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Summary

Solvent Swing Adsorption for the Separation
of Acrylonitrile from Process Water

Adsorption is a commonly applied method when organic components need to be removed
from aqueous streams. The recovery of the adsorbed components can however be challeng-
ing and therefore in many cases, the sorbent material is regenerated without recovering the
adsorbed components (e.g. thermal regeneration of activated carbon). The combination of
two or more separation techniques — which results in so called hybrid technologies — offers
new possibilities for efficient separation processes which allow not only the removal of or-
ganic components from a water stream but also the recovery of the organics. Solvent Swing
Adsorption is a hybrid separation technology which is based on the combination of adsorp-
tion with extraction and which allows the separation of dissolved organic components from
water. This thesis describes the development of the Solvent Swing Adsorption technology for
the recovery of dissolved acrylonitrile from an aqueous process stream.

Solvent Swing Adsorption is based on the shift in the adsorption equilibrium of a sorbate
when the composition of the liquid phase is changed. An organic component which needs to
be separated from a water stream is in a first step adsorbed onto a solid sorbent in a fixed bed.
In a second step, the component is desorbed from the sorbent material by feeding a solvent
to the column which has a high affinity for the adsorbed component. During the desorption
step, very high concentrations of the organic component are obtained in the solvent stream at
the column outflow. As a last step, the solvent is removed from the fixed bed by flushing the
column with water. The liquid mixtures which are produced in the Solvent Swing Adsorption
process are treated by use of distillation.

For the separation of dissolved acrylonitrile from a process water stream by use of Sol-
vent Swing Adsorption, a suitable sorbent material was selected. Dowex Optipore L-493,
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Amberlite XAD-1180, activated carbon, zeolite H-BEA-150, and silica gel were preselected
based on a literature research. These five adsorbents were evaluated in batch experiments to
determine the acrylonitrile loading on the sorbent materials and — by varying the tempera-
ture in the batch experiments — the reversibility of the acrylonitrile adsorption. Based on
these experiments, Dowex Optipore L-493 was selected as sorbent material due to its high
capacity for acrylonitrile, due to the reversibility of the acrylonitrile adsorption, and due to
the fast intraparticle mass transfer of acrylonitrile.

The selection for an efficient desorption solvent was made based on a combination of
computer aided molecular design (CAMD), in which the Hansen model was applied, and
batch equilibrium experiments. Acetone, acetaldehyde, methanol, ethanol, and trimethy-
lamine were preselected by use of CAMD and tested by use of equilibrium experiments.
Because of its high affinity for acrylonitrile, its miscibility with water, its low boiling point,
and its good environmental, health and safety properties, acetone was chosen as a desorption
solvent.

The acrylonitrile loading on Dowex Optipore as a function of the liquid phase composi-
tion was determined experimentally using batch experiments and described using three dif-
ferent models: the Langmuir isotherm, an activity based isotherm, and the model of Minka
and Myers. It was found that the acrylonitrile loading is strongly dependent on the acetone
concentration in the liquid phase. The acrylonitrile equilibrium loading at a concentration of
10 kg m−3 in water is 0.29 kg kg−1. This value drops to 0.02 kg kg−1 when the solvent is pure
acetone. The reasons for this decrease are the low bulk phase acrylonitrile activity when the
solvent contains a large fraction of acetone and the competition for adsorption sites between
acrylonitrile and acetone. By applying the theory of Minka and Myers, acrylonitrile loadings
for concentrations which are much higher than used in the experiments were predicted from
the binary isotherms (acrylonitrile adsorption from water, acrylonitrile adsorption from ace-
tone, acetone adsorption from water).

The intraparticle mass transfer of acrylonitrile in the Dowex Optipore particles was de-
scribed by applying the theories of Fick and of Maxwell-Stefan. The intraparticle diffusion
coefficients were found by comparing the results of kinetic experiments (zero-length col-
umn experiments) with kinetic models. Two models were used which are based on Fick’s
diffusion: the homogeneous surface diffusion model and the pore diffusion model. A third
diffusion model was based on pore diffusion according to Maxwell-Stefan. Intraparticle pore
diffusion coefficients of acrylonitrile in a water solution and in an acetone solution were
found which are in the same range as the bulk diffusion coefficient of acrylonitrile in water
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and in acetone, respectively. For the diffusion of acrylonitrile in acetone, a Maxwell-Stefan
diffusion coefficient of 1.2 · 10−9 m2 s−1 was found. For the diffusion of acetone in water,
the Maxwell-Stefan diffusion coefficient is 1.4 · 10−9 m2 s−1 and for the diffusion of acry-
lonitrile in water 4.5 ·10−9 m2 s−1 (all diffusion coefficients were determined at 20ºC). These
diffusion coefficients are remarkably high for liquid phase intraparticle diffusion which is ad-
vantageous for the Solvent Swing Adsorption process as relatively high superficial velocities
can be applied.

The findings from the experiments and from the modeling concerning adsorption equi-
librium and kinetics were used in the development of a column model. A model was built
based on plug-flow with axial dispersion. The liquid film mass transfer coefficients and the
intraparticle diffusion coefficients were combined which resulted in overall mass transfer co-
efficients. The acrylonitrile breakthrough curve, the acrylonitrile peak during the desorption
step, and the acetone removal from the column by use of water were determined experimen-
tally. For this purpose, columns with a length of 0.112 m and 0.430 m filled with Dowex
Optipore L-493 were used. The liquid was pumped over the columns with velocities of 1.70 ·
10−4 m s−1 to 1.89 · 10−4 m s−1. The experimental results of the acrylonitrile adsorption and
the acetone removal from the column can be described well with the developed model. The
acrylonitrile desorption is described fairly well. Reasons for the difference between model
and experiments are mainly the inaccuracies in the description of the acrylonitrile adsorption
equilibrium and in the description of the mass transfer. The axial dispersion coefficient has
only a small influence on the shape of the concentration curves in the column outflow.

Based on the column model, two process schemes for the Solvent Swing Adsorption pro-
cess were developed. The relatively simple non-recycle process consists of an adsorption
step, a desorption step, and an acetone removal step. Two distillation columns are necessary
in order to separate the resulting liquid mixture. The recycle process is more complex. A few
recycle streams are included in the process, in order to increase the acrylonitrile concentration
in the outflow. In this way, the separation goals can be reached by use of only one distillation
column. However, the total volume of the adsorption/desorption columns is larger than for
the non-recycle mode and the length of one adsorption/desorption cycle is longer.

It was found — experimentally and by use of the column model — that the acrylonitrile
is desorbed from the solid sorbent efficiently and it appears in the outflow of the column
in a narrow and high peak. The acetone removal from the column by use of water is how-
ever much slower. An acetone/water mixture is produced with a volume which is larger than
the volume of the acetone/acrylonitrile/water mixture which originates from the acrylonitrile
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Table 1: Comparison of cycle length and distillation costs for the non-recycle mode and the
recycle mode.

Non-recycle mode Recycle mode

Length of adsorption/desorption cycle, h 5.2 15.6

Volume distilled, m3 h−1 0.87 + 2.40 = 3.27 2.60

Cost for distillation, e h−1 36 24

desorption. Not only the acetone/acrylonitrile/water mixture needs to be distilled but also the
acetone/water mixture which makes the process less energy efficient.

For a column length of 2 m, the cycle length for one adsorption/desorption cycle, the
volume which needs to be distilled, and the energy costs for the distillation are given in
Tab. 1. For both operating modes, a benefit of 114 e h−1 is generated by the recovery of
the acrylonitrile which means that both modes can be economically feasible. The length for
one adsorption/desorption cycle is three times shorter for the non-recycle mode than for the
recycle mode which makes the non-recycle mode much more flexible. Additionally, for the
non-recycle mode the total volume of the Solvent Swing Adsorption columns is smaller than
for the recycle mode and only two storage tanks are required whereas six storage tanks are
used if the recycle mode is applied.

In order to make the Solvent Swing Adsorption process more energy efficient, the use
of acetaldehyde as desorption solvent could be taken into consideration. Acetaldehyde has a
higher affinity for acrylonitrile than acetone and a lower boiling point. However, it is more
flammable, more reactive, and more dangerous to health than acetone.



Introduction 1
1.1 Separation processes

In the treatment of industrial process streams, adsorption is a commonly applied method when
organic components need to be removed from an aqueous stream. By use of adsorption, very
low residual concentrations in the treated stream can be achieved. However, the regenera-
tion of the adsorbent particles and the recovery of the adsorbed material is often challenging.
For this reason, thermal reactivation of the adsorbent material (in case of activated carbon)
is often applied, as it can be economic even though the sorbate as well as part of the sorbent
will be lost. For organic components which are valuable raw materials, this is however not
an ideal solution. Hot steam is used for the recovery of volatile adsorbed components, but for
components which tend to chemically react at increased temperatures, alternatives need to be
found. The combination of two or more separation techniques — which results in so called
hybrid technologies — offers new possibilities for efficient separation processes. At present,
extractive distillation is the most widely applied hybrid separation technology. Other hybrid
technologies, as adsorptive distillation or membrane distillation, are considered promising.

This thesis describes the development of a hybrid separation technology — Solvent Swing
Adsorption — based on adsorption and extraction for the recovery of organic components
from industrial process water streams. Dissolved acrylonitrile in an aqueous solution is used
as a model system for the development of Solvent Swing Adsorption. Acrylonitrile is a
highly toxic monomer which is used in industrial processes for the production of polyacry-
lonitrile and different copolymers. In the polymerization process, wastewater streams are
generated with residual acrylonitrile concentrations up to 10 kg m−3. Because of its toxicity
and raw material price, the dissolved acrylonitrile needs to be separated from the aqueous
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waste stream. The water can then be reused or treated in a conventional wastewater treatment
plant and the acrylonitrile is recycled and used again in the polymerization step.

1.2 Adsorption processes

Adsorption is the adhesion of a molecule from a gaseous or liquid phase onto a solid surface.
The solid material is called (ad)sorbent; the molecule in adsorbed state is called (ad)sorbate.
Because of the complex interactions between sorbent, sorbate, and bulk solution which de-
termine the equilibrium of the adsorption as well as its kinetics, adsorption processes and
equipment are often difficult to design.

The adsorption process consists of four successive steps:

• A molecule is transported from the free solution to the boundary layer which surrounds
the adsorbent particle.

• The molecule is transferred through the boundary layer to the outer surface of the
adsorbent particle.

• The molecule is transported in dissolved state through the pores of the particle.

• The molecule is adsorbed onto the internal surface of the adsorbent.

The last two steps can be interchanged. In that case, the molecule first adsorbs onto the
internal surface of the adsorbent and then moves through the pores in adsorbed state (i.e.
hopping). Combinations of both ideal cases can occur, so that the molecules are transported
in dissolved and adsorbed state in parallel.

In adsorption processes, often the transport of the adsorbate through the adsorbent par-
ticle is the rate limiting step. This is because the adsorbate is normally transported through
the pores by molecular diffusion which is a slow process. The diffusion inside the particles
is typically slower than in the free liquid solution, as the movement of the sorbate is hindered
by the presence of the pore walls.

