of! 
,i 

i 
, 

I 
differences in the surface area of the original silica which results in different surface densities 

of the bonded alkyl groups. 

Other researchers have synthesized stationary phases from the same batch of base
t 

I 
1 
! 

silica by using the same silane reagent on different amounts in order to make bonded phases 

with various carbon loading, thus eliminating the above variables. Tomellini et aL [207] 

show, for six non-end-capped monomeric octyl phases, log k' first increases as a function of 

1 octyl surface coverage and then levels off at higher coverage. Miller et at. [208] observed the 
1 
i 

same sort of behavior for three monomeric octadecyl bonded phases and noted that the point 

1 at which log k' begins to plateau is dependent upon solute polarity; polar solutes approach a 

1 
~ 	 constant log k' value at lower surface coverage than for nonpolar solutes. 
I 
j 

I 
1 
1 Some researchers have examined solute retention as a function of increasing alkyl 

chain length of the bonded ligands. Colin et aI. [209], linno [210], linno and Kawasaki [55], 
, 

and Tanaka et aI. 	 [56] found that log k' increased with increasing bonded chain length. 
1 
I 	 Spacek et aL [204] and Berendsen and de Galan [205] have also noted a general trend of 
I 

increased retention with increasing chain length of the bonded ligand, but their results were t 
l 
I 

1 
1 	 less conclusive than those of linno and Kawasaki [55]. 

1 
1 

I 
! 
j 

Hennion et aI. [189], using bonded 
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phases of constant surface coverage but with bonded chains varying in length from 4 to 18 

carbon atoms, found that for nonpolar solutes log k' increases linearly with the number of 

carbon atoms in the bonded ligand; polar solutes exhibited a linear relationship between k' 

and bonded chain length. Further, they stated that these results are indicative that the total 

length of the bonded alkyl chain is available to interact with the solute. Roumeliotis and 

Unger [211] came to the same conclusion by obtaining a linear relationship between log k' 

normalized to the surface area of the bonded phase (for both polar and nonpolar solutes) and 

the total hydrocarbonaceous surface area (HAS) of the bonded ligand for C4, Cs, Cl2 and C16 

bonded phases. Hennion et al. [212] also observed increasing log k' values as a function of 

HAS for C4 to C22 alkyl-bonded phases. 

It is not clear from any of these studies that the trends noted are due to actual 

increased partitioning of the solute into the longer alkyl chains (as many of them have 

stated). It is also unclear as to whether solute retention actually reaches a limiting value as 

alkyl surface coverage increases or whether these trends are an artifact of the retention 

parameter measured. In all of these studies the capacity factor, k', was used to quantitate 

retention (partitioning mechanism was assumed). The k' is defined as Keq (partition 

equilibrium constant) times the phase ratio. The following question was raised in Chapter I. 

What is phase ratio (especially the stationary phase volume)? As stated before, stationary 

phase volume increases as chain length increases. Do we count the volume of the adsorbed 

molecules on the surface as a part of mobile phase or the stationary phase? Therefore, it is 

unclear whether solute retention increases because of increasing partition equilibrium 

constant or merely because of the phase ratio increase. 
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Sentell and Dorsey [140] also studied the effect of bonding density on RPLC 

1 retention. They actually calculated phase ratio and expressed their results in tenns of Keq
1 

since they knew the phase ratio and the capacity factor. Their conclusion was that the 1 
1 
j retention levels off or plateaus beyond bonding density of 3.1 Jlmole/m2. Since adsorption 

1 
will show an increase in retention as bonding density is increased, they concluded that this is 

J 
! evident of partitioning mechanism in RPLC. Closely examining their procedure ofI 
! detennining the mobile phase volume (Vm) and stationary phase volume (Vs) reveals that 

they did not take solvent adsorption into the account when calculating V m or Vs. They 

detennined mobile phase volume by solvent disturbance peak, which is dependent on the 

eluent composition (refer to Figure 3-1). Their calculation of stationary phase volume does 

not account for the adsorbed volume either. So, the validity of their conclusion can also be 

questioned as well as their conclusion about the retention mechanism. Most of all, in all of 

the studies sited here, partition mechanism was thought to be taking place. But as pointed 

out in Chapter I, neither the partitioning nor adsorption alone cannot describe the retention in 

RPLC. 

Effect of mobile phase composition on RPLC retention. 

While the fundamental mechanism or mechanisms of RPLC are still unresolved, a 

number of useful empirical observations of great practical significance have been established. 

One of the most important of these is the relationship between retention and mobile phase 

composition [213]. The dependence of reversed-phase retention (k') on organic modifier 

composition (%B in binary solvent system) is of interest for several reasons. First, the study 

of this relationship for a wide range of solutes and separation conditions might provide 



105 

insight into the fundamental basis ofanalyte retention in RPLC; i.e., the retention 

mechanism. Second, reversed-phase retention data are widely used to estimate octanol-water 

parition coefficient (log Polw). These precedures typically require extrpolation ofvalues ofk' 

as a function of %B to pure water (0 %B); hence a knowledge ofhow k' depends on %B is 

relevant to this application. Third, changes in %B often result in significant changes in 

relative retention or selectivity [214]; a better understanding of the k'-%B relationship should 

lead to a more effective used of solvent strength (%B) as a means of optimizing HPLC 

separation. 

Based on various models of the retention process, many such relationships have been 

proposed. Due to its simplicity, one of the most useful, however approximate, of these is the 

logarithmic-linear relationship given below: 

In k' = In k'w - S<p (3-11) 

where k' is the solute retention factor at a specific mobile phase composition (<p) and k'w is 

the extrapolated k' for pure water (<p=0). In k'w is the intercept of the relationship defined by 

equation 3-11 and S is the slope of the plot of In k' vs. cp where cp is the volume fraction of 

organic modifier. In fact equation 3-11 is not particularly accurate. It has been shown that a 

quadratic form, refer to Equation 3-12, is generally better, at least from the point ofview of 

statistical goodness of fit [215]. 

(3-12) 

Equation 3-12 has the additional virtue of being derivable based on regular solution theory 

[25, 50] and simple lattice model [28]. However, for practical work, equation 3-11 is usually 
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preferred and over a sufficiently narrow range in mobile phase composition it is usually quite 

satisfactory . 

The experimental dependence of retention on solvent composition tp in RPLC has 

received considerable attention [215, 216]. Numerous studies [215,216] and references 

therein] have been reported which purport to show the validity of equation 3-11, usually by 

means of correlation coefficients; R2 = 1 for various solutes and a range in values of tp. It has 

been shown [217, 218] that depending on the solvent used, the best fitting equation could be 

different. For example, for one analyte studied on methanol and acetonitrile, equation 3-11 

might fit best to methanol and equation 3-12 fits best to acetonitrile. Most data suggest that 

[215,216] equation 3-11 is generally a good approximation for methanol and THF as 

solvents, while acetonitrile generally gives some-what curved plots of log k' vs. tp. 

The relative curvature ofplots of log k' vs. tp is also affected by the value of the 

column dead volume assumed for a given data set. Because there is considerable controversy 

over the best way of measuring Vo, this represents another uncertainty in the evaluation of 

different equations as predictors ofk' vs. rp. 

Several other authors [219, 220] have compared the applicability ofvarious fitting 

equations for k' vs. tp in the case o~a smaller number ofdifferent data sets. The results are in 

some cases contradictory and no compelling conclusions can be reached as to the superiority 

ofa particular fitting equation. The data reviewed by Valko et al. [215] suggested that no 

single equation will provide the best fit ofk' vs. tp for all data sets (values ofk' vs. tp for a 

given solute, solvent and other conditions). 
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It is not the intend of the current study to find a solution to the above problem. The 

retention equation (Equation 2-28) derived in Chapter II on the basis of the proposed 

partition! adsorption model may provide the solution of the problem stated above. 

(2-28) 


The above equation can be rearranged as follows to measure k': 

~-Va =/(= (Kp-I)V; +SK,KH (3-13) 
Va Va Va 

Equation 3-13 shows the complex dependence of the k' vs. eluent composition, which is 

dependent on the anlayte distribution constant (Kp) and adsorbed layer (Vs). Due to this 

complex relationship, whether we find a linear correlation or not, it is irrelevant in this study 

since both, the predicted and experimental data sets will be compared using the same analysis 

(In k' vs. rp). 

For the current study, the effect of bonded alkyl chain length (C .. C4, Cs, CI2 and C18) 

and acetonitrile-water binary mixture as mobiles phase (10% increment throughout the 

concentration range of acetonitrile) are studied using two different homologue series: alkyl 

benzenes (non-polar) and alkyl ketones (polar). Temperature is another variable in HPLC, so 

it was held constant at 30°C. 
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Experimental 

Adsorbents and Columns 

Same as described earlier in this chapter. 

I Solvents and Chemicals 

i All solvents used were high purity HPLC grade (Sigma-Aldrich, Allentown, P A). All 
1 

of the analytes used were at least 98% pure (Fluka - Sigma-Aldrich, Allentown, PA). 

I 
1 

HPLC system and conditions 

I All experimental retention volumes of all analytes were measured on the following 

HPLC system: PE model 200LC pump, autosampler model ISS200 and diode array detector 

model 235C (Perkin-Elmer, Norwalk, CT). The column temperature was thermostated at I 
.1 

J 30.0°C with a water jacket (Alltech, Chicago, IL) and controlled by a circulating water-bath 

I 
(Brinkmann Model RC6, Lauda-Konigshofen, Germany). The thermocouple (type K) was 1 

inserted into the water jacket and wrapped around the column. The temperature was 

measured using a thermometer (Control Company, Houston, TX). The thermometer 

I accuracy is ± 0.1 °c and the temperature in the water jacket were found to be within 0.2°C. 

I 

All eluents were degassed with a de gasser unit (Phenomenex, Torrance, CA). 


All HPLC systems were equipped with Turbochrom-4 data acquisition system 
J 

(Perkin-Elmer, Norwalk, CT). In order to get at least 10 points across a peak, the sampling 

I rate was chosen depending upon the expected retention time (from 2 Hz to 10Hz). 
I 

I 
1 

\ 
t 

I 
1 

1 
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Extra-column volume (between injector and detector cell) of the system was 

measured by removing the column and connecting the injector line directly to the detector 

(this included about 1 m long 1116" ID tubing before the column inside the water jacket). 

The average retention volume ofa 1 f.1L injection of 100 ppm benzene solution at 5 different 

flow rates was used. The measured extra-column volume was found to be 85 f.1L. 

All of the retention volumes were measured using flow rate of 1.00 mLimin. The 

flow rate was measured, before each run (each automated run was programmed for not more 

than 3 days), with pure water into a 5.0 mL TC volumetric flask and was timed with a 

stopwatch (Control Company, Houston, TX). In order to obtain an accurate flow rate each 

time, the flow rate was programmed in the pump in such a way that the measured flow rate, 

not the programmed one, was always 1.00 mLimin (± 0.02mLlmin). 

Two homologous series were used: Alkyl benzenes (Benzene, Toluene, Ethyl 

benzene and propyl benzene) and ketones (Acetone, 2-Butanone, 2-Pentanone, 2-Hexanone 

and 2-Heptanone). All analytes were prepared in the appropriate acetonitrile-water mixture 

(same as the mobile phase) in the concentration range of 100 ppm to 300 ppm. Injection 

volume for analytes was varied from 1 f.1L to 3 f.1L. Alkyl benzenes were monitored at 

254nm and ketones were monitored at 330nm. 

The mobile phase composition was varied from 100 % acetonitrile (0 % water) to 0 % 

acetonitrile (100% water) at 10 % increment. When a composition of the mobile phase was 

changed, at least 25 column volumes (- 45 min) of the new mobile phase were passed 

through the column before making injections. Acetonitrile and water were placed 

individually in their respective solvent reservoir and the pump was programmed to get the 

required mobile phase composition. 
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The reproducibility of the measured retention volumes (for each analyte at each 

composition for every column) was obtained by injecting each analyte three times for a given 

set of conditions. But injections were not made repetitively, rather they were made in three 

cycles. For example, for a given column, an injection of each analyte was made at each 

mobile phase composition starting from 100 % acetonitrile down to 0% acetonitrile. Then 

the whole cycle was repeated twice to get total of three injections. All analytes were injected 

individually at a given mobile phase composition. Depending upon the obtained retention 

time for each analyte at each mobile phase composition, the obtained standard deviation was 

found to be different. Table 3-IX summarizes the largest standard deviation (oJ found for 

both homologous series at each mobile phase composition on all studied columns. 

For all chromatograms generated, the individual peaks were found to be symmetrical, 

so the peak maximum was considered an adequate point for measuring retention time. 

Results and Discussion 

Tables 3-X to 3-XIV list experimentally measured retention volumes (corrected for system 

volume) of each analyte at studied acetonitrile-water composition on Clg, CI2, Cg, C4 and CI 

column, respectively. Figures 3-5 to 3-9 gives gr~phical representation of the experimentally 

measured data on all five columns for ketone homologue series (from Acetone to Heptanone, 

respectively). Figures 3-10 to 3-13 gives graphical representation of the experimentally 

measured data on all five columns for alkyl benzene homologue series (from Benzene to 

Propyl Benzene, respectively). log k' was calculated using equation 3-1. The data for Vr are 

taken from Tables 3-X to 3-XIV and the data for Vo are taken from Table 3-111. 
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Table 3-IX: The largest standard deviation (0'), in mL, found for the retention volume from 
the five columns studied for each analyte at given mobile phase composition. 

% Acetonitrile 100 90 80 70 60 50 40 30 20 10 0 

Acetone 0.085 0.053 0.015 0.013 0.015 0.016 0.018 0.036 0.023 0.042 0.033 

2-Butanone 0.056 0.052 10.015 0.012 0.015 0.016 0.020 0.018 0.033 0.135 0.540 

2-Pentanone 0.044 0.051 0.018 0.008 0.008 0.017 0.018 0.043 0.06910.189 ------

2-Hexanone 0.042 0.020 0.014 0.011 0.011 0.225 0.018 0.094 0.140 0.293 ------

2-Heptanone 0.032 0.047 0.017 0.019 0.021 0.031 0.084 0.198 0.853 ------ ------

Benzene 0.033 0.052 0.016 0.014 0.052 0.036 0.037 0.017 0.155 ------ ---- ....-

Toluene 0.014 0.049 0.017 0.018 0.028 0.060 0.055 0.003 0.156 ------ -----

Ethyl 
Benzene 

0.040 0.049 0.013 0.021 0.041 0.103 0.142 0.267 ------ ------ -------

Propyl 
Benzene 

0.039 0.056 0.016 0.030 0.076 0.201 0.667 ------ ------ ------ ------

------- The standard deviation was not obtained since there was no retention volume 
measured for that analyte at that mobile phase composition on a given column. 
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I Table 3-X: Experimentally measured retention volume, in mL, (corrected for system 

volume) of each analyte, on a Cl8 column, at a given acetonitrile-water 
composition.I 

I 

l 

I 
~ 

i 
1 
! 

I

l 

I 
j 

1 

1 

! 
1 

I 

] 


% 
Acetonitrile 

100 90 80 70 60 50 40 30 20 10 0 

Acetone 1.864 1.788 1.807 1.853 1.928 2.026 2.195 2.384 2.677 3.408 11.521 

Butanone 1.854 1.848 1.918 2.044 2.222 2.468 2.927 3.462 4.363 6.628 33.773 

Pentanone 1.895 1.933 2.068 2.297 2.631 3.142 4.250 5.765 8.668 16.328 -----

Hexanone 1.958 2.050 2.274 2.644 3.231 4.199 6.691 10.853 20.276 47.765 ------

Heptanone 2.043 2.201 2.558 3.144 4.143 5.938 11.273 22.434 53.090 ------ -----

Benzene 1.895 2.077 2.436 3.016 3.985 5.735 10.618 18.932 34.402 ----- -----

Toluene 1.982 2.247 2.760 3.620 5.133 8.083 17.661 37.423 83.936 ----- ----

Ethyl 
Benzene 2.054 2.416 3.126 4.343 6.616 11.430 29.326 73.464 ----- ----- ------

Propyl 
Benzene 2.169 2.686 3.702 5.529 9.096 17.337 52.360 ----- ----- ----- -----

J 

•I j ------- Not determined. .j 
I 
; 

I 
1 
I 
~ 
i 
~ 

1 

I 
,1I 
1 
j 
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Table 3-XI: Experimentally measured retention volumes, in mL, (corrected for system 
volume) of each analyte, on a e l2 column, at a given acetonitrile..:water 
composition. 

% 
100 ~ 70 60 50 Lin i 30 20 10 0Acetonitrile 

Acetone 1.893 1.814 1.831 1.878 1.946 2.046 2.219 2.402 2.684 3.340 9.249 

Butanone 1.869 1.855 1.927 2.041 2.213 2.446 2.890 3.393 4.220 6.169 24.724 

Pentanone 1.895 1.918 2.045 2.250 2.564 3.030 4.052 5.418 7.972 14.315 ---
Hexanone 1.934 2.002 2.200 2.526 3.046 3.907 6.104 9.689 17.630 39. --
Heptanone 1.994 2.112 2.409 2.904 3.754 5.282 9.864 19.017 43.468 -- ----

Benzene 1.875 2.022 2.319 2.814 3.658 5.151 9.318 16.183 28.604 ----- ....._-

Toluene 1.932 2.133 2.544 3.234 4.482 6.868 14.575 30.164 66.040 ----- -----
Ethyl 1.979 2.247 2.789 3.747 5.553 9.272 23.287 56.829 ----- ---Benzene 

Propyl 2.047 2.413 3.158 4.519 7.232 13.346 39.735 ----- ---- -- ---Benzene 

I 

------- Not determined. 



114 

Table 3-XII: Experimentally measured retention volumes, in mL, (corrected for system 
volume) of each analyte, on a Cg column, at a given acetonitrile-water 
composition. 

% 100 90 80 70 60 50 40 30 20 10 0
Acetonitrile 

Acetone 1.942 1.864 1.877 1.920 1.986 2.090 2.249 12.406 2.654 3.192 6.900 I 

Butanone 1.903 1.893 1.937 2.050 2.212 2.429 2.800 3.231 3.888 5.274 15.790 . 

Pentanone 1.916 1.928 2.025 2.200 2.482 2.892 3.726 4.810 6.705 11.015 i43.832 i 

Hexanone 1.931 1.961 2.121 2.398 2.837 3.434 5.245 7.943 13.487 27.756 ------

Heptanone 1.962 2.044 2.253 2.651 3.322 4.524 7.860 14.282 30.428 
I ---- -----

Benzene 1.873 1.982 2.197 2.600 3.280 4.468 7.508 12.352 20.285 -- -----
Toluene 1.903 2.047 2.333 2.861 3.820 5.604 10.942 21.171 42.637 ---- ---

Ethyl 1.933 2.110 2.481 3.179 4.496 7.169 16.332 37.463 ----- ---- ------Benzene 
Propyl 1.969 2.203 2.691 3.628 5.493 9.611 25.911 ---- ----- ---- -_...........

