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a b s t r a c t

During the chromatographic separation process, analyte reactions are often observed leading to band

broadening and/or elution of peak clusters. For many different chemical compounds the reaction can be

reduced to a simple isomerisation kinetic scheme where elution is the result of adsorption–desorption

on the surface stationary phase coupled with a flipping two-level reaction system. In this paper, the

chromatographic peak shape for a reacting analyte is calculated in frequency domain when the reaction

follows a simple reversible first order scheme. Both reaction and dynamic chromatographic systems have

been considered. The derived solutions are expressed in closed form in the Fourier domain. Several limit

solutions obtained under conditions of very slow and moderately fast kinetics are exploited. The effects

of both kinetics rate constants and retention time on the chromatographic peak shape are singled out.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Efficient, economical product or process design requires accu-

rate fundamental data values such as transport properties,

adsorption energy and kinetic rate. Likewise, the fundamental

understanding of many processes requires the use of thermody-

namics, mass transfer with chemical reaction in nonideal systems

[1,2]. Moreover in product design, it is well known that the stability

of certain chemicals is an important issue in chemical and phar-

maceutical studies, since most biochemical processes or chemical

properties are stereochemically controlled. Different methods can

be adopted to evaluate these data and a comprehensive review of

these can be found elsewhere [3].

One of these techniques is dynamic chromatography stud-

ied by Bürkle et al. [4], which offers several advantages over

other methodologies. Indeed, chromatography makes it possible

to obtain mass transfer, adsorption and kinetics data and can

be employed in non-linear conditions [5]. However, a prerequi-

site for employing this technique is that reaction must take place

within the separation timescale (on-column reaction chromatogra-

phy) [6–12]. Different methods can be employed to extract kinetic

parameters from the experimental chromatograms [3,4,13–16].

The focus of the present work is to represent the dynamic chro-

matography from a microscopic point of view in order to provide

a new method for determining the kinetic constant by dynamic

chromatography experiments. In particular, the on-column reac-

∗ Corresponding author. Tel.: +39 0532 455346; fax: +39 0532 240709.

E-mail address: l.pasti@unife.it (L. Pasti).

tion chromatography process is described by using the stochastic

model of chromatography [17]. Originally developed by Keller

and Giddings [18], there has been renewed interest in this model

since it makes it possible to correlate macroscopic classical chro-

matographic parameters with the behavior properties of individual

molecules [19,20]. These arguments partially support the use of

the stochastic approach even to study interconversion phenom-

ena. The main reason for this is that, when coupled with the

so-called characteristic function (CF) approach, the solution found

using this model can be expressed in closed form in the frequency

domain even when complex chromatographic cases are considered

[19–25].

The theoretical dynamic chromatography model, here devel-

oped, follows the general formalism proposed for the photon

statistics model of single molecule observation [26–28]. Since in

this last case the model solution is available in terms of CF, the

model of dynamic chromatography will be obtained by coupling

the reaction kinetics description with the stochastic model of two

sites chromatography [22]. By this way, the representation of the

chromatography profile will be available in the Fourier domain,

as a function of the process parameters: this makes it possible

to estimate the kinetic constants of reaction–elution processes

by fitting the whole experimental chromatographic profile in the

Fourier domain [20]. Thus, the methodological approach followed

here differs from both the original theoretical plate model of chro-

matography [4,24], and its extensions based on the introduction of

stochastic terms describing the peak band broadening [29–31].

In the present approach to on-column reaction chromatography,

the classical reduction of the kinetic scheme from the four states

to two states will be followed [16,32,33]. This will imply a certain

0021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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degree of approximation. Moreover, the focus will be essentially on

the band broadening coming from the phase exchange kinetics and

reaction, neglecting other significant aspects such as the mobile

phase diffusion and eddy diffusion. The aim of this study is, in fact,

to explore the potential advantages of using a stochastic description

of dynamic chromatography.

2. Theory

The theory section of the present paper starts by recalling

some basics of the stochastic model of chromatography and ends

with a treatment of the chromatographic elution of molecules

undergoing first order reaction. Description of the model follows

the general formalism for a four-states kinetics system [4,16,33]

and then this kinetics scheme is reduced to obtain a two-states

system. Finally, the general expression for the chromatographic

peak in reaction chromatography is derived together with partic-

ular solutions valid for given reaction kinetics in the separation

time considered (reaction time scale). The obtained solution does

not account for important chromatographic phenomena, such as

mobile phase and eddy diffusion, responsible for peak broadening.

Details of the mathematical description of the process are reported

in the Appendixes A–D given in Supporting Information.

2.1. Dynamic microscopic description of the chromatographic

process

In chromatographic separation, analyte molecules can be cap-

tured by the active surface sites and they can stay there for a random

amount of time (�s); while they remain on the sites, the molecules

are delayed vs. the main stream of the flowing mobile zone. After

this time has elapsed they revert to the mobile phase until a new

sorption event (n) occurs: the sojourn time undergoes to random

jumps process. As a consequence, the analyte volume travels along

the column at an average velocity, which is lower than that of the

main stream. Moreover, the mobile phase volume occupied by the

molecules is enlarged as a result of the random nature of the captur-

ing and releasing processes (chromatographic band broadening).

The one site model of chromatography describes a chromato-

graphic process involving solely a single kind of site (i.e. surface

site homogeneity) (see Appendix A). In chiral chromatography at

least two different active site types are present on the surface of the

stationary phase and molecules could interact with both. The dis-

tribution of the time spent on each site is related to the molecule

interaction energy on these two different sites. In chromatogra-

phy literature the latter model is the so-called two sites model or

biLangmuir model [5] and it is generally used to interpret enan-

tiomeric separation. In enantiomeric chromatographic separation

both enantiomers may be present in the mobile phase and they

undergo different interactions with the two active stationary phase

sites. In a simplified model, each enantiomer interacts selectively

with just one site. If the two enantiomers can interconvert during

the separation, then each molecule can be present in four different

situations which correspond to the four states of the system (see

Fig. 1a).

2.2. Model of first order dynamic chromatography

Let us consider an experimental interconversion batch involving

enantiomers A and B partitioned between the M phase—a non-

chiral homogenous phase and the S phase—the chiral phase (see

Fig. 1a) The achiral and chiral phases are, respectively, the mobile

and stationary phases in the chromatographic column correspond-

ing to the batch system.

The considered system involves four different conformer types,

which, in agreement with Refs. [4,29–31], are indicated as:

(1) AM, lowest retained conformer in the mobile phase;

(2) BM, highest retained conformer in the mobile phase;

(3) AS, lowest retained conformer in the chiral stationary phase;

(4) BS, highest retained conformer in the chiral stationary phase.

This model is a four-states system: at a given time t, a given

molecule can be in one of the four above-described states. When

the reaction rate constants are employed to describe the system,

one should also consider the relationships existing between these

constants. The principle of microscopic reversibility [4,29,34] states

that, when a batch system is at equilibrium, the transition fre-

quency is the same in both directions for each individual reaction

step. Consequently, in any cyclic reaction the product of the rate

constants going one way around the cycle is equal to the product

of the kinetic constants describing the reverse reaction going the

other way. With reference to Fig. 1 one has:

kB
−1kM

−1kA
1kS

1 = kB
1kM

1 kA
−1kS

−1 (1)

where kj
1
, and kj

−1
with j = M, S are the forward and backward reac-

tion rate constants in the mobile (M) and stationary (S) phase,

respectively; kj
1
, and kj

−1
with j = A, B are the sorption and desorption

rate constants of the species A and B, respectively.

The main difference between a batch system like the one

described above and the corresponding chromatographic system is

that, in the latter, it is important to evaluate the time evolution of a

single molecule and its statistical properties instead of the molec-

ular averaged chemical composition of the batch system at a given

time. The batch results can be applied to the dynamic chromato-

graphic process thanks to the ergodic hypothesis which states the

averages obtained from a large molecular population and over a

long observation time are equivalent.

In a macroscopic chromatographic system, under linear condi-

tions, the microscopic reversibility principle holds true [4,16,34].

Under the hypothesis that kM
−1

= kM
1

, Eqs. (1) and A-6b show that

this condition is verified in a chromatographic separation of enan-

tiomers using an achiral mobile phase (see Fig. 1a) and, after

rearrangement (see Appendixes B and C), one obtains:

KS =
kS

1

kS
−1

=
KB

KA
=

k′
B

k′
A

=
�̄S,A

�̄S,B
(2)

where �̄S,A and �̄S,B are the average time spent during one species A

or B sojourn step in the stationary phase (S). Likewise, k′
A and k′

B are

the capacity factors of the pure enantiomer A or B, respectively (see

Eq. A-6a). KB and KA are the stationary-to-mobile phase partition

coefficients for species B and A, respectively, and KS = BS/AS.

Eq. (2) is obtained under the hypothesis that the mean time

spent in the mobile phase (see Eq. A-2) is constant for all species

involved. Moreover, Eq. (2) shows that, in the stationary phase, the

interconversion rate is inversely proportional to a molecule’s mean

residence time in the corresponding conformational state in the

stationary phase:

kS
1 ∝

1

�̄S,B
(3)

2.3. Reduction of the kinetic scheme

In a chromatographic experiment it is only possible to observe

the history of the molecule inside the column as a whole—that is,

the sum of the times spent in each of the four possible system states.

The kinetic scheme can be simplified as a two states system: each
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Fig. 1. (a) Kinetics scheme of a four-state system and (b) kinetics scheme of a two-state system.

containing, respectively, the mobile and stationary phase states of

the enantiomers A and B:

dPA

dt
= kBPB − kAPA (4a)

dPB

dt
= kAPA − kBPB (4b)

where kA and kB are the two observed reaction rate constants and

PA and PB are the molecular populations (i.e. the number of species)

of the two states (enantiomers) A and B independently of their stay

in the M or S phases (i.e. their sum).

The reduction of the four-state scheme to the two-state system

in Fig. 1b can be achieved using different approaches, each implying

different degrees of approximation [35–37]. Details of the approach

adopted here are reported in Appendix C.