1.3 Adsorbent regeneration methods

Adsorption is widely applied for the removal of organic compounds from aqueous solutions.
Important applications are the treatment of (industrial) wastewater streams before the dis-
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charge into a natural water body (Frimmel et al., 2002) and the purification of drinking wa-
ter in order to remove odorous substances (Chen et al., 1997; Ellis and Korth, 1993). The
application of adsorption processes for the recovery of valuable components from a mix-
ture is however much rarer as after the adsorption step, the adsorbed component has to be
desorbed from the adsorbent material which requires at least one additional treatment step
and the corresponding equipment. In liquid streams, adsorbed components can be desorbed
from the solid sorbent by a temperature increase. This process is called Temperature Swing
Adsorption (TSA). An example of its application, the separation of amino acids, is given in
Simon et al. (1996).

For the removal of acrylonitrile from water however, TSA cannot be applied. This is
because the adsorbed amount of acrylonitrile is only slightly lowered with increasing tem-
perature (own measurements) and because acrylonitrile is prone to polymerization. With
increasing temperature, the polymerization rate is increasing (Surianarayanan et al., 1998;
Thomas et al., 1957). An alternative desorption method has to be found.

In chromatography, a separation in which the mobile phase composition changes dur-
ing the separation process is described as gradient elution (Cretier and Rocca, 1994; Snyder,
1965). Gradient elution was discovered around 1950 (Hagdahl et al., 1952; Donaldson et al.,
1952; Busch et al., 1952) and has been used in chromatography since then. The princi-
ple of changing the adsorption equilibrium of a certain component by changing the solvent
can be used in large-scale separations as well. The regeneration of solid sorbents by use
of solvents has been studied before: Qiu et al. (2010) used ethanol to regenerate polymeric
sorbents which were loaded with phenols. Bentonite loaded with phenol was regenerated
by Banat et al. (2000) by use of methanol. Lee et al. (1997) desorbed cephalosporin C from
polystyrene-based resins by use of aqueous isopropyl alcohol solutions. Most of these studies
are based on batch experiments and the focus is on the regeneration of the sorbent and not on
the recovery of the sorbate.

So far the principle of gradient elution has not been applied often in industrial separa-
tions. One example of an industrial application is the removal of bittering agents from fruit
juice (Bathen and Breitbach, 2001). The bittering agents (mainly limonin and naringin) are
removed from the fruit juice by adsorption onto polymeric sorbents. In the regeneration step,
the components are desorbed from the resin by feeding the column with acids, bases or alco-
hols.
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The principle of gradient elution — the adsorption equilibrium of one or more compo-
nents in a fixed bed is changed by a change of the solvent — seems promising for the sep-
aration of acrylonitrile from water. Adsorption is a qualified technology for the removal of
organic components from aqueous streams and a suitable desorption solvent can be selected
from a large number of potential solvents. Therefore, the separation process Solvent Swing
Adsorption is developed for the removal of organic components from water based on the prin-
ciples of gradient elution. The most important difference between Solvent Swing Adsorption
and the examples as named above is that Solvent Swing Adsorption is developed for both the
recovery of a dissolved organic component from water and the regeneration of an adsorption
material and not only for the regeneration of the sorbent material. This means that by select-
ing the right sorbent and solvent and by optimizing the operation parameters, the necessary
solvent volume is minimized and the concentration of the organic component in the product
stream is maximized.

1.4 Solvent Swing Adsorption

In the case of Solvent Swing Adsorption, the principle of changing the bulk liquid in order to
desorb a component from the solid sorbent is applied as follows: In a first step, acrylonitrile
is conventionally adsorbed from water in a fixed bed of adsorbent particles. The purified
water which flows out of the column is one of the two product streams of this process. In
a second step — which starts just before acrylonitrile appears in the column outflow — a
solvent with a high affinity for acrylonitrile is fed to the column. The acrylonitrile desorbs
from the sorbent material and very high acrylonitrile concentrations result at the front of the
desorption solvent. The solvent containing acrylonitrile in high concentrations is the second
product stream. This is illustrated in Fig. 1.1. The acrylonitrile concentration curve in the
Solvent Swing Adsorption column is shown during the desorption step. Where the solvent
meets the fully loaded adsorbent material, the acrylonitrile desorbs and it moves through the
column together with the solvent. The part of the liquid which contains the acrylonitrile peak
(the part between the dotted lines in the figure) is the second product stream; it will need
further treatment in most cases (e.g. by distillation). In order to minimize the liquid volume
which has to be treated in a second separation step, the acrylonitrile peak must be as narrow
as possible. This is achieved by selecting a suitable sorbent and solvent and by optimizing
the dimensions of the column and the operating parameters.
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Figure 1.1: Acrylonitrile concentration curve in a Solvent Swing Adsorption column during
the desorption step. The adsorbed acrylonitrile is desorbed from the solid sorbent by use of a
solvent which has a high affinity for acrylonitrile.

1.5 Objectives of this thesis

The main objective of the work described in this thesis is the development of the separation
process Solvent Swing Adsorption for the separation of dissolved organic components from
water. For an industrial application — the separation of dissolved acrylonitrile from water —
this main objective was divided into several tasks:

• Selection of the sorbent material.

• Selection of the desorption solvent.

• Determination of the adsorption isotherms of acrylonitrile and of the desorption solvent
on the selected sorbent material in the multicomponent mixtures.

• Development of a model for the description of the diffusion processes around and in a
solid particle, including the non-idealities in the liquid film and in the pores of the solid
sorbent.

• Determination of the intraparticle diffusion coefficients of acrylonitrile and of the de-
sorption solvent as a function of the liquid phase composition.

• Development of a column model which allows the prediction of the composition of the
streams which are produced in a Solvent Swing Adsorption unit.

• Process design, cost and energy estimation.



6 Introduction

1.6 Outline

The selection of the sorbent and the solvent for the Solvent Swing Adsorption process is pre-
sented in Chapter 2. The sorbent was selected based on experimental results. The selection
of the solvent has been made based on a combination of computer aided molecular design
(CAMD) and experiments.

Chapter 3 focuses on the determination of the adsorption equilibria in the system wa-
ter/acrylonitrile/desorption solvent/solid sorbent material. The adsorption equilibria were
determined experimentally and they were described by use of three different methods. The
conventional Langmuir isotherm was used for an empiric description of the experimental data
points. Activity based isotherms and the application of the theory of Minka and Myers are
based on thermodynamic principles.

Intraparticle mass transfer is often the rate limiting step in adsorption processes. The ki-
netics of acrylonitrile adsorption in the selected sorbent material was therefore examined in
Chapter 4. The experimental results were compared with three different kinetic models: two
models based on Fick’s diffusion and one model based on Maxwell-Stefan diffusion.

The results of Chapter 3 and 4 have been used in Chapter 5 for the development of a col-
umn model. A plug-flow model with mass transfer and axial dispersion was developed and
the calculations were compared with the results from column experiments.

In Chapter 6, by use of the column model, the dimensions of the Solvent Swing Adsorp-
tion column and the operating parameters were estimated which allow a fast separation with
a low energy consumption. The composition of the streams as produced in the process were
predicted and the energy consumption for the distillation step was estimated. The operating
costs of Solvent Swing Adsorption were compared with a base case and it was shown that
Solvent Swing Adsorption can be economically feasible.

Chapter 7 summarizes the most important results of this thesis and gives recommenda-
tions for further research and for the application of Solvent Swing Adsorption.
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This chapter is adapted from:

Wegmann, C., Dekić Živković, T., Kerkhof, P.J.A.M., 2012. Solvent Se-
lection for the Desorption of Acrylonitrile from Dowex Optipore L-493.
Industrial & Engineering Chemistry Research 51 (1), 474–479.

Abstract
Dissolved acrylonitrile can be separated from water by adsorption onto a solid sorbent in
a fixed bed. By switching the liquid phase from water in the adsorption step to another
solvent in the desorption step, the acrylonitrile is desorbed from the sorbent and it appears in
the outflow of the column at high concentrations. This separation process is called Solvent
Swing Adsorption. This chapter describes the selection of the sorbent and the solvent which
allow the acrylonitrile to adsorb fast and later to desorb fast and completely. The sorbent
material was selected based on equilibrium experiments. Special attention was paid to the
reversibility of the adsorption. Dowex Optipore L-493 was selected due to its high adsorption
affinity and capacity for acrylonitrile and because the acrylonitrile adsorption is reversible.
The solvent was found by the use of experiments combined with computer aided molecular
design (CAMD). As a first step, CAMD was used to confine the experimental search domain.
The functional groups acetyl, alcohol, and amine were found as parts of potential solvents.
As a second step, five organic solvents containing these functional groups were chosen and
evaluated by the use of adsorption experiments. Acetone was finally selected as a desorption
solvent for the adsorption–desorption process. This study demonstrates that by combining
computer aided molecular design with experimentation work, one can time-efficiently screen
a wide range of solvents.
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2.1 Sorbent selection

2.1.1 Introduction

A clever selection of the adsorption material forms the base of a cost and energy efficient
application of Solvent Swing Adsorption. A good sorbent for acrylonitrile possesses the
following characteristics:

• The sorbent should have a high adsorption capacity for very low acrylonitrile concen-
trations and for concentrations up to > 100 kg m−3. The acrylonitrile concentration
in the feed stream is < 10 kg m−3 but in the Solvent Swing Adsorption column much
higher concentrations will occur.

• The acrylonitrile diffusion into the adsorbent particle in the adsorption step and out of
the particle in the desorption step should be fast. Concerning the kinetics of adsorption
processes, the intraparticle diffusion is often the limiting step. This is why special
attention is paid to this point.

• The sorbent particles should be mechanically stable which facilitates the handling of
the sorbent material.

• The sorbent should not contain any functional groups on its pore surface. Functional
groups might irreversibly bind acrylonitrile or catalyze chemical reactions (e.g. acry-
lonitrile polymerization).

• The sorbent should be commercially available, its price should be low.

• The pressure loss in a fixed bed should be low, which means that the sorbent particle
diameter should be sufficiently large. (Smaller particles however have the advantage
of short diffusion distances.)

• The adsorbent particles should be stable in water as well as in the solvent, they should
not swell.