Benzene 

------- Not determined. 
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Table 3-XIII: Experimentally measured retention volumes, in mL, (corrected for system 
volume) of each analyte, on a C4 column, at a given acetonitrile-water 
composition. 

% 
Acetonitrile 

100 90 80 70 60 50 40 30 20 10 0 

Acetone 1.948 1.868 1.884 1.923 1.988 2.066 2.196 2.337 2.479 2.747 4.050 

Butanone 1.890 1.867 1.974 1.993 2.131 2.300 2.582 2.859 3.212 3.782 6.707 

Pentanone 1.882 1.874 1.945 2.082 2.295 2.601 3.164 3.795 4.691 6.159 14.407 

Hexanone 1.886 1.892 1.994 2.186 2.501 2.991 4.065 5.493 7.900 12.313 -------

Heptanone 1.894 1.910 2.050 2.310 2.754 3.517 5.447 8.591 14.956 ----- ---

Benzene 1.833 1.874 2.021 2.290 2.747 3.504 5.255 7.542 10.408 ----- -----

Toluene 1.842 1.902 2.076 2.410 3.000 4.062 6.876 11.405 18.818 ----- -----

Ethyl 
Benzene 

1.852 1.923 2.135 2.548 3.314 4.805 9.340 18.087 ---- ------ ------

Propyl 
Benzene 1.863 1.952 2.212 2.729 3.737 5.844 13.321 ----- ----- ----- -----

------- Not determined. 
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Table 3-XIV: Experimentally measured retention volumes, in mL, (corrected for system 
volume) of each analyte, on a CI column, at a given acetonitrile-water 
composition. 

% 
Acetonitrile 100 90 80 70 60 50 40 30 20 10 0 

Acetone 1.928 1.894 1.942 1.972 2.028 2.103 2.203 2.293 2.383 2.515 4.046 

Butanone 1.911 1.910 1.940 2.014 2.124 2.271 2.472 2.642 2.823 3.018 6.114 

Penta none 1.905 1.890 1.950 2.054 2.230 2.468 2.837 3.187 3.567 3.926 10.396 

Hexanone 1.896 1.893 1.957 2.108 2.347 2.619 3.357 4.066 4.962 5.797 ------

Heptanone 1.897 1.889 1.978 2.157 2.491 3.020 4.078 5.469 7.611 - ----

Benzene 1.866 1.867 1.961 2.151 2.518 3.006 3.961 4,904 5.808 ---- -

Toluene 1.867 1.872 1.979 2.208 2.617 3.316 4.731 6.450 6.851 --- ---
Ethyl 

Benzene 
1.867 1.874 2.000 2.272 2.763 3.693 5.605 8.834 --- - ------

Propyl 
Benzene 1.867 1.880 2.028 2.356 2.958 4.181 5.947 -- --- --- -----

------- Not determined. 
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Figure 3-5: Experimentally measured retention data for Acetone on all five columns. 
A Retention volume, in mL, versus mobile phase composition. 
B. log k' versus mobile phase composition. 
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Figure 3-6: Experimentally measured retention data for Butanone on all five columns. 
A. Retention volume, in mL, versus mobile phase composition. 
B. log k' versus mobile phase composition. 
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Figure 3-7: Experimentally measured retention data for Pentanone on all five columns. 
A. Retention volume, in mL, versus mobile phase composition. 
B.log k' versus mobile phase composition. 
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Figure 3-8: Experimentally measured retention data for Hexanone on all five columns. 
A. Retention volume, in mL, versus mobile phase composition. 
B.log k' versus mobile phase composition. 
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Figure 3-9: Experimentally measured retention data for Heptanone on all five columns. 
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Figure 3-10: Experimentally measured retention data for Benzene on all five columns. 
A. Retention volume, in mL, versus mobile phase composition. 
B.log k' versus mobile phase composition. 
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I 	 Figure 3-11: Experimentally measured retention data for Toluene on all five columns. 
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 A. Retention volume, in mL, versus mobile phase composition. 
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Figure 3-12: Experimentally measured retention data for Ethyl Benzene on all five columns. 
A. Retention volume, in mL, versus mobile phase composition. 
B.log k' versus mobile phase composition. 
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Figure 3-13: 	 Experimentally measured retention data for Propyl Benzene on all five 
columns. 

A. Retention volume, in mL, versus mobile phase composition. 
B.log k' versus mobile phase composition. 
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The three general trends listed below are usually expected for a given set of RPLC 

data. (i) A retention volume of a given analyte increases as the water content in the mobile 

phase increases (for a given column). (ii) A retention volume of a given analyte, at a certain 

acetonitrile-water, decreases as a bonded alkyl chain length decreases. (iii) For a given 

column and mobile phase composition, retention volume of an analyte increases as the 

polarity (e.g., from Acetone to Heptanone and Benzene to Ethyl benzene) of the analyte 

decreases; Some of these trends are noticed in the data given in Tables 3-X to 3-XV. 

However, some exceptions to the general trends listed above are also observed. 

For each column studied the experimentally measured retention volume of Acetone 

and Butanone decreases as the acetonitrile-water composition changes from pure acetonitrile 

to 90% acetonitrile. This is opposite of what should happen; as the mobile phase strength 

decreases the retention volume should increase. 

Acetone is the most polar analyte studied here and should show the lowest retention 

volume on a given column at a given mobile phase composition. The retention volume for 

Butanone is found to be lower than Acetone on all of the columns studied (pure acetonitrile 

as the mobile phase). The trend becomes unusual as the bonded alkyl chain length decreases. 

On a Cs column, for pure acetonitrile as the mobile phase, the following order of retention 

volume is observed: Pentanone < Butanone < Acetone < Hexanone < Heptanone. On C4 and 

C1 columns, the retention volume of Acetone is found to be the highest for ketone homologue 

series. The most unusual result is found on the C1 column where the retention volume of 

Acetone is found to be higher than all analytes studied (including alkyl benzenes) for pure 

acetonitrile as the mobile phase. This is totally unexpected since the other analytes are more 

non-polar than acetone. 
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The last trend can be seen better in the next section where the data for the Henry 

constant, KH , are measured for each analyte on all columns studied. 

Henry constant, KH 

Henry constant, KH , is a slope of the excess adsorption isotherm at low analyte 

concentration; KH = lim df . For the studied analytes, the retention volume for their elution 
c->o de 

from pure acetonitrile is needed to calculated KH as described in Equation 2-30 (page 76). 

Table 3-XV lists KH for each analyte on every column studied. The retention volumes, in 

mL, for each analyte in pure acetonitrile as the mobile phase are taken from Tables 3-X to 3

XIV (for columns CIg, C12, Cg, C4 and CJ, respectively) and values for Vo, in mL, are taken 

from Table 3-III. Figure 3-14 shows the measured KHof all analytes versus the carbon 

number of the bonded alkyl chain length. 

The Henry constant reflects an analyte interaction with the surface (bonded alkyl 

chains, in this case). The observed trend for Henry constant is that as the carbon number of 

the bonded alkyl chain length decreases (C 18 to Cg only), their values decreases. For C4 and 

C t, we have an unusual trend for all analytes studied. Acetone shows very unusual trend 

since it shows that on C4 and C I column, it was adsorbed much higher than all other analytes 

(giving higher KH values). This is unusual, as stated in the last section, since other analytes 

are more non-polar than Acetone. Alkyl benzenes have negative k' values on C4 and CI 

columns indicating that they were not adsorbed on the surface, rather, they were repelled 

giving Vrless than Vo. 

The explanation of the trend observed here could be attributed to the specific effects 

of the surface, especially residual sHanols. The effect of residual silanols is greater on the 



I 
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Table 3-XV: Measured Henry constant, KH, (in mL) for all analytes studied on every 
column. 

Analyte CIS CI2 Cs C4 C1 

Acetone 0.151 ± 0.021 0.128 ± 0.025 0.128 ± 0.044 0.072 ± 0.011 0.035 ± 0.091 

Butanone 0.141 ±0.020 0.104 ± 0.024 0.089 ± 0.046 0.013 ± 0.012 0.017 ± 0.064 

Pentanone 0.182 ± 0.021 0.130 ± 0.024 0.102 ± 0.053 0.006 ± 0.011 0.011 ± 0.054 

Hexanone 0.245 ± 0.020 0.169 ± 0.025 0.118 ± 0.044 0.010 ± 0.012 0.003 ± 0.052 

Heptanone 0.330 ± 0.020 0.228 ± 0.024 0.148 ± 0.051 0.018 ± 0.012 0.003 ± 0.045 

Benzene 0.182 ± 0.020 0.109 ± 0.023 0.060 ± 0.044 -0.043 ± 0.012 -0.027 ± 0.034 

Toluene 0.269 ± 0.020 0.167 ± 0.024 0.089 ± 0.043 -0.035 ± 0.012 -0.027 ± 0.034 

Ethyl 
Benzene 

0.341 ± 0.020 0.213 ± 0.023 0.119 ± 0.049 -0.024 ± 0.012 -0.027 ± 0.035 

Propyl 
Benzene 

0.456 ± 0.020 0.282 ± 0.023 0.155 ± 0.049 -0.014 ± 0.013 -0.026 ± 0.035 

The errors were calculated by performing propagation of error using the standard 
deviation of the column's dead volume and retention volume of an analyte at 100% 
acetonitrile composition. 
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shorter bonded alkyl chains since the distance between the residual silanols and analyte is 

greatly reduced, thus giving higher electrostatic interactions. The more polar the analyte, 

higher the interactions and this leads to longer retention for polar analytes on shorter bonded 

alkyl chains. 

When the explanation presented above is applied to the generated data, it makes sense 

since acetone was retained the longest on the shorter bonded alkyl chains. In addition, all of 

the non-polar analytes were repelled from the stationary phase, thus giving retention volumes 

less than Vo. 

Conclusions 

In this chapter, three of the four independent variables (Vo, Vs and KH ) ofEquation 2

28 were measured using RPLC. All three variables were measured independently in a binary 

system (e.g., acetonitrile-water or acetonitrile-analyte). All of these parameters will be used 

in Chapter V to calculate the theoretically predicted retention volume, VR, ofan analyte at 

given conditions (e.g., acetonitrile-water composition, column etc.). 

The experimentally measured retention volumes, Vr , given in this chapter for all 

analytes at each acetonitrile-water composition on all five columns will be compared to the 

theoretical predicted retention volume, VR, under identical conditions to see the validity of 

the model presented in Chapter II. 

We still need one more parameter to predict the retention volume using Equation 2

28. This parameter is Kp and this was measured using headspace gas chromatography. The 

next chapter discusses the measurement ofKp. 



Chapter IV: Measurement of Kp by Headspace Gas Chromatography (HS-GC) 

Summary 

An isochoric headspace system is introduced. This system is known to work at 

atmospheric pressure. The principles of the isochoric headspace system are also discussed. 

Two different methods (Isochoric vapor extraction and Isochoric vapor loading) are 

introduced for vapor transfer and measurement processes. Step-by-step procedures followed 

by theories for both of the isochoric methods are then described. A procedure is described to 

calibrate different volumes of the isochoric headspace system. 

For the current study, measuring gas-liquid distribution constants followed by the 

liquid-liquid partition coefficient, more emphasis is placed on the vapor loading method. 

Step-by-step calculation ofa gas-liquid distribution constant using the vapor loading method 

is given followed by a discussion on the precision and accuracy of the given vapor loading 

method using the isochoric headspace system. Finally, the results for gas-liquid distribution 

constants and liquid-liquid partition coefficients for all analytes in given acetonitrile-water 

mixture are given and discussed. 

Introduction 

The study of the thermodynamic vapor-liquid phase equilibrium (VLE) of solutions 

has many practical applications, such as designing cost-effective industrial separation 

processes, estimating the emissions of volatile hazardous chemicals f~om wastewater streams 

into the atmosphere, and providing guidance in the selection of solvents for chemical reactors 

in which kinetics solvent effects are important. The measurement of the limiting activity 

131 
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coefficient of the solute under infinite dilution or the vapor-liquid partitioning Henry's 

constant or gas-liquid distribution constant (inverse of vapor-liquid partitioning Henry's 

constant) can provide a better understanding of the mechanism of solute-solvent molecular 

interactions, for the development of theoretical thermodynamic models. 

There are many techniques available for VLE studies. Comprehensive reviews on the 

measurement techniques and detailed comparisons of the data obtained using these methods 

have been conducted [222-224]. The usual conditions for studying the distribution between 

the gas- and the liquid phase are at equilibrium (static) conditions with very low analyte 

concentration. It is assumed that at these conditions the analyte-analyte interactions in both 

phases are negligible and analyte-solvent interactions exists only in the liquid phase. These 

conditions are considered to be ideal (components activity coefficients are equal to 1) and the 

ratio of the analyte concentration in the liquid phase to the analyte concentration in the gas 

phase is constant. The definition of the gas-liquid distribution constant, K, assuming ideal 

analyte conditions, is given in Equation 4-1. 

(4-1) 

where C/ is the concentration of the analyte in the liquid phase at equilibrium, and CeG is the 

concentration of the analyte in the gas phase at equilibrium. 

Headspace gas chromatography (HSGC) gives a direct quantitative analysis of the 

vapor over liquid sample matrix and, therefore, is very suitable for VLE studies. The 

traditional HSGC methods [225-227] for VLE studies require quantitative determination of 

the equilibrium solute concentration both in the vapor and in the liquid phases through direct 

measurements, using error-producing calibration procedures. Kolb et al. [228] developed 
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another direct measurement technique, the vapor-phase calibration method, which simplifies 

the calibration procedure but requires that, the solute concentration in the original sample is 

known. To obtain experimental simplicity and high accuracy for practical applications, 

automated indirect HSGC methods will be desirable. The methods of McAuliffe [229] and 

others [230, 231] indirectly calculate the VLE partitioning from two separate headspace 

measurements. The first headspace analysis is conducted under equilibrium. The system 

equilibrium is then altered by mechanically venting part of the vapor. The second headspace 

analysis is conducted after the system reestablishes its equilibrium. With this type of indirect 

method, it is impossible to achieve measurement simplicity, automation and consistency, due 

to mechanical difficulty [228]. The multiple headspace extraction (MHE) method [232] was 

developed using the same concept. However, the method described in the literature [232] has 

many practical variants that could cause large experimental uncertainties. 

The inverse ofK, is equal to the dimensionless Henry's constant, He, if the solute is 

under infinite dilution, i.e, 11K = He [233]. Two independent measurements are required to 

obtain the K value of a VLE problem. Both liquid and vapor phases are directly analyzed in 

traditional methods, while two independent headspace measurements were made using the 

indirect headspace methods discussed above. From the physics of a VLE problem, an 

analyte is distributed into two unknown phases from its initial state to the equilibrium state, 

and the mass of the analyte is conserved during the distribution. In mathematical terms, the 

problem at phase equilibrium involves two unknown variables and can be solved with two 

equations. Therefore, it is sufficient and necessary to make two and only two independent 

measurements to solve a VLE problem using any indirect HSGC method. 
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Lincoff and Gossett [234-235] developed an indirect HSGC method to determine 

Henry's constants using EPICS (equilibrium partitioning in closed systems) and solute mass 

conservation. In their method, two sample vials were used and the volume ratio of the two 

testing solutions was arbitrarily taken to be ten [234] and four [235]. The mass of the solute 

in the two solutions was equal [234], or the mass ratio was measured [235]. It was assumed 

that the solute in two solutions was under infinite dilution, therefore, the VLE partitioning 

coefficients of the solute in these two solutions are equal to the dimensionless Henry's 

constant at a given temperature. The advantages of the EPICS method are that no special 

apparatus is required and it can be easily automated. Henry's constant can be obtained by 

measuring the vapor concentration ratios from a pair of sealed vials with different solution 

volumes and solute concentrations through HSGC. However, the EPICS method has the 

following limitations: 

(1) it requires that one know the ratio of the amount of solute in the two solutions or the 

concentrations; 

(2) because the concentrations of the solutions in the two testing vials were different, 

according to the experimental procedure proposed in paper [234], the measurements were 

only valid when the method was based on the assumption that the solute was under 

infinite dilution. Therefore, the procedure according to that described in their 

experiments is only applicable to measure the Henry's constant of the solute. 

(3) it requires standard addition to the original sample to obtain two testing solutions with 

different concentrations when applying the method to the analysis of an industrial or 

environmental sample ofunknown concentration. So, one must know the solute mass or 

concentration of the original solution in order to obtain the mass ratio of the two testing 
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solutions. Therefore, the experimental procedures proposed by Lincoff [234] are not 

applicable to solutions ofunknown concentration. 

(4) The measurement error is very high when the Henry's constant is less than 0.1 (or K>10), 

as indicated by the precision analysis of Gossett [235]. 

Ettre et al. [231] developed another indirect HSGC method, phase ratio variation 

(PRV), to measure the VLE partiti.oning coefficient K based on solute mass conservation and 

equilibrium headspace (EHS). The authors derived a linear equation whose slope is related 

to K as a function of the vapor phase concentration, CG, at equilibrium (measured by GC), 

solute concentration in the original solution C/ (constant), and a volume ratio parameter, p 

(known constant), which was called the phase (volume) ratio in the paper [233]. They then 

used four vials filled with the same solution but with different volumes. They conducted a 

headspace measurement for each vial at equilibrium to derive the slope of the linear equation, 

in order to determine the solute partitioning coefficient, K. The method requires at least four 

independent measurements to determine the slope or K. Again, the method is not accurate 

when large partitioning coefficients of K (>144) are to be measured, as indicated by Ettre et 

al. [233]. 

Practically all headspace techniques [225-235] employ the analyte equilibration in 

closed vial containing a known volume of the liquid phase with known starting concentration 

of the analyte. After achieving the equilibrium an aliquot of the vapor phase is transferred 

into GC for analysis. The resulting analyte peak area is proportional to the analyte 

concentration in the vial gas phase. 

All equilibrium (static) headspace methods [225-235] are based on the following 

relationships 
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1 
f 

(4-2)
1 

no is the number of moles of analyte introduced into the headspace vial in the form of the1 
! 

I 
solution with initial concentration c/ and volume V/. Vial is closed and set into the HS 

system at chosen temperature for equilibration [230]. 

I After achieving the equilibrium (at temperature T), analyte is distributed between the 

I vapor phase and the liquid phase, which could be written in the form 
i 
1 
I 

1 (4-3) 
~ 
j 

I 
j where c; and c7 are the corresponding analyte concentrations in the liquid and in the gas 
~ 

1 phase at equilibrium, yL and yG are the volumes of liquid and gas phases, respectively. I 
1 

The sum of these two volumes is equal to the volume ofthe vial used and is constant. 

The individual volumes in general are not the same as they were at starting conditions. 

Solvent evaporation may play noticeable role in the change of these volumes during 

equilibration. This is especially true at large p (ratio of yG#) values. 

Combining equations 4-1 to 4-3, equation 4-4 is obtained: 

(4-4) 

This is the main equation for gas-liquid distribution constant determination using static 

headspace methods. All proposed methods [225-235] for HSGC determination ofK are 

based on this equation. 