The apparent kinetic constants, already derived for a macro-

scopic system [31,38–40], in the case of the simplified two-states

microscopic model are (see Appendix C):

kB =
(�̄S,BkS

−1
+ �̄MkM

−1
)

�̄M + �̄S,B
=

1

1 + k′
B

kM
+1 +

k′
B

1 + k′
B

kS
−1 (5a)

kA =
(�̄S,AkS

−1
+ �̄MkM

−1
)

�̄M + �̄S,A
=

1

1 + k′
A

kM
1 +

k′
A

1 + k′
A

kS
1 (5b)

Reaction dynamic chromatography experiments generally yield a

peak cluster composed of two peaks of the unconverted enan-

tiomers and a large central peak formed by the molecules involved

in the interconversion reaction. Thus, it is conceptually useful to

divide the chromatograms into two parts: one for the unconverted

species, the other for the converted species.

2.4. Peak generated from reaction chromatography

In chromatographic experiments, retention times are the func-

tions of numerous variables. Different instrumentation parameters

such as flow velocity, column length, temperature can influence the

eluted species peak profile as well as the contribution due to the

chemical interaction between the analyzed species and both the

stationary and mobile phases. In order to simplify the mathemat-

ical handling and unify the model description of these processes,

changing the process time variable is convenient. Subsequently, a

peak profile description for unreacted species is derived and finally

a general expression for the profile of reacted species is obtained.

2.4.1. Change of the process variable

Let us define x as follows:

x =
(t − tR,A)

(tR,B − tR,A)
=

(t − tR,A)

�tR
=

(t′ − t′
R,A)

(t′
R,B − t′

R,A)
(6)

where tR,i and t′
R,i

are the retention times and the corrected reten-

tion times, respectively referred to the species in the conformation

state i with i = A or B.

The x variable represents the normalized time of the intercon-

version reaction within the limited interval of the chromatographic

experiment, defined as the difference in retention times of the two

pure enanatiomers, �tR, here referred as “observational time”, in

analogy with single molecule photon transition experiments [26]

(see in the following). We can thus consider a molecule of enan-

tiomer A (less retained enantiomer) which is eluted at tR,A as a

molecule that never visited a type B site and thus never remained

in molecular state B, in the stationary phase. Note that the mobile

phase is, in fact, assumed achiral and thus it is not possible to

detect any interconversion process occurring therein. Conversely,

a molecule of enantiomer B (most retained enantiomer) which is

eluted at tR,B is a molecule that never visited site A and thus was

never in the state A, in the stationary phase. Consequently, we can

associate a molecule eluting at tR,A with a zero probability of tran-

sition from A to B. In fact, by substituting t = tR,A in Eq. (6) one has

x = 0. Likewise, a molecule of enantiomer B, which is eluted at tR,B,

has a zero probability of transition from B to A.

Thus x represents the fraction of the observational time �tR

spent in the B state (in the stationary phase). It can be observed that

x also represents the fraction of molecules which are in state B at

any given time (i.e. PB/(PA + PB)). One can thus set the two following
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Fig. 2. Scheme of the propensity functions of the process.

expressions:

aA(x) = (1 − x)kA (7a)

aB(x) = xkB (7b)

where aA(x) and aB(x) are the transition frequencies for the uni-

variate processes A → B or B → A, respectively. aA(x) and aB(x) are

the so-called “propensity functions” characterizing, from a stochas-

tic point of view, the reversible isomerisation reaction in Eq. (4a)

as proposed by Gillespie [41] (see Appendix C). It is important to

underline that the propensity functions here introduced do not

include concentration of reacting species.

At the equilibrium (i.e. x = xeq), the process becomes stationary

and it has to satisfy the detailed balance condition [41]—that is, the

frequency transitions are the same in each direction for every pair

of states (see Fig. 2):

(1 − xeq)kA = xeqkB (8a)

By rearranging Eq. (8a) one has:

xeq =
kA

kA + kB
(8b)

which is the equilibrium condition of state B occupancy in the sys-

tem.

The concentrations cA and cB can be obtained from the respective

population PA and PB by dividing by the system volume. For x = 1 and

x = 0 Eqs. (4a) and (4b) expressed in concentration units become:

dcA

dt
= −kAcA(t) (9a)

dcB

dt
= −kBcB(t) (9b)

The solution of the differential equations in the time domain are

given, respectively, by

cA(tR,A) = c0
A exp(−kAtR,A) (10a)

cB(tR,B) = c0
B exp(−kBtR,B) (10b)

Eqs. (10a) and (10b), obtained in the framework of the kinetic

microscopic description (see Appendixes B and C), correspond to

those achieved by discontinuous equilibrium models based on the

description of the chromatographic column as a sequence of theo-

retical plates [4,16]. However, a detailed comparison between the

present approach and that presented in Refs. [29–31,38–40] would

deserve a specific study, especially for that which concerns the

introduced approximations, the limit conditions of the model and

the applicability of limit solutions.

2.5. Case a: peaks generated from unconverted molecules

By combining Eqs. (10a) and (10b) with Eqs. A-6c, d and e, one

obtains:

cA(tR,A) = c0
A exp(−kAtR,A) = c0

A exp(−kS
1t′

R,A − kM
−1tM) (11a)

cB(tR,B) = c0
B exp(−kBtR,B) = c0

B exp(−kS
−1t′

R,B − kM
1 tM) (11b)

By assuming that the time spent in the mobile phase is constant

for any eluted substance and that the forward and backward reac-

tion rate constants in the mobile phase are equal (i.e. kM
−1

= kM
1

), it

follows that:

exp(−kM
−1tM) = exp(−kM

1 tM) = const (11c)

The time spent in the mobile phase is constant for unreacting

molecules. On the other hand, molecules involved in on-column

reaction, are allowed to spend a variable amount of time in mobile

phase (see Section 2.7 Eqs. (28a)–(28c)).

The above-defined quantities cA and cB are the concentration or

number of species partitioned between the mobile and stationary

phases in any given conformation (i.e. A or B, respectively). These

molecules spent time only in one of the pairs of states related to

a given conformation (i.e. A or B). In the stochastic description of

chromatography, these molecules behave as though retained on a

one-site chromatographic column since they only interact with one

site of the stationary phase. This one-site model of chromatography

(described in Appendix A) [19] can thus be applied to model the

unconverted species and the functions describing the peak profile

in frequency domain – scaled with respect to tM – are:

˚(ω)S,A

∣∣
unc

= cA(tR,A) exp

{
n̄

[
1

1 − iω�̄S,A
− 1

]}
(12a)

˚(ω)S,B

∣∣
unc

= cB(tR,B) exp

{
n̄

[
1

1 − iω�̄S,B
− 1

]}
(12b)

˚(ω)S,A

∣∣
unc

and, ˚(ω)S,B

∣∣
unc

are the CFs of the chromatographic

process, over the sites A and B, respectively. Eqs. (12a) and

(12b) do not account for any band broadening phenomena with

the only exclusion of that coming from the randomness of the

sorption–desorption process.

The chromatographic elution peaks for the unconverted species

in the time domain can be obtained from the CF (Eqs. (12a) and

(12b)) by a Fast Fourier Transform (FFT) algorithm as described else-

where [19]. Alternatively, the parameters defining the peak (i.e. n̄
and �̄S,A) can be estimated by fitting in the frequency domain [21].

The corresponding time domain solution is reported in Appendix A

(see Eqs. A-5a and b).

2.6. Peaks generated from molecules that react during column

migration

2.6.1. Case b: fast interconversion kinetic

Let us now consider molecules that react very fast vs. the

separation process time scale. Such molecules can be present in

both conformational states A and B in the stationary phase, and

they interact with the corresponding sites of the stationary phase.

During the time spent inside the column, those highly react-

ing molecules perform a high number of jumps (n) between the

mobile and stationary phases and are in a stationary or equi-

librium position, as above-described with reference to Eqs. (8a)

and (8b). Consequently, by considering the equivalence between

chromatographic site and molecular conformational state, the

chromatographic process can be fully described by the two-sites

stochastic model of chromatography [22].
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At the equilibrium condition, the fraction of visits to B site is

given by Eq. (8b). The corresponding two-sites chromatographic

process can be described by:⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

˚S(ω)
∣∣
fast

= exp
[
n̄((1 − xeq)ϕS,A(ω) + xeqϕS,B(ω)) − 1

]
1 − xeq =

kB

k
= 1 − p

xeq =
kA

k
= p

k = kA + kB

(13)

where ϕS,A(ω) and ϕS,B(ω) – given by Eqs. (12a) and (12b) with

cA(tR,A) = 1 and cB(tR,B) = 1, respectively – are the CFs of the chro-

matographic process for a unit amount of species, over sites A

and B, respectively (see Eq. (6b)). We observe that quantities xeq

and 1 − xeq just correspond to the fraction of the two site types, p

and (1 − p), in the two-sites stochastic model of chromatography

[19,22].

Under the hypothesis that the number of jumps in the stationary

phase is a Poissonian variable of average n̄, in the case of a two-site

model the probability density functions describing the number of

jumps to sites A and B will have averages equal to n̄A and n̄B, respec-

tively. This hypothesis does not hold for slow reactions. In such

cases, changes in the average number of jump of reacting species

have to be accounted for (see Section 2.7). The retention time of the

peak described by Eq. (13) can be expressed as:

t′
R,eq = n̄�̄S,eq = n̄

(
kB

kA + kB
�̄S,A +

kA

kA + kB
�̄S,B

)
(14a)

t′
R,eq corresponds to the weighted retention time of a mixture of

enantiomers, having weights equal to the equilibrium states pop-

ulation. The quantity �̄S,eq:

�̄S,eq =

(
kB

kA + kB
�̄S,A +

kA

kA + kB
�̄S,B

)
(14b)

is the corresponding “equilibrium” average sorption time of a single

sorption step characteristic of the fast interchanging species.