2.1.2 Literature

Non-functionalized adsorption materials can be divided between five main categories: carbon
based adsorption materials, silica gels, zeolites, activated alumina, and polymeric adsorbents.
Carbon based adsorption materials and polymeric sorbents are most common in the removal
of dissolved organic components from aqueous solutions.
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In studying the literature concerning the adsorptive removal of dissolved organic com-
ponents from water streams, a division between end-of-pipe applications and recovery ap-
plications becomes obvious. The objective of end-of-pipe applications is the removal of
polluting or dangerous components from a water stream. The product of these processes is
a non-hazardous water stream which can be treated in a conventional water treatment plant,
be reused, or discharged. The adsorbent material containing the dangerous component is
often not regenerated but burnt. The research dealing with end-of-pipe applications there-
fore concentrates mainly on the use of low cost sorbents. The sorbents are selected based
on their affinity and capacity for the components which need to be removed. The reversibil-
ity of the adsorption is not tested as no desorption step will follow the adsorption. Organic
materials from all kinds of origins are either used directly, with crushing as only treatment
(e.g. pine cones (Mahmoodi et al., 2011)) or after being thermally and/or chemically treated
(e.g. olive stones (Berrios et al., 2011), date pits (El-Naas et al., 2010), watermelon peels
(Zuhra Memon et al., 2008)). The objective of recovery applications is the separation of the
process water stream into two products: the dissolved organic component and purified water.
In this case, the organic component needs to be desorbed from the sorbent material after the
adsorption step; the sorbent material is recovered and reused. Therefore, much more impor-
tant than the price of the sorbent is its capability to reversibly adsorb components from water.
The reversibility of the adsorption is more important than the maximum adsorbed amount
which can be reached with a certain sorbent. Even though activated carbon is used in a few
of these applications — Diban et al. (2008) recovered the main pear aroma compound from
aqueous solutions by adsorbing it onto commercial granular activated carbon — polymeric
sorbents are most widely applied: Romo et al. (2008) worked on the separation of phenols
from aqueous solution by use of β -cyclodextrin polymers. Zheng et al. (2007) separated p-
chloroaniline from aqueous solution by a carboxylated polymeric sorbent. Lee et al. (2005)
removed dichloromethane from water by use of a hydrophobic polymer resin.

The process which the present work is based on belongs to the second category of appli-
cations: The recovery of the acrylonitrile is as important as the production of a non-hazardous
water stream. From the literature study, polymeric sorbents seemed most promising for this
process. This is mainly because — in contrary to activated carbon — they ideally do not
contain any functional groups on their internal surface. This allows a reversible acrylonitrile
adsorption and minimizes catalyzed chemical reactions of acrylonitrile in the pores of the ad-
sorbent. However, the search for the best sorbent should not be limited to polymeric sorbents,
and the following adsorbents were experimentally tested on their suitability as adsorbent ma-
terial in our separation process: granular activated carbon (GAC, from Sigma-Aldrich, The
Netherlands), silica gel (from Sigma-Aldrich, The Netherlands), zeolite H-BEA-150 (from
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Süd-Chemie, Germany), Dowex Optipore L-493 (from Sigma-Aldrich, The Netherlands),
Amberlite XAD-1180 (from Sigma-Aldrich, The Netherlands). The adsorption capacity for
acrylonitrile and the reversibility of the adsorption are determined by use of batch and column
experiments. Some characteristics of the tested sorbent materials are given in Table 2.1 and
in the following sections.

2.1.2.1 Granular activated carbon

Activated carbon is a carbonaceous sorbent material which has been treated with chemicals
and/or hot gas in order to make it porous. The adsorption capacity and selectivity of activated
carbon for many organic components with low molecular weight is excellent. This is the
reason why for many years activated carbon has been the most used sorbent material for the
removal of organic components from water. Activated carbons have heterogeneous surfaces
which according to Dabrowski et al. (2005) can be divided into geometrical heterogeneity,
which is the result of different shapes and sizes of the pores, and chemical heterogeneity,
which results from different functional groups which cover the internal surface of the carbon.
Grant and King (1990) showed that when phenol was adsorbed onto granular activated carbon
(GAC), part of the phenol was adsorbed irreversibly and that polymerization of phenol oc-
curred on the surface of GAC. In systems where dissolved organic components are adsorbed
from water onto GAC, equilibrium is typically reached within hours or days (Ocampo-Perez
et al., 2010; Mollah and Robinson, 1996; Grant and King, 1990; Traegner and Suidan, 1994).

2.1.2.2 Silica gel

Silica gel is composed of amorphous silicon dioxide whereas its pore surface is covered with
OH-groups. Water and alcohols can form hydrogen bonds with these groups which gives
silica gel its hydrophilic character. Because of its low price and the simple regeneration by
a temperature increase to 150ºC (Bathen and Breitbach, 2001), silica gel is often used as a
desiccant. Typical applications of silica gel are water removal from air, drying of reactive and
non-reactive gases, adsorption of hydrogen sulfide, oil vapour adsorption, and adsorption of
alcohols (Do, 2008). Silica gel is often used as a support for the preparation of functionalized
sorbents for the removal of heavy metals or organic components from liquids. Pan et al.
(2011) have used silica gel as a support for surface imprinted polymers. 2,6-dichlorophenol
was adsorbed from water on the polymer/silica gel composite; the system was close to equi-
librium after 100 min. Qu et al. (2012) removed copper from ethanol fuel by use of function-
alized silica gel; the system was close to equilibrium after 10 h.
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2.1.2.3 Zeolite H-BEA-150

Zeolites are aluminosilicate minerals with a porous structure. They are built from [SiO4]4−-
and [AlO4]5−-tetrahedrons whereas the resulting negative charge can be balanced by a variety
of cations (Na+, K+, Ca2+, Mg2+, and others). The Si/Al ratio determines the hydrophobicity
of a zeolite. Zeolites with a large Si/Al ratio are nonpolar and have a high affinity for non-
polar substances. Dealuminated, hydrophobic zeolites are used for the removal of organic
components from water. Abu-Lail et al. (2010) adsorbed methyl butyl ether onto granular
zeolites. Due to the relatively small pore size of zeolites, the diffusion of the sorbate through
the sorbent particle is slow. Equilibrium was therefore not reached within 6 h for the ad-
sorption of methyl tertiary butyl ether onto zeolite ZSM-5. Navalon et al. (2009) removed
hydrocarbon components from the effluent of an urban wastewater treatment plant by use of
a highly dealuminated zeolite Y. Again slow adsorption kinetics were observed. Bernasconi
et al. (2004) found a Si/Al ratio of 74 for zeolite BEA-150. According to Hattori and Yashima
(1994) a zeolite is hydrophobic, when its Si/Al ratio exceeds about 10.

2.1.2.4 Polymeric sorbents

Dowex Optipore L-493 and Amberlite XAD-1180 are synthetic, highly crosslinked styrenic
polymers with a high surface area and a well-defined composition. Polymeric sorbents are
widely applied in the removal of organic components from water. They are available with
different pore size distributions and different specific surface areas. Polymeric sorbents are
prone to swelling in organic solvents whereas the increase in volume can be up to 40% (Ba-
then and Breitbach, 2001). For Amberlite XAD-1180 the supplier (Rohm & Haas, USA)
gives the the following volume increase for different solvents compared to water: 10% in
methanol, 15% in 2-propanol, 10% in acetone, 10% in p-xylene. Examples for the applica-
tion of polymeric sorbents are the removal of acid red dye (Valderrama et al., 2008), phenol
(Romo et al., 2008), p-chloroaniline (Zheng et al., 2007), dichloromethane (Lee et al., 2005),
and caffeine (Maity et al., 1992) from water.

2.1.3 Materials and methods

2.1.3.1 Materials

Demineralized water was used for all experiments. Acrylonitrile (> 99%, containing 35–45
mg L−1 monomethyl ether hydroquinone as inhibitor) was purchased from Sigma-Aldrich,
The Netherlands. Acetone (technical, VWR, Belgium) was used for the column desorption
experiment. GAC, silica gel, zeolite H-BEA-150, Dowex Optipore L-493, and Amberlite
XAD-1180 were used without further treatment. Dowex and Amberlite were used in wet
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condition as received; all calculations were however done based on dry mass. The dry sorbent
mass in an experiment was calculated from the measured water content of a sample which
was taken from the same batch as the material which was used in the experiment. The water
content was found by drying the sorbent during 24 h at 105ºC. In order to make sure that 24
h was sufficient for complete drying, a sample was dried during 24 h, weighed, and dried for
another 24 h. The water content did not change during the last 24 h and a drying time of 24
h is therefore sufficient.

2.1.3.2 Batch experiments

Equilibrium batch experiments were done for the adsorption of acrylonitrile from water onto
the five sorbents by a conventional batch bottle technique using Schott glass flasks. Solution
volumes of 90 mL with acrylonitrile concentrations of 1, 4, 7, 10, and 13 kg m−3 were used.
The sorbent mass was 2 g for GAC, silica gel, and zeolite BEA, 1.45 g for Dowex Optipore
(wet adsorbent mass: 4.5 g) and 1.86 g for Amberlite XAD-1180 (wet adsorbent mass: 4.5 g).
The flasks were as a first step shaken in an incubator at 25ºC during 24 h with a shaking speed
of 150 min−1. Preliminary experiments with the sorbents that are expected to have the slow-
est uptake rate (GAC, zeolite BEA, and Dowex Optipore) were done and it was found that
equilibrium is reached after less than five hours. For silica gel (small particle diameter) and
Amberlite (larger average pore size than Dowex) it is considered that equilibrium is reached
even faster. As a second step, the temperature was increased to 40ºC and the flasks were
again shaken for 24 h at a shaking speed of 150 min−1. As a third step, the temperature was
changed back to 25ºC and the flasks were shaken again for 24 h at the same shaking speed.
25ºC was the lowest temperature which could be employed constantly in the incubator. A
maximum temperature of 40ºC was used since acrylonitrile polymerization in the aqueous
phase had to be omitted. Surianarayanan et al. (1998) showed that the rate of acrylonitrile
polymerization in aqueous phase (using potassium persulfate as the initiator) is relatively
slow up to a temperature of around 47ºC. At higher temperatures, the polymerization rate
increases rapidly. By using a maximum temperature of 40ºC the acrylonitrile polymerization
in the aqueous phase was minimized in our experiments. Samples of 0.2 mL were taken after
each step and the equilibrium concentration of acrylonitrile was measured with a gas chro-
matograph (Varian CP-3800, column: CP-Wax 52CB) using acetonitrile as internal standard.
The adsorbed amount of acrylonitrile was determined by use of a mass balance as given in
Eq. 2.1. The initial concentration c0 and the end concentration c are in kg m−3, the solution
volume V is in m3, the sorbent mass M in kg, and the loading q in kg kg−1.

q = (c0− c) · V
M

(2.1)
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2.1.3.3 Column desorption experiment

The reversibility of the acrylonitrile adsorption on Dowex Optipore L-493 was verified by
use of a column desorption experiment with eight adsorption/desorption cycles. 0.89 g of
dry Dowex Optipore (water content of wet adsorbent: 60.3%) was filled into a glass column
(Omnifit, Bio-Chem Valve/Omnifit, England) with a diameter of 1.5 cm, the height of the bed
was 1.8 cm. The column was first flushed with water for 10 min (20 mL min−1) with a HPLC
pump (Knauer Smartline Pump 1000) in order to remove all air from the fixed bed. After that,
50 mL water containing 10 kg m−3 acrylonitrile was pumped over the column and back into
the flask during 10 min with a flow of 10 mL min−1 (experiment in recycle mode, see Fig. 2.1,
right). The liquid in the flask was stirred with a magnetic stirrer. The adsorption equilibrium
in such a column is reached after less than 10 min (Wegmann et al., 2011). A sample was
taken from the liquid in the flask. By use of a mass balance, this allows the calculation of
the adsorbed amount. The acrylonitrile was then desorbed from the sorbent by pumping 50
mL acetone over the column in non-recycle mode (see Fig. 2.1, left) with a flow of 5 mL
min−1 and a sample was taken from the mixed outflow. The desorbed amount was calculated
from the acrylonitrile concentration in the acetone solution. The second cycle started again
with flushing the column with water for 10 min (20 mL min−1). Eight adsorption/desorption
cycles were performed. Each time when the feed was changed, 6.4 mL of the old solution
stayed in the pump, the tubing and in the pore volume of the bed. This volume was taken into
account when calculating the adsorbed and desorbed amount in each cycle. This experiment
was done at room temperature (20ºC).