It is useful to perform some simple analysis ofEquation 4-4. By dividing both sides 

by c~V:(assuming that this product is not equal to zero): 
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(4-5) 


The constant volume of the introduced liquid phase is assumed, then V-lVl=l and Equation 

4-5 simplifies to: 

(4-6) 


If analyte concentration in the original solution is known then K could be calculated directly 

from Equation 4-6 (eGe is measured by GC; eLf), r, and V-o are known from experimental 

set up). If the original analyte concentration is unknown, then either phase ratio variation 

(PRV) [228,229,233,235-237], or multiple headspace extraction (MHE) [232, 238, 239] 

methods could be used. Several publications were devoted to the introduction of new 

methods for GC-HS measurements of analyte distribution constants [43,240,241], at closer 

look they are but slight variations of basic PRY method first described in [228, 229, 233, 

235-237]. 

It is essential to mention that for both PRY and MHE methods, the phase ratio in the 

HS vial should be on the same order ofmagnitude as the distribution constant. If, for 

example, K is on the order of 1000 and for PRY method the sample phase ratio was set below 

lOin all vials. The difference in HSGC measured data for these vials will be well within the 

experimental error, which is on the level of 1% for most GC experiments. Detailed analysis 

or the experimental errors arising from this limitation is given in [242]. This effect leads to 

the necessity of introducing a very small volume (5 - 50 JlL) of liquid sample into the HS 

vial with the vial volume usually on the level of20 mL. In this case solvent evaporation 

during the equilibration step will introduce a significant error. To correct this problem the 
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volume ratio change due to the solvent evaporation should be accounted and Equation 4-5 

should be used in all calculations, which significantly complicates the procedure for 

calculating the K. 

Another significant problem with conventional HS technique arises from the 

commonly employed method ofheads pace sample introduction into GC system [239]. In 

HSGC, the sample vial is pressurized with inert gas (usually GC carrier gas) to the pressure 

equal or above the GC column head-pressure. This excessive vial pressure drives the 

headspace gas phase from the vial into the GC inlet. This means that the headspace system 

has to do work for the sample to be transferred. This work performed by the system 

immediately destroys the equilibrium achieved in the vial. So, the transferred amount 

generally does not represent an equilibrium condition in the headspace vial. 

If all operational conditions of HSGC system are maintained constant throughout a 

series of analysis, quantitative results with calibration performed at the same conditions are 

valid for typical HSGC experiments [239]. However, any thermodynamic measurements 

(e.g., partition coefficient) performed on HSGC system require the maintenance of true 

equilibrium since no calibration is possible for this type of measurements. 

Vapor expansion work may result in the local and fast temperature changes in the 

vial. According to Clausius-Clayperon equation 

In(LJ Mlevup (!-~J (4-7)= 
Po RT T To 

the pressure drop in the HS system leads to the decrease of the temperature, which cause the 

condensation of saturated vapor and formation of the fog droplets in the vial vapor phase. 

Vapor phase in the vial is saturated with the solvent vapor (whichever solvent is used). 
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Solvent condensation will happen first close to the point of sample transfer in to GC (at HS 

needle entrance) and consecutively will cause local changes in the analyte amount in the 

vapor (analyte could be trapped (dissolved) in the solvent droplets). This effect may 

introduce significant error in the determination of the analyte distribution constants. 

Equilibration kinetics is usually an exponential process. Because the highest rate of 

the concentration change is at the beginning of the equilibrium disturbance, we have to 

expect significant influence of the equilibrium disturbance during the sample introduction 

from the HS vial into the GC system. 

Here, an isochoric headspace system is introduced that allows analyte vapors to be 

equilibrated without the vial pressurization and the transfer of the analyte vapors (aliquot of 

HS gas volume) into the GC without equilibrium disturbance. A method is also introduced, 

which allows one to measure the gas-liquid distribution constant or the partition coefficient 

from a single experiment. 

Experimental (for Isochoric Headspace System) 

A homemade headspace system was constructed based on headspace autosampler 

model M-150 (Asist Inc., Cleveland, OH) and was connected to Hewlett-Packard (Agilent 

Corp., Little Falls, DE) model 5890 GC with DB-5 (Agilent Corp., Little Falls, DE) capillary 

column (30 m length and 0.25 mm I.D., 0.25 11m film thickness). Figures 4-1 and 4-2 show 

the schematic of the Isochoric headspace system. Figures 4-3 to 4-6 show the actual 

photographs of the Isochoric headspace system and its different components. All of the 

connections were made using tubing having J.D. of 0.02" and material used to make the 

tubing was PEEK (PolyEther Ether Ketone). 
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Figure 4-1: Principle schematic of the isochoric headspace system. Valve 1 is a 6-port valve 
equipped with injection loop of 14 J..lL volume; valves 2 and 3 are 4-port; valves 
4 and 5 are optional for cleaning purpose. 

One-computer controls the syringe assembly as well as all five valves and the 
other computer collects the data generated by the GC. 
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Figure 4-2: Same as Figure 4-1 except showing movement ofsyringes in the opposite 
direction. 
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Figure 4-3: Photograph of the Isochoric headspace system installed on top ofHP 5890 GC. 
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Figure 4-4: Photograph of the syringe assembly inside the Isochoric headspace system. 
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Figure 4-5: Photograph of the valves inside the Isochoric headspace system. I, 
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Figure 4-6: Photograph of the backside of the Isochoric headspace system where all of the 
electronic connections are located. 
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The headspace system was controlled by computer software (Asist Inc., Cleveland, 

OH). The data generated by GC were collected by Turbochrom Navigator software version 

4.1 (Perkin-Elmer Corp.). 

Temperature of the headspace system was monitored on-line with Dual Thermometer 

(serial # Mll1680, next calibration due Jan 2002, accuracy of 0.1 °C) equipped with RS-232 

output cable (Control Company, Houston, TX). The on-line temperatures were recorded 

every 30 minutes with Traceable Data Acquisition System Software version 2.0 (Control 

Company, Houston, TX). 

Two computers were setup to control the Isochoric headspace system and to collect 

the data generated from the GC. 

All other parameters to setup either the headspace system or the GC are analyte 

dependent and they will be discussed later. 

Principles of Isochoric Headspace System 

The general principle of the isochoric headspace system is illustrated in Figures 4-1 

and 4-2. For the actual photographs, refer to Figure 4-3 for the Isochoric headspace system 

and refer to Figures 4-4 to 4-6 for different components ofthe system. 

The system consists of three main valves (1-3) and optional valves 4 and 5, HS vial 

(solvent vial), analyte bottle (sample bottle) and syringe assembly. The HS vial (labeled 

solvent in Figures 4-1 and 4-2) and the analyte bottle (labeled analyte in Figures 4-1 and 4-2) 

have two connecting lines each. The syringe assembly (includes the connecting capillary 

tubes connecting one syringe to the other going through valves 1, 2 and 3) consists of two 

gas-tight syringes and a pneumatic motion actuating system. The plungers of both syringes 
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have the same diameter and are fixed together in a way that aspirating action of one syringe 

corresponds to the simultaneous displacement action ofanother. The aspirated and displaced 

volumes are equal. Reciprocating movement of syringe plungers causes a corresponding 

movement of the vapor phase in the syringe assembly loop. Depending on the position of the 

valves either the HS vial (valve 2) or the analyte bottle (valve 3) may be included into the 

syringe assembly loop. The pressurized air controls the syringe speed. The higher the 

pressure applied the faster the movement of the syringes. HS vial, all valves, and syringe 

assembly are placed in the thermostated oven (6'x6'x6') made of aluminum blocks. 

Temperature stability measured at different points of the system was within loe. Valves 4 

and 5 are used for the connection of the syringe assembly to the vacuum or to cleaning air. 

Vapor Transfer and Measurement Processes 

This system allows two different types ofheads pace experiments: 

I) The equilibration and analysis of the vapor over the liquid sample with analyte already 

dissolved in (similar to MHE - Multiple Headspace Extraction) and 

2) The sequential transfer of the pure analyte vapor from the analyte bottle into to the HS vial 

containing pure solvent (or any other matrix), equilibration of the analyte with the liquid 

phase and analysis of the equilibrated vapor. This method is called the vapor loading 

method and is separated into two parts: (i) analyte is present inside the HS vial before 

loading and (ii) no analyte present inside the HS vial before loading. 
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Isocboric Vapor Extraction Metbod 

Experimental Procedure 

a. 	 A known volume of analyte solution is placed into the HS vial (refer to Figure 4-7). Note 

that the analyte bottle attached to valve 3 and valve 3 (as shown in Figure 4-1) are not 

required for this method. 

b. 	 Valve 2 is actuated, connecting the HS vial to the syringe assembly and the injection loop 

(refer to Figure 4-8). 

c. 	 Slow reciprocation motions of the syringes allow the equilibration of the whole system 

vapor phase (including the injection loop). 

d. 	 After achieving equilibrium, valve 1 (injection valve) is actuated for ~2 sec allowing the 

displacement of the vapor phase from the injection loop into GC column for analysis 

(refer to Figure 4-9). Once the injection has been made, the valve returns to its neutral 

position. 

e. 	 The sample vial is disconnected from the syringe assembly. Valve 5 is actuated 

connecting the vacuum line to valve 4. Then valve 4 is actuated connecting vacuum line 

to the syringe assembly (refer to Figure 4-10). After several reciprocating piston strokes, 

valve 1 is actuated to see if any analyte vapors are still present inside the syringe 

assembly loop. Then, if cleaned, valve 5 is brought back to its neutral position. This 

connects inert gas (or air) line to the syringes to fill them with inert gas (or air) with 

selected pressure, usually atmospheric (Figure 4-11). 
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f. 	 After the syringes have been filled with atmospheric pressured inert gas (or air), the 

system is back to its original position for the next cycle (Figure 4-12). Return to step b to 

start the next cycle. 

The total volume of the gas phase in the whole system is on the level of26 mL 

(volume ofHS vial plus volume of the syringe assembly). So, the withdrawal of20 ilL 

(volume based on the geometric calculation of the capillary tube used for the injection loop) 

of the vapor phase (0.08% of the whole volume) does not introduce any noticeable error. 

Because of this, it is possible to perform sequential injections of the analyte vapor during the 

equilibration and determine when the equilibrium is actually established. In principle, if 

required, the withdrawn analyte, although very small, could be accounted for. 

Solvent and analyte vapors remaining in the syringe assembly (includes the 

connecting lines) at the end of the first cycle are removed (cleaned) in step e. The removed 

amount is known since the vapor phase concentration was measured after the equilibration 

was established. The volume of the syringe assembly is calibrated or calculated (will be 

discussed later) before this method is applied. 
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Figure 4-7: Schematic of an Isochoric headspace system for the use of vapor extraction 
method. Refer to Figure 4-1 for individual listing of the components used. Same 
as Figure 4-1 except valve 3 and analyte bottle are not shown since they are not 
required for this method. Shown system is in its neutral position at the start of 
the vapor extraction method. 
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Figure 4-8: Same as Figure 4-7 except valve 2 is actuated to equilibrate the analyte vapor 
present in the solvent with the syringe assembly and the injection loop. 
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Figure 4-9: Same as Figure 4-8 except, in addition to valve 2, valve 1 is actuated to inject the 
equilibrated analyte vapors into the GC system for analysis. 
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Figure 4-10: Same as Figure 4-9 except only valves 4 and 5 are actuated to start the vacuum 
to clean the analyte and solvent vapors from the syringe assembly. 
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Figure 4-11: Same as Figure 4-10 except valves 5 is brought back to its neutral position to I
i 


fill the syringe assembly with inert gas (or air) at atmospheric pressure. 
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Figure 4-12: Same as Figure 4-7 except HS vial has less amount of analyte vapor present 
compared to the previous cycle. The cycle can start again (go back to Figure 
4-7) for the Isochoric vapor extraction method. 
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Theory of Sequential (discontinuous) Withdrawal of the Analyte Vapor in the Isochoric 
System. 

The original amount of the analyte (no) in the sample solution (present inside the HS 

vial) is 

(4-8) 


where c/ is the starting analyte concentration in the liquid phase and VL is the volume of the 

liquid phase placed in the HS vial. It is assumed that the liquid phase volume does not 

change during multiple extraction process. 

After first equilibration of the vapor phase with connected syringes (step d), or the 

syringe assembly, the analyte will be distributed between the vapor and the liquid phase. 

(4-9) 

where Vv is the volume of the vial; Vsis the volume ofthe syringe assembly (with 

connecting lines), c/ is the equilibrium concentration in the liquid phase, and C1
G is the 

equilibrium concentration in the vapor (gas) phase. Using Equation 4-1, unknown 

equilibri um concentration in the liquid phase with XCIG can be substituted: 

(4-10) 

In the step e of the first cycle the C1GVS analyte amount is discarded. The amount ofanalyte 

left in the system is equal to n1 =ctVL + C ~ (Vv - VL ) or using the same substitution from 

Equation 4-1, we can write n l =c~ [Vv + VL (K - J)]. This amount ofthe analyte will be 
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redistributed between the liquid and the gas phase again in the second cycle. The second 

distribution equilibrium by the analogy with Equation 4-9 could be written in the form 

(4-11) 

or as the ratio of two consecutive equilibrium concentrations in our process which is equal to 

Gc_1_ =1+__--"''--__ (4-12)
cf Vv + VI. (K -1) 

the distribution constant from any two consecutive measurements in our multiple extraction 

process can be calculated: 

(4-13) 


This is an advantage over the MHE process described by Ettre and Kolb [239] where the 

discarded amount was not known and correctness of the determination of the distribution 

constant and analyte concentration was dependent on the precision of the first measurement. 

This method allows significant decrease of the measurement errors since it is possible 

to eliminate statistical errors of chromatographic concentration measurements by averaging 

consecutive concentration ratios. To maintain sufficient measurement accuracy, the last term 

in the Equation 4-12 should not be less than 0.05 (selecting 5% difference between 

consecutive measurements). If the total volume of the syringe assembly is 2 mL and the 

volume of the HS vial is 20 mL, then VdK-l) should be less than 20. This means that if 

expected gas-liquid distribution constant is on the level of 1000, then the volume of the liquid 

phase should not be more then 20 J.lL. 
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I 
This difficulty can be overcome in the second method (described below) of analyte 

vapor loading into the HS vial. This method also allows measurement of the whole 

I 
distribution isotherm (as well as adsorption isotherm on the solid samples). 

Isochoric Vapor Loading Method 

This method allows sequential transfer of the analyte (or mixture ofanalytes) vapor (from 

the analyte bottle) into the HS vial (which contains any solvent or matrix). A known volume 

of solvent (or any other matrix) is placed into the HS vial and the analyte (or the mixture of 

analytes) into the analyte bottle (refer to Figure 4-13). Then, the following operational 

sequence is performed: 

a. Valve 3 is actuated to connect the analyte bottle to the syringe assembly and the injection 

l
i 

loop.J 
J 

I 
b. Slow reciprocation motions of the syringes allow the equilibration of the analyte vapor 

between the analyte bottle and the syringe assembly (including the injection loop) (refer 

I 
to Figure 4-14).I 

i c. After achieving the equilibrium, injection valve 1 is actuated for ~2 sec (making an 
I 
i injection) allowing the displacement of the gas phase from the injection loop into the GC 

column for chromatographic analysis. This is the measurement of the amount of theI 
I analyte transferred from the analyte bottle into the syringe assembly (refer to Figure 4

I 
! 

I 
15). 

d. Valve 3 is deactivated and valve 2 is activated. This connects the syringe assembly to the 

I
! 

I HS vial. 

I
I 

I 
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e. 	 Slow reciprocation motions of the syringes allow the equilibration of the solvent present 

inside the HS vial with the analyte vapor from the syringe assembly (including the 

injection loop) (refer to Figure 4-16). 

f. 	 After achieving equilibrium, valve 1 is actuated for ~2 sec (making an injection) allowing 

the displacement of the gas phase from the injection loop into the GC column for 

chromatographic analysis (refer to Figure 4-17). This is the measurement of the amount 

of the analyte left in the gas phase (total gas phase volume = volume of the vial- volume 

of the liquid phase + volume of the syringe assembly) after equilibration with the solvent 

or any other matrix. 

g. 	 The HS vial is disconnected from the syringe assembly by deactivating valve 2. Valve 5 

is actuated to start the vacuum between valve 5 and valve 4 (refer to Figure 4-18). After 

several reciprocating syringe movement valve 5 is actuated. This connects the vacuum 

line to the syringe assembly to clean out the solvent and analyte vapors from the syringe 

assembly (refer to Figure 4-19). After certain number ofreciprocating movement of the 

syringes, valve 1 is actuated to make an injection (refer to Figure 4-20). This shows us 

how clean the syringe assembly really is. Once it is cleaned, valve 5 is brought back to 

its neutral position, allowing atmospheric air into the syringe assembly (refer to Figure 4

21). This step is necessary since there was a vacuum inside the syringe assembly and 

now it is at atmospheric pressure. The last step is to bring valve 4 back to its neutral 

position (refer to Figure 4-22). The schematic in Figure 4-22 is similar to the one shown 

in Figure 4-13, except that the HS vial has equilibrated analyte vapor (less than the 

previous cycle) from the previous cycle. The next cycle can now begin starting from step 

a. 
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Figure 4-13: Refer to Figure 4-1 for the identity of each component of the illustrated system. 
All valves are in their neutral positions. This setup is necessary for the 
Isochoric vapor loading method. Valves 4 and 5 are optional for cleaning. 
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Figure 4-14: Same as Figure 4-13 except valve 3 is actuated for equilibration of the analyte 
vapors between the analyte bottle and the syringe assembly. The syringes are 
moved back and forth to drive the analyte vapors to equilibrium through the 
connected parts. 
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Figure 4-15: Same as Figure 4-14 except valve 3 is deactivated and valve 1 is actuated for 
injection of the equilibrated analyte vapor to quantitate the concentration of 
analyte in the syringe assembly. 
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Figure 4-16: Same as Figure 4-15 except valve 2 is actuated for the equilibration of the 
analyte vapors between the syringe assembly and the solvent inside the vial. 
The syringes are moved back and forth to drive the analyte vapors to 
equilibrium through the connected parts. 
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Figure 4-17: Same as Figure 4-16 except, in addition to valve 2, valve 1 is actuated for 
injection of the equilibrated analyte vapor to quantitate the concentration of 
analyte in the gas phase (HS vial plus syringe assembly). 
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Figure 4-18: Same as Figure 4-17 except valve 5 is actuated (all others in neutral position) to 
start the vacuums between the valves 4 and 5. The equilibrated analyte vapors 
are still inside the vial (the concentration is already known) and inside the 
syringe assembly. 
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Figure 4-19: Same as Figure 4-18 except, in addition to valve 5, valve 4 is actuated to start 
the vacuum from both sides of the syringe assembly to clean the analyte and 
solvent vapors from the syringe assembly. The equilibrated analyte vapors are 
still inside the vial (the concentration is already known). 