Eq. (13) is the CF referred to a unit amount of species. The

total amount of interconverting enantiomers c* corresponds to the

amount not eluted as pure enantiomers A or B at tR,A and tR,B, respec-

tively, and thus, from Eqs. (11a) and (11b), we get:

c∗ = c∗
A + c∗

B = c0
A(1 − exp(−kS

AtR,A)) + c0
B(1 − exp(−kS

BtR,B)) (15)

The searched solution of the peak profile in the Fourier domain,

obtained from Eqs. (13) and (15) is

˚∗
S(ω)

∣∣
fast

= c∗ exp
[
n̄((1 − xeq)ϕS,A(ω) + (xeq)ϕS,B(ω)) − 1

]
(16)

2.6.2. Case c: low interconversion kinetics

In the most general case, the reaction time scale can be similar to

the separation time scale: each molecule spends part of the time in

both conformations. Consequently, the average molecule migration

velocity is expressed as a weighted sum of the migration velocity of

the two pure enantiomers. The weights are related to the fraction

of time spent in each of the two states. To determine the latter

quantities, a two-states jump model is employed. Such a two-states

jump process is characterized by a single relaxation rate constant

k = kA + kB, and by p = kA/k, the probability of finding the molecule in

state B which is equal to xeq (see Eq. (8)).

The concept of the “random trajectory” of a single molecule

�(t) (see Fig. 1b) constitutes the starting point for calculating the

fraction of average time spent in each state. �(t) is the stochastic

occupation variable which is set to 0 when the molecule is in state

A, and 1 when the molecule is in state B. The time spent in the state

A or B is assumed to be exponentially distributed (corresponding to

a first order kinetics). Consequently, the number of jumps between

the two states follows Poisson statistics (see Eq. A-1, with � = 1/k).

For a given trajectory lasting t, the time spent in state B is the inte-

gral of �(t) over t. Consequently, the previously introduced quantity

x (see Eq. (6)) can now be expressed as:

x =
(t − tR,A)

(tR,B − tR,A)
=

1

�tR

tRB∫
tRA

�(t)dt =
1

T

tRB∫
tRA

�(t)dt (17)

where �tR = tR,B − tR,A ≡ T – sake of notation simplicity equal to T

– and x is the fractional time spent in the state B and it is now a

stochastic variable and is characterized by its distribution, since

the “histories” of a molecule, �(t), giving a value equal to (t − tR,A)

as the integral in Eq. (17), can be more or less probable.

The probability density associated with x and notated as P(x|T)

can be obtained as a sum of two contributions:

P(x|T) = ap(x|T, A) + bp(x|T, B) (18)

where p(x|T,A) and p(x|T,B) are a molecule’s probability density of

spending xT time in state B for molecules initially in the states A

and B, respectively (x = 0, with t = tRA
, see Eq. (6)); a and b are the

fractional populations of the states A and B at the initial condition

(a + b = 1).

The solution of the problem (see Appendix D) can be obtained by

following the method known as the Kubo and Anderson formalism

[42,43], extensively employed in developing the line shape theory

of interconverting chromophores [26–28,44,45]. The two-states

enantiomeric interconversion and two-states dynamics processes

of a chromophore molecule under stationary conditions [46] are,

in fact, closely related from the stochastic–kinetic point of view

because: (i) they follow the same first order kinetic scheme (see

Figs. 1 and 2); (ii) they can be represented stochastically through

two-states single molecule random trajectories (Eq. (17)); (iii) the

statistics of these random trajectories are the same; and (iv) the

probability density of trajectories at xT can be obtained as a sum of

two contributions (Eq. (18)). As mentioned above in Section 2.2, the

present approach can be applied to describe a macroscopic system

composed of a large number of molecules or observed for a long

period of time vs. the reaction time scale.

By applying the Fourier–Stiltjes transform to Eq. (18) one

obtains:

P̂(x|T) = ap̂(x|T, A) + bp̂(x|T, B) (19)

where P̂(x|T), p̂(x|T, A) and p̂(x|T, B) are the CFs of P(x|T), p(x|T,A) and

p(x|T,B), respectively. p̂(x|T, A) and p̂(x|T, B) were solved in Ref. [47]

(see Appendix D):

p̂(ω|T, A) == exp

(
−

kT − iωT

2

)(
	 cosh

	T

2
+ (k + iω) sinh

	T

2

)
/	

(20a)

p̂(ω|T, B) = exp

(
−

kT − iωt

2

)(
	 cosh

	T

2
+ (k − iω) sinh

	t

2

)
/	

(20b)

where

	 =

√((
k

2

)2

− i
(

p −
1

2

)
kω −

(
ω

2

)2
)

(20c)

ω = 2
/T is the frequency. t = T + tR,A since the time windows in

the considered chromatographic experiment is, as specified in

Appendix D, tRA
÷ tRA

+ T .
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By considering Eq. (19) and given the linearity properties of the

Fourier transform, by combining Eqs. (20a) and (20b) one obtains:

P̂(x|T) = exp

(
−

kt − iωt

2

)

×

(
cosh

	t

2
+

(k − i(p − (1/2))ω)

	
sinh

	t

2

)
(21)

i.e. the CF total probability of being in the B state.

Eq. (21) was originally derived by Reilly and Skinner [47] to

interpret chromophore transition of a two-level system. The prob-

ability density CF associated to x due solely to interconversion can

be obtained from Eq. (21) by applying the following relationship:

˚2(ω|T) = P̂(ω|T) − ˚∗
A(ω) − ˚∗

B(ω) (22)

where ˚∗
A(ω) and ˚∗

B(ω) are the CFs of the probability density

functions of the fraction of unconverted molecules in A and B,

respectively. The unconverted quantities in concentration units

were discussed in paragraph 2.5 (Eqs. (12a) and (12b)). Thus the

pertinent expressions – as fractional units and starting from equi-

librium conditions in Fourier domain [48] – are:

˚A(ω) = (1 − p) exp(−pkt) (23a)

˚B(ω) = p exp(−(1 − p)kt) exp(−iω) (23b)

Starting from Eq. (22), other useful relationships can be

obtained, in particular:

2.6.3. Limit solutions

If kt � 1, which corresponds to moderately fast kinetics, Eq. (21)

becomes:

P̂(ω|T) = exp(iωpt) exp

(
−

p(1 − p)

kt
ω2

)
(24)

which is the CF of a Gaussian function [47] having a mean equal to

p and variance �:

� =
2p(1 − p)

kt
(25)

The limit for kt → ∞, i.e. for very fast interconversion kinetics

(see Section 2.6.1) one has:

p̂(ω|T) = p (26a)

P(x|T) = ı(x − p) (26b)

Eq. (26a) is, in fact, the CF of a Dirac function (Eq. (26b)). The

probability density P(x|T) thus consists of a single spike located at

x = p. In this case all the molecules rapidly interconvert vs. the sep-

aration time scale and the result here obtained confirms what was

previously found in Section 2.6.1. The main difference between Eq.

(26a) and Eq. (16) is that Eq. (26a) does not take into account the

chromatographic band broadening contribution that will be con-

sidered later on.

The limit of Eq. (21) for kt → 0 is [47]:

P(x|T) = (1 − p)ı(x) + pı(1 − x) (27)

Eq. (27) represents two spikes positioned at the extremes of

the x domain and having abundances equal to the thermodynamic

limit (1 − p) and p, respectively. These functions correspond to the

spikes of the non-reacting molecules handled in Section 2.5 and

again do not include the contribution of the chromatographic sorp-

tion/desorption process.

2.7. From the probability distribution to the chromatographic

peaks

The discussion developed in the previous paragraph (i.e. 2.6)

was mainly concerned with the derivation of the B state popula-

tion at a given time xT, resulting from the isomerisation reaction:

AM+S ⇔ BM+S (see Fig. 1b) under stationary conditions. The chro-

matographic process superimposes the reaction as a process of

exchange between the mobile and stationary phases – AM ⇔ AS and

BM ⇔ BS – and it contributes to broadening the elution band both

because of the random nature of the stay of site A or B in the station-

ary phase and the random character of the interval between two

subsequent adsorption processes from the mobile phase (see Sec-

tion 2.2). Other band broadening processes, that can be significant

and/or prevailing in chromatographic experiments [5], will be not

handled in the present work. For each x (or xT) value, the number

of jumps between the two states n(x) is a Poisson variable (see Eq.

A-1) which, when combined with the distribution of time spent in

one state, gives the peak shape function in either the time domain,

as developed by Giddings [18], Kramer [24] and Cremer [25], or in

frequency domain (see Appendix A). This was essentially the result

for fast reaction chromatography, when the equilibrium approxi-

mation x = xeq was adopted. Now, the approach must be extended to

account for the distribution of x values (see Eq. (21)). The stochastic

theory of dynamical chromatography includes this second stochas-

tic variability thus far developed. The band broadening process in

the interval tR,B ≤ t ≤ tR,B, i.e. in 0 ≤ x ≤ 1 (see Eq. (6)) will be applied

by rescaling this interval as number of jump units (n(x)). The chosen

unit, as will be showed in the following, will be equal to �̄S,eq since

for it the chromatographic band broadening function is accessible

in the Fourier domain (see Eq. (13) with n̄ = 1).

The fundamental quantity x defined in Eq. (17) can be redefined

(see Eq. A-6d) as follows:

x =
n(x)�̄S.eq − n̄�̄S,A

n̄(�̄S,B − �̄S,A)
(28a)

t ≡ n(x)�̄S,eq (28b)

In Eq. (28a), one can see that for x = xeq one has n(xeq) = n̄. By rear-

ranging Eq. (28a) one obtains:

n(x) = n̄
(x(�̄S,B − �̄S,A) + �̄S,A)

�̄S,eq
(28c)

According to this equation, n(x) is rescaled with respect to x and,

since in Eq. (28c) the averages terms (�̄i and n̄) are constants, P(x) (or

its CF P̂(x)) can be directly transformed to a probability distribution

of n(x) (i.e. P[n(x)]) [48,49]. Note also that, according to Eq. (28c),

n(x) is a continuous variable like x or t.

The retention profile for each t value is generated by the corre-

sponding number of jumps, and the sorption time value given by

�̄S,eq is assumed to be common (see Eq. (14b)). The above assump-

tion can be qualitatively explained by considering that the change

in probably of state occupation due to system reaction can be

viewed as a change in the number of jumps or, equivalently, in

the corresponding change in permanence time, following the same

approach proposed in the stochastic description of chemical kinet-

ics processes [45]. In fact, in the chromatographic two-sites model

(see paragraph 2.1), on one side the sorption time distributions do

not change in time since the site adsorption properties are consid-

ered constant. Moreover, the number of type A and B sites in the

stationary phase is also constant. Instead, the number of molecules

which can specifically interact with sites A or B (see Fig. 1) evolves

during the course of separation due to the interconversion reaction:

the jump number is accordingly modulated (Eq. (28c)).