Figure 2.1: Adsorption/desorption column. The solution is pumped with an HPLC pump over
the column which contains the Dowex Optipore L-493. The column was operated in recycle
mode (right) for adsorption and non-recycle mode (left) for desorption experiments. Samples
are taken manually from the flask and are analyzed by use of gas chromatography.
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2.1.4 Results and discussions

2.1.4.1 Adsorption capacity

The acrylonitrile loadings on the five sorbent materials after the first 24 h at 25ºC are given
in Fig. 2.2. The concentrations and adsorbed amounts at the end of the experiment including
their experimental errors are given in Table 2.2. The experimental error is composed of the
inaccuracy of the acrylonitrile concentration in the initial solution, the analytical error of the
GC, the uncertainty of the water content of the adsorbent material and the inaccuracy of the
(wet) sorbent mass. The inaccuracy of the acrylonitrile concentration is given by the accuracy
of reading of the pipet which was used for preparation of the acrylonitrile solution (0.5%).
For the GC analysis, an error of 0.5% was assumed. This is the maximum relative standard
deviation (standard deviation divided by the average) which was found in this series for the
threefold injection of each sample. The uncertainty of the water content was given by the
relative standard deviation which was found by determining the water content of five samples
(1%). The inaccuracy of the wet adsorbent mass is given by the accuracy of reading of the
balance (0.01%).

The highest loadings are reached with Dowex Optipore and granular activated carbon
(GAC). For silica gel, loadings close to and even below 0 are observed, even when the exper-
imental error is taken into account. Because of the OH-groups covering its internal surface,
silica gel binds water by hydrogen bonds. Acrylonitrile does not readily form hydrogen bonds
and is therefore not adsorbed onto silica gel. If it is assumed that the porosity of the silica
gel is 1 mL g−1 (Table 2.1), that the pores are filled with air before starting the experiment
and that they are completely filled with pure water at the end of the experiment, an initial
acrylonitrile concentration of 13 kg m−3 in the bulk solution would increase to 13.3 kg m−3

at the end of the experiment. This is close to the measured value of 13.4 kg m−3. The appar-
ent negative loadings result from Eq. 2.1, where a decrease in the bulk water concentration
leads to an increase in the acrylonitrile concentration and therefore to an acrylonitrile loading
below 0. Zeolite H-BEA-150 is a dealuminated and therefore non-polar zeolite and it can
be used for the removal of organic components from water. Its capacity is however lower
than the capacity of Dowex Optipore and GAC. Amberlite XAD-1180 is like Dowex Opti-
pore a polymeric sorbent which containins aromatic rings in its structure. The porosities of
Amberlite (> 1.4 mL g−1) and Dowex Optipore (1.16 mL g−1) are similar. The acrylonitrile
loading on Dowex Optipore is around twice as high as the loading on Amberlite which could
be explained by the surface area of Dowex (> 1100 m2 g−1) which is around twice as high
as the surface area of Amberlite (> 450 m2 g−1).
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Figure 2.2: Isotherms for acrylonitrile adsorption from water onto different sorbent materi-
als (25ºC). Acrylonitrile is not adsorbed by silica gel, the highest loadings are obtained for
Dowex Optipore and granular activated carbon (GAC).

2.1.4.2 Reversibility of adsorption

The reversibility of the acrylonitrile adsorption was tested for GAC, zeolite BEA, Dowex Op-
tipore and Amberlite XAD, but not for silica gel as this sorbent material is not suitable for the
adsorption of acrylonitrile from water. For the four remaining sorbents, the reversibility of
adsorption was tested by increasing the temperature to 40ºC and decreasing it again to 25ºC.
If after returning to the original temperature, the adsorbed amount is higher than before the
temperature increase, this is an indication for irreversible adsorption and/or — in the case
of acrylonitrile — for polymerization. The acrylonitrile polymerization rate increases with
increasing temperature. For a homogeneous aqueous solution of acrylonitrile containing a
water soluble initiator, Thomas et al. (1957) found an increase in the initial polymerization
rate of 50% when the temperature was increased from 40.1ºC to 50.2ºC. In the case of adsorp-
tion, functional groups on the pore surface of an adsorbent can have the role of the initiator.

GAC and zeolite BEA in Fig. 2.3 and 2.4 show an increase in loading from the 1st step
(25ºC) to the 3rd step (25ºC). This is observed mainly for high concentrations. The exper-
imental error at the highest concentration is 5% for GAC and 7% for zeolite BEA. Thus,
the increase in loading from the 1st to the 3rd step is significant even when the experimen-
tal error is taken into account. Acrylonitrile polymerization can take place at acidic sites
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in the adsorbent material. The Si/Al ratio of zeolite BEA is 74 which means that the alu-
minium mole fraction in the sorbent is low, but aluminium is still present and it forms acidic
sites which catalyze acrylonitrile polymerization. Activated carbon can contain many differ-
ent acidic sites, such as carbonyl, carboxyl, phenolic hydroxyl, lactone and quinine (Huang
et al., 2008) which can catalyze acrylonitrile polymerization. The acrylonitrile polymeriza-
tion rate is increasing with increasing concentration and increasing temperature. For Dowex
and Amberlite (Fig. 2.5 and 2.6) no indication of irreversible adsorption or polymerization
is given. Dowex and Amberlite are therefore both potential adsorbents in the Solvent Swing
Adsorption process. Dowex Optipore L-493 is preferred over Amberlite XAD-1180 because
(due to its higher specific surface area) its capacity for acrylonitrile is higher than the capacity
of Amberlite.

Figure 2.3: Adsorption isotherms of acrylonitrile on granular activated carbon at 25ºC and
40ºC. Acrylonitrile was first adsorbed at 25ºC during 24 h, subsequently the batch was kept
at 40ºC during 24 h, and again at 25ºC during 24 h.

The reversibility of the acrylonitrile adsorption on Dowex Optipore was also tested by
use of a column desorption experiment at 25ºC. The acrylonitrile concentration was mea-
sured twice in each of the eight adsorption/desorption cycles: in the water solution after the
adsorption step and in the acetone solution after the desorption step. From the concentration
in the water solution, the adsorbed amount can be calculated and from the concentration in
the acetone solution the desorbed amount. The two amounts in one cycle should add up to
zero. When acrylonitrile is not completely reversible, the adsorbed amount will be larger than
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Figure 2.4: Adsorption isotherms of acrylonitrile on zeolite BEA at 25ºC and 40ºC. Acryloni-
trile was first adsorbed at 25ºC during 24 h, subsequently the batch was kept at 40ºC during
24 h, and again at 25ºC during 24 h.

Figure 2.5: Adsorption isotherms of acrylonitrile on Dowex Optipore L-493 at 25ºC and
40ºC. Acrylonitrile was first adsorbed at 25ºC during 24 h, subsequently the batch was kept
at 40ºC during 24 h, and again at 25ºC during 24 h.
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Figure 2.6: Adsorption isotherms of acrylonitrile on Amberlite XAD-1180 at 25ºC and 40ºC.
Acrylonitrile was first adsorbed at 25ºC during 24 h, subsequently the batch was kept at 40ºC
during 24 h, and again at 25ºC during 24 h.

the desorbed amount.

The adsorbed and desorbed amounts were calculated with a mass balance. The calculated
amounts are given in Table 2.3. The adsorbed amount is in most cases slightly lower than
the desorbed amount which is an indication for a systematic error. A possible explanation
for this is an inaccurate initial concentration. If c0 = 10.3 kg m−3 is used in the calculation
instead of c0 = 10.0 kg m−3, the difference between adsorbed and desorbed amount is always
around 0. In Table 2.3 it can be seen that in the last cycle, the adsorbed amount is smaller
than the desorbed amount. No trend for incomplete desorption was observed in the preceding
cycles; for this reason, this difference was ascribed to the experimental error. The adsorption
capacity of Dowex is slightly decreasing in the course of the eight cycles.

Because of its high capacity for acrylonitrile and the reversibility of the acrylonitrile ad-
sorption, Dowex Optipore L-493 was selected as sorbent material for the separation of acry-
lonitrile from water by use of Solvent Swing Adsorption.
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Table 2.3: Adsorbed and desorbed amounts of acrylonitrile in the column desorption exper-
iment at 25ºC for eight cycles. The desorbed amount is in the same range as the adsorbed
amount for all cycles which shows the reversibility of the acrylonitrile adsorption.

Number of cycle
Adsorbed amount
from adsorption qa,
kg kg−1

Adsorbed amount
from desorption
qd , kg kg−1

qa+qd
qa
·100%

1 0.153 -0.168 -9.5%

2 0.155 -0.161 -3.9%

3 0.154 -0.165 -7.4%

4 0.153 -0.167 -8.8%

5 0.137 -0.156 -14.3%

6 0.138 -0.156 -12.5%

7 0.141 -0.161 -14.6%

8 0.138 -0.129 7.2%

2.2 Solvent selection

2.2.1 Introduction

In Chapter 1 it has been explained why Solvent Swing Adsorption — as an alternative to
Temperature Swing Adsorption — is considered a promising separation technique for the
removal of acrylonitrile from water. Dowex Optipore L-493 has been selected as a sorbent
for the removal of dissolved acrylonitrile from water. By switching the liquid phase from
water in the adsorption step to a suitable solvent or a water–solvent mixture in the desorption
step, acrylonitrile is removed from the adsorbent material. A suitable solvent needs to fulfill
certain requirements:

• The solvent should have a high affinity for acrylonitrile.

• Acrylonitrile and water should be miscible with the solvent in all ratios.

• The bond between solvent and sorbent should be weak.

• The separation of the solvent from water and acrylonitrile by distillation should be easy
which means that the boiling point of the solvent should be much lower than the boiling
points of water (100ºC) and acrylonitrile (77.2ºC).

• The solvent should not react with acrylonitrile nor catalyze chemical reactions (e.g.
acrylonitrile polymerization).
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• The solvent should possess good EHS (environment, health and safety) properties.

• The solvent should be commercially available and have a low price.

• The solvent should have a low viscosity, which minimizes the pressure loss in the
column and maximizes the acrylonitrile diffusion in the solvent.