167 

Figure 4-20: Same as Figure 4-19 except, in addition to valves 4 and 5, valve I is actuated 
for injection of the cleaned syringe assembly to see if the analyte and solvent 
vapors are cleaned or not. The equilibrated analyte vapors are still inside the 
vial (the concentration is already known). 
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Figure 4-21: Same as Figure 4-20 except, in addition to valve 4, valve 1 and 5 are brought 
back to its neutral position to pressurize the syringe assembly with atmospheric 
air. The equilibrated analyte vapors are still inside the vial (the concentration 
is already known). 
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Figure 4-22: Same as Figure 4-21 except all valves are in their neutral positions. This figure 
is identical to figure 4-13, except the equilibrated analyte vapors from the 
previous cycle are inside the HS vial (the concentration is already known) to 
which the vapors from the next cycle (Figures 4-13 to 4-21) will be added. 
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The amount of analyte placed into the analyte bottle (no) should be small enough to be 

I completely evaporated. The initial analyte vapor concentration could be calculated as n/VB. 

The amount of analyte transferred from the analyte bottle into the volume of syringe 

assembly (step b) is calculated as 

(4-14) 


where Vs is the syringe assembly volume and VB is the volume of the analyte bottle. In step 

d, analyte vapor is distributed between the volume of syringe assembly and the gas phase 

volume inside the HS vial. If the HS vial is empty, then equilibrium analyte concentration in 

the~gas phase can be calculated as follows: 

(4-15) 


If the HS vial contains solvent (or any other matrix), the total amount of analyte present 

inside the syringe assembly will now be distributed between the liquid (volume of solvent 

inside the sample vial) and the gas phase (Vv+ Vs - volume ofthe liquid phase (VL)). The 

difference between the initial analyte amount in the syringe assembly (ns) and 

chromatographically measured amount ne=cchr(VvrVs- VIJ represents the amount of analyte 

absorbed by the liquid inside the HS vial (at equilibrium). 

Since the concentration, at equilibrium, of the analyte present in both phases (liquid 

and gas) is known, the distribution constant can be calculated by equation 4-1. 

The total volume of the gas phase in the system is about 25 mL and withdrawal of20 

J.!L of the gas phase (0.08% ofthe total gas phase volume) does not introduce any noticeable 
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error. Because of that, it is possible to perform sequential injections of the analyte vapor 

during the equilibration (step/) and determine when the equilibrium is actually established. 

In principle, if required the withdrawn analyte, although very small, could be accounted for. 

As indicated above, this method allows an on-line equilibration check. Consecutive 

injections during equilibration of the analyte with the solvent (step/) usually show 

exponential decay of the analyte amount in the gas phase. Equilibrium is reached when two 

or more consecutive injections show similar peak areas in respective chromatograms 

obtained from the GC. 

The process described above could be repeated several times allowing a sequential 

transfer of the analyte from the analyte bottle into the solvent present inside the HS vial. 

Theory of Isochoric Vapor Transfer where the Analyte is Not Added to the Solvent 
Before the 1st Loading. 

The theoretical description of the isochoric vapor loading method can be done in a 

stepwise consideration from the sequential transfer of the analyte from the analyte bottle to 

the solvent present inside the HS vial. 

It is assumed that the analyte concentration in the bottle does not show any noticeable 

change during the sequential vapor transfer from the analyte bottle to the syringe assembly. 

This assumption is correct if saturated analyte vapor is used or if the volume of the bottle is 

significantly larger than the volume of the syringe assembly. Another assumption made for 

simplicity of theoretical description is that the solvent vapor pressure is low and the solvent 

loss during sequential vapor transfer could be avoided. The analyte molecules in the gas 

phase are assumed to behave ideally (no analyte-analyte interactions in the gas phase). 
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In the first cycle, the amount ofanalyte in the sample vial is O. The transferred 

amount, from the syringe assembly to the HS vial, is equal to 

(4-16) 


where Vs is the volume of the syringe assembly, CB is the analyte concentration in the analyte 

bottle and accordingly in the syringe assembly after its equilibration with the analyte bottle. 

After connection of the syringe assembly to the HS vial and equilibration (step/), the 

transferred amount of the analyte will be distributed between the gas and the liquid phase, so 

we can write 

(4-17) 


where c/ is the equilibrium concentration of the analyte in the liquid phase, VL is the volume 

of the liquid phase, c/ is the equilibrium concentration in the gas phase. Substituting 

Equation 4-1 we get 

(4-18) 


or the equilibrium analyte concentration in the gas phase after the first cycle could be 

expressed as 

(4-19) 


In the second transfer cycle, the amount of the transferred analyte will be the same as 

in the first step. The total amount of the analyte in the HS vial and in the syringe assembly 

will be the sum of the analyte amount left in the HS vial after the first cycle and the new 

transferred amount, which is equal to 
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(4-20) 

After equilibration, this amount will be redistributed between the gas and the liquid phase. 

For the second equilibrium: 

where C2
G is the analyte equilibrium concentration in the second step. Substitution ofcl 

from the Equation 4-19 gives: 

(4-22) 

A similar procedure could be applied for i number ofcycles. The analyte equilibrium 

concentration in any cycle; could be easily expressed from its concentration in the previous 

cycle 

The expression [(K -1)VL +Vs +Vv] is in terms ofvolume in which the total amount of the 

analyte would occupy in the gas phase. We denote this as <I> and Equation 4-23 could be 

written in the following form: 

G G <1>
= C i-I (4-24)ci <1> 

Consecutive substitution backwards up to; = 0, gives: 

This is a geometrical progression and its sum could be written in the form 
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(4-26) 

Since Vs is a fraction of lP, the limit of this expression at n ~ 00 is equal to Cb. The rate of 

the convergence is dependent mainly on the value K. 

Although the process described above is incremental, it can be described as 

continuous, assuming small transfer increments performed without time variations so the 

time for each cycle is L1t. It is also assumed that the equilibration process is fast. The change 

of the analyte concentration in the HS vial is proportional to the difference between the 

analyte concentration in the analyte bottle (CB) and the actual (c) concentration in the HS vial. 

de
-=k(e -e) (4-27)dt B 

Simple transformation and integration gives 

-In(CB - c) =kt + A (4-28) 

where A is an integration constant. Concentration in the HS vial before the first transfer is 

equal to zero, so the integration constantA, at t=0, is equal to -In(cBJ. 

The time scale is set according to the transfer steps and the first transfer is at t 1. The 

equilibrium concentration could be expressed from Equation 4-19. Substituting this 

concentration in Equation 4-28, at t 1 gives: 

(4-29) 

Substituting expressions for A and k into Equation 4-28 gives: 
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(4-30) 


After simple rearrangement 

(4-31) 


This expression is same as Equation 4-26, which was also obtained using stepwise 

derivation. This confirms the applicability ofa continuous description of the process. 

Substituting the expression for (/) in Equation 4-31 and using the transfer number n instead of 

t, a final form is obtained: 

(4-32) 


This equation shows that the analyte equilibrium concentration in the gas phase, in each 

loading cycle, is a function of the distribution constant K, analyte concentration in the analyte 

bottle and all operational volumes (VL , Vs, and Vv). This allows the calculation ofKfrom 

any equilibrium step of our process. An important condition is that all previous steps should 

have been performed at the same conditions and reached the equilibrium. 

Equation for the calculation of the distribution constant K from the analyte vapor 

concentration in the nth step could be obtained from Equation 4-32 and has the following 

final form: 

1 
(4-33) 
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Theory of Isochoric Vapor Transfer Where the Analyte is Added to the Solvent in the 
Beginning. 

Using the approach from the last section, it is possible to derive a general equation for 

the incremental analyte loading into the vial, which already contains analyte in the liquid 

sample. For this case, the analyte concentration in the gas phase in the HS vial, at 

equilibrium before the first transfer is denoted as Co. The analyte concentration in the analyte 

bottle is CB (it is better to have CB > Co, although it is not necessary). Derivation in continuous 

form is simpler so this procedure is used. 

The change in the analyte concentration is still proportional to the difference between 

the concentrations in the analyte bottle and in the HS vial gas phase, so Equation 4-28 can be 

used as the starting point. Before the first transfer the analyte concentration in the vial is Co, 

so at 1=0 

(4-34) 


is obtained. At 1=1, the amount of the analyte in the HS vial after the first transfer is 

expressed as 

(4-35) 


Substituting A from Equation 4-34 and C] from Equation 4-35 into the Equation 4-28 gives 

(4-36) 


The final form of the transfer equation after all transformations is 

1 

= 1- Vs (4-37) 
cn -co ( <I> ) 

-
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In this expression there are two unknowns (K and co), so at least two measurements 

are needed to obtain both. In the discontinuous form of the process, it is convenient to use 

two consecutive measurements, n-l and n. Equation 4-37 for cycle n divided by the same 

expression for cycle n-lleading to 

(4-38) 


Substituting lPin the Equation 4-38 for its corresponding expression, a direct equation for the 

distribution constant K when using this method is obtained. 

(4-39) 


Since <I> =(K I)VL + Vs + Vv and substituting K from Equation 4-39 back into the Equation 

4-38 giving, 

(4-40) 


Using Equation 4-40, an equation for Co with only measurable values is written: 

(c -c rc =c _ B n-I (4-41)
o B ( r-IcB -Cn 

Co is the equilibrium analyte concentration in the gas phase in the HS vial before the first 

transfer step. This analyte gas concentration represents the evaporated concentration from 

the original sample solution placed into the HS vial. The original analyte concentration, COTgJ 

in the liquid sample can now be calculated. 
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(4-42) 

Substituting cofrom Equation 4-41 and K from Equations 4-39 in Equation 4-42, a final 

expression for corg is obtained:. 

(4-43) 

This method is equivalent to the well-known method of standard addition [248]. The 

difference being that the additions of known amount of analyte vapor are made automatically 

in the same HS vial. This significantly decreases sample preparation errors and extends the 

method's applicability to the sample with high gas-liquid distribution constants. 

To measure the gas-liquid distribution constant, K, for the current study, the vapor 

loading method is preferred. In particular, the method in which there is no analyte present in 

the HS vial before the first load. The schematics of this method have been shown in Figures 

4-13 to 4-22. Since two different mathematical derivations have been suggested, the 

continuous process derivation will be used since it is easy to derive, as shown before. 

Calibration of System Volumes 

Accurate measurements of the system volumes are essential for correct application of 

the MHE and the vapor loading methods. 

The volume of the analyte bottle (attached to valve 3 in Figure 4-1) is not necessary 

since the concentration in the syringe assembly and the analyte bottle (at equilibrium) is 

identical. Since the syringe assembly volume will be measured and the concentration of the 
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analyte inside the syringe assembly is known, the mass of the analyte being transferred from 

the syringe assembly to the HS vial (containing solvent) is also known. This is the only 

amount that is needed, so the volume of the analyte bottle does not need to be measured. 

The volume of the HS vial was measured by filling the HS vial with HPLC grade 

water at room temperature (25°C) and weighing it. Fifteen HS vials were measured (5 times 

each). The average error of the measurements of the volume of a single vial was less then 

0.2%. The average volume of the HS vial from 15 vials is found to be 24.3 mL with 0.7% 

relative standard deviation. 

The volume of the syringe assembly (with connecting capillary lines) can be 

determined using vapor transfer ofany volatile analyte from the analyte bottle (attached to 

valve 3) into the empty HS vial (attached to valve 2) (refer to Figure 4-1). Since an empty 

HS vial is being used, the volume of the liquid phase is 0 and expression for (/J reduces to 

VS+Vv. Equations 4-26 and 4-32 are reduced to the following: 

(4-44) 


Rearrangement of Equation 4-44 leads to the following: 

(4-45) 


Using the results from the measurement of several consecutive points for analyte 

vapor transfer from the analyte bottle with concentration CB into the originally empty HS vial, 

the volume of the syringe assembly can be calculated using Equation 4-45. The volume of 

the HS vial has been measured independently, as stated before, and found to be 24.3 mL. 

The dependence of the In(cJrc,J versus the cycle number, n, (transfer number) should be 
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linear according to the Equation 4-45. The logarithm of the slope of this dependence is equal 
j 

to . The volume of the syringe assembly (with the connecting capillary lines) can be 

I 
~.,+Vv 

expressed as 
I 

I 
! 

( JVs = Vv 1 -1 (4-46)
I exp(Slope) 

I, 
The volume of the syringe assembly was found to be 2.32mL with 3.2% relative standard i 

! 
deviation (average of four determinations). Two different analytes (acetone and 1, 4 

Dioxane) were used and four consecutive transfers each analyte were made in separate HS 

vial. 

The volume of the injection loop was found to be:;:::; 20 ~L (from geometric 

calculation of the 0.02 inch LD. PEEK tubing, :;:::; 4 inches in length). Note that the injection 

loop volume is negligible (0.08%) when compared to the volume of the HS vial (24.3 mL) 

plus the volume of the syringe assembly (2.32 mL). 

The speed of the syringe piston 

The speed of the syringe piston strokes and the total number ofreciprocal piston 

actions required are essential for the achievement of uniform distribution of the analyte vapor 

between different parts of the isochoric headspace system. Pneumatic actuation system was 

used and the variation in pressure of the air was needed for setting the speed of the syringe 

movement. The higher the pressure applied faster the speed of the syringe piston. The 

pressurized air was controlled through a pressure gauge (maximum limit 50 psi). 

The dependence of the GC peak areas on the number of syringe strokes has been 

measured at different speed of the syt:inge piston movement. These experiments were done 



181 

for the step b of the isochoric vapor loading method, from the analyte bottle to the syringe 

assembly, with consecutive injections into GC after every five completed syringe strokes. 

The syringe pistons were set for a certain speed fixed for each experiment. The measured 

dependence is shown in Figure 4-23. The relative standard deviation of the experimental 

peak areas on the plateau (Figure 4-23, last six points) at 5.1 ml/min syringe speed is 0.4%. 

Vapor equilibration is faster at greater piston speed. This is because the faster the 

flow the more turbulent it is. Fast syringe speed also produces'a noticeable pressure drop 

along the connecting capillaries (this is important for valve 2 - when it is actuated, the right 

side of the piston movement forces the vapor through three valves and the injection loop; 

refer to Figure 4-1). Generation of the pressure drop should be avoided for the purpose of 

achievement of true thermodynamic equilibrium. Measurements of the pressure drop 

generation across two valves consecutively connected with PEEK capillaries (15 cm long) 

with 0.5 mm LD. have been performed using a calibrated syringe pump (with 50 mL gas

tight syringe) and electronic pressure gauge (1 Torr accuracy). Results are shown in Table 4-1. 

The volume change required to achieve pressure drop of 10 Torr inside the syringe 

assembly (2.32 mL volume) is only 60 f.lL. The energy introduced into the system with this 

action is only 0.0061 Joule, but it can generate a temperature change of about 3°C in the 

syringe assembly volume. Since the syringe assembly is always connected to the HS vial 

(24.3 mL) or the analyte bottle (l L), the actual temperature change in the total gas phase 

volume does not exceed 0.3°c. This was the reason for limiting the piston speed of 

maximum of 5 mLimin. Average piston speed used in all of our experiments was 3 mLimin. 

8 psi of pressurized air was necessary to achieve the speed of 3 mLimin. The pressure gauge 
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Table 4-1. Dependence of the pressure drop on the gas flow rate. 

Flow rate 
[ml/min] 

0.5 1 2 3 4 5 7 lO 

Pressure drop 
[Torr] 

0 1 2 3 6 11 26 57 

I 

~ 

I 

I 

I
I 

I 

! 

I 
1 

t 
t 
1 

I
! 
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Figure 4-23. Vapor composition equilibration between the analyte bottle and the syringe 
assembly measured at different syringe piston speeds. 
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maintained the pressure very accurately since the air coming into the pressure gauge was 

house air that was always kept above 60 psi. 

Experimental (for the measurement ofKp) 

All analytes (Ketones - Acetone, Butanone, Pentanone, Hexanone and Heptanone & 

Alkyl Benzenes - Benzene, Toluene, Ethyl Benzene and Propyl Benzene) were at least 98% 

pure. All solvents (Acetonitrile and Water) were HPLC grade and all chemicals listed above 

were obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO). 

All solvents were transferred into the headspace vial (part # HSV -150, Asist Inc., 

Cleveland, OH) via auto-pipettes (adjustable 100 and 1000 ilL Eppendorf). Analytes were 

transferred into the analyte bottle via 10 or 50 J.lL gas-tight syringes (Hamilton, Morristown, 

NJ). 

A Gas Chromatgoraph model 5890 from Agilent (Little Falls, DE) with DB-1701 

capillary column (ISm length and 0.25 mm J.D., 0.25 J.lm film thickness) was used. Detector 

was FID and the detector temperature was set at 300°C. The injector and oven temperature 

were varied from one analyte to the other. The reason for the injector temperature to be 

varied was that it should be kept as low as possible (since headspace system is placed right 

on top of it, so the extra heat can change the temperature at the bottom of the headspace 

system), but at least as high as the oven temperature so that the analyte does not condense 

upon entering the column. The column was inserted into a capillary tube and connected 

directly to valve 1 with finger tight ferrule. The injection is made directly onto the column. 

The carrier gas was Helium. The flow of the carrier gas was controlled through the 

pressure gauge. The pressure reading used for each analyte is outlined in Table 4-11. 
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Table 4-11: List of GC conditions used for all analytes in order to separate Acetonitrile 
(solvent) and the Analyte. 

I Analyte Oven 
Temperature 

(OC) 

Pressure 
reading for 

Helium (psi) 

Injector 
Temperature 

(OC) 

! Acetone 60 10.0 60 

Butanone 60 10.0 60 

Pentanone 90 12.0 90 

Hexanone 120 12.0 120 

Heptanone 150 13.0 150 

Benzene 70 8.0 110 

Toluene 110 10.0 110 

Ethyl Benzene 140 10.0 140 

Propyl Benzene 160 11.0 160 
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Some conditions that were varied to achieve the separation of the solvent and the 

analyte peaks are also outlined in Table 4-II. All separations were achieved isothermally. 

The solvent used was a mixture ofacetonitrile-water. Since the detector used was FID, it 

will detect acetonitrile and give a peak in the chromatogram along with the analyte. So, the 

conditions stated (oven temperature and flow rate of Helium) above were varied in such a 

way that a baseline separation was achieved between the two peaks in a chromatogram. 

Once the GC conditions were finalized for an analyte, the next step was to calibrate 

the response of the FID detector. This was performed by placing known volume ofanalyte 

in the analyte bottle and let it completely evaporate in the bottle. 