The assumed hypothesis that expresses the t quantity as the

product of two sole random quantities, n and �̄S,eq, allows us to



1006 L. Pasti et al. / J. Chromatogr. A 1217 (2010) 1000–1009

obtain a solution for the coupled interconversion-phase exchange

processes of dynamical chromatography by applying the mathe-

matical formalism employed in handling the so-called stochastic

dispersive model of chromatography [19]. In fact, in both cases, the

band broadening due to reaction or to inhomogeneous flow veloc-

ity is translated into a probability distribution for the jump number.

The jump process acts as a process that directs the sorption process.

The presented approach can be applied only to systems con-

taining a large number of molecules. In terms of CF, the solution is

expressed as follows:

ϕtot(ω) = ϕdis

(
log(ϕu(ω))

i

)
(29)

where ϕu is the CF of the chromatographic retention process

referred to either to n̄ or tM unit values and ϕdis is the CF of the prob-

ability dispersion function of either n(x) or tM(x) (equal to = n(x)�̄M ,

see Eq. (28b)).

In the present case, by assuming the initial condition corre-

sponding to condition of equilibrium, under conditions of n = 1, Eq.

(13) becomes:

ϕu(ω)=exp

(
1

(kA + kB)

(
kB

(1 − iω�̄S,A)
+

kA

(1 − iω�̄S,B)
− (kA + kB)

))
(30)

The CF of the directing process (i.e. ϕdis(ω) in Eq. (29)) is obtained

from Eq. (21) and by performing the variable change from x to n(x)

[46] one obtains:

ϕdis(ω) = P̂(x|T)
p

n̄
= exp

(
−

kt − iωt

2

)
(

cosh
	t

2
+

(k − i(p − (1/2))ω)

	
sinh

	t

2

)
p

n̄
(31)

The final expression is obtained from the combinations of Eqs.

(28)–(31). In particular the argument of ϕdis in Eq. (29) should be

log(ϕu(ω)/i).

The previously described coupling of the chromatographic band

broadening process with the reaction process was based on the

assumption that the unitary band broadening contribution was

constant within the domain tR,B ≤ t ≤ tR,B, The consequent approx-

imation degree is here estimated as follows: peak variance and

the number of theoretical plates in standard stochastic theory of

chromatography (e.g. Eq. (12a) or (12b)) [17,5] are given by

�2 = 2n�̄S (32a)

N =

(
tR

�

)2

= 2n (32b)

In the present case from Eq. (28c) one obtains

, for x equal to 0, xeq and 1, n(0) = n̄ × (�̄S,A/�̄S,eq), n(xeq) = n̄ and

n(1) = n̄ × (�̄S,B/�̄S,eq), respectively. Consequently since �̄=̄�̄S,eq,

one has, by using Eq. (32a), �2 (0) = 2n̄�̄S,A�̄S,eq, �2(xeq) = 2n̄�̄2
S,eq

and �2(1) = 2n̄�̄S,B�̄S,eq. By considering Eqs. (12a) and (12b),

(13), (14b), and (32a)), the exact values should be �2(0) = 2n̄�̄2
s,A,

�2(xeq) = 2n̄�̄2
s,eq and �2(1) = 2n̄�̄2

s,B. Consequently one see that

chromatographic band broadening calculated by using Eq. (29) is

exact in the case of x = xeq, and overestimated and underestimated

in the domains 0 ≤ x < xeq and xeq < x ≤ 1, respectively. However

one should remember that, beside the chromatographic band

broadening there is, in addition, the contribution due to the

reaction (see e.g. Eq. (25) in the case of fast kinetics) and they are

additive in variance. In most cases the variance contribution due to

reaction the most important one (see Section 4). Consequently the

bias should be of minor relevance Alternatively, the whole process

can be split into its two components labelled A and B (see Eqs.

(19)–(21)) and the solution is then given as a sum of the respective

contributions, i.e.:

ϕtot(ω) = ϕtot,A(ω) + ϕtot,B(ω) (33)

where the argument of ϕtot,A and ϕtot,B (see Eqs. (21) and (22) and

D-9 a and b, respectively) are log(ϕS,A(ω)/i) and log(ϕS,B(ω)/i) with

ϕS,A(ω) and ϕS,B(ω) given by Eqs. (12a) and (12b) when cA(tR,A)

cB(tR,B) are both equal to one. The importance of Eq. (33) is that

it represents the correct expression for the peak shape in Fourier

domain. Its meaning will be thoroughly described in the discussion.

The advantage of employing Eq. (33), expressed as separate com-

ponents, instead of Eq. (31) is that it allows one to consider cases

where the initial concentrations of the two reacting species differ

from one another (i.e. on-column reaction chromatography).

Finally, the general solution is obtained by multiplying Eq. (31)

by the total amount of the interconverting enantiomers c* (see Eq.

(15)).

3. Computation

Computations were done by using Mathematica version 4.1 or

Matlab version 5.0 routines. The numerical FFT inversion procure

was described elsewhere [17].

4. Results and discussion

Eqs. (12a) and (12b) represent the chromatographic peak profile

in Fourier domain of the pure enantiomers A and B, and Eqs. (33)

the corresponding peaks due to first order reaction chromatogra-

phy. By summing the contributions due to only one enantiomer A

(or B) it is thus possible to obtain the equations describing the chro-

matographic response of a single species. The peak profile in the

time domain can be obtained as numerical inversion of the above-

mentioned equations. This set of equations (i.e. Eqs. (12a) and (12b)

and (33)Eqs. (12) and (33)) represent thus a solution of the on-

column reaction chromatography model, however, they appear

mathematically cumbersome to be applied to experimental chro-

matograms. For this reason several approximate or limit solutions

were in addition obtained. In particular, a simplified solution that

describes the effect of fast or moderately fast kinetics (i.e. kt � 1, see

Eq. (24)) under linear elution condition, can be approximated by a

Gaussian-like central peak. With respect to the previously reported

handlings, the present stochastic approach was able to obtain gen-

eral and specific solutions in closed form under frequency domain,

fully describing the dynamical chromatography (Eqs. (29) and (33)).

In the following basic features of dynamical chromatography and

its dependence on interconversion kinetics and operative variables

such as column length are exploited. The retention time data and

column efficiency values of the selected examples were chosen in

order to mimic real cases.

In Fig. 3 the time domain solution for the peak profile of two

separated reacting species is plotted. Each profile represents the

chromatographic peak corresponding to the elution of an injected

solution containing only one component which reacts during the

chromatographic run. They were obtained by numerical inversion

of the function generated by summing the chromatographic peak

profile in the Fourier domain for the pure enantiomers A and B

(Eqs. (12a) and (12b)) with the corresponding peaks resulting from

first order reaction chromatography (Eqs. (20a) and (20b)), i.e. the

description of reaction chromatography, where only one of the

species is present at the beginning of the separation process. One

can see that the first enantiomer A appears as a peak at tR
∼= 23 min

(which is product obtained by multiplying n(=9045) by the sum

of �̄M + �̄A, according to Eqs. (7a) and (7b)Eq. (7e)). A decaying tail,
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Fig. 3. Simulated peak: (a) n = 9045, �S,A = 0.1331 s, �S,B = 0.2032 s, kA = 0.0252 min−1,

T = 33.66 min; (b) kB = 0.0222 min−1 (all other parameters have been kept constant

and equal to (a)).

corresponding to the transformation, follows this peak A → B. In the

same figure, the B peak appears with an increasing front followed

by the peak located at tB (∼=34 min). The reported example refers

to a slow interconverting enantiomeric mixture (kA = 0.0252 min−1,

kB = 0.0222 min−1). If the injected solution contains both the species

A and B, the resulting peak profile can be obtained by summing the

contribution of each.

In dynamic chromatography experiments the observation time

T plays a key role in determining the shape of the resulting

chromatographic peak for a given reactive substance. In fact, the

quantity kT characterizes the reaction kinetic time scale (k, see Eq.

(13)) vs. separation time scale (T). Fig. 4 provides an example of sim-

ulated chromatograms corresponding to increasing k values from a

to f while keeping T constant. In this series of chromatograms, the

retention time for the pure enantiomers is kept constant by fixing

the values of T (=tR,B − tR,A), n̄, �̄B and �̄A for all simulations. In Fig. 4a

no interconversion takes place (see paragraph 2.5); in Fig. 4b–d

interconversion rates are steadily increasing and all the compo-

nents due to pure enantiomers and reacting species are present.

Finally, in Fig. 4e and f, only one central peak is present. These last

two cases correspond to the moderately fast kinetics discussed in

Section 2.6.3. By comparing the peak shapes seen in Fig. 4e and f,

one can see that peak width decreases as kinetics constant values

increase and this is in agreement with what has been predicted

from theory.

Increasing the observation time of moderately fast reactions

should lead to a decrease in peak variance; this follows from the

inverse proportionality relationship between kinetics constant and

observation time. In chromatographic practice, a species’ residence

time in a column is related to column length or mobile phase

velocity, two related variables (see Appendix A). Fig. 5 reports sim-

ulated chromatographic peaks obtained for different separation

times, thus providing an example of the influence of this feature.

It can be observed that peak band broadening increases with time.

Two factors have to be considered in evaluating the band broad-

ening in reaction chromatography, namely: (1) chromatographic

(i.e. sorption/desorption) band broadening and (2) the global pro-

cess separation time. From stochastic theory of chromatography

one knows that peak variance for a one-site column is given by Eq.