Lab experiments are expensive and time-consuming, which makes it impossible to exper-
imentally screen all available solvents in order to find a suitable solvent for the desorption of
acrylonitrile from Dowex Optipore. Therefore, computer aided molecular design (CAMD) is
used to find solvents that fulfill the first requirement. The following procedure is applied for
the selection of the solvent:

(1) Preselection of functional groups

Functional groups with a high affinity for acrylonitrile are found by use of the toolboxes
ProPred and ProCAMD. ProPred and ProCAMD are part of the ICAS (Integrated Computer
Aided System) software package from CAPEC (Computer Aided Process Engineering Cen-
ter, Department of Chemical and Biochemical Engineering, Technical University of Den-
mark). The affinity of a solvent for acrylonitrile is estimated by comparing its total solubil-
ity parameter and Hansen solubility parameters with the total solubility parameter and the
Hansen solubility parameters of acrylonitrile.

(2) Choice of solvent representatives

Of each functional group which was found in the preselection step (acetyl, alcohol,
amine), at least one existing organic solvent is chosen (acetone, ethanol, methanol, acetalde-
hyde, trimethylamine) for further examination.

(3) Experimental evaluation

Time-consuming experiments have to be done only for five preselected solvents and for
water, which is the reference case. The adsorbed amounts of acrylonitrile onto Dowex Opti-
pore from five solvent/water mixtures and from water are determined by use of conventional
batch experiments. The comparison of the results shows the influence of the solvent and
identifies the solvent with the highest affinity for acrylonitrile.

2.2.2 Literature

Different studies are reported in literature where Hansen solubility parameters have been
used to find solvents for the extraction of a component from a liquid stream: Lü et al. (2008)
found possible solvents for the extraction of n-alkanes from diesel oil by use of the Hansen
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parameters. In order to get an overview of possible solvents for the extraction of caprolactam
from an aqueous solution, van Delden et al. (2006) used the Hansen model.

Literature concerning the regeneration of a spent adsorbent material by changing the sol-
vent composition is available as well: Guo et al. (2011) have investigated the use of different
solvents for the regeneration of exhausted activated carbon in the treatment of coking waste-
water. Kim and Kim (2004) and Sutikno and Himmelstein (1983) used acetone to desorb
phenol from activated carbon and Lee et al. (1995) desorbed phenol from a polymeric sor-
bent by use of sodium hydroxide solutions. Pahl et al. (1973) and Knickmeyer et al. (1973)
compared different solvents for the desorption of phenol from spent activated carbon.

However, no literature is available in which the selection of a desorption solvent by use
of the Hansen parameters is described.

2.2.3 Computer aided modeling

2.2.3.1 Preselection of functional groups

Computer aided molecular design (CAMD) is used to make a fast solvent preselection in
order to limit the number of necessary lab experiments. The preselection is based on the
first requirement as named in the introduction: The solvent needs to have a high affinity for
acrylonitrile. The applied method is based on solubility parameters and was originally devel-
oped by Hansen (1967). The method assumes that the total cohesion energy of a liquid can
be described by four solubility parameters. The first three solubility parameters describe the
hydrogen bonding interactions (H-solubility parameter, δh), the permanent dipole-permanent
dipole interactions (P-solubility parameter, δp), and the nonpolar, atomic (dispersion) interac-
tions (D-solubility parameter, δd). The total solubility parameter, δ , which is the Hildebrand
solubility parameter (Hildebrand et al., 1970; Hildebrand and Scott, 1950), is obtained from
Eq. 2.2. The unit of the solubility parameters is MPa0.5.

δ
2 = δ

2
h +δ

2
p +δ

2
d (2.2)

The more similar the solubility parameters of one liquid are to the solubility parameters
of another liquid, the larger is the affinity between the two liquids and the higher is the proba-
bility that they are soluble in each other. A solvent with a high affinity for acrylonitrile should
therefore have similar solubility parameters as acrylonitrile. The H-, P-, and D-solubility pa-
rameters together form a three-dimensional space, the so called Hansen space. Each solvent
can be located in the three dimensional system as a fixed point. According to Hansen, the
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distance of two components in the Hansen space is an indication for their affinity. The closer
to each other they are positioned, the higher is their mutual affinity. The distance between
two components in the Hansen space is given by Eq. 2.3. It is an empirical convenience to
multiply the difference in δd by 2 to improve clarity when making plots (Hansen and Smith,
2004).

R2
a = (δh,2−δh,1)

2 +(δp,2−δp,1)
2 +(2 · (δd,2−δd,1))

2 (2.3)

The first three solubility parameters (δh, δp, δd) of acrylonitrile are estimated using Pro-
Pred, a toolbox for the estimation of pure component properties of known organic com-
pounds. δ is calculated according to Eq. 2.2. The cohesive energy of a substance can also
be estimated from the contribution of each functional group of a molecule, as it is considered
to be an additive property. Therefore functional groups are selected which can be part of
molecules that have similar solubility parameters as acrylonitrile. This is done by use of the
software ProCAMD. ProCAMD applies a UNIFAC (universal functional activity coefficient)
based group contribution method to generate chemical structures and it compares their prop-
erties with the desired target properties. As target properties in this study only the H- and
the total solubility parameter are chosen. This means that molecules are found which have
similar values for the H- and the total solubility parameter as acrylonitrile. This search results
in a multitude of chemical structures. P- and D-solubility parameters are excluded as target
properties since for many potential structures, P- and D-values are not defined in ProCAMD.
This means that by including P- and D-parameters in the search, potential candidates could
be missed due to an incomplete database in the applied software.

2.2.3.2 Choice of Solvent Representatives

The potential solvents can not directly be found among the chemical structures which were
found in the preselection. Most of the structures do not exist or they do not fulfill all the
criteria as named in the introduction. Therefore, from these chemical structures functional
groups are identified which occurred frequently and model components from each promising
functional group are chosen. As a result of the second requirement (acrylonitrile and water
are miscible with the solvent in all ratios), only relatively small molecules are considered.
The four solubility parameters for these existing model components are estimated by use of
ProPred and the results are compared with the experimental data.
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2.2.4 Materials and methods

2.2.4.1 Materials

Demineralized water was used for all experiments. Acrylonitrile (> 99%, containing 35–
45 ppm monomethyl ether hydroquinone as inhibitor, Sigma-Aldrich, The Netherlands), ac-
etaldehyde (> 99%, Sigma-Aldrich, Germany), methanol (technical, VWR, France), ethanol
(> 99.5%, Merck, Germany), acetone (technical, VWR, Belgium) and trimethylamine solu-
tion (45wt% in water, Sigma-Aldrich, Germany) were used without further treatment. Dowex
Optipore L-493 (Sigma-Aldrich, The Netherlands) was used in wet condition as received.

2.2.4.2 Batch Experiments

The adsorption of acrylonitrile from solvents with different compositions was determined by
a conventional batch bottle technique, using 25 mL Schott glass flasks. 1.2 g of wet Dowex
Optipore (dry weight: 0.37 g) was added to each flask. All calculations are based on dry
weight of Dowex Optipore. Three experiments with different initial acrylonitrile concentra-
tions were done for each solvent composition; the exact compositions and batch volumes
are given in Table 2.4. Approximately 1:1 mixtures (based on weight) of solvent and water
were used for all experiments. The solvents were mixed with water for two reasons. This
research is based on a case in which acrylonitrile is dissolved in water. As water is present
in the system, its influence must be taken into account in the solvent selection. Moreover, the
boiling points of acetaldehyde and trimethylamine are close to or below room temperature.
By mixing these solvents with water, the boiling point is increased to above room tempera-
ture and the solutions can be handled more easily. The flasks were shaken in an incubator at
25ºC for 18 h with a shaking speed of 220 min−1. The adsorption equilibrium of acrylonitrile
from water onto Dowex Optipore is reached in less than 1 h, as was shown by Wegmann
et al. (2011). The use of solvents other than water might slow down the adsorption process.
In order to exclude any kinetic effects, the flasks were shaken during one night (18 h). One
flask containing 10 kg m−3 acrylonitrile in water and containing no adsorbent material was
used as a control sample. The acrylonitrile concentration in this bottle did not change during
the experiment which means that no acrylonitrile was lost due to evaporation or adsorption
onto the flask. The equilibrium concentration of acrylonitrile was measured with a gas chro-
matograph (Varian CP-3800, column: CP-Wax 52CB), using acetonitrile as internal standard.
The adsorbed amount was determined by use of a mass balance (Eq. 2.1). The error of the
analytical method was around 0.5%.
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Table 2.4: Composition of the solutions in the batch experiments. The liquid consists of
approximately 1:1 mixtures (based on weight) of solvent and water. Three different initial
acrylonitrile concentrations were used for each solvent.

Stock solution Volume, mL Initial acrylonitrile
concentration, kg m−3

100.0wt% water 25.00 5.00, 10.00, 20.00
45.0wt% trimethylamine,
55.0wt% water 25.00 5.00, 10.00, 20.00

44.1wt% ethanol,
55.9wt% water 24.25 5.16, 10.31, 20.62

44.2wt% acetone,
55.8wt% water 24.00 5.21, 10.42, 20.83

44.2wt% methanol,
55.8wt% water 24.25 5.16, 10.31, 20.62

44.1wt% acetaldehyde,
55.9wt% water 23.50 5.32, 10.64, 21.28

2.2.5 Results and discussion

2.2.5.1 Preselection of functional groups

The three Hansen solubility parameters for acrylonitrile, which were estimated with ProPred,
plus the total solubility parameter, which was calculated by use of Eq. 2.2, are given in Table
2.5. Compared to other molecules, acrylonitrile is a polar component with medium nonpolar
dispersion interaction and very little tendency to form hydrogen bonds. CAPEC recommends
defining the constraints in a solvent search as the value of the solubility parameters of the
target molecule, which in our case is acrylonitrile, ±10% (Christensen, 2011). Therefore, to
find functional groups which can be part of potential solvents for acrylonitrile, the following
constraints were used in ProCAMD: 18 MPa0.5 < total solubility parameter δ < 22 MPa0.5

and 5 MPa0.5 < H-solubility parameter δh < 7 MPa0.5. This search in ProCAMD resulted in
around 700 potential solvents. However, most of these solvents do not exist or they do not
fulfill the other requirements for an ideal solvent. The following functional groups appeared
most frequently as part of the potential solvents and they were therefore selected for further
examination: -COCH3 (acetyl), -OH (alcohol), -CH3NH (amine).
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Table 2.5: Solubility parameters of acrylonitrile and of the potential solvents as estimated
with ProPred. A suitable solvent has similar solubility parameters as acrylonitrile.