{The analyte volume was calculated using the ideal gas law equation (PV = nRT). The 

volume of the bottle is found to be 1.20 L. The saturated vapor pressure of all analytes at 

room temperature was obtained from the handbook of Chemistry and Physics. The gas 

constant is a known constant (0.0821 L-atmlmol-K) and the temperature was taken as 25°C 

since the bottle is sitting at room temperature. The number of moles is the quantity we are 

trying to determine. The number ofmoles is transferred to weight by multiplying it with 

molecular weight of an analyte. The weight can be transferred to the volume by dividing it 

with the analyte density at 25°C. The volume calculated here is the maximum volume that 

can be place inside the 1.20 L bottle at 25°C. Any volume lower than the calculated one will 

be completely evaporated (saturated) inside the bottle.} 

The analyte vapor was equilibrated with the syringe assembly and the injection was made 

after the equilibration. Each calibration curve, for an analyte, had at least three points. This 

was performed to calculate the "true" concentration found in the gas phase and the liquid 

phase. If this calibration was not performed, then the distribution constant would have been 
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the same, but the concentrations would have been wrong. Since the distribution constant is 

composed of two concentrations, the units cancel each other and the final value is identical 

whether the system was calibrated or not. The experimentally measured calibration values 

are not given here for this reason. 

There are three more variables that need to be measured before the measurements ofthe 

gas-liquid distribution constants can be measured. 

1. 	 The number of reciprocating syringe strokes to measure the equilibration time ofanalyte 

vapors between the analyte bottle and the syringe assembly (step a ofthe isochoric vapor 

loading method). 

This was measured by placing the calculated volume of an analyte in the analyte 

bottle and starting the reciprocating syringe movement right away. Actuating valve 3 

connected the analyte bottle and the syringe assembly. After every 5 syringe strokes, an 

injection was made to measure the peak area of an analyte. The equilibration was 

achieved when two or more consecutive peak areas were found to be similar. The plateau 

of the exponential growth curve (peak area versus number of syringe strokes) was chosen 

as the equilibration time. The number found for that equilibration was programmed into 

the software for step a of the isochoric vapor loading method for that analyte. The 

obtained results are summarized in Table 4-111. 

2. 	 The number of reciprocating syringe strokes to measure the equilibration time ofanalyte 

vapors between the analyte vapor and the solvent (step e of the isochoric vapor loading 

method). 
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Table 4-111: The number of syringe strokes required, for each analyte, for the listed steps of 
the vapor loading method to determine the K. 

Analyte step a* step e* step g* 

Acetone 20 20 20 

Butanone 20 20 20 
I 

Pentanone 25 25 20 
• 

Hexanone 25 25 20 

Heptanone 30 30 20 

Benzene 20 35 20 

Toluene 25 40 20 

Ethyl Benzene 30 45 20 

Propyl Benzene 35 50 20 

* Refer to text for complete description. 
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Once the analyte vapor was equilibrated with syringe assembly from the analyte bottle, as 

described above in 1, valve 3 was brought back to its neutral position. The HS vial 

containing 400 J.lL of acetonitrile was loaded into the headspace system before. 
1 
j 

I 	 After every 5 syringe strokes, an injection was made to measure the peak area ofan 

analyte. The equilibration was achieved when two or more consecutive peak areas were 

1 
! 	 found to be similar. The plateau of the exponential decay curve (peak area versus 

number of syringe strokes) was chosen as the equilibration time. The number found for 

that equilibration was programmed into the software for step e ofthe isochoric vapor 

loading method for that analyte. The obtained results are also summarized in Table 4-III. 

3. 	 Once the vacuum has been turned on (step g of the isochoric vapor loading method), the· 

number of reciprocating syringe strokes to clean out the analyte- and the solvent vapors 

from the syringe assembly before the next cycle begins. 

This is to measure the number of syringe strokes needed, when the vacuum is 

turned on, to clean the syringe assembly. Once the vacuum starts, every 5 syringe strokes 

an injection was made to see if the analyte and the solvent vapors are gone. The cleaning 

of this kind takes an exponential decay approach. For this reason, the syringe assembly is 

not completely cleaned (keeping time in perspective). The syringe assembly is said to be 

clean, when two or more consecutive injections show similar peak area counts. The 

results are given in Table 4-III. 

{The cleaning is actually not necessary in the current study since the bottle is kept at 25°C 

(room temperature) and the HS system is kept at 30°C. There was no condensation in the 

bottle since the temperature difference was only 5°C. But, at high temperature differences, 
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I 
I 

I when HS temperature is raised to 50°C or higher, the vapors may condense and this presents 
1 

a problem. This was observed when K was measured at 50°C or higher. } 

Step by Step Calculation of Gas-Liquid Distribution Constant Using the Isochoric 
Vapor Loading Method. 

The step-by-step description of the Isochoric vapor loading method was described 

earlier in this Chapter (pages 158 to 171). The representative schematics ofeach step are 

illustrated in Figures 4-13 to 4-22. A step-by-step calculation of the gas-liquid distribution 

constant using the isochoric vapor loading method is shown here. 

The volumes of components inside the HS system are already known: 2.32mL for 

syringe assembly (Vsyr), 24.3mL for HS vial (Vv) and O.4mL of liquid (solvent) phase (Vt}. 

The volume of the gas phase inside the HS vial (VH ) is 23.9mL and the total volume (Vr) of 

the gas phase (when the syringe assembly and the HS vial are connected) is 26.22mL. 

The concentration of analyte in the analyte bottle is CB- The movement of the syringe 

assembly drives the equilibration of the analyte between the analyte bottle and the syringe 

assembly loop (refer to Figure 4-14). Once equilibrated, the concentration inside the syringe 

assembly loop is same as it was inside the bottle. For the 1 st cycle, the gas phase 

concentration of the analyte inside the bottle, CB,G, is measured by GC when valve 1 is 

actuated for 2 seconds (refer to Figure 4-15). Then, valve 3 is closed and valve 2 is open 

(refer to Figure 4-16). The analyte vapors are then equilibrated between the gas phase and 

the liquid phase inside the HS vial (refer to Figure 4-17) and after they have been 

equilibrated, valve 1 is actuated for 2 seconds to measure the equilibrium concentration of 

the analyte in the gas phase, Cl 
eq,G, by GC (refer to Figure 4-18). From the two 
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concentrations measured by GC and known volumes of the system, the gas-liquid 

distribution constant is calculated as follows: 

For the 1 st loading cycle, the amount of analyte in the HS vial is O. The transferred 

amount, from the syringe assembly to the HS vial, M 1 
SYN is equal to 

(4-47) 


After connection of the syringe assembly to the HS vial and equilibration, the transferred 

amount of the analyte will be distributed between the gas and the liquid phase giving 

(4-48) 


where C1
eq,L is the equilibrium concentration of the analyte in the liquid phase after the 1 st 

loading cycle. Since all of the other variables in the Equation 4-48 are known, we can 

calculate the C1
eq,L for the 1 st loading cycle. Since the concentration of the analyte in the gas 

phase and liquid phase, at equilibrium is known, K can be calculated using Equation 4-1 for 

the 1 st loading cycle. At the end of 1 st loading cycle, valve 2 was closed and vacuum was 

applied to the syringe assembly loop to clean the solvent and analyte vapors from the syringe 

assembly loop. Then the second loading cycle can start from the beginning in the same HS 

vial. 

For the 2nd loading cycle the CB,G and Ceq,G are measured as discussed for loading 

cycle number 1, but the superscripts 2 are used instead of 1, indicating loading cycle number. 

The transferred amount, from the syringe assembly to the HS vial, for the 2nd loading cycle is 

equal to 

(4-49) 
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After connection of the syringe assembly to the HS vial and equilibration, the transferred 

amount of the analyte will be distributed between the gas and the liquid phase. However, 

there is certain amount of analyte present in the gas and liquid phase inside the HS vial from 

the 1st loading cycle. The amount of analyte present inside the gas phase and liquid phase 

inside the HS vial is equal to C;q,G (Vv - VL ) and C!q,L VL ,respectively. So, the following 

mass balance equation can be written for the 2nd loading cycle. 

where Ceq,L is the equilibrium concentration of the analyte in the liquid phase after 2nd 

loading cycle. Since all of the other variables in the Equation 4-50 are known, Ceq,L for the 

2nd loading cycle can be calculated. Now, for the 2nd loading cycle, the equilibrium 

concentration of the analyte in the gas phase and the liquid phase are known, so K is 

calculated using Equation 4-1. 

The cumulative addition of the mass of the analyte, in the liquid phase, at loading 

cycle number; (;::1= 1), can be calculated by combining Equation 4-49 and Equation 4-50 gives 

C i C H IV (T7 V) C i
- V (4-51 ) B,G syr + eq,G r V - L + eq,L L 

Then the following equation can be used to determine K at loading cycle number; (;::1= 1). 

(4-52) 

Every concentration in Equation 4-52 can either be the peak area taken from a 

chromatogram ofthe analyte or the actual concentration in ppm by converting peak area to 



I 
I 193 

ppm using a calibration curve generated ahead of time. It really does not matter what kind of 

concentration (peak area or ppm) is used, since it will not change the calculated value for K. 

For an illustration of this calculation, K is calculated for Benzene in the presence of 

0.4 mL of acetonitrile/ water (90: 1 0, v/v). The GC detector was calibrated before and the 

found relationship between the peak area of Benzene (Y axis) and the concentration of 

Benzene (in ppm) (X axis) was found to be 

Y = (6745)(X) (4-53) 

The calculation is shown in Table 4-IV. Eight loading cycles were performed to measure the 

gas-liquid distribution constant ofBenzene in 90% acetonitrile /10% water (solvent). Two 

concentrations, C iB,G and Cieq,G, of Benzene were measured during each loading cycle of the 

isochoric vapor loading method as described earlier. The measured peak areas for the two 

concentrations are listed in Row 2 and Row 13 of Table 4-IV and Row 3 and Row 14 of 

Table 4-IV, respectively. Both of these concentrations were converted to ppm using 

Equation 4-52 and the obtained values are given in Row 4 and 5 for cycle number 1 and in 

Row 15 and 16 for cycle number i (#1) in Table 4-IV. Column B of Table 4-IV indicates 

how each concentration (units are ppm) or amount (units are /-lg) was calculated for each 

loading cycle. The equations used for 1 st loading cycle are different than rest of the loading 

cycles, so they were separated accordingly in Table 4-IV. 

The calculated equilibrium liquid phase concentrations were plotted against the 

measured equilibrium gas phase concentrations, at each loading cycle, to calculate the gas-

liquid distribution constant. The slope of the line is the gas-liquid distribution constant. 

Using the values obtained from Table 4-IV, a graph was generated to determine the gas
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Table 4-IV: An Excel spreadsheet showing the step-by-step calculation of the gas-liquid 1 
distribution constant ofBenzene in acetonitrile: water mixture (90:10, v/v) as a 
solvent at 30°C. j 

• 

A B C D E F G H I 
1 cycle number 1 

2 C B,G(peak area) 482026 

3 C eq,G (peak area) 10032 V syr 2.32 mL 

4 Row 2 converted to ppm 71.5 Vv 24.3 mL 
using Equation 4-53. 

5 Row 3 converted to ppm 1.5 V L 0.4 mL 
using Equation 4-53. 

6 C ••GxV... (EqUation~ V H 23.9 mL 

7 C 'eq,GxVH Vr 26.22 mL 

8 M 'eq,L (Equation 4-48) 127 slope of calibration curve 6745 
(Row 6 - Row 7) 

9 C 'eq,L 317 
(Row 81 Row 16) 

10 K 213 

11 
12 Cycle number 2 3 4 5 6 7 8 

13 C B,G(peak area) 476964 475492 475885 477249 475747 472868 471289 

14 C 'eq,G(peak area) 16168 23224 31354 39038 46163 52810 59894 

15 Row 2 converted to ppm 70.7 70.5 70.6 70.8 70.5 70.1 69.9 
using Equation 4-53 . URow 3 converted to ppm 2.4 3.4 4.6 5.8 6.8 7.8 8.9 
using Equation 4-53. 

17 C B,Gx Vsyr 164 164 164 164 164 163 162 

18 C - eq,Gx V H 35.5 57.3 82.3 111.1 138.3 163.6 187.1 

19 M - eq,L 127 264 394 518 642 764 

20 C eq,Gx Vr 63 90 122 152 179 205 

21 M eq,L (Equation 4-51) 264 394 518 64 885 1002 
(Row 6 + Row 7 + Row 8 - Row 9) 

22 C eq,L 659 985 1296 1604 1911 2213 2504 

i 
I 

I 

I 
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liquid distribution constant for Benzene in presence of 90% acetonitrile in water, v/v. Refer 

to Figure 4-24 for the graph, with the slope ofthe line, K, found to be 290. 

Precision and Accuracy of the Measured Gas-Liquid Distribution Constant(s) by the 
Isochoric Vapor Loading Method. 

Calculating the gas-liquid distribution constant from the slope (average ofeight 

loading cycles, in the above example) of a linear line reduces or almost eliminates systematic 

errors since the whole experiment is performed in a single HS vial. However, there are 

always random errors. The imprecision in the obtained value for the gas-liquid distribution 

constant depends on many variables. The majority of the random error in the measured gas-

liquid distribution constant is due to small changes in temperature and measured peak area of 

the analyte. The error introduced from the measurement of the concentration of an analyte is 

irrelevant since the final value (gas-liquid distribution constant) divides one concentration by 

the other and will cancel the error introduced. The measured peak area in the syringe 

assembly does not introduce big error since this concentration remains fairly stable 

throughout the experiment (the %RSD of the measured peak area given in row # 2 is 0.67%). 

The effect of the measured peak area when the analyte is equilibrated with the solvent 

was studied for all measured gas-liquid distribution constants. The measured peak area 

should represent true equilibrium concentration. The only way to know this is to perform an 

experiment as described before (refer to Table 4-111) to determine the number ofsyringe 

strokes required to reach the equilibrium (e.g., 35 syringe strokes for Benzene). Since the 

number of syringe strokes is at the plateau of a decay profile, it is assumed that equilibrium is 

close. As long as this plateau is reached, from one loading cycle to another, the obtained 
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Figure 4-24: Linear regression using found concentrations of Benzene, at equilibrium for 
each cycle, in the liquid phase versus the gas phase. The slope of this line 
(290) represents the gas-liquid distribution constant ofBenzene in 90:10 
acetonitrile: water, v/v, at 30°C. 
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I peak area is taken as the equilibrium concentration. To observe this during the experiment I 
I 

performed, three injections of an equilibrated analyte vapor with the solvents were measured 
1 

I by moving two full syringe strokes and then making an injection. In other words, using 

benzene as an example, three injections were made after 35,37 and 39 syringe strokes, 

1 
respectively. Since it is know that benzene should be in equilibrium after 35 syringe strokes, 

1; the measured peak area at 37 and 39 syringe strokes should provide a very similar peak area 
I 
1 count. Table 4-V lists the obtained peak areas for the described experiment (Benzene in 

! 
! 90:10 acetonitrile: water, v/v). For each loading, it is seen that the peak area obtained after 

j the 35 strokes is the highest of the three. The next two peak areas, after 37 and 39 syringe 

I strokes, are very similar to each other. This indicates that the equilibrium was reached at this 

I 
I 

point. The difference between these two peak area is less than 1.0% (0.8% being the 

i 
highest). 

When the highest difference in peak area is used as the error and K for the Benzene in 

90:10 acetonitrile: water, vlv, is calculated again, the K is found to be 287 or 293, depending 

upon the positive or negative error. So, equal error, in %, is found from the difference in 

peak area. In this case, 1 % difference in peak area gave 1 % error in the measured value ofK. 

The last variable that can introduce error is the temperature. The temperature inside 

the HS system was programmed to be constant at 30°C. To see the exact temperature inside 

the HS system, two thermocouples were placed inside the HS system. One where the HS vial 

is sitting and the other where the syringe assembly is located. The HS vial is located in the 

center of the headspace system and the syringe assembly is located on the left side of the 

system. There is a small fan sitting inside the HS system to circulate the air to maintain 

constant temperature and to avoid sudden change in temperature. Two probes located inside 
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Table 4-V: Peak area ofBenzene during equilibration process with the solvent (acetonitrile: 
water, 90:10, v/v). 

5 

i 11165 16744. 24070 32174 39483 46688 53846 60263 

10009 16278 23225 31234 38834, 52788 59411 

16168 23224 31354 39038 46163 52810 59894 
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the HS system were programmed to take a temperature reading every 30 minutes. The time 

for an average experimental loading cycle took about 2 hours, so we had four temperature 

readings per cycle to observe the temperature drift. An example of the collected temperature 

reading is presented as a chart in Figure 4-25. For the example given in Figure 4-25, the 

average difference between the two probes during an experiment was found to be 0.6°C. As 

stated earlier, the temperature is controlled within 1°C. For air circulated heating system, 

this is as good as it got and the best we could do. In the next generation of the Isochoric HS 

system, currently working in our laboratory, the temperature is controlled through a water 

circulating bath and very tight temperature readings between the two probes (locations stated 

before) are found (within O.2°C). 

Temperature is the variable that introduces the largest error in measuring the gas

liquid distribution constant. This is because the temperature has an effect on the distribution 

constant, K, as per the following exponential relationship: 

log K = (B'IT) - C' (4-54) 

where B' and C' are constants. 

This is an exponential relationship, so a slight change in the temperature will have a 

large effect on the measured gas-liquid distribution constant. The effect of a change in 

temperature (for example, 1°C) on the measured distribution constant for every analyte 

studied was not performed in the current study since the log K =In relationship is different 

depending on analyte and the matrix (solvent, for the current study). 

However, the measurement of the gas-liquid distribution constant was performed in 

triplicate to calculate the average and to determine the standard deviation or the precision of 
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Figure 4-25: An example of the temperature readings found from within the HS system 
during typical HS experiment. A point was recorded every 30 minutes. The 
temperature was recorded at two different locations of the HS system: next to 
syringe assembly and next to HS viaL 
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the measured value for different analytes at different solvent composition. The gas-liquid 

distribution constant ofmethanol in water was measured three times at 30 ± 1°C. The three 

values obtained are 2021, 2141 and 1940. The average of the three is 2034 and standard 

deviation is 101 (or %RSD is 5%). The gas-liquid distribution constant of propyl benzene in 

acetonitrile was also measured three times. The three values obtained were 5166, 4576 and 

4880. The average ofthe three is 4874 and standard deviation is 295 (or %RSD is 6%). The 

gas-liquid distribution constant of Butanone in water was measured three times at 30 ± 1°C. 

The three values obtained are 237, 243 and 235. The average of the three is 238 and standard 

deviation is 4 (or %RSD is 2%). The general trend observed, for analytes, was that higher 

water composition in the solvent gave lower %RSD (~ 2%) than higher acetonitrile 

composition (~6%) in the solvent. The three replicates of eachset ofdata were performed 

within one week. The precision of the used method to measure the gas-liquid distribution 

constant is found in the range of2 to 6 %RSD. 

The next sets of experiments were performed to see the effect of mixing binary (e.g., 

acetonitrile-water) solvents (since there is a decrease in the volume after mixing), the effect 

of the solvent volume, the day to day variability as well as instrument to instrument 

variability on the measured gas-liquid distribution constants. The results obtained for all of 

these experiments using different analytes and different solvent compositions are 

summarized in Table 4-VI. The effect of mixing binary solvents was studied first. As seen 

from Table 4-VIA, the results found are different depending upon the composition of the 

binary mixture. When the collapse of the volume is high when two neat solvents are mixed, 

as in 90% acetonitrile: 10%water, the results is found to be very different (about 12%). 