(32a). Therefore band broadening increases with n. Figs. 4 and 5a

reports the peak corresponding at the highest n value. In this case,

the calculated chromatographic band broadening was found to

be �2 = 0.188 min2 (for n = 10,000, tau = 0.1838 s−1), a small value

when compared to the total peak variance �2 = 2.25 min2. It follows

Fig. 4. Simulated chromatograms. Effect of increasing k value: n = 9045, �S,A = 0.1331 s, �S,B = 0.2032 s, p = 0.53 (a) kT = 0.16, (b) kT = 0.8, (c) kT = 1.6, (d) kT = 8, (e) kT = 16, and (f)

kT = 24.
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Fig. 5. a) Simulated chromatograms. Effect of increasing process time:

�S,A = 0.1204 s, �S,B = 0.1838 s, p = 0.47, k = 0.474 min−1, (a1) n̄ = 2500 (solid

line), (a2) n̄ = 5000 (dashed line), (a3) n̄ = 7500 (dotted line) and (a4) n̄ = 10000

(dash-dot line). (b) Simulated chromatograms of (a) scaled by the process time.

that, for the reported cases, kinetics makes the main contribution

to peak width. In fact, by plotting the simulated chromatograms in

the normalized x-axis (see Eq. (6).) one obtains Fig. 5b.

The simulated chromatograms do not account for axial and

eddy diffusion contributions to the overall to peak band broad-

ening which, in experimental chromatograms, can be relevant.

When the above-mentioned additional band broadening contribu-

tions are negligible, the proposed procedure makes it possible to

obtain the kinetic parameters by non-linear fitting of the acquired

chromatogram. This procedure has to be applied in the Fourier

domain where the solution is available in closed form. The topic

lies beyond the aim of the present study since it requires a specific

extended numerical handling. Nonetheless some simple computa-

tions in order to allows one to obtain preliminary kinetic data is

selected cases is presented in the following.

For moderately fast reactions vs. elution time scale, once the

retention times of the two pure enantiomers are available, it is

possible to obtain an approximated value of the kinetic constant

(see paragraph 2.6.3). Experimental chromatograms satisfying such

requirements have been already reported in the literature [50,51].

In such cases the following procedure can be applied:

(a) Normalization of the retention times:

xA =
tR,eq − tR,A

T
=

(�̄S,eq − �̄S,A)

�̄S,B − �̄S,A
(34a)

xB = 1 − xA =
tR,B − tR,eq

T
=

(�̄S,B − �̄S,eq)

�̄S,B − �̄S,A
(34b)

where tR,eq is the retention time of the Gaussian peak of the two

interconverted species.

Form Eq. (13) one has:

xA = 1 − p =
kB

k
(35a)

xB = p =
kA

k
(35b)

(b) Evaluation of normalized standard deviation.

When limit condition 2.6.3 is applicable and the band broaden-

ing of the reaction is the most important contribution to the peak

variance, after subtraction of the chromatographic band brading

contribution (see Eq. (32a)) from the peak variance one has:

�(x) =
2p(1 − p)

kt
= 2

xAxB

kt
(36)

By substituting Eqs. (35a) and (35b) in Eq. (36) one has:

kA =
2xAx2

B

�(x)t
(37a)

kB =
2x2

AxB

�(x)t
(37b)

The outlined theoretical model can be thus the basis for setting

up and validating a numerical procedure based on least square fit-

ting in the Fourier domain for determining the kinetic constants of

the reaction.

5. Conclusions

To summarize, the developed model allows for both general

and specific solutions in frequency domain, fully describing the

dynamic chromatography process. The general equation can be

simplified in the limit cases: (a) for slow reaction rate (compared

to the adsorption kinetics) the chromatographic response is a sum

of two separated peaks; (b) very fast reaction rates generate just

one peak having a retention related to the kinetic constants of the

reaction (p); (c) for intermediate rates, a peak cluster is generated.

The model was able to describe both interconversion and reaction

during separation. Some basic features of the process – such as

interconversion kinetics constants – and/or operative variables –

such as column length (or flow velocity) – and their influence on

the chromatographic output have been exploited.
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a b s t r a c t

We investigated the 1,2-dichloroethane (DCE) adsorption process into an organophilic zeolite mordenite.
A combined diffractometric, thermogravimetric and gas chromatographic approach enabled to obtain
clear evidence of DCE adsorption in mordenite channels as well as to pinpoint the exact location of the
organic species found in the structure. Rietveld refinement revealed the incorporation of 2.5 DCE mole-
cules and approximately 4 water molecules within the mordenite channel system, in very good agree-
ment with the weight loss given by TG analysis and the saturation capacity determined by the
adsorption isotherm. This relevant incorporation of DCE molecules caused a remarkable increase in the
dimension of the 12-ring, when compared to the parent zeolite. The distances between the oxygen atoms
of the water molecules from the chlorine atoms of the organic molecule (W–Cl1 = 2.34 Å, W–Cl2 = 2.53 Å)
suggest that different DCE molecules could be connected by means of hydrogen bonds through water, to
form a DCE and water molecule complex. The isotherm adsorption model for organic compounds from an
aqueous dilute solution was selected based on the results of the structural investigation.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Chlorinated volatile organic compounds (VOCs), such as dichlo-
romethane (DCM) and 1,2-dichloroethane (DCE) constitute an
important environmental pollutants class due to their high toxic-
ity, inertness and widespread application in industry. Such com-
pounds are typically carcinogens, mutagens and teratogens, and,
furthermore, are involved in the destruction of the ozone layer.
Substantial quantities of DCE are generated in vinyl chloride pro-
duction plants [1] and are present in air stripping and soil venting
remediation off-gases [2]. Other sources of entry into the ecosys-
tem include effluent discharge from industries that use or produce
DCE, effluents from the treatment of contaminated groundwater,
air emissions and leachates from waste disposal sites, and long-
range atmospheric transportation from remote sources. Despite
DCE being the most abundant chlorinated groundwater pollutant
on Earth, an efficient reductive in situ detoxification technology
for this compound is not known. For instance, zero-valent iron
(ZVI), which directly degrades several contaminants appears to
be ineffective on irreducible compounds such as DCE, chlorobenz-

enes, as well as hydrocarbons [3,4]. Granular activated carbon
(GAC) has been shown to be only slightly effective in treating water
containing very soluble compounds, such as oxygenated organics,
or low molecular weight compounds, such as DCE and vinyl chlo-
ride (VC) [5]. Recently Vignola et al. [6] have demonstrated that
hydrophobic zeolites are able to effectively adsorb molecules
against which ZVI or GAC are totally ineffective. In particular,
ZSM-5 zeolite turned out to be suitable for mono-aromatic mole-
cules, such as BTEX (benzene, toluene, ethylbenzene and xylene)
and halogen–benzene derivatives [6].

The DCE molecule has been the subject of a considerable num-
ber of studies because of interest in its restricted internal rotation
and the nature of the potential barrier associated with this motion.
DCE is a small, flexible molecule which occurs in two stable confor-
mations, namely gauche (with a Cl–C–C–Cl dihedral angle of ±60�)
and trans or anti (with a Cl–C–C–Cl dihedral angle of 180�), respec-
tively. Experimental and theoretical molecular conformational
studies in ambient conditions have revealed that in the gaseous
phase, DCE exists mainly in the trans conformer, due to the steric
effect, which is basically composed of exchange and Coulombic
repulsion [7–12]. In the liquid phase or in a polar solvent media,
such as water, the dipole–dipole interactions with neighbouring
species (in liquid) or polar solvent molecules (in solutions) stabilise
the gauche conformer (with a dipole moment of 3.5 Debye) when
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compared to the trans conformer (with a near to zero dipole mo-
ment) [13–17].

It is well known that the conformational equilibrium of mole-
cules or atomic clusters can show strong differences in confine-
ment, due to reduced dimensionality and large interface effects.
In particular, the present work deals with the confinement effect
of zeolite materials. Due to their confinement effect, zeolites and
inorganic mesoporous materials can be described as solid solvents,
as the electronegative charge on their framework can polarise ad-
sorbed molecules as with any polar solvent [18]. The wide applica-
bility of zeolites stems from their structural and compositional
properties, such as their pore structures, acidic properties, good
thermal stability and ion exchange properties [19–23]. The ability
of zeolites with a low Si/Al ratio to remove cations by ionic ex-
change has been largely demonstrated and utilised in water treat-
ment plants producing drinking water [24]. In contrast, zeolites
characterised by a high Si/Al ratio are hydrophobic and organo-
philic materials which are widely used in adsorption-related appli-
cations [25–27]. In fact, zeolitic networks of well-defined
micropores may act as adsorption and reaction sites whose selec-
tivity and activity can be modulated by acting on their structure
and chemical composition. In selecting adsorbent materials, it is
important to characterise their sorbent properties and this is usu-
ally done by modelling the experimental data with an adsorption
isotherm model. However, to date several isotherms have been
employed to interpret this phenomenon and in many cases the
choice of model is based solely on the goodness of fit. In the pres-
ent work, a structural investigation was performed to highlight the
adsorption mechanisms in order to select the appropriate isotherm
model.

X-ray and neutron diffraction techniques are usually employed
to characterise the structure of zeolites loaded with hydrocarbon
guest species in order to clearly locate their position inside the
channel system [28–36]. Unfortunately, these experiments are
generally performed at low temperatures by incorporating hydro-
carbons using the gas phase. However, pore diffusion through the
gas phase is much faster than the liquid phase, especially in the
case of highly volatile hydrocarbons which have rather large distri-
bution coefficients. To date, studies and applications on organic
pollutant adsorption in microporous zeolitic materials from aque-
ous media have been relatively scarce [26,27,37,38]. The presence
of a small amount of water reduces the adsorption capacity of al-
kanes and olefins in zeolites, especially at low adsorbate concen-
tration [39]. In particular, water decreases saturated
hydrocarbons diffusivity, thus acting as a screen between the cat-
ionic sites of the zeolite and the hydrocarbon molecules (screening
effect) and reducing both the sorption volume (steric effect) and
the zeolite window apertures of the (blocking effect) [40–42].
Beauvais et al. [42] reported a Monte Carlo molecular simulation
study of the equilibrium adsorption of water and aromatics in zeo-
lite faujasite NaY and observed cation redistribution upon water
adsorption. The authors observed the same phenomenon in the
presence of adsorbed xylene molecules in the noted. These results
clearly show that the location of hydrocarbons and of chlorinated
organics in zeolites has not been explored in detail, especially in
the presence of water.