Total
solubility
parameter, δ ,
MPa0.5

H-solubility
parameter, δh,
MPa0.5

P-solubility
parameter, δp,
MPa0.5

D-solubility
parameter, δd ,
MPa0.5

Acrylonitrile 20.89 6.37 12.11 15.79

Acetaldehyde 19.90 7.52 10.30 15.27

Acetone 18.67 5.87 8.29 15.67

Ethanol 21.90 13.38 7.74 15.52

Methanol 22.11 13.82 7.76 15.50

Trimethylamine 17.26 6.58 3.84 15.49

2.2.5.2 Choice of solvent representatives

The three selected groups can be found in ketones, aldehydes, alcohols, and amines, and effi-
cient solvents are likely to be found among these categories. Since miscibility with water in
all ratios it is a prerequisite, only relatively small molecules were considered. From the group
of ketones, acetone was chosen, from the aldehydes acetaldehyde. These molecules are the
smallest representatives of the ketones and aldehydes. Methanol and ethanol were selected
among the alcohols. Primary and secondary amines can undergo a chemical reaction with
acrylonitrile; therefore trimethylamine, a tertiarty amine, was chosen as a model component
for the amines. The H-, P-, and D-solubility parameters were estimated with ProPred for
these five solvents and the total solubility parameter was calculated according to Eq. 2.2. The
values are given in Table 2.5. It can be seen that methanol and ethanol have higher values
for the H-solubility than the other solvents. The H-solubility parameter is a measure for the
hydrogen bonding forces of a molecule and it is therefore high for alcohols. The D-solubility
parameter describes the dispersion forces and it is a function of the molar mass. As the
components have similar molecular masses, their D-solubility parameters are similar. The
P-solubility parameter is a function of the dipole moment of a molecule and the values of the
tested components vary strongly from each other.

2.2.5.3 Experimental evaluation

Adsorption equilibrium experiments were done for the adsorption of acrylonitrile onto Dowex
Optipore from pure water and from five solvent/water mixtures: acetone/water, acetalde-
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hyde/water, methanol/water, ethanol/water, and trimethylamine/water. The lower the ad-
sorbed amount of acrylonitrile in a certain solvent mixture at equilibrium, the higher is the
affinity of the solvent for acrylonitrile. The experimental results are given in Fig. 2.7 and
including their relative experimental errors in Table 2.6. The experimental errors were deter-
mined in the same way as for the selection of the sorbent material (Section 2.1.4.1).

As expected, the highest adsorbed amounts were measured for the use of pure water as
solvent. Trimethylamine does not lower the adsorbed amount considerably; it is therefore
not an efficient solvent to desorb acrylonitrile from Dowex Optipore L-493. Acetone and
methanol show the same performance. Acetaldehyde possesses the highest affinity for acry-
lonitrile.

Figure 2.7: Adsorbed amount of acrylonitrile onto Dowex Optipore L-493 at different solvent
compositions and at a temperature of 25ºC. The lower the acrylonitrile loading, the higher is
the affinity of the applied solvent for acrylonitrile.

The absolute values of the differences between the solubility parameters of acrylonitrile
and of the selected solvents were calculated as well as the distance in the Hansen space be-
tween acrylonitrile and the solvents (Eq. 2.3). These values are given in Table 2.7. The five
parameters (∆δ , ∆δh, ∆δp, ∆δd , and Ra) were linearly correlated with the experimentally de-
termined adsorbed amount of acrylonitrile for a starting concentration of 10 kg m−3 acryloni-
trile. The square of the correlation coefficient, R2, was determined. In our system the affinity
of a solvent for acrylonitrile can best be estimated by use of the P-solubility parameter, as
for this parameter R2 is close to 1.0. Fig. 2.8 illustrates that the adsorbed amount of acry-
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Table 2.6: Adsorbed amounts and bulk concentrations at the end of the experiment. The
experimental error is given in brackets. The data is displayed in Fig. 2.7.

Solvent Equilibrium
concentration, kg m−3

Adsorbed amount (experimental error
in brackets), kg kg−1

Water 2.92, 6.88, 15.12 0.140 (4%), 0.210 (4%), 0.328 (5%)

Trimethylamine/water 3.57, 7.71, 14.95 0.096 (5%), 0.154 (5%), 0.340 (5%)

Ethanol/water 4.59, 9.11, 18.05 0.037 (10%), 0.079 (10%), 0.168 (9%)

Acetone/water 4.42, 9.37, 19.45 0.051 (8%), 0.068 (11%), 0.089 (16%)

Methanol/water 4.53, 9.30, 19.29 0.041 (9%), 0.066 (11%), 0.087 (17%)

Acetaldehyde/water 4.96, 10.31, 20.56 0.023 (16%), 0.021 (33%), 0.045 (31%)

Table 2.7: Absolute values of the differences between the solubility parameters of acryloni-
trile and of the examined solvents (∆δ , ∆δh, ∆δp, ∆δd), distances in the Hansen space between
acrylonitrile and the solvents (Ra), correlation coefficient for the correlation of the solubility
parameters and the distance in the Hansen space with the adsorbed amount of acrylonitrile
(R2).

∆δ ,
MPa0.5

∆δh,
MPa0.5

∆δp,
MPa0.5

∆δd ,
MPa0.5

Ra,
MPa0.5

Acetaldehyde 0.52 1.15 1.81 0.52 2.38

Acetone 1.47 0.50 3.82 0.12 3.86

Ethanol 7.09 7.01 4.37 0.27 8.28

Methanol 7.56 7.35 4.35 0.29 8.56

Trimethylamine 5.17 0.21 8.27 0.30 8.29

R2 0.19 0.04 0.99 0.15 0.44

lonitrile, in the presence of a certain solvent, is a function of the difference in the P-solubility
parameter value between the solvent and acrylonitrile. The correlation between the distance
in the Hansen space and the adsorbed amount is much less pronounced. Between ∆δ , ∆δh,
and ∆δd and the adsorbed amount, no correlation can be found. For the sake of clarity, only
the correlations of ∆δp and Ra with the adsorbed amount of acrylonitrile are shown in Fig. 2.8.

Trimethylamine is rejected as a desorption solvent for our process due to its low affin-
ity for acrylonitrile, compared to the other tested solvents. Ethanol has a boiling point of
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Figure 2.8: Adsorbed amount of acrylonitrile on Dowex Optipore L-493 at 25ºC as a function
of the distance in the Hansen space between acrylonitrile and five preselected solvents (Ra)
and as a function of the absolute value of the difference in the P-solubility parameter values
between acrylonitrile and the solvents (∆δp).

78.3ºC; this is very close to the boiling point of acrylonitrile (77ºC) which makes a sepa-
ration of ethanol from acrylonitrile by distillation impossible. Methanol and acetone have
similar affinities for acrylonitrile; however, the boiling point of acetone (56ºC) is lower than
the boiling point of methanol (64ºC), which makes acetone preferable. Acetaldehyde has a
high affinity for acrylonitrile and a low boiling point. However, it is more flammable, more
reactive, and more dangerous to health than acetone. For these reasons, acetone is selected as
solvent for the desorption of acrylonitrile from Dowex Optipore L-493 after the adsorption
step in the process.

2.3 Concluding remarks

Based on the results from different batch and column experiments, Dowex Optipore L-493
is selected as sorbent material for the separation of acrylonitrile from water by use of Sol-
vent Swing Adsorption. The affinity and capacity of Dowex Optipore for acrylonitrile are
high, they are in the same range as the affinity and capacity of granular activated carbon for
acrylonitrile. The adsorption of acrylonitrile onto Dowex Optipore is reversible, which is a
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precondition for the sorbent material.

Because of its high affinity for acrylonitrile, its miscibility with water, its low boil-
ing point, and its good environmental, health and safety properties, acetone is chosen as a
desorption solvent. The preselection was done by use of the total solubility parameter and
the H-solubility parameter from the Hansen model. The experimental results correlated best
with the P-solubility parameters from the Hansen model. Therefore, for our system the suit-
ability of a solvent can best be assessed by use of the P-solubility parameter. This parameter
should be used for the preselection of the solvents in similar systems.
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Wegmann, C., Kerkhof, P.J.A.M., 2012. Application of the Minka and
Myers Theory of Liquid Adsorption to Systems with Two Liquid Phases.
Industrial & Engineering Chemistry Research 51 (21), 7340–7348.

Abstract
This chapter reports the application of three different models for the description of the ad-
sorption equilibria in the system acetone/acrylonitrile/water/Dowex Optipore L-493. As a
first step, the experimentally determined acrylonitrile loadings were described with a con-
ventional Langmuir model. This model can not be used for the prediction of isotherms but
only for the description of measured isotherms. As a second step, the isotherms were given
based on the acrylonitrile activity instead of the acrylonitrile concentration in the bulk phase.
This model has limited predictive power. As a third step, a thermodynamic model was ap-
plied for the prediction of the loadings in the ternary two-phase system. From the binary
isotherms, the activity coefficients of all three components in the adsorbed phase were esti-
mated. The binary model for the adsorbed phase activity coefficients was then extended to a
ternary model. From this ternary activity coefficient model, the composition of the adsorbed
phase was calculated as a function of the liquid phase composition. This model can be used
for the prediction of adsorption isotherms in acetone/acrylonitrile/water mixtures.
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3.1 Introduction

For the design and the optimization of an adsorption based separation process, we need to
understand and quantify the adsorption equilibrium as well as the kinetics of the adsorption.
This chapter deals with the adsorption equilibrium of the ternary liquid mixture acryloni-
trile/acetone/water on Dowex Optipore L-493. The kinetic parameters of the acrylonitrile
adsorption are determined in Chapter 4.

Adsorption isotherms are experimentally determined for acrylonitrile concentrations up
to 50 kg m−3. In Solvent Swing Adsorption columns however, much higher concentrations
will occur during the desorption step in which the acetone mole fraction in the bulk phase
is high. It is not possible to experimentally determine acrylonitrile loadings for all possible
mixtures. Firstly, adsorbed amounts at high concentrations are difficult to determine experi-
mentally as the relative concentration change during the experiment will be low which leads
to large experimental errors. Secondly, high acrylonitrile concentrations in experiments were
omitted because of the toxicity of acrylonitrile. For these reasons, a method needs to be
applied which allows the prediction of acrylonitrile loadings at high acrylonitrile bulk con-
centrations and for different acetone mole fractions.

The experimentally determined data points are described with conventional, concentra-
tion based adsorption isotherms in Section 3.2. The acrylonitrile adsorption onto Dowex
Optipore can be described by use of Langmuir isotherms for the adsorption from water, from
acetone, and from acetone/water mixtures. This approach allows the description of the mea-
sured isotherms, but as it is an empirical approach, adsorbed amounts for much higher acry-
lonitrile concentrations than used in the experiments can not be predicted.

In Section 3.3 the acrylonitrile loading is given as a function of the bulk phase acryloni-
trile activity instead of the acrylonitrile concentration. The bulk phase acrylonitrile activity
is a strong function of the acetone concentration in the liquid phase. By the use of activity
based isotherms, acrylonitrile loadings for equilibrium concentrations which are higher than
50 kg m−3 can — to a certain extent — be predicted.

Section 3.4 describes the prediction of isotherms in ternary mixtures from measured
isotherms in binary mixtures based on the prerequisite that in equilibrium the fugacity of
each component is the same in the liquid phase as in the adsorbed phase. This model was
applied in order to predict the acrylonitrile loading at concentrations which are much higher
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than 50 kg m−3 and to gain insight in the mechanisms which influence the adsorption equi-
librium.