When the collapse of the volume is low when two neat solvents are mixed, as in 90% water: 



202 

10% acetonitrile, the results are found to be somewhat similar (about 6% difference). Since 

all of the HPLC data were obtained by mixing the two individual solvents by the pump and 

not pre-mixing them, it was decided that the solvent must be added separately. For example, 

OAmL of 90% acetonitrile: 10% water was made in the HS vial by adding 0.36mL of 

acetonitrile and 0.04mL ofwater. The total volume of the solvent was taken as OAmL 

eventhough we know that there is a decrease in the final volume. This was also done to 

eliminate errors due to the measurement of solvent. If solvents were pre-mixed, then every 

time the solvents are pre-mixed, the composition may be different depending how long ago 

they were mixed. One ofthe solvent being acetonitrile, it is known that some acetonitrile 

will be evaporated ifthe mixed solvent is kept for a long time. All of the problems due to 

mixing are avoided when the solvents are added separately since every time the measured 

volumes will be accurate and the decrease in the final volume is a physical phenomenon and 

will not change from one experiment to another (e.g., analyte to analyte). 

The effect of solvent volume on the measured gas-liquid distribution constants was 

also studied. The results are summarized in Table 4-VIB. All solvents were added 

separately in the HS vial to get the final volume. It is seen that the measured values are close 

to each other (about 6 % difference). The headspace sensitivity is increased with lower 

solvent volumes. The solvent volume of OAmL was found to be adequate to give enough HS 

sensitivity to measure most of the gas-liquid distribution constants. 

The day to day and instrument to instrument variability were also measured and the 

obtained results are summarized in Table 4-VIC and Table 4-VID, respectively. The 

difference between the measured values at different time is found to be 4% and when using 

different instrument is found to be 1 %, indicating that the measured values can be 



203 

Table 4-VI: Precision and accuracy of the measured gas-liquid distribution constants at 30 ± 
1°C. 

A. The effect of mixing binary solvents on the measured values. 

Analyte = Acetone 90% acetonitrile: 
10% water 

10% acetonitrile: 
90% water 

OAmL added separately 1058 386 
• Two solvents were pre-mixed and then 
. OAmL ofvolume taken 

934 386 

I The percent difference between the two 11.7 0.0 

B. The effect of the solvent volume on the measured values (solvent added separately). 

Analyte = Acetone 90% acetonitrile: 
10% water 

10% acetonitrile: 
90% water 

OAmL 1058 386 
0.8mL 1033 360 
The percent difference between the two 2A 6.7 

Analyte Pentanone 100% acetonitrile 
OAmL 3079 
O.3mL 2879 
The percent difference between the two 6.5 

c. The day to day variability on the measured values when using OAmL of solvent (added 
separately). 

Analyte = Acetone 90% acetonitrile: 10% water 
April 3, 2000 1058 
April 13, 2000 1016 
The percent difference between the two 4.0 

D. The instrument to instrument variability on the measure values when using OAmL of 
solvent. 

Analyte Acetone 100% water 
The instrument on which all of the gas-liquid distribution 
constants given in this chapter were measured. 

385 

Second instrument on which the one and only given gas-liquid 
ditribution constant was measured. 

389 

i The percent difference between the two 1.0 
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reproduced at different times and when using different instruments. 

The accuracy of the measured data can be obtained when the found values are 

compared to the values found in the literature or when using different methods. 

Unfortunately, all of the data given in the literature were measured using a typical HS system 

where the HS vial is pressurized. The pressurization of the HS vial changes from one 

laboratory to the next depending upon the GC setup. This is because the pressure inside the 

HS vial is kept higher than the inlet pressure found in GC to drive the analyte vapor from 
I 
i high- to low pressure when making an injection. By performing an HS experiment using 

I 
I pressurized HS vials to measure a physical parameter, e.g. gas-liquid distribution constant is 

i fundamentally wrong, as described earlier in this chapter. In any case, a comparison is made I 
~ here to illustrate the point stated above. The distribution constant of methanol in water at 
t 
I, 30°C, using the Isochoric headspace system, was found to be 2034 (average of three
i 

measurements). When this value is compared to the literature values (measured using typical 

1 HS system where the HS vial is pressurized), our measured value is found to be about half (K
I 

I 
i 

= 3867) ofthose found in the literature [241]. This could be attributed to the reason stated 

before. Every HS experiment is performed differently where the pressurization of the HS 
~ 

1 
vial is different giving very different values for any measured gas-liquid distribution 1 
constant. To avoid this, the isochoric headspace system can be used, which is known to work 

I at atmospheric pressure and found results then can be compared from one laboratory to the 

other since the problem of pressurizing the HS vial has been eliminated. 

I 
1 

The accuracy of the method has been studied in a different way. The well-known 

I 
.1 relationship of log K versus liT was used to demonstrate the accuracy. The results are given 

I 
I 

.~ 

j 
in the next section (Results and Discussion: Gas-Liquid Distribution Constants, page). 

I 
I 
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The results are found to be accurate since a linear line was obtained when log K was 

plotted against In. However, the obtained error on the extrapolated point is cumulative 

from the other points of the linear line. To illustrate this point, refer to Figure 4-26. A 

typical log K versus In is plotted for an analyte, for example. The three points on the line 

(at 40, 50 and 60°C) had some error associated with it (indicated by the error bar). When 

linear regression is used to extrapolate the point at 30°C, it is shown that the error is 

accumulated from the three points. If the extremes of the error of the three points are taken 

as three points to draw the linear line (dashed line 1 or 2 in Figure 4-26), then the calculated 

point has accumulated error from the three points, as shown by the arrow in Figure 4-26. 

It has been demonstrated that the method used is accurate and gives reproducible 

results. However, there are some practical things that need to be considered when evaluating 

the measured gas-liquid distribution constants and the next section highlights some of them. 

Evaluation of the Data for the Gas-Liquid Distribution Constant(s) by the Isochoric 
Vapor Loading Method. 

From the experimental data, when the concentration of an analyte in the liquid phase 

is plotted against the concentration of an analyte in the gas phase at equilibrium, it was 

earlier in this chapter that the slope of the line (refer to figure 4-24) is the gas-liquid 

distribution constant. But, what about the intercept? It is interesting to note that the intercept 

can be used to give an approximate concentration of an analyte in the gas phase of the HS 

vial before the first loading cycle. For example, the intercept obtained from the linear line 

(refer to Figure 4-24) is 59.7. Let's say that Y 0, or the concentration of an analyte 
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(Benzene, in this example) in the liquid phase is zero. This is only true before the first 

loading cycle. When Y == 0, X 0.21 ppm since X axis has unit in ppm. It is known that the 

concentration in the gas phase inside the HS vial before the first cycle is zero since no 

analyte was present inside the HS vial. The only place where 0.21ppm concentration of 

analyte can reside is in the connection lines of the HS vial to valve 2 (refer to Figure 4-1). 

These two capillary tubing do not get cleaned in the vacuum cycle after each loading cycle. 

This means that when an experiment in a HS vial is finished (e.g., 100% acetonitrile as 

solvent) and next HS vial is loaded with 90% acetonitrile in water, as was the case above, the 

analyte vapors inside the two capillaries discussed above were not cleaned. These analyte 

vapors were then introduced in the HS vial where 90% acetonitrile in water was present. So, 

in reality, the analyte was not present in the gas phase of the HS vial before the experiment, 

but as described here there were some analyte vapors in the gas phase inside the HS vial. 

This is only estimation and the concentration found in the gas phase inside of one HS vial to 

another would vary depending upon the gas phase concentration of the analyte in the last 

cycle of a previous HS vial. In summary, this can be explained as a carryover of analyte 

vapors from one HS vial to another. Theoretically, if there were no carryover then we would 

have seen the line cross zero. For all of the measured gas-liquid distribution constants 

(approximately 200 of them), the sign for intercept found for each and every one was 

negative. This indicates strongly that for each and every measured gas-liquid distribution 

constant, there was a carryover of analyte vapor from one HS vial to the next. This makes 

sense because even when an analyte was switched, e.g. from Benzene to Toluene, the system 

was first calibrated with Toluene. During the calibration of the system, Toluene vapors were 
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introduced inside the connecting lines before the measurement of gas-liquid distribution 

constants even began. 

What if the intercept of the graph (refer to Figure 4-24) has a positive intercept? This 

would indicate that when the gas phase concentration is zero, X 0; Y := positive number or 

the analyte is present in the liquid phase before the equilibration of the first cycle. This was 

not observed in this study since no analyte was ever introduced in the solvent. 

When the concentration in the liquid phase versus the concentration in the gas 

phase is plotted, if the first loading gives a negative number for the concentration in the 

liquid phase then the following can be assumed. When the concentration in the liquid phase, 

after the first cycle, is found to be negative, this indicates that the equilibration of that analyte 

between the gas phase and the solvent was not reached. When this happens, the mass of 

analyte at equilibrium in the gas phase is found to be higher than the calculated. This only 

happens when the analyte vapors are not in equilibrium with the solvent. This gives a higher 

peak area count than the calculated one. Otherwise, physically, it would not make sense. 

I 
~ During the measurement of some of the gas-liquid distribution constants, especially 

I when the solvent is made up ofhigher water content, the graph similar to the one shown in 

J figure 4-27 was generated from the obtained experimental results. This is an effect of vapor 

I saturation in the gas phase. This was observed for non-polar analytes, which are not soluble 

I in water (all four alkyl benzenes, Hexanone and Heptanone). This indicates that the 

measured gas phase concentration, at equilibrium, is not changing much from one loading 

cycle to the next, or it is getting saturated. However, the concentration of the analyte in the 

liquid phase is calculated based on the measured concentration in the gas phase, so the 

calculated concentration of the analyte in the liquid phase is found to increase exponentially. 
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An example of this situation is illustrated in in Figure 4-27. This situation is easily avoided 

by loading less number ofcycles in a given experiment or start with lower concentration of 

analyte in the analyte bottle. 

All of the different parameters described above were considered when measuring the 

gas-liquid distribution constants for all ofthe studied analytes. The next section highlights 

the results obtained for all of the measured gas-liquid distribution constants using the 

Isochoric vapor loading method on the Isochoric headspace system. 

Results and Discussion: Gas-Li.quid Distribution Constants 

The gas-liquid distribution constants ofketones (acetone, butanone, pentanone, 

hexanone and heptanone) and alkyl benzenes (benzene, toluene, ethyl- and butyl benzene) 

were measured in acetonitrile: water mixture (every 10%, v/v, increment throughout the 

concentration range) at 30 ± 1°C. The experimental parameters were described on pagel84. 

The isochoric vapor loading method was used is described on page 158. The step-by-step 

calculation using the vapor loading method was also described on page 190. 

The gas-liquid distribution constants of acetone, butanone and pentanone were 

measured directly at 30 ± 1°C. The individual values obtained for all three ketones at 

different acetonitrile: water mixtures are listed in Table 4-VII. The measurement ofthe gas-

liquid distribution constants for hexanone and heptanone were difficult since the vapor 

pressure ofhexanone and heptanone is very low at 30°C, or both analytes are not volatile. 

This has a practical problem with very low gas phase concentration and detection of this 

concentration by the FID detector in GC. 
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Figure 4-27: The graph representing the liquid phase concentration versus the gas phase 
concentration of an analyte, at equilibrium with some solvent at temperature T. 
The curvature of the line indicates that there is saturation of analyte vapors in 
the gas phase. 
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Table 4-VII: Measured gas-liquid distribution constants of acetone, butanone and pentanone 
in given acetonitrile: water mixtures at 30°C. 

% acetonitrile in water, v/v Acetone Butanone Pentanone 

100 882 ±60 1381 ± 83 3079 ± 188 

90 1058 ± 76 1638 ± 99 2964 ± 179 

80 1111 ± 73 1387 ± 71 2124 ± 107 

70 1024 ± 54 1194±61 1631 ± 82 

60 873 ± 51 961 ± 49 1349 ± 69 

50 766 ± 31 725 ± 29 884 ± 36 

40 648 ± 26 546± 22 589 ±24 

30 522 ± 21 403 ± 16 355 ± 14 

20 425 ± 13 316 ± 10 253±8 

10 386 ± 12 252±8 196±6 

0 385±8 234±5 182 ±4 
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To overcome this problem, the gas-liquid distribution constants for both analytes 

were measured at three temperatures higher than 30°C. The values obtained for hexanone at 

three different temperatures are given in Table 4-VIII. The linear relationship of log K =In 

was used to calculate the distribution constant at 30.0°C based on the values obtained at three 

given temperatures. As stated before in the accuracy and precision section that the obtained 

linear relationships are found to be very good for this relationship demonstrating the 

accuracy of the method. But, as stated in the same section before, the calculated values from 

this linear regression also has large error bar associated with it. The estimated errors on each 

calculated point are reported next to the calculated point in Table 4-VIII. The step-by-step 

calculation to obtain the gas-liquid distribution constant at 30.0°C from the given three 

temperature is given in Table 4-IX. The temperature reading given in Table 4-IX is the 

average temperature found inside the HS system during the experiment as described earlier. 

Similar results are given in Tables 4-X and 4-XI for heptanone. 

The gas-liquid distribution constants obtained for all five studied ketones at 

30°C are graphically represented in Figure 4-28. The most remarkable result shown in this 

figure is that for all studied ketones, the dependencies ofK versus acetonitrile concentration 

intersect at the same point. This is because the transfer of acetone to pure water is more 

favorable than that ofheptanone, and conversely the transfer ofacetone to pure acetonitrile is 

less favorable than the transfer ofheptanone, it follows that the various lines must cross. At 

this point, 40% acetonitrile in water, v/v, the distribution constants for all ketones are found 

to be equal to eachother. 
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Table 4-VIII: Measured gas-liquid distribution constants ofhexanone in given acetonitrile: 
water mixtures at three different temperatures. 

I 

% acetonitrile in water, v/v 60.5°C 50.7°C 41.2°C 

100 3920 ±464 4385 ± 334 5335 ±427 

90 3164±211 3574 ± 396 4709 ± 284 

80 1478 ± 143 1858 ± 126 2830 ± 143 

70 626 ± 35 1016 ± 64 1549 ± 79 

60 386± 25 689 ±44 990 ± 50 

50 192 ± 9 388 ± 24 597 ±24 

40 79.7 ± 3.7 197 ± 12 313 ± 13 

30 39.9 ± 1.6 80.6 ± 4.9 153 ±6 

20 19.9 ± 0.6 34.6 ± 2.1 77.7 ± 2.3 

10 9.50 ± 0040 20.5 ± 1.2 50.0 ± 1.5 
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Table 4-IX: Step-by-step calculation of the gas-liquid distribution constant, K, ofhexanone 
at 30.0oe in given acetonitrile: water mixtures. 

Step A: log K for each value from Table 4-VIII was calculated. 

% acetonitrile in water, v/v 60.5°e 50.7°e 41.2°e 
100 3.593 3.642 3.727 
90 3.500 3.553 3.673 
80 3.170 3.269 3.452 
70 2.797 3.007 3.190 
60 2.587 2.838 2.996 
50 2.284 2.589 2.776 
40 1.901 2.294 2.496 
30 1.601 1.906 2.184 
20 1.299 1.539 1.890 
10 0.978 1.312 1.699 

Step B: From the relationship of log K versus }ITthe following parameters were calculated. 

% acetonitrile in water, v/v slope intercept R": 

100 -0.0069 4.0060 0.973 
90 -0.0089 4.0289 0.949 
80 -0.0146 4.0380 0.968 
70 -0.0204 4.0339 0.999 
60 -0.0212 3.8836 0.985 
50 -0.0255 3.8467 0.984 
40 -0.0309 3.7982 0.970 
30 -0.0302 3.4332 1.000 
20 -0.0306 3.1316 0.986 
10 -0.0374 3.2270 0.997 

Step e: log K at 3D.Doe was calculated from the slope and intercept given above. Then, Kat 
3D.DOC was calculated from inverse of log K. 

% acetonitrile in water, v/v log K at 30.0oe Kat 30.0oe 
100 3.798 6284 ± 927 
90 3.761 5769±611 
80 3.600 3984 ± 419 
70 3.422 2642 ± 227 
60 3.248 1769 ± 159 
50 3.081 1204 ± 84 
40 2.872 746 ± 52 
30 2.526 336 ± 23 
20 2.213 163 ± 9 
10 2.106 128 ± 7 
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Table 4-X: Measured gas-liquid distribution constants ofheptanone in given acetonitrile: 
water mixtures at three different temperatures. 

I 

% acetonitrile in water, v/v 51.1°C 55.5°C 60.2°C 

100 5003 ± 321 4628 ±463 3632 ± 335 

90 4664 ± 326 3892 ±454 3533 ± 255 

80 1874 ± 95 1554 ± 320 1165 ± 99 

70 1293 ± 133 937 ± 105 798 ± 74 

60 876 ±47 678 ± 64 552 ±47 

50 548 ± 23 488±44 369 ±43 

40 253 ± 14 186±9 168 ± 17 

30 38.0 ± 1.5 27.4 ± 2.0 16.7 ± 1.5 

20 23.0 ± 0.8 17.1 ± 1.0 11.9±1.3 

10 15.1 ± 1.5 11.3 ± 1.0 7.37 ± 0.58 
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Table 4-XI: Step-by-step calculation of the gas-liquid distribution constant, K, ofheptanone 
at 30.0°C in given acetonitrile: water mixtures. 

Step A: log K of each value from Table 4-X was calculated. 

I 

I 

I 

I 

% acetonitrile in water, v/v 51.1°C 55.5°C 60.2°C 
100 3.699 3.665 3.560 
90 3.669 3.590 3.548 
80 3.273 3.191 3.066 
70 3.112 2.972 2.902 
60 2.943 2.831 2.742 
50 2.739 2.688 2.567 
40 2.403 2.270 2.226 
30 1.580 1.438 1.221 
20 1.362 1.233 1.074 
10 1.179 1.053 0.867 

I 

I 


Step B: From the relationship of log K versus lIT the following parameters were calculated. 

0(0 acetonitrile in water, v/v slope intercept RL 

100 -0.0154 4.4961 0.929 
90 -0.0132 4.3369 0.964 
80 -0.0227 4.4394 0.989 
70 -0.0230 4.2721 0.957 
60 -0.0221 4.0653 0.994 
50 -0.0190 3.7200 0.956 
40 -0.0193 3.3723 0.910 
30 -0.0395 3.6068 0.990 
20 -0.0317 2.9845 0.999 
10 -0.0343 2.9398 0.992 

I 

J 

1 


I 

Step C: log K at 3D.DoC was calculated from the slope and intercept given above. Then, Kat 

3D. DOC was calculated from inverse of log K. 