H-mordenite and chemically dealuminated H–Y zeolites re-
sulted as the most active catalysts for chlorinated VOC destruction
due to the presence of strong Brønsted acidity [22,23]. Mordenite
(MOR) is a natural or synthetic zeolite, with an idealised chemical
composition Na8Al8Si40O96 � 24H2O whose framework can be built
up by the assembly of single 6-ring sheets linked by single 4-rings,
or else by a combination of 5–1 secondary building units (SBUs). Its
structure is characterised by straight 12-membered and 8-mem-
bered rings running along the c axis, and sinusoidal 8-membered

rings running along the b axis; these channels accommodate extra
framework cations and water molecules. The 12-ring channels are
interconnected along [010] through 8-ring side pockets. In natu-
rally occurring mordenites, the Si/Al ratio is within the range
4.3–6.0, whereas in synthetic mordenites this ratio varies from less
than 5.0 up to 200 [54]. From a technical point of view, two differ-
ent varieties of mordenite can be distinguished: Large Port (LPM)
and Small Port Mordenites (SPM). Large Port Mordenites are
hydrothermally synthesised in the Na-form between 75 and
260 �C, whereas Small Port Mordenites are usually hydrothermally
synthesised between 275 and 300 �C [43]. Molecules with a diam-
eter >4.5 Å can be introduced into large LPM channels, whereas
SPM only accepts molecules with a diameter <4.2 Å and is thus less
favourable for industrial applications [44]. As far as concerns its
morphology, natural mordenite is characterised by acicular crys-
tals with c-elongation, which are usually thin in the [010] direc-
tion, whereas synthetic mordenite commonly crystallises as large
platelets with dominant (001) faces [45]. It seems that morphol-
ogy is an additional parameter influencing small-port and large-
port behaviour; in fact, platy mordenite enables easy access to
large 12-membered ring channels, whereas long prismatic or fi-
brous (along c) crystals have fewer large-channel openings and dif-
fusion is more sluggish [46,47]. In addition, most natural
mordenites have properties which are characteristic of small-port
mordenite.

The aluminosilicate framework of mordenite has orthorhombic
topology with Cmcm symmetry and includes four symmetrically
independent tetrahedral cation sites and 10 framework oxygen
sites. In the natural mineral real symmetry is reduced to Cmc21

[48,49] in order not to constrain the O8 oxygen on the inversion
centre, and consequently, to avoid a straight T–O–T angle. How-
ever, the crystal structure remains strongly Cmcm pseudo-centro-
symmetric so that all structure refinements of natural, synthetic
and H-mordenite were performed in this space group [50–52].
Dehydrated, cation-exchanged mordenite occurs with a Pbcn space
group [52,53] whereas hydrated, cation- and molecule-exchanged
samples have been refined in lower monoclinic symmetry with the
Cc space group [49,54].

Recently, it has been proved that host–guest interactions in zeo-
litic systems have a strong influence on the conformational proper-
ties of adsorbed organic molecules due to the effect of the zeolite
framework [55]. Therefore, it is important to understand the guest
molecules behaviour inside the zeolite hosts in applications involv-
ing guest species adsorption in zeolitic frameworks, since it can
influence the thermodynamics and kinetics of the adsorption
processes.

For the first time this study reports the adsorption of both 1,2-
dichloroethane and water into an organophilic zeolite mordenite
from dilute solutions. To date, no information is available on the
mechanisms and effectiveness of high-silica mordenite for DCE re-
moval from water and no studies have investigated the effects of
adsorbed DCE on the zeolite pore size. These results enabled an iso-
therm model which better explains the experimental adsorption
data to be selected. A combined diffractometric, thermogravimet-
ric and gas chromatographic study was used to:

(1) Investigate the adsorptive properties of hydrophobic syn-
thetic mordenite.

(2) Characterise its structure after DCE adsorption.
(3) Localise the organic species in the mordenite channel

system.
(4) Investigate DCE conformational equilibrium in this organo-

philic zeolite.
(5) Probe the interactions between DCE molecules, water mole-

cules and framework oxygen atoms.
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2. Experimental

2.1. Materials

1,2-Dichloroethane (purity 99.8%) and sodium chloride (purity
98%) were obtained from Sigma–Aldrich (Steinheim, Germany).
The as-synthesisedmordenite sample is a hydrophobic commercial
adsorbent, which is synthesised with SiO2/Al2O3 as equal to 200,
and was purchased in its protonated form (HSZ-690HOA Tosoh
Corporation). Its Na2O content was lower than 0.1 wt.%. The mate-
rial characteristics are reported in Fig. 1. The water used was fil-
tered and purified by reverse osmosis using Milli-Q apparatus
(Millipore, MA, USA).

The solid-phase microextraction (SPME) fibres which were used
were coated with polydimethylsiloxane (PDMS) at 100 lm thick-
ness (supplied by Supelco, PA, USA) and housed in a manual holder
(Supelco, PA, USA). The fibre sorbent was selected due to its high
versatility; in fact, it is generally used for the extraction of a wider
range of analytes with differing polarity and volatility. Following
the guidelines, the fibres were conditioned under helium at a
flow-rate of approximately 1.0 mL/min with the split valve open
(to reduce the amount of impurities entering the column) in the
hot injection port of a gas chromatograph at 250 �C for 1 h prior
to use. Additionally, the SPME fibres were conditioned for 15 min
at 250 �C every day before use and were systematically cleaned
at 250 �C for 20–30 min after every extraction. The blanks were
tested by thermal desorption (5 min in the injection port) followed
by gas chromatography (GC).

2.2. Scanning electron microscopy (SEM)

SEM images of the zeolites were acquired using a Zeiss EVO 40
XVP scanning electron microscope. To prepare the sample for SEM,
a drop of dilute colloidal solution of the sample was dripped onto

the SEM sample stud surface and the sample stud was then dried at
60 �C for 3 h. Shortly before SEM image acquisition, the latter was
coated with gold. The SEM zeolite image reported in Fig. 2 indi-
cated that mordenite is composed of particles with lamellar or pla-
ted morphology, the lamella lengths are in the 2–3 lm range.

2.3. X-ray diffraction

A mordenite powder pattern after DCE adsorption (MOR-DCE)
was measured on a Bruker D8 Advance Diffractometer equipped
with a Sol-X detector, using Cu Ka1,a2 radiation in the 4–116� 2h
range and a counting time of 12 s/step.

2.4. Structure determination and refinement strategy

The diffraction pattern was firstly indexed using the DICVOL
program [56] in an orthorhombic cell [a = 18.041 Å, b = 20.212 Å,
c = 7.447 Å, V = 2715.5 Å3]. Rietveld structure refinement was
therefore performed, using the GSAS package [57] with the EXPGUI
interface [58]. The framework atoms for hydrophobicmordenite re-
ported by Martucci et al. [27] provided the initial parameters for
structure determination. All tetrahedral sites were modelled with
Si atoms, while the amount of Al atoms were neglected. In all the
Rietveld structure refinement, the Bragg peak profile was modelled
using a pseudo-Voigt peak-shape function [59] with 0.01% cut-off
peak intensity. The background curve was fitted using a Chebys-
chev polynomial with 20 variable coefficients. The 2h-zero shift
was accurately refined into the data set pattern. The scale factor
and unit-cell parameters were allowed to vary in all the cycles.
The refined structural parameters for the data histogram were the
following: fractional coordinates and isotropic displacement factors
for all atoms (one for each tetrahedral site and framework oxygen
atom), and occupancy factors for the extraframework ions. Occu-
pancy factors and isotropic displacement factors were varied in
alternate cycles. Soft constraints were imposed on the tetrahedral
cations and coordinated framework oxygen atom T–O distances
during the first stages of refinement, and left free in the last cycles.
The positions of the extraframework sites were determined by the
Fourier and Difference Fourier maps. The crystallographic data and
refinement details are reported in Table 1. The final atomic posi-
tions, thermal parameters and occupancies are given in Table 2,
the interatomic distances and angles in Table 3. The final observed
and calculated patterns are shown in Fig. 3.

2.5. Thermal analyses

Thermogravimetric (TG), differential thermogravimetric (DTG)
and differential thermal analyses (DTA) measurements of ex-
hausted sample were performed in air at up to 1000 �C using an
STA 409 PC LUXX� – Netzch at a 10 �C/min heating rate. The ther-
mal curves are reported in Fig. 4.

2.6. Gas chromatography

Headspace-gas chromatography (HS-SPME-GC) solid phase-mi-
cro extraction was used to extract 1–2-dichloroethane from each
aqueous sample and to subsequently perform to GC analysis. Pre-
liminary experiments were done in order to evaluate extraction
conditions. The headspace (HS) mode was used for extraction from
a sample volume of 10 mL of DCE solutions. The addition of an
inorganic salt has often been used in order to enhance the activity
coefficients of volatile components in aqueous solutions, increas-
ing the concentration in the headspace vapour. In the present
work, 2 mL of a sodium chloride solution (300 g/L) were added to
the sample which was placed in 25 mL glass flasks sealed with Tef-
lon screw caps. After equilibration at 40(±0.5) �C, for 10 min, theFig. 1. Structure and characteristics of zeolite mordenite under investigation.
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SPME was inserted and the samples were maintained under con-
trolled agitation with a magnetic stirrer (300 rpm) for 10 min. Fi-
nally, the fibre was inserted into the GC injector for analysis. The
desorption time was 1 min.

The GC used in this work was an HRGC 5160 MEGA SERIES
Instrument (Carlo Erba, Mi, I) equipped with a split/splitless injec-
tor and an electron capture detector (ECD, 63Ni). A fused-silica DB-
5 capillary column (60 m � 0.25 mm ID: 0.25 lm film thickness;
J&W Scientific, USA) was employed. Helium (99.999%) was used
as a carrier gas at a constant head pressure of 50 kPa and nitrogen
(196 kPa) was employed as a make-up gas at a constant flow-rate
(1 mL/min). The detector and injector temperatures were held con-
stant at 250 �C. The GC oven was programmed as follows: 40 �C
(5 min), 5 �C/min–80 �C (5 min), 30 �C/min–100 �C (5 min). The lin-
earity of the quantitative analysis method was tested by evaluating

the calibration curves: standard solutions of DCE in MilliQ water
were analysed at varying concentration levels in the range 0.1–
30 ppm. Each concentration was analysed twice. The linearity
range as well as the method detection limit (LOD) were evaluated
and computed from the calibration line. Good linearity was ob-
served with a correlation coefficient of 0.993.