3.2 Concentration based equilibrium

3.2.1 Literature

Adsorption can be divided into chemical adsorption, in which molecules are attached to the
surface of the sorbent by chemical bonds, and physical adsorption, in which the molecules
are attached to the sorbent surface by the much weaker van der Waals forces. In this work,
only physical adsorption is treated. In the present section, single component isotherms are
discussed, whereas multicomponent isotherms are treated in Section 3.4.

The earliest known equation describing the adsorption equilibrium is the empirical Freund-
lich isotherm (Freundlich, 1907). This two-parameter isotherm is still widely used, mainly for
moderate partial pressures or concentrations. However, at low concentrations the Freundlich
isotherm does not reduce do Henry’s law; it is therefore thermodynamically not consistent.
Langmuir (1918) proposed a two-parameter isotherm which is based on a kinetic principle: In
equilibrium, the rate of adsorption is equal to the rate of desorption. The Langmuir isotherm is
based on five assumptions: (1) There is a limited amount of sites on the adsorbent surface. (2)
Each site can be occupied by one molecule. (3) The adsorption energy is the same for all sites.
(4) Molecules do not move in adsorbed state. (5) There are no interactions between adsorbed
molecules. To this day, the Langmuir isotherm is widely used in gas and liquid adsorption.
The Langmuir isotherm reduces to Henry’s law at low concentrations. The Langmuir and the
Freundlich isotherms can be combined, which results in the three-parameter Sips isotherm
(Sips, 1948). The Redlich-Peterson isotherm is another three-parameter isotherm (Redlich
and Peterson, 1959), which was originally developed for the adsorption on molecuar sieves.
Other isotherms are based on a thermodynamic approach: The Gibbs equation (Do, 2008)
relates the gas pressure with the spreading pressure and the amount adsorbed. The model of
Nitta et al. (2000) is an extension of the Langmuir isotherm, based on statistical thermody-
namics.

The Langmuir isotherm (Eq. 3.1) was chosen for the description of the experimentally
determined isotherms in this work as it can fit the experimental data well and because of its
simplicity and its sound theoretical background. qs (in kg kg−1) and kL (in m3 kg−1) are the
Langmuir parameters which can be found by fitting the model to the experimental data. The
concentration c is in kg m−3, the loading q in kg kg−1.
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q = qs ·
c · kL

1+ c · kL
(3.1)

3.2.2 Materials and methods

3.2.2.1 Substances

Demineralized water was used in all batch experiments. Acrylonitrile (> 99%, containing
35–45 mg L −1 monomethyl ether hydroquinone as inhibitor, Sigma-Aldrich, The Nether-
lands) and acetone (technical, VWR, Belgium) were used without further treatment. Dowex
Optipore L-493 (Sigma-Aldrich, The Netherlands) was used in wet condition as received.

Dowex Optipore L-493 is a styrenic polymer crosslinked with divinylbenzene. It is com-
mercially available in particles with a diameter of 0.31–0.85 mm. Most particles belong to
the fraction with a relatively large diameter (85% have a diameter > 0.5 mm). Dowex Op-
tipore ideally does not contain any functional groups on its internal surface which allows a
reversible adsorption (physisorption) of acrylonitrile.

3.2.2.2 Batch experiments

Equilibrium experiments were done for the adsorption of acrylonitrile onto Dowex Optipore
from pure water, from pure acetone and from acetone/water mixtures (2, 4, 6, 10, 20, 30, 40,
50, 60, 70, 80, and 90v% acetone, acetone fractions refer to the solution before acrylonitrile
was added to it). The isotherms were determined by a conventional batch bottle technique
using 25 mL-Schott glass flasks. 0.5–2.0 g of wet Dowex Optipore and 25 mL of solution
were used per batch. Dowex Optipore was used in wet condition but all calculations are based
on dry mass, since the water content between different sorbent batches varies. For each ex-
periment, the water content of the adsorbent was determined separately (52–65w%) and the
dry mass was calculated.

The initial acrylonitrile concentration in the solutions ranged between 0.1 kg m−3 and 50
kg m−3. The flasks were shaken in an incubator at 25ºC during 12–16 h with a shaking speed
of 220 min−1. It was shown in preliminary experiments that the adsorption equilibrium for
the adsorption from water is reached after less than an hour (Wegmann et al., 2011). The use
of solvents other than water might however decrease the diffusion velocity. To make sure that
equilibrium was still reached, the flasks were shaken for one night. The equilibrium concen-
tration of acrylonitrile was measured with a gas chromatograph (Varian CP-3800, column:
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CP-Wax 52CB), using acetonitrile as internal standard. Each sample was injected three times
and an average of the three concentrations was used. Measured concentrations were only
used when the relative standard deviation (standard deviation divided by the average) of the
three injections was < 5%. In most cases the relative standard deviation was < 1%. The ad-
sorbed amount was determined by use of a mass balance (Eq. 3.2). The initial concentration
c0 and the end concentration c are in kg m−3, the solution volume V is in m3, the sorbent
mass m in kg, and the loading q in kg kg−1.

q = (c0− c) · V
M

(3.2)

The isotherm of acetone adsorption from water onto Dowex Optipore was determined in
a similar way. 1.0–2.0 g wet Dowex Optipore was added to 25 mL of a solution containing
5–500 kg m−3 acetone in water. All calculations were done based on dry adsorbent weight.
The flasks were shaken in an incubator at 25ºC during 16 h with a shaking speed of 220
min−1. The same analytical method was used as for the determination of acrylonitrile. The
adsorbed amount was again determined by use of Eq. 3.2.

3.2.3 Results and discussion

The acrylonitrile isotherms as determined by use of batch experiments for different solvent
compositions are shown in Fig. 3.1. The acetone concentration is given as the volume frac-
tion in the solvent before acrylonitrile was added to it. For the sake of clarity, the isotherms
for 2, 6, 30, 50, 70, and 90v% acetone are not shown in the figure. The data for these acetone
volume fractions follow the pattern of the isotherms as shown in the figure. The experimental
data points were described with Langmuir isotherms. The isotherm for the adsorption of acry-
lonitrile from pure water was fitted first by use of the curve fitting tool of Matlab. The max-
imum adsorbed amount qs is the acrylonitrile loading at a (theoretical) infinite acrylonitrile
concentration in the solution. The value for qs, which is 0.830 kg kg−1 for the acrylonitrile
adsorption from pure water, was kept constant for the other isotherms and only the parameter
kL was adapted. This resulted in the isotherms as represented with the solid lines in Fig. 3.1;
the corresponding Langmuir parameters are given in Table 3.1. The acrylonitrile adsorption
equilibrium is a strong function of the acetone concentration in the solvent. By increasing the
acetone concentration in the solvent, acrylonitrile is desorbed from Dowex Optipore.

The highest adsorbed amount of acrylonitrile which was measured in the equilibrium
isotherms was 0.58 kg kg−1 which corresponds to 0.72 mL acrylonitrile per gram of adsor-
bent. The total pore volume of Dowex Optipore is 1.16 mL g−1 which means that acrylonitrile
volume fractions in the pores up to 62% were observed. This is much more than the maxi-
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mum solubility of acrylonitrile in water which is 72.5 kg m−3 (Davis and Wiedeman, 1945).
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Figure 3.1: Acrylonitrile adsorption isotherms. Acrylonitrile was adsorbed onto Dowex Opti-
pore L-493 from water, from acetone and from different acetone/water mixtures at 25ºC. The
experimental data points are described with Langmuir isotherms; the Langmuir parameters
are given in Table 3.1.

From the acrylonitrile isotherm for the adsorption from pure water, the active porosity
of Dowex Optipore was estimated as follows. The active porosity of a sorbent consists of
the pores which are large enough for the sorbate to diffuse into them and small enough for
preferential adsorption to take place. The largest pores of the sorbent, in which the liquid has
the same composition as the bulk liquid, are not part of the active porosity. The acrylonitrile
isotherm for the adsorption from water is given again in Fig. 3.2, this time for the whole
concentration range of acrylonitrile. At 25ºC, a phase separation between an acrylonitrile-
rich and a water-rich phase occurs for acrylonitrile weight fractions between 0.074 and 0.996
(Davis and Wiedeman, 1945) which corresponds to acrylonitrile concentrations of 72.5 kg
m−3 and 779.0 kg m−3. In the part of the isotherm where phase separation occurs, the acry-
lonitrile loading is constant. The isotherm for acrylonitrile concentrations > 779.0 kg m−3

was calculated according to Eq. 3.3 by use of the Langmuir parameters as determined ear-
lier, whereas 706.5 kg m−3 is the difference between 72.5 kg m−3 and 779.0 kg m−3. The
acrylonitrile loading at a concentration of 800.7 kg m−3 (pure acrylonitrile) is 0.691 kg kg−1

which corresponds to an active porosity of 0.86 mL g−1 (based on dry adsorbent mass).



Activity based equilibrium 39

Table 3.1: Langmuir parameter kL for the acrylonitrile adsorption onto Dowex Optipore L-
493 from different solvent mixtures. qs is 0.830 kg kg−1 for all solvent compositions. The
acetone volume fraction in the initial mixture is given before the acrylonitrile was added to
it.

Acetone volume
fraction, v%

Langmuir
parameter kL,
L kg−1

Acetone volume
fraction, v%

Langmuir
parameter kL,
L kg−1

0 5.5·10−2 40 8.0·10−3

2 3.5·10−2 50 6.8·10−3

4 3.0·10−2 60 5.3·10−3

6 2.6·10−2 70 4.7·10−3

10 2.2·10−2 80 4.2·10−3

20 1.4·10−2 90 3.7·10−3

30 1.1·10−2 100 2.0·10−3

q = qs ·
(c−706.5 kg m−3) · kL

1+(c−706.5 kg m−3) · kL
(3.3)

The measured acetone isotherm is given in Fig. 3.3. The data points for the acetone ad-
sorption at high concentrations are scattered. This is because the absolute acetone concentra-
tion in these batches was high which lead to small relative concentration changes during the
experiments and therefore to relatively large experimental errors. In order to get a reasonable
fit for the acetone isotherm, the maximum adsorbed amount for an acetone concentration of
784.5 kg m−3 (pure acetone) was fixed to 0.675 kg kg−1, which corresponds to a total filling
of the active porosity (0.86 mL g−1). The Langmuir parameters of the isotherm can then be
found by fitting: qs = 0.821 kg kg−1 and kL = 6.0·10−3 m3 kg−1.

3.3 Activity based equilibrium

3.3.1 Theory

Instead of describing the adsorbed amount of acrylonitrile conventionally as a function of its
concentration in the liquid, the loading can also be described as a function of the acryloni-
trile activity in the solution. For this purpose, the acrylonitrile activity in the solution was
calculated by use of a UNIFAC model. The calculation is based on the functional groups of
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Figure 3.2: Experimentally determined acrylonitrile adsorption from water onto Dowex Op-
tipore (at 25ºC) and fitted Langmuir isotherm. Water and acrylonitrile form a two-phase
mixture for acrylonitrile concentrations between 72.5 and 779.0 kg m−3.