I 

I 

% acetonitrile in water, v/v log K at 30.0°C Kat 30.0°C 
100 4.035 10840 ± 1757 
90 3.941 8721 ± 1298 
80 3.758 5730 ± 825 
70 3.583 3829 ± 813 
60 3.403 2531 ± 36D 
50 3.151 1414 ± 24D 
40 2.794 622 ± 99 
30 2.423 265 ± 36 
20 2.034 108±17 
10 1.911 81.5 ± 15.6 
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Figure 4-28: Plot of log K ofmeasured gas-liquid distribution constants at 30°C versus 
volume fraction of acetonitrile for all five ketones. 
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The error on each measured gas-liquid distribution constant was calculated by 

performing propagation of errors. Each of the following errors were included: (i) peak area 

from the analyte bottle, (ii) peak area when equilibrated with the solvent, (iii) a standard 

deviation base on solvent composition and, for hexanone and heptanone only (iv) 

accumulated error from the log K vs. JiI regression line as described earlier in this chapter. 

Note that the gas-liquid distribution constant for every analyte at every acetonitrile-water 

composition was not performed in triplicate, so an estimation of standard deviation was used 

based on equivalent data from other analytes with similar conditions. 

The gas-liquid distribution constants of the four alkyl benzenes (Benzene, Toluene, 

Ethyl Benzene and Propyl Benzene) were measured directly at 30 ± 1°C. The individual 

values obtained for four alkyl benzenes at different acetonitrile: water mixtures are listed in 

Table 4-XII. The gas-liquid distribution constants obtained for four studied alkyl benzenes at 

30°C are graphically represented in Figure 4-29. As discussed earlier for ketones, there is a 

very narrow range in acetonitrile: water composition at which the distribution constants of 

four alkyl benzenes are the same. This is because the transfer of benzene to pure water is 

more favorable than that of Propyl benzene, and conversely the transfer ofbenzene to pure 

acetonitrile is less favorable than the transfer of Propyl benzene, it follows that the various 

lines must cross. This composition for the five alkyl benzenes studied is around 35 % 

acetonitrile in water, v/v. 

The measured gas-liquid distribution constants were used to calculate the liquid

liquid partition coefficient, Kp • The overall objective of the headspace study was to measure 

the Kp for all analytes at different acetonitrile-water composition and the next section 

outlines the obtained results. 
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Table 4-XII: Measured gas-liquid distribution constants offour alkyl benzenes in given 
acetonitrile: water mixtures at 30°C (----- Indicates that the values were not 
measured). 

I 

% acetonitrile in water, 

v/v 

Benzene Toluene Ethyl Benzene Propyl Benzene 

100 409 ±25 876 ± 53 1823 ± 142 4874 ± 308 

90 290 ± 18 698 ±44 1386 ± 84 3513 ± 236 

80 213±11 400 ± 20 793 ±40 1732 ± 88 

70 156 ± 8 299 ± 15 462 ± 24 913 ±47 

60 92.1 ±4.7 153 ± 8 256 ± 13 456 ±23 

50 I 54.6 ± 2.5 94.2 ± 3.8 147 ±6 247 ± 10 

40 28.4±1.8 39.3 ±4.2 56.3 ±2.5 77.3 ± 4.9 

30 15.4 ± 1.7 16.5 ± 1.8 14.6 ± 0.6 10.0 ± 1.0 

20 7.30± 0.62 ........ _- ---- -_......

10 3.44 ± 0.36 ---- -- ...-..
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Figure 4-29: Plot of log K ofmeasured gas-liquid distribution constants at 30°C 
versus volume fraction of acetonitrile for all five alkyl benzenes. 
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Results and Discussion: Liquid-Liquid Partition Coefficients (Kp) 

So far, in this chapter, the gas-liquid distribution constants, K, were discussed. This 

is the constant that measures the distribution of the analyte between the gas phase and the 

liquid phase. The liquid-liquid partition coefficient, K p, measures the partitioning of an 

analyte between two liquid phases. Going back to the retention model introduced in Chapter 

II, the analyte must partition itselfbetween the mobile phase and the adsorbed layer, which is 

made up of the organic component of the mobile phase. This partition coefficient can be 

calculated using the measured gas-liquid distribution constants. 

The definition ofKp was given in the model (refer to Equation 2-12) as the 

concentration ofan analyte in the adsorbed layer (acetonitrile) divided by the concentration 

of an analyte in the mobile phase (acetonitrile-water mixture). Ifwe divide the gas-liquid 

distribution constant obtained for an analyte in acetonitrile by the gas-liquid distribution 

constant obtained for the same analyte in the acetonitrile-water mixture, then the obtained 

value is the liquid-liquid partition coefficient, Kp, of that analyte between acetonitrile and 

acetonitrile-water mixture. The big assumption being, of course, is that the analyte behaves 

ideally in the gas phase. 

The well known Henry's law: Pi = H Xi, where His the Henry's law constant; Xi is the 

mole fraction of an analyte and Pi is the partial pressure of the analyte. According to this 

law, there is a general linearity between the partial vapor pressure and the mole concentration 

of the analyte under so-called ideal conditions. In an ideal condition, the activity coefficient 

of an analyte is said to equal to one and only solvent molecules surround each analyte 

molecule. Therefore only the intermolecular interaction forces between solute-solvent 
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molecules are effective, while the probability ofadditional solute-solute interaction increases 

with the concentration of the analyte. 

The liquid-liquid partition coefficients of five ketones studied are given in Table 4

XIII. The gas-liquid distribution constants were taken from Table 4-VII, 4-IX and 4-XI. The 

graphical representation of the liquid-liquid partition coefficients versus the mobile phase 

composition is given in Figure 4-30. 

The liquid-liquid partition coefficients of four alkyl benzenes studied are given in 

Table 4-XIV. The gas-liquid distribution constants were taken from Table 4-XII. The 

graphical representation of the liquid-liquid partition coefficients versus the mobile phase 

composition is given in Figure 4-31. 

It is well known from the liquid-liquid partition theory that each methylene group of 

the analyte contributes equal amount of energy. So, if we plot the In Kp versus the number of 

methylene groups in the analyte, a linear line can be expected. If a linear line is obtained, 

that we can say that the measured values are found to be accurate. The calculated In Kp for 

ketones are given in Table 4-XV and for alkyl benzenes in Table 4-XVI. It is very 

interesting to note that, for both of the homologue series, a linear relationship is obtained for 

all of the analytes at each of the mobile phase composition studied (R2 of 0.94 or better), 

again, indicating the accuracy of the measured gas-liquid distribution constants. 
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Table 4-XIII: Calculated liquid-liquid partition coefficients of five ketones in given 
acetonitrile: water mixtures at 30°C. 

% acetonitrile in water, v/v Acetone Butanone Pentanone 

100 1.000 1.000 1.000 

90 0.833 ± 0.083 0.843 ± 0.072 1.039 ± 0.089 

80 0.794 ± 0.075 0.995 ± 0.079 1.450 ± 0.115 

70 0.861 ± 0.075 1.156 ± 0.091 1.888 ± 0.149 

60 1.010 ± 0.091 1.436 ± 0.113 2.283 ± 0.182 

50 1.152 ± 0.092 1.904 ± 0.138 3.483 ± 0.255 

40 1.360 ± 0.108 2.527 ± 0.183 5.231 ± 0.383 

30 1.690 ± 0.135 3.428 ± 0.248 8.677 ± 0.633 

20 2.075 ± 0.155 4.369 ± 0.294 12.15 ± 0.83 

10 2.282 ± 0.172 5.489 ± 0.370 15.75 ± 1.07 

0 2.291 ± 0.164 5.912 ± 0.376 16.91 ± 1.09 

% acetonitrile in water, v/v . Hexanone Heptanone 

100 1.000 1.000 

90 1.089 ± 0.198 1.243 ± 0.274 

80 1.577 ± 0.286 1.892 ± 0.410 

70 2.378 ± 0.406 2.831 ± 0.756 

60 3.552 ± 0.614 4.282 ± 0.924 

50 5.217±0.851 7.665 ± 1.798 

40. 8.428 ± 1.375 17.44 ± 3.96 

30 18.71 ± 3.04 40.92 ± 8.69 

20 38.48 ± 6.03 100.2 ± 22.4 

10 49.18 ± 7.78 133.0 ± 33.3 
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Figure 4-30: Plot of log Kp of calculated liquid-liquid partition coefficients at 30°C versus 
mobile phase composition (in acetonitrile-water) for all five ketones studied. 
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Table 4-XIV: Calculated liquid-liquid partition coefficients of four alkyl benzenes in given 
acetonitrile: water mixtures at 30°C (----- Indicates that the values were not 
calculated). 

% acetonitrile in water, v/v Benzene Toluene 

100 1.000 1.000 

90 1.232 ± 0.121 1.256 ± 0.110 

80 1.920±0.151 2.192 ± 0.172 

70 2.622 ± 0.205 2.928 ± 0.233 

60 4.441 ± 0.353 5.718 ± 0.451 

50 7.491 ± 0.572 9.299 ± 0.679 

40 14.40 ± 1.28 22.29 ± 2.76 

30 26.56 ± 3.56 53.09 ± 6.56 

20 56.03 ± 6.20 ----

10 119.0± 15.5 ----

% acetonitrile in water, v/v Ethyl Benzene Propyl Benzene 

100 1.000 1.000 

90 1.315±0.130 1.387 ± 0.128 

80 2.298 ± 0.214 2.814 ± 0.229 

70 3.898 ± 0.368 5.338 ± 0.434 

60 7.118 ± 0.664 10.69 ± 0.87 

50 12.44 ± 1.10 19.72 ± 1.49 

40 32.38 ± 2.91 63.05 ± 5.68 

30 124.9 ± 11.0 487.4 ± 57.1 



226 

-+- Benzene 

2.0 - -.- Toluene 

___ Ethyl Benzene 

_ Propyl Benzene 
Q. 	 1.5 ::.:: 
C) 

.9 

1.0 

0.5 

0.0 	. ----,--...................~---.-------

30 40 50 60 70 80 90 


% Acetonitrile in water 

Figure 4-31: Plot of log Kp of calculated liquid-liquid partition coefficients at 300 e versus 
mobile phase composition (in acetonitrile-water) for all four alkyl benzenes 
studied. 
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Table 4-XV: The transfer ofmethylene groups from the studied ketones from the mobile 
phase to the adsorbed layer. 

A. 	 Calculated In Kp of five ketones in given mobile phase composition at 30°C. 

(----- Indicates that the values were not calculated). 

I 

i 

i 

I 

i 

% acetonitrile 
in water, v/v 

Acetone Butanone Pentanone Hexanone Heptanone I 

100 0 0 0 0 0 
90 -0.183 -0.171 0.038 0.085 0.218 
80 -0.231 -0.005 0.372 0.456 0.637 
70 -0.150 0.145 0.636 0.866 1.041 
60 0.0 o 1n2 0.826 1.267 10454 I 

50 0.141 u.U"t4 1.248 1.652 2.037 
40 0.307 0.927 1.655 2.132 2.859 
30 0.525 1.232 2.161 2.929 3.712 
20 0.730 1.474 20497 3.650 4.607 

• 

I 

10 0.825 1.703 2.757 3.895 4.891 
0 0.829 1.777 2.828 ---- ----

B. Calculated slopes, intercepts and R2 values. 

(----- Indicates that the values were not calculated). 

% acetonitrile 
in water, v/v 

slope intercept R~ 

100 ---- ---- ----
90 0.1057 -0.3197 0.941 
80 0.2197 -004133 0.959 
70 0.3102 -004231 0.969 
60 0.3795 -0.3546 0.985 
50 004799 -0.2953 0.992 
40 0.6307 -0.3162 0.997 
30 0.8071 -0.3098 0.999 
20 0.9930 -0.3871 0.995 
10 1.0324 -0.2831 0.998 

! 0 0.9994 -0.1874 0.999 
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Table 4-XVI: The transfer ofmethylene groups from the studied alkyl benzenes from the 
mobile phase to the adsorbed layer. 

A. 	 Calculated In Kpoffour alkyl benzenes in given mobile phase composition at 30°C. 

(----- Indicates that the values were not calculated). 

I 

% acetonitrile 
in water, v/v 

Benzene Toluene Ethyl Benzene Propyl Benzene • 

-' 

100 0 0 0 0 
90 0.209 0.228 0.274 0.327 
80 0.652 0.785 0.832 1.035 
70 0.964 1.074 1.360 1.675 
60 1.491 1.744 1.963 2.369 
50 2.014 2.230 2.521 2.982 
40 2.667 3.104 3.478 4.144 
30 3.279 3.972 4.827 6.189 

B. Calculated slopes, intercepts and R2 values. 

(----- Indicates that the values were not calculated). 

% acetonitrile slope Intercept R" 
in water, v/v 

100 ---- ----
90 0.0403 0.1587 0.963 
80 I 0.1194 0.5276 0.945 
70 0.2419 0.6635 0.962 
60 0.2854 1.1781 0.980 
50 0.3195 1.6377 0.971 
40 0.4803 2.1474 0.983 
30 0.9584 2.1708 0.975 
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Conclusions 

An isochoric headspace system that is introduced can measure the gas-liquid 

distribution constants at atmospheric pressure. This system has a big advantage over the 

conventional HS system where the HS vials are pressurized in order to make an injection. 

The pressurization of the HS vial destroys the equilibrium inside the HS vial. This may be 

the reason for the reproducibility problems noticed in the literature for the obtained values of 

K between different research groups. The introduced headspace system can give better 

reproducibility since it operates at atmospheric pressure. 

U sing the isochoric headspace system, a vapor loading method was described, in 

which the analyte vapor is being added from analyte bottle to the HS vial containing the 

solvent. This has a big advantage over the known headspace methods in the literature in that 

only one experiment is needed to measure the gas-liquid distribution constant. This avoids 

lot of unnecessary errors (e.g., sample preparation) introduced in the measured values. 

The gas-liquid distribution constants, K, of five ketones and four alkyl benzenes were 

measured using the vapor loading method on the isochoric headspace system. The obtained 

results were shown to be accurate with very good reproducibility. The calculated liquid-

liquid partition coefficient, Kp, form the measured K is evidence of this since both 

homologue series showed linear dependence (R2 better than 0.96) ofKp against the carbon 

number of the side chain in a particular homologue series. This proves that the measured 

values ofK are accurate since each methylene group contributed equivalent amount of the 

Gibbs free energy when distributed between the mobile phase and the adsorbed layer. 



Chapter V: Comparison of Calculated Retention Volumes (VR) Versus 
Experimentally Measured Retention Volumes (Vr) of all Analytes. 

Summary 

The independently measured variables from Chapter III (Vo, Vs and KH ) and 

Chapter IV (Kp) were used to predict the retention of a given analyte under various 

acetonitrile-water compositions on a given column using Equation 2-28. The predicted 

VR was compared to the experimentally measured Vr (refer to Chapter III) of the same 

analyte under same conditions. The comparison was performed for both homologous 

series (ketones and alkyl benzenes) studied. Based on the comparison, some conclusions 

are made towards the validity of the partition! adsorption model presented in Chapter II. 

Introduction 

The partition! adsorption model presented in Chapter II describes RPLC retention 

as a sum of two processes: (i) partitioning between the mobile phase and the adsorbed 

layer that is made up of the organic modifier from the mobile phase followed by (ii) 

analyte adsorption on the hydrophobic surface. The following equation (same as 

Equation 2-28) was derived using the proposed model. 

(5-1) 

where VR = retention volume of an analyte, 
Vo = total liquid volume inside the column, 
Kp = distribution coefficient of an analyte between the mobile phase and 

the adsorbed layer, 
Vs = total adsorbed layer volume, 
S = the total surface area of the adsorbent per column and 
dJTcJ/dcs = KH Henry adsorption constant. 
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Since all of the parameters in Equation 5-1 are measured independently, this 

model can be experimentally verified. Equation 5-1 has four unknowns (Vo, Vs, KH and 

Kp). In order to predict the retention of an analyte under certain LC conditions, these four 

unknowns must be measured. Dead volume (VaJ, and adsorbed layer volume (Va) of the 

organic modifier (acetonitrile for the current study) are functions of a given 

chromatographic column and were measured independently in a binary system 

(acetonitrile and water) as shown in Chapter III. The Henry constant (KH ) of the analyte 

is the slope of its adsorption from pure organic component and was measured in a binary 

system (acetonitrile and the analyte) as described in Chapter III. The liquid-liquid 

partition coefficient (Kp) of an analyte between the mobile phase and the adsorbed layer 

of acetonitrile was measured (refer to Chapter IV) by headspace gas chromatography 

(HS-GC). By gathering data for the four unknowns and placing them in Equation 5-1, the 

retention volume of an analyte for given chromatographic conditions (this is a ternary 

system acetonitrile, water and analyte) can be predicted. By comparing the 

theoretically predicted VR (all parameters were measured in a binary system) using 

Equation 5-1 to the experimentally measured Vr (this is a ternary system), the validity of 

the partition! adsorption model presented here can be tested. 

Results 

The experimentally measured retention volumes, Vr, are taken from Tables 3-X to 

3-XIV. The dead volumes, Vo, of the columns are taken from Table 3-IV. The measured 

Henry's constants, KH , are taken from Table 3-XV. The measured adsorbed layer 
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volumes, Vs, are taken from Tables 3-IV to 3-VIII. The measured liquid-liquid partition 

coefficients, Kp, are taken from Tables 4-XIII and 4-XIV. 

Comparison ofVR versus Vr 

First, using Equation 5-1, VR ofall nine analytes at each acetonitrile: water mobile 

phase composition studied on all five columns (CIS, C)2, Cs, C4 and CI) were calculated. 

The calculated VR for all analytes under given acetonitrile-water composition are given in 

Tables 5-1 to 5-V when using columns having different bonded alkyl chains, CIS to CI 

respectively. The theoretical predicted values were compared to the experimentally 

measured values using two different graphical representation: 1) retention volume versus 

mobile phase composition and 2) In k' versus mobile phase composition. The obtained 

graphs for five studied ketones are given in Figures 5-1 to 5-5 when using columns 

having different bonded alkyl chains, CIS to CI. The obtained graphs for five studied 

alkyl benzenes are given in Figures 5-6 to 5-10 when using columns having different 

bonded alkyl chains, CIS to Cl. 
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Table 5-1: Calculated retention volumes (in mL), VR, of all analytes on a C I8 column. 
-- Indicates that the value was not calculated. 