2.7. Adsorption isotherm

The adsorption equilibrium isotherm was determined using the
batch method. Batch experiments were carried out in duplicate in
25 mL crimp top reaction glass flasks sealed with PTFE septa (Supe-
lco, PA, USA). The flasks were filled in order to have minimum
headspace, a solid/solution ratio (mg mL�1) of 1:4 was employed.
After equilibration (24 h) at a temperature of 25.3 ± 0.5 �C under
stirring, the solids were separated from the aqueous solution by
centrifugation (10,000 rpm for 30 min) and analysed by HS-
SPME-GC, as above described.

3. Results and discussion

As described in the experimental section, the MOR particles are
characterised by lamellar or plated morphology. This morphology
enables easy access to the large 12-membered ring channels, thus
indicating that the sample has properties which are characteristic
of Large Port Mordenite.

The experimental data of the adsorption isotherm are reported
in Fig. 5. In this work, the experimental sorption data were mod-
elled using the traditional Langmuir isotherm [60]:

q ¼
qsKLCe

1þ KLCe

ð1Þ

where q (mg g�1) is the equilibrium adsorbed concentration, Ce
(mg L�1) is the equilibrium concentration in water, KL (L mg�1) is
the Langmuir coefficient (binding constant), and qs (mg g�1) the sat-
uration capacity. KL and qs, were determined by non-linear least
squares data fitting. It can be seen that the examined concentration
range is well fitted using the Langmuir equation (see Fig. 5a). The
parameters obtained by fitting the Freundlich equation q ¼ KC1=n

e

Fig. 2. Scanning electron microscopy (SEM) image of zeolite mordenite showing large platelets with dominant (001) faces.

Table 1

Lattice parameters and refinement details for mordenite before (MOR) and after DCE
adsorption (MOR-DCE).

MOR MOR-DCE

Space group Orthorhombic, Cmcm Orthorhombic, Cmcm

a (Å) 18.069(1) 18.075(1)
b (Å) 20.219(1) 20.234(1)
c (Å) 7.456(3) 7.4602(2)
a = b = c (�) 90 90
V (Å3) 2723.9(2) 2728.3(2)
Wavelength of incident

radiation (Å)
1.5417(1) 1.5417(1)

Refined pattern 2h range
(�)

4–116 4–116

Profile function T–C–H pseudo-Voigt
correction

T–C–H pseudo-Voigt
correction

H-atom treatment Not refined Not refined
Rwp (%) 9.82 12.6
Rp (%) 7.45 9.8

R2
F (%) 6.42 8.4

No. of contributing
reflections

2246 2302

Nobs 5665 5584
Nvar 47 65

Estimated standard deviations in parentheses refer to the last digit.
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are also reported in Table 4. In several papers devoted to adsorption
from dilute solutions, Dubinin–Astakhov (DA) or Dubinin–Rad-
ushkevich (DR) adsorption isotherms have been applied. The Dubi-
nin–Astakhov equation was derived from Polanyi’s potential theory
for a vapour phase system and extended from Manes [61] to aque-
ous systems by defining the Polanyi adsorption potential
eSW ¼ RT lnðS=CeÞ, where R is the ideal gas constant (J mol�1 K�1),
T the temperature (K), and S is the water solubility (mg L�1). The
Polanyi–Dubinin–Manes (PDM) model [62] is given by:

q ¼ V0q0 exp
RT ln S=Ce

E

� �b
ð2Þ

where V0 and q0 are the maximum volume of adsorbed compound
for unit mass of adsorbent (cm3 g�1) and compound density
(mg cm�3), respectively. E (kJ mol�1) is the free energy of the
adsorption process compared to that of a reference compound
[63]. b is an exponent which can be obtained by fitting or set to a
given (integer) value, when b ¼ 2 it becomes the Dubinin–Rad-

ushkevich equation. To apply Eq. (2), the water solubility of 1,2-
dichloroethane was set to 8700 mg L�1, DCE had a vapour pressure
of 81 hPa at 20 �C, a logKow of 1.45, and a density of 1.25 (g cm�3)
[64]. In Fig. 5b it can be seen that the experimental data are well fit-
ted using the PDM model. From the data in Table 4, it is possible to
infer some adsorption process properties. It can be noted that the
saturation capacity evaluated from Eq. (1) is 71.5 mg g�1 and that
this value is in agreement with the pore volume obtained from fit-
ting the PDMmodel Eq. (2), but that it is smaller than the mordenite
pore volume. The b value Eq. (2) obtained for the zeolite is about 4.
This result is indicative of relatively homogeneous adsorbents with
narrow site energy distribution, and is in agreement with the liter-
ature data on Y zeolite [65]. The exponent parameter of the Freund-
lich equation is in agreement with those found for VOC [66]. In
Table 4, it is notable that the goodness of fit (coefficient of determi-
nation) for the three models employed are similar. Therefore, the
choice of the model based solely on statistical parameters of fitting
seems to be arbitrary. From the literature data, it seems that the
micropore-filling-based PDM isotherm should theoretically be the
best model to describe the sorption process on microporous mate-
rials. However, it has been found that the PDM isotherm underesti-
mates pore volume at a low aqueous concentration range (<2 mg/L).
This result was also found in TCE sorption on other adsorbents [67].
This was supposed to be due to another sorption mechanism in
addition to micropore-filling at low concentrations, in particular
due to specific sorbent sites of high adsorption energies. Moreover,
loading results for trichloroethylene from both the liquid and va-
pour phase indicated that the liquid phase did not penetrate the sil-
icalite-1 pores. However, it did enter the dealuminated NaY pores,
even if theoretically, trichloroethylene can penetrate the pores of
both the studied zeolites [67]. Finally, one unresolved issue from
the aqueous solution adsorption experiments was if the presence
of water affected the adsorption capacity, and whether or not the
water actually entered the micropores. Therefore, there is no clear
piece of evidence on which isotherm model to choose out of all
these experimental results. This is mainly as a result of a lack of
knowledge about adsorption mechanisms. In order to highlight
the adsorption mechanism in use, a structural investigation was
carried out.

Thermogravimetric analysis (TG) was used to determine the
amount of DCE molecules embedded in the mordenite framework,
and to monitor the decomposition process of organic molecules
during the heating procedure. The TG curve of the MOR-DCE shows
a sudden change in its slope at about 90 �C, thus indicating the
presence of molecules which are weakly bonded to the surface

Table 2

MOR-DCE atomic coordinates, occupancies and thermal parameters.

Atom x/a y/b z/c Multiplicity Fraction Uiso

T1 0.3068(3) 0.0752(2) 0.0401(5) 16 1.0 0.010(1)
T2 0.3051(3) 0.3103(2) 0.0447(6) 16 1.0 0.010(1)
T3 0.0852(4) 0.3786(4) 0.25 8 1.0 0.010(1)
T4 0.0843(4) 0.2205(4) 0.25 8 1.0 0.010(1)
O1 0.1190(4) 0.4076(5) 0.4326(9) 16 1.0 0.014(2)
O2 0.1229(4) 0.1874(5) 0.4212(11) 16 1.0 0.014(2)
O3 0.2368(4) 0.1215(4) 0.9973(13) 16 1.0 0.014(2)
O4 0.0910(7) 0.2959(3) 0.25 8 1.0 0.014(2)
O5 0.1676(7) 0.1898(10) 0.75 8 1.0 0.014(2)
O6 0.1727(8) 0.4216(8) 0.75 8 1.0 0.014(2)
O7 0.2158(8) 0.5 0.5 8 1.0 0.014(2)
O8 0.25 0.25 0.5 8 1.0 0.014(2)
O9 0 0.4011(10) 0.25 4 1.0 0.014(2)
O10 0 0.1957(11) 0.25 4 1.0 0.014(2)
Cl1 0.5 0.4287(17) 0.25 4 0.30(1) 0.16(1)
Cl2 0.5 0.5566(26) 0.25 4 0.31(1) 0.15(1)
C 0.5 0.4927(21) 0.0918(13) 8 0.33(1) 0.14(1)
W 0.3861(15) 0.4840(17) 0.25 8 0.48(1) 0.09(1)

Table 3

Selected bond distances (Å) and angles (�) for mordenite before (MOR) and after DCE
adsorption (MOR-DCE).

MOR MOR-DCE MOR MOR-DCE

T1–O1 1.599(2) 1.602(2) T2–O2 1.600(2) 1.597(2)
T1–O3 1.605(2) 1.607(2) T2–O3 1.606(2) 1.606(3)
T1–O6 1.613(1) 1.610(2) T2–O5 1.601(2) 1.610(2)
T1–O7 1.599(2) 1.602(2) T2–O8 1.605(2) 1.608(3)

T3–O1
[x2]

1.602(2) 1.603(2) T4–
O2[x2]

1.606(2) 1.602(2)

T3–O4 1.610(2) 1.604(2) T4–O2 1.609(2) 1.605(2)
T3–O9 1.613(2) 1.605(2) T4–O10 1.610(2) 1.604(3)

T1–O1–
T3

151.3(8) 145.5(8) T1–O6–
T1

147.4(11) 153.0(12)

T2–O2–
T4

143.4(8) 143.4(8) T1–O7–
T1

142.6(10) 150.5(11)

T1–O3–
T2

152.5(7) 155.7(7) T2–O8–
T2

180 180

T3–O4–
T4

172.5(9) 171.9(9) T3–O9–
T3

162.8(16) 147.2(17)

T2–O5–
T2

150.1(8) 144.2(10) T4–O10–
T4

135.2(16) 143.6(18)

C–Cl1 1.75(1) Cl1–Cl2 2.59(2)
C–Cl2 1.75(1) Cl2–W 2.53(4)
C–C 1.40(1) Cl1–W 2.34(4)
Cl2–O10 2.81(5) C–W 2.38(3)
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(water and/or DCE). The weight loss which occurred at higher tem-
peratures (temperature range 200–700 �C), could indicate the
decomposition and elimination of the organic molecules embed-
ded in the mordenite channel system. Weight loss at 1000 �C is
about 10% (see Fig. 4) in comparison to 7% of the as-synthesised
material at the same temperature [27]. The question is, whether
this variation is really due to DCE adsorption, which remarkably
or completely substitutes H2O in the as-synthesised material, or
to a trapping of further water molecules from the aqueous solution.

A comparison of the X-ray diffraction patterns of as-synthesised
(MOR) and mordenite after DCE adsorption (MOR-DCE) shows rel-
evant differences both in the intensity and position of the diffrac-
tion peaks (Fig. 6), indicating that the mordenite crystal structure
was markedly modified by the DCE adsorption experiment. Riet-
veld structure refinement indicated a small but significant increase
of unit cell parameters in comparison to those of the untreated
material (see Table 1) and revealed a relevant modification in the
channel system (see Fig. 7). The 12-membered ring strongly in-
creased and its Crystallographic Free Area (C.F.A.) sensu Baerlocher
et al. [68] became 35.9 Å3 as compared with the 33.0 Å3 C.F.A. of
the untreated mordenite. This increase was remarkably compen-

sated by a decrease in the 8-membered ring (C.F.A. = 10.4 Å2 in
MOR-DCE, 11.8 Å2 in MOR). These results clearly indicated that
the increase in weight loss resulting from the DCE adsorption
experiment was not only due to the trapping of other water mole-
cules from the aqueous solution but also to a remarkable modifica-
tion in the extraframework content, i.e. to the adsorption of a
significant amount of DCE molecules.

The difference Fourier map generated using the GSAS package,
revealed the presence of a number of extraframework ions inside
the 12-ring channel. The two largest peaks in the difference Fourier
map were attributed to chlorine atoms of encapsulated DCE mole-
cules (Cl1 and Cl2 in Tables 2 and 3). With this assumption, it was
easy to localise a third peak to be attributed to a carbon atom (C in
Tables 2 and 3). Moreover, using this assumption, reasonable val-
ues were also obtained for C–C and C–Cl bond distances in the
DCE molecule. The geometry of the DCE molecule, which was very
near to ideal, as well as the very similar occupancy values (around
30%) and isotropic displacement parameters (Uiso � 0.15 A3) ob-
tained for the carbon and chlorine atoms confirmed that the ob-
served peaks had been correctly attributed to the DCE
compound. Fig. 8 shows the location of these sites in the Cmcm

Fig. 3. The observed (red), calculated (green), and difference (pink) profiles of MOR-DCE. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Thermogravimetric (TG), differential thermogravimetric (DTG) and differential thermal (DTA) curves in mordenite after DCE-dry air atmosphere adsorption.
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space group. If Cl atoms only occupy Cl1 or Cl2 sites (referred to as
‘‘trans1’’ and ‘‘trans2’’, respectively in Fig. 8) DCE occurs in trans-
configuration. Trans1 and trans2 configurations are not con-
strained by symmetry elements, so that only one of these could
be present. However, the very similar occupancy levels for the
Cl1 and Cl2 sites (Table 2) exclude this possibility. The dihedral an-
gle between the Cl–C–C–Cl atoms, commonly referred to as /, is
180�. On the contrary, when the Cl1 and Cl2 sites are contemporar-
ily occupied, DCE occurs in gauche-configurations. The presence of

symmetry elements of the Cmcm space group (inversion centre at
½, ½, ½ and diad at x, ½, ½) imposes the presence of two gauche-
configurations, which are obviously not occupied at the same time,
and are referred to as gauche1 and gauche2, respectively in Fig. 8.
The dihedral angle between the Cl1–C–C–Cl2 atoms, is 60�. In con-
clusion, Rietveld structure refinements of exhausted mordenite,
did not demonstrate whether only trans- or gauche-configurations
were present or if both were present in different frequencies. Con-
sequently, X-ray diffraction does not give a clear indication on the
most favoured DCE configuration in mordenite structural confine-
ment, but this is beyond the scope of this work. As reported previ-
ously, the occupancy of Cl and C atoms is only 30%, and
consequently, DCE molecules, whatever their configuration, alter-
nate randomly with non-occupied positions. Fig. 8 shows that
DCE molecules run parallel to the c direction, i.e. along the 12-ring
channel.

In MOR-DCE, the DCE molecule distance from the framework
oxygens is larger than 3.5 Å, thus indicating the absence of electro-
static interaction with the framework. Only a few examples of mol-
ecule-framework contacts in zeolite or layered materials have been
reported [[69] and references therein]. Most of them concern sys-
tems where the guest molecules are usually the templates used
during the synthesis (often amine). When the guest molecules
are introduced after synthesis, they are frequently disordered

Fig. 5. Adsorption isotherm of DCE on MOR: Circle symbols: measured equilibrium concentrations; (a) solid line: fitted Langmuir equation; dashed lines: 95% confidence
prediction bounds. (b) Solid line: fitted PMD equation.

Table 4

Fitting isotherms parameters obtained by fitting the experimental data in Fig. 5. The
confidence limits at 95% of probability are reported in parentheses.

Langmuir

KL (L mg�1) qS (mg g�1) R2

0.09 71
(0.065, 0.12) (59, 84) 0.9942

Freundlich

K (mg g�1)(L g�1)n n R2

7.9 1.6
(6.0, 9.7) (1.3, 1.8) 0.9832

PMD

V0 (cm3 kg�1) E (kJ mol�1) b R2

62.5 18 4 0.9914
(49.4, 74.0) (11, 26)
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and, when localised, establish interactions with framework oxygen
atoms which can be classified as medium to weak [[27] and refer-
ences therein]. In particular, Porcher et al. [69] determined the
crystal structure of mordenite after the inclusion of p-N,N-dimeth-
ylnitroaniline using synchrotron powder diffraction and showed
that the guest molecules are located in the large 12-membered ring
channel at the intersection with the 8-membered channel and
form hydrogen bonds with the framework oxygens which delimi-
tate the channels. The 12-membered-ring channels also host both
thionin blue [49] and methylene blue molecules [54] which inter-
act with the framework and show a strongly disordered
arrangement.

The difference-Fourier map revealed the presence of a further
extraframework site which was attributed to water molecules (W
site). This site has a slightly higher level of occupancy than that
of the organic molecules (Table 2). The importance of this W site

is immediately clear: the distance of the oxygen atom in the water
molecule from the organic molecule chlorine atoms (W–
Cl1 = 2.34 Å, W–Cl2 = 2.53 Å, see Table 3) suggests that different
DCE molecules could be connected by means of hydrogen bonds
through W to form a complex of DCE and water molecules inde-
pendently by gauche or trans DCE sequencing.

On the whole, 2.5 DCE molecules (which correspond about to
7.7% in weight) and approximately 4 water molecules (which cor-
respond to approximately 2.3% in weight) were localised inside the
mordenite channel system. Therefore, the structure refinement
gave an extraframework content of about 10% in weight, which
was in very good agreement with the weight loss given by TG anal-
ysis and with the saturation capacity determined by the adsorption
isotherm.

To summarise, Rietveld refinement revealed a relevant level of
incorporation of DCE molecule incorporation in the mordenite

Fig. 6. Observed powder diffraction patterns of MOR (blue line), and MOR-DCE (red line), at low and intermediate 2h angles, showing strong differences both in the intensity
and position of the diffraction peaks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Free diameter (Å) of the 12- and 8-ring channels of MOR and MOR-DCE, viewed normal to [001]. Oxygen is assumed to have an ionic radius of 1.35 Å.
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structure which caused a remarkable increase in the dimensions of
the 12-membered ring where the DCE molecules were hosted (see
Fig. 7 for details) when compared with those found in the parent
zeolite. This clearly indicates that both gauche- and trans-conform-
ers can be present. Wang and Huang [70] found that the anti or
trans rotational conformer of 1-Bromo-2-chloroethane in organo-
philic silicalite-1 and siliceous Y zeolites prevails at room temper-
ature, whereas the gauche conformer is the dominant conformer in
hydrophilic L and Na-Y zeolites. Since 1-bromo-2-chloroethane dif-
fers from DCE only by one Br atom and consequently, has a lower
dipole moment and higher steric hindrance, it seems reasonable to
assume a trans (anti) conformation for DCE in MOR. Moreover, a
trans DCE conformer is favoured in other organophobic zeolites
such as ferrierite and L zeolites [71].

From the structure refinement, it is thus evident that DCE can
penetrate micropores, giving an indication that PDM isotherm

models should be employed to fit the adsorption data. Moreover,
this structural investigation can also explain the fact that the
PDM model underestimates the adsorption capacity in comparison
with that calculated from the solute density and adsorbent pore
volume, especially as this finding has already been found in other
studies [71]. Indeed, from the structural investigation, it appears
that DCE cannot completely displace water from the micropores.

4. Conclusions

In this study, we investigated the adsorption process of 1,2-
dichloroethane in an organophilic zeolite mordenite. A combined
diffractometric, thermogravimetric, adsorption and gas chromato-
graphic approach enabled clear evidence of DCE adsorption in the
mordenite channel system to be obtained as well as to be localised

Fig. 8. MOR-DCE projections along [100] (top) and [001] (bottom) showing DCE (Cl represented with red, C with green spheres) and water molecules (with blue spheres)
which run parallel to the c direction, i.e. along the 12-ring channel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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the exact position occupied by the organic species in the structure.
Rietveld refinement revealed the incorporation of 2.5 DCE mole-
cules and approximately 4 water molecules per unit cell inside
the mordenite channel system (about 10% in weight), in very good
agreement with the weight loss given by TG analysis and with the
saturation capacity which was determined from the adsorption
isotherm. The water molecule oxygen atom distances from the or-
ganic molecule chlorine atoms (W–Cl1 = 2.34 Å, W–Cl2 = 2.53 Å)
suggest that different DCE molecules could be connected by means
of hydrogen bonds throughW, to form a complex of DCE and water
molecules independently by gauche or trans DCE sequencing.

The relevant incorporation of DCE molecules in the mordenite
structure causes distortions of the 12-membered ring, where DCE
are hosted, when compared to the parent zeolite. Structure refine-
ment does not give clear indications as to whether only one or both
gauche- and trans-conformers are present. Nevertheless, according
to the results reported on 1-bromo-2-chloroethane in organophilic
other zeolites [70] at room temperature, it is reasonable to assume
a trans (anti) conformation for DCE in MOR.
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