I 

% acetonitrile 
in water, v/v 

100 90 80 70 60 50 40 30 20 

Acetone 1.864 1.784 1.765 1.797 1.869 1.938 2.037 2.168 2.263 

Butanone 1.854 1.780 1.852 1.927 2.063 2.289 2.573 2.900 3.069 

Pentanone 1.895 1.914 2.125 2.349 2.564 3.189 4.058 5.514 -----

Hexanone 1.958 2.010 2.290 2.751 3.452 4.426 6.231 ---- -----

Heptanone 2.043 2.203 2.631 3.251 4.241 6.506 12.89 ---- ----

Benzene 1.895 2.013 2.365 2.724 3.689 5.279 8.749 13.95 ! 23.99 

Toluene 1.982 2.135 2.697 3.137 4.857 7.039 14.74 31.11 ----

I 

Ethyl 
Benzene 

2.054 2.266 2.926 3.999 6.222 9.844 23.12 80.24 -----

Propyl 
Benzene 

2.169 2.473 3.593 5.576 9.876 17.06 50.91 ---- ----
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Table 5-11: Calculated retention volumes (in mL), VR, ofall analytes on a C12 column. -
--- Indicates that the value was not calculated. 

i% acetonitrile 
in water, v/v 

I 100 90 80 70 60 50 40 30 20 

Acetone ! 1.893 1.813 1.797 1.828 1.898 1.967 2.062 2.189 2.278 

Butanone 1.869 1.798 1.867 1.938 2.067 2.289 2.547 2.850 2.994 

Pentanone 1.895 1.914 2.107 2.313 2.511 3.111 3.883 5.196 -----

Hexanone 1.934 1.981 2.228 2.636 3.259 4.166 5.717 ---- -----

Heptanone 1.994 2.134 2.500 3.035 3.892 5.916 11.34 ---- ----

Benzene 1.875 1.981 2.288 2.603 3.456 4.922 7.898 12.34 20.56 

Toluene 1.932 2.064 2.536 2.909 4.371 6.306 12.73 26.26 ----

Ethyl 
Benzene 

1.979 2.156 2.697 3.582 5.426 8.537 19.35 65.58 -----

Propyl 
Benzene 

2.047 4.747 8.173 14.07 40.66 ---- ----
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Table 5-111: Calculated retention volumes (in mL), VR, of all analytes on a Cs column. -
--- Indicates that the value was not calculated. 

I 
% acetonitrile 
in water, v/v 

100 90 80 70 60 50 40 30 20 

Acetone 1.942 1.865 1.850 1.878 1.947 2.013 2.103 2.224 2.306 

Butanone 1.903 1.837 1.901 1.968 2.089 2.290 2.527 2.798 2.909 

Pentanone 1.916 1.933 2.106 2.300 2.484 3.014 3.703 4.851 -----

Hexanone 1.931 1.971 2.184 2.548 3.099 3.861 5.181 ---- -----

Heptanone 1.962 2.078 2.380 2.838 3.565 5.216 9.660 ---- ----

Benzene 1.873 1.964 2.222 2.505 3.247 4.465 6.956 10.54 16.69 

----Toluene 1.903 2.010 2.391 2.711 5.463 10.611 21.13 

Ethyl 
Benzene 

1.933 2.075 2.503 3.234 4.741 7.182 15.71 51.35 -----

Propyl 
Benzene 

1.969 2.157 2.830 4.072 6.762 11.23 31.43 .--- ----
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Table 5-IV: Calculated retention volumes (in mL), VR, of all analytes on a C4 column. -
--- Indicates that the value was not calculated. 

I 

I 

% acetonitrile 
in water, v Iv 

100 90 80 70 60 50 40 30 20 

Acetone 1.948 1.879 1.861 1.888 1.953 2.012 2.086 2.157 2.187 

Butanone 1.890 1.834 1.888 1.948 2.053 2.219 2.384 2.481 2.441 

Pentanone 1.882 1.896 2.043 2.208 2.352 2.767 3.220 3.696 -----

Hexanone 1.886 1.917 2.094 2.396 2.830 3.404 4.263 ---- ----
I 

Heptanone 1.894 1.981 2.222 2.586 3.135 4.347 7.286 ---- ----

Benzene 1.833 1.908 2.131 2.358 2.947 3.935 6.174 10.11 19.66 

Toluene 1.842 1.927 2.238 2.482 3.410 4.600 8.918 19.16 ----

Ethyl 
Benzene 

1.852 1.960 2.298 2.847 3.952 5.776 12.62 44.36 -----

Propyl 
Benzene 

1.863 2.000 2.504 3.397 5.289 8.485 23.81 ---- ----
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Table 5-V: Calculated retention volumes (in mL), VR, of all analytes on a C, column. --
-- Indicates that the value was not calculated. 

I 

I 


I 

I
I 

% acetonitrile 
in water, v Iv 

100 90 80 70 60 50 40 30 20 

Acetone 1.928 1.879 1.869 1.887 1.931 1.974 2.031 2.097 2.127 

Butanone 1.911 1.867 1.909 1.954 2.036 2.171 2.319 2.463 2.475 

Pentanone 1.905 1.915 2.023 2.146 2.266 2.604 3.012 3.607 -----

Hexanone 1.896 1.919 2.042 2.258 2.593 3.047 3.775 ---- -----

Heptanone 1.897 1.961 2.123 2.379 2.794 3.719 6.063 ---- ----

Benzene 1.866 1.920 2.071 2.244 2.702 3.443 4.555 5.619 6.353 

Toluene 1.867 1.926 2.132 2.316 3.013 3.884 6.616 11.40 ----

Ethyl 
Benzene 

1.867 1.940 2.157 2.543 3.356 4.650 8.875 24.58 -----

Propyl 
Benzene 

1.867 1.958 2.273 2.882 4.230 6.433 15.76 ---- ----
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Figure 5-1: Comparison of theoretical versus experimentally measured values for all 
studied ketones on a C18 column. Top graph presents in terms of retention 
volume and the bottom in terms of log k'. 
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Discussion 

It can be seen for all of the ketones studied from the Figures 5-1 to 5-5 that the 

theoretically predicted retention using the described model gave comparable retention 

volumes when using different bonded alkyl chain length (CIS, C l2, Cs). However, when 

using C4 and CJ, the relatively non-polar analytes (hexanone and heptanone) started to 

deviate from the experimental values, especially at higher water content in the mobile 

phase. The same trends are observed for alkyl benzenes in Figures 5-6 to 5-10. The 

model gave comparable retention volumes (for all four alkyl benzenes studied) when 

using CIS, C l2 and Cs columns, but started to predict higher retention values (for very 

non-polar analytes - ethyl and butyl benzene) for columns C4 and C1 and when using 

higher water content in the mobile phase. 

The deviation seen in both homologus series is the same and may be attributed to 

the adsorbed layer not fully formed at these mobile phase compositions and to the 

additional surface effects (e.g., residual silanols) on shorter bonded alkyl chains. As 

shown in Chapter III, the adsorbed layer is fully formed at about 40% acetonitrile in 

water, v/v. Any mobile phase composition below this does not have a stable adsorbed 

layer formed. Since all alkyl bonded length chains studied showed similar thickness or 

the volume of this adsorbed layer, it is obvious that the surface effects (e.g., residual 

sHanols) are more pronounced when shorter bonded alkyl chains are used. As the length 

of the bonded alkyl chain is increased, the residual sHanol effect starts to diminish and its 

effect on experimentally measured retention volumes is not observed. Since residual 

silanols are polar, their largest contributions are seen on the non-polar analytes, which 
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have shown to elute much faster on experimentally measured than predicted retention 

volumes. 

In Chapter III, the same reason was given for the found Henry's constants when 

using shorter bonded alkyl chains as the stationary phase. Acetone was shown to give the 

highest Henry's constant on a Cl column when compared to all other analytes. This 

means that acetone was retained the longest even though it was the most polar and the 

smallest analyte being studied. Acetone had high affinity for the polar environment 

provided by the residual silanols, so it was retained longer than all ofother studied 

analytes. Most of the other analytes studied gave retention volume lower than the dead 

volume of the column, indicating that they were repelled from the stationary phase and 

were eluted off the column much faster. 

If the assumptions given above are correct, then it would make sense from the 

results in that the predicted retention volumes for same analytes on shorter bonded alkyl 

chain columns are found to be higher since the presented retention model does not take 

specific surface effects into account (e.g., residual silanols). In addition, the 

experimentally measured retention volumes are found to have the residual silanol effect 

(especially when the adsorbed layer is not fully formed). This means that the model fails 

to explain the retention on shorter bonded alkyl chains, especially when the composition 

of the mobile phase is highly aqueous where it is known that a stable adsorbed layer is 

not formed. There is no term in the Equation 5-1 that would account for this effect 

because the equation to predict the retention of an analyte using the partition! adsorption 

model was derived based on how the analyte is distributed in different phases 
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I (partitioning between the mobile phase and the solvated layer and then adsorption on the 

~ 
bonded phase) inside the column. 

Even though the model presented does not describe the retention on shorter 

bonded alkyl chains when using high aqueous mobile phase, there is one interesting 

observation made that is explained by the model. This observation is made with the 

experimentally measured retention volume of acetone and butanone, for example on CI8 

column, in which they both elute off the column faster in 90% acetonitrile in water than 

100% acetonitrile. This is very interesting since in RPLC, the analytes show a trend of 

retaining longer when strength of the mobile phase is decreased. When the 

experimentally measured retention volumes for both were compared to the predicted 

retention volumes, they were very comparable. The model predicted that the retention of 

both analytes would decrease upon increasing the water content by 10%. This is mainly 

due to the liquid-liquid partition coefficient of those analytes in 90% acetonitrile in water. 

The Kp for both is found be smaller than 1.00, indicating that both analyte prefers to be in 

90% acetonitrile in water than 100% acetonitrile. This directly correlates to the analytes 

eluting off the column faster in 90% acetonitrile than 100% acetonitrile. This also 

indicates that the retention of acetone is mobile phase dependent and should not be used 

to measure the dead volume of the column. 

Comparison of VR versus V, in terms of statistics 

All measured values in Chapter III and IV have an error associated with it, so it is 

possible to calculate the propagation of error for the predicted VR using Equation 5-1. 

Two examples are used to calculate the propagation oferror using the rules of 
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propagation oferror (refer to Table 5-VI for step-wise calculation). First one is Benzene 

in 50% acetonitrile in water mobile phase on a C I8 column. The calculated VR using 

Equation 5-1 is found to be 5.283 mL. The error on this value is found to be 0.566 mL. 

The measured Vr value is 5.735 mL. The error on this value is found to be 0.115 mL. 

So, the two values are statistically equivalent. Second example is ethyl benzene in 30% 

acetonitrile in water mobile phase on a C8 column. The calculated VR using Equation 5-1 

is found to be 51.37 mL. The error on the value is found to be 12.45 mL. The measured 

Vr value is 37.46 mL and the error on this value is found to be 0.75 mL. So, the two 

values are not statistically equivalent. 

Similar comparisons for each analyte on every column using different 

acetonitrile-water composition were calculated. However, an easier method was applied 

to see if the two values are similar or not. If the % difference between the predicted VR 

using Equation 5-1 and experimentally measured Vr were found to be less than 15%, then 

the values were said to be equivalent. This is because the added error from each of the 

four variables is found to about 15% (dead volume - 2%, Henry's constant - 4%, liquid-

liquid distribution constant 4 to 10% and adsorbed layer volume - unknown error). 

Conclusions 

The proposed model is found to be valid when applied to different bonded alkyl 

chains and with different analytes (polar and non-polar). However, the model predicted 

greater retention volumes when compared to experimentally measured retention volumes 

of non-polar analytes on short bonded alkyl chains (C4 and C I ) in presence of high water 

content (more than 60% water) in the mobile phase. This could be attributed to the 
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Table 5-VI: Calculation of propagation of error. 

A. 	 analyte - Benzene, mobile phase - 50% acetonitrile in water, column - CIS 

Predicted VR using equation 5-1. 

Equation 5-1 => V R = Vo + (Kp-l)V s + SKpKH 

VR = 1.713±0.036 + (7.49l±0.572-l)(0.34±0.01) + (7.49l±0.572)(O.l82±0.02) 

VR= 1.713±0.036 + (2.207±0.265) + (1.363±0.265) 

VR= 5.283mL ± 0.566 => or => 4.7l7mL - 5.850mL 

Experimental Vr 

Vr = 5.735±0.02mLlmin 

Vr = 5.735±O.l15 => or => 5.620mL - 5.850mL 

Predicted VR and experimental Vr are found to be statistically equivalent. 

B. 	 analyte - Ethyl Benzene, mobile phase - 30% acetonitrile in water, column - Cs 

Predicted VR using equation 5-1. 

Equation 5-1 => VR= Vo + (Kp-l)Vs + SKpKH 

VR= 1.8l4±0.053 + (124.9±11.0-l)(0.28±0.01) + (124.9±1 1.0)(0.1 19±0.049) 

VR= 1.8l4±0.053 + (34.69±4.43) + (14.86±7.97) 

VR= 51.37mL ± 12.45 => or => 38.92mL - 63.82mL 

Experimental Vr 

Vr = 37.46±0.02mLlmin 

Vr = 37.46±0.75 => or => 36.7lmL - 38.2lmL 

Predicted VR and experimental Vr are found not to be statistically equivalent. 

http:37.46�0.75
http:14.86�7.97
http:34.69�4.43
http:124.9�11.0-l)(0.28�0.01
http:7.49l�0.572)(O.l82�0.02
http:7.49l�0.572-l)(0.34�0.01


253 

adsorbed layer not fully formed at these mobile phase compositions and the surface 

effects (e.g., residual silanols) on shorter bonded alkyl chains. The proposed model does 

not take surface effects (e.g., residual silanols) into the account, thus giving higher 

retention values than measured retention values when stated experimental conditions 

were used. 



Chapter VI: Overall Conclusions 

This dissertation has outlined several studies that positively contribute to the growing 

research on understanding of the retention mechanism ofreversed-phase liquid 

chromatography. Some important contributions of the current study are summarized below. 

1. 	 It was shown that stationary phase plays a major role in retention and it is not a passive 

receptor. A discussion of the structure of the bonded phase was presented and it was 

concluded that the bonded alkyl chains are in their least energy state or "collapsed" 

phase. 

2. 	 It was shown that there is preferential adsorption of the organic component of the mobile 

phase on the surface and, due to this adsorption, the physical! chemical environment near 

the surface is changed. In other words, the adsorbed layer is somewhat different in 

composition than the mobile phase. 

3. 	 Based on excess adsorption isotherm studies, it was shown that the adsorbed layer is a 

multilayer when acetonitrile is used as the organic modifier. 

4. 	 It was also shown that this multilayer adsorption is on top of the collapsed bonded layer. 

5. 	 A partition! adsorption model was presented which describes the RPLC retention as a 

sum of two processes: partitioning into the organic adsorbed layer followed by analyte 

adsorption on the hydrophobic surface. 
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6. The following equation was derived using the proposed model, which can predict the 
1 

analyte retention under RPLC conditions. 

(6-1) 
J 

where VR = retention volume of an analyte, 
1 Vo = total liquid volume inside the column, 

Kp = distribution coefficient ofan analyte between the mobile phase and the 
1 adsorbed layer, 

Vs = total adsorbed layer volume, 

S = the total surface area of the adsorbent per column and 

dITcJldcs = KH =Henry adsorption constant. 


7. 	 Since all of involved parameters in Equation 6-1 were measured independently, this 

model was experimentally verified using two homologue series (ketones and alkyl 

benzenes) as analytes using acetonitrile-water mixture as the mobile phase. The effect of 

bonded alkyl chain length (CIS, C12, Cs, C4 and CI) was also studied, but the temperature 

was held constant at 30°C. The Vo and Vs are function of a given chromatographic 

column and were measured independently in a binary system (acetonitrile and water). 

The KH of the analyte is the slope of its adsorption from pure organic component and was 

also measured in a binary system (acetonitrile and the analyte). The Kp of an analyte 

between the mobile phase and the adsorbed layer was measured by headspace gas 

chromatography (HS-GC). From the four independently measured variables and using 

Equation 7-1, we were able to predict the retention of an analyte for a given 

chromatographic conditions (this is a ternary system - acetonitrile, water and analyte). 

8. 	 It was shown that the model predicted very good retention volumes for all analytes under 

given set of conditions (longer bonded alkyl chains - CIS, C12 and Cs and when stable 
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adsorbed layer is formed - more than 40% acetonitrile in the mobile phase). TheI 
J 

retention volumes of non-polar analytes on shorter bonded alkyl chains (C4 and C1) when 

using high water content in the mobile phase were predicted to be higher than the 

measured retention volumes. This effect could be attributed to the adsorbed layer not 

fully formed and to the specific effects of silica surface (e.g., residual silanols) on shorter 

bonded alkyl chains. 

9. 	 The limitations of the model are that it does not predict comparable retention volumes for 

non-polar analytes at high water content using shorter bonded alkyl chain ligands. The 

studied analytes must be semi-volatile to volatile and should not ionize under given 

mobile phase compositions. The volatility of the analytes is important in order to 

measure their gas-liquid distribution constants by HSGC. Since we are trying to solve 

one equilibrium (between mobile phase and adsorbed layer), an ionization of an analyte 

will introduce more equilibria in the solution and will complicate the described model. 

1 	 10. An Isochoric headspace system was introduced. This system is known to work at
j 

atmospheric pressure. The principles of the Isochoric headspace system were discussed. 

Two different methods (Isochoric vapor extraction and Isochoric vapor loading) were 

introduced for vapor transfer and measurement processes. Step-by-step procedures 

followed by theories for both of the isochoric methods were then described. A procedure 

was described to calibrate different volumes of the isochoric headspace system. 

1 
1 

1 
I 
i 
I 
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11. The gas-liquid distribution constants were measured using the vapor loading method on 

the isochoric headspace system. The presented method and the headspace system were 

shown to give accurate and reproducible gas-liquid distribution constants. From the 

measured gas-liquid distribution constants, the liquid-liquid partition coefficients were 

calculated and were shown to contribute equivalent amount of Gibbs free energy per 

methylene group for the transfer between the mobile phase and the adsorbed layer. 



Appendix I - Derivation of the mass-balance equation for a two component system. 

The derivation of equation 2-6 from equation 2-5 is given on pages 57 and 58. 

The focus here is on the derivation of equation 2-7 from equation 2-6 that was not given 

on page 58. 

- F(ace Jdtdx = (~'P(cJ) dtdx (2-5)
ax atI x 

v c + sr(v)(c ) (2-6)o e e 

When equation 2-6 is plugged in equation 2-5, the following is obtained: 

(2-6A) 


or equation partial derivatives, 

(2-6B) 


Since the concentration of the analyte is measured by the detection in the liquid phase we 

have to substitute the surface excess by the concentration in the mobile phase according 

to the following expression: 

(2-6C) 


When equations 2-6B and 2-6C are combined, the following equation is obtained. 

(2-6D) 


Since the concentration of the analyte is a function of both x and t, its full derivative is 
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(2-6E)dc , = ( ~c; ) dx + ( iJ;/ ) dl 

Dividing this expression by dt at constant Ce (dce=O) we obtain an equation relating 

partial derivatives: 

(ae e) (ax) (2-6F)= ax at1 cx 

Substituting into the Equation 2-6D, the following expression is obtained: 

(2-6G) 

Dividing both parts by - (ae e lax)1 the following expression is obtained: 

(2-6H) 

Where (ax/att = U (the linear velocity of the chromatographic band at a certain c 

concentration of the analyte) is substituted. 

F =(v + sdrV(cJ]u (2-61)Odec. 

Divide both parts of the equation by U c and substitute F/uc =v,. To go from the reduced 

amounts (area dx) to total amounts (column length), both parts of the equation are 

multiplied by L (the column length). The final expression is equation 2-7. 

(2-7) 
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