Figure 3.3: Experimentally determined adsorption isotherm of acetone at 25ºC and fitted
Langmuir isotherm. Acetone was adsorbed onto Dowex Optipore L-493 from water. The
grey data point corresponds to a complete filling of the pores when the liquid solution consists
of pure acetone.
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which the three molecules present in the liquid mixture consist. Water consists of the func-
tional group H2O, acetone is composed of two functional groups, -CH3 and -COCH3, and
acrylonitrile is again a functional group itself, C3H3N. The UNIFAC model uses two group
specifications per group and one group–group interaction parameter for each possible interac-
tion. In the system acetone/acrylonitrile/water, eight group specification parameters are used
and twelve group–group interaction parameters. These parameters can be found in literature
(Poling et al., 2007; Wittig et al., 2003).

3.3.2 Practical approach

The acrylonitrile activity in the acrylonitrile/acetone/water mixture was calculated in Mat-
lab by use of UNIFAC as described by Poling et al. (2007). For each experimentally deter-
mined data point of the acrylonitrile isotherms (which are shown in Fig. 3.1), the acrylonitrile
activity was then determined. The activity based acrylonitrile isotherms were depicted in a
graph with the acrylonitrile activity on the x-axis and the acrylonitrile loading on the y-axis.
The coefficients for one common activity based Langmuir isotherm were found by fitting the
isotherm to the experimentally determined acrylonitrile loadings for acetone volume fractions
in the bulk liquid of 2–100%.

3.3.3 Results and discussion

The activity coefficient of acrylonitrile in acetone/acrylonitrile/water mixtures is shown in
Fig. 3.4 as a function of the acetone and acrylonitrile mole fractions. The calculation was
done for mixtures with an acrylonitrile mole fraction up to 0.07, which corresponds to 50.5
kg m−3 acrylonitrile in acrylonitrile/acetone mixtures and 173.3 kg m−3 acrylonitrile in acry-
lonitrile/water solutions. Experiments were done for acrylonitrile concentrations up to 50 kg
m−3. Fig. 3.4 shows that the acrylonitrile activity coefficient is a strong function of the ace-
tone mole fraction of the mixture. Adding acetone to an acrylonitrile/water mixture reduces
the acrylonitrile activity coefficient in the mixture drastically. This of course is a result of the
solvent selection as described in Chapter 2. Acetone was selected as a desorption solvent —
among other reasons — because of its high affinity for acrylonitrile.

The activity based isotherms for the adsorption of acrylonitrile from mixtures with ace-
tone fractions of 0, 2, 4, 6, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100v% are shown in
Fig. 3.5. This figure corresponds to Fig. 3.1, whereas the x-axis showing the concentration
in Fig. 3.1 now shows the activity. In Fig. 3.5 it can be seen that for acetone fractions of
2v% and higher (grey and black data points), the adsorbed amount of acrylonitrile at a certain
activity is always similar, no matter which is the acetone/water ratio of the solution. The
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acrylonitrile loading for adsorption from pure water (white data points) is higher. A Lang-
muir isotherm was fitted to the data points for acetone fractions of 2v% and higher. The
concentration c, which is used as a variable in the conventional Langmuir isotherm (Eq. 3.1),
was here replaced with the activity a (Eq. 3.4). qs,act has the dimensions of loading (kg kg−1)
and because the activity is dimensionless, kL,act has the unit 1. With the curve fitting tool of
Matlab, the best fit was found for qs,act = 1.259 kg kg−1 and kL,act = 1.11. As an example,
the acrylonitrile loading which is in equilibrium with a solution of 200 kg m−3 acrylonitrile
in acetone is calculated here: a concentration of 200 kg m−3 acrylonitrile in acetone corre-
sponds to 3769 mol m−3. By use of the UNIFAC model, an acrylonitrile activity of 0.257 is
found. The activity based Langmuir isotherm then gives an equilibrium loading of 0.28 kg
kg−1.

q = qs,act ·
a · kL,act

1+a · kL,act
(3.4)

Figure 3.4: Acrylonitrile activity coefficient in acetone/acrylonitrile/water mixtures as cal-
culated by use of UNIFAC. The acrylonitrile activity coefficient decreases with increasing
acetone mole fraction.
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Figure 3.5: Activity based acrylonitrile adsorption isotherms. Acrylonitrile was adsorbed
onto Dowex Optipore L-493 from water, from acetone and from different acetone/water mix-
tures at 25ºC. The experimental data points are described with an activity based Langmuir
isotherm.

3.4 Application of the theory of Minka and Myers

3.4.1 Literature

In 1931, Markham and Benton developed a method to predict multicomponent adsorption
equilibria for gas adsorption from pure component adsorption data. The Langmuir parame-
ters for multicomponent adsorption are given as simple functions of the Langmuir parameters
of the pure component adsorption. Hill (1946) and Arnold (1949) later extended the theory of
Markham and Benton to mixtures for which the B.E.T. isotherm applies. The ideal adsorbed
solution theory (IAST) has been proposed by Myers and Prausnitz (1965) for multicompo-
nent gas adsorption. This model is based on basic thermodynamic equations. It assumes that
the gas phase obeys the ideal gas law and that in the adsorbed solution all activity coefficients
are equal to unity. The multicomponent adsorption isotherms are then predicted by use of
only pure-component adsorption data. Radke and Prausnitz (1972) extended this theory to
multicomponent adsorption from dilute liquid solutions. They assumed that the activity co-
efficients in the adsorbed solution as well as in the dilute solution are equal to unity. Sircar
and Myers (1971) and Larionov and Myers (1971) presented the application of the thermody-
namic model for non-ideal two-component liquid systems, using the surface excess instead of
the adsorbed amount as an experimental variable. Nonidealities in the bulk phase and in the
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adsorbed phase are taken into account. This model was extended by Minka and Myers (1973)
to an arbitrary number of components. They describe a procedure to predict multicomponent
adsorption equilibria from binary data, taking into account nonidealities in the bulk as well as
in the adsorbed phase. This real adsorbed solution theory (RAST) is widely applied, exam-
ples are given in Yun et al. (1996), Talu and Zwiebel (1986), and Costa et al. (1981). Based
on the RAST, Berti et al. (1999) developed the adsorbate–solid solution theory. The adsorbed
phase is treated as a mixture of the adsorbate with the adsorbent as additional component.
The activity coefficients in the mixture are calculated by use of group contribution methods.
This method was successfully applied to liquid adsorption onto zeolites. According to Berti
et al. (1999) the mole fraction of each component in the adsorbate–solid solution needs to be
known. For the adsorption in macroporous polymers however, because of the absence of a
well-defined, homogeneous adsorbate–solid mixture, this method can not be applied.

The method of Minka and Myers and Larionov and Myers is based on the use of ac-
tivity coefficients in both phases, bulk and adsorbed. Activity coefficients are macroscopic
quantities and they can be used only for components which are present in a homogeneous
phase with dimensions that are much larger than the molecular dimensions of the compo-
nents themselves. Kalies et al. (2004) developed a method for calculating excess adsorption
quantities which is based on the activity coefficients in the bulk phase only and not on the
activity coefficients in the adsorbed phase. This method can be applied even for microscopic
sorbents. As Kalies et al. states, the construction of separation diagrams is not possible only
on the basis of adsorption excess quantities. When, as in our case, the estimation of separa-
tion efficiencies is the aim the calculations, the method can not be applied without making
further assumptions. Kalies et al. describe the adsorption of benzene, cyclohexane, and ethyl
acetate on a molecular sieve of which the most frequent pore size is 0.53 nm. The molecular
diameter of the adsorbed components is in the same dimension as the pore size of the sorbent.
In the system the present work is concerned with, the molecular diameter of all components
is less than 1 nm. The pore size distribution of Dowex Optipore is given in Fig. 3.6. An active
porosity of 0.86 mL g−1 (based on dry adsorbent) was found experimentally (Section 3.2.3).
The supplier gives a total particle porosity of 1.16 mL g−1. The active porosity excludes the
largest pores of the sorbent as in those pores no specific adsorption occurs; the composition
of the pore fluid is the same as the composition of the bulk liquid. In our system, the largest
part of the active porosity is formed by the pores with a pore size 10–100 nm. This is much
more than the diameter of the sorbates and the method of Minka and Myers can therefore be
applied.
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(a) (b)

Figure 3.6: Pore size distribution of Dowex Optipore as measured by use of mercury intrusion
porosimetry. The pore volume and surface area were determined for pores with a diameter
> 6.6 nm. The total pore volume and surface area are provided by the supplier. (a) Absolute
pore volume and surface area. (b) Differential pore volume and surface area.

The method of Minka and Myers was selected for the prediction of adsorption equilib-
ria in the ternary system acetone/acrylonitrile/water. This method takes into account non-
idealities in the bulk as well as in the adsorbed phase. This is crucial for the implementation
of the model for the system acetone/acrylonitrile/water as the mixture is highly non-ideal. It
is shown in this chapter how the method of Minka and Myers can be applied to systems with
phase separation in the liquid phase.

3.4.2 Theory

3.4.2.1 Determination of activity coefficients in adsorbed phase for binary mixtures

The method of Larionov and Myers (1971) and Minka and Myers (1973) is used for the pre-
diction of ternary adsorption equilibria from binary experimental data. This method assumes
that the volume change is zero when the components of the solution are mixed in the pores of
the adsorbent (i.e. isometric mixing). It is further assumed that the pore volume is constant
(no swelling) and that the pores are always completely filled with liquid.

The method of Minka and Myers, which was described for systems with one liquid-phase,
was in this work extended to systems with two liquid phases. Acetone is completely misci-
ble with water as well as with acrylonitrile. For water–acrylonitrile mixtures, however, two
phases are formed for acrylonitrile mass fractions between 0.074 and 0.966 at 25ºC (Davis
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and Wiedeman, 1945).

From the Gibbs adsorption isotherm (Eq. 3.5), Larionov and Myers derived Eq. 3.6, based
on the prerequisite that in equilibrium the fugacity for each component is the same in the
liquid phase as in the adsorbed phase. The free energy of immersion (Φ in Eq. 3.7) is used
as defined by Minka and Myers instead of the spreading pressure π since it is not possible to
define an active surface area per unit mass of adsorbent for a macroporous polymeric sorbent.

Adπ =−na
i dµ
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For Eq. 3.6, the difference in the free energy of immersion between the mixture (Φ) and
the pure liquid (Φ0

i ) needs to be known. Based on the Gibbs-Duhem relationship for the bulk
liquid (Eq. 3.8), Sircar and Myers derived Eq. 3.9 in order to determine this difference in free
energy of immersion. They integrated Eq. 3.9 from a pure species xb

1 = 1 to a given mole
fraction xb

1 in a mixture according to Eq. 3.10 at constant temperature and pressure. nE
i is the

surface excess as defined by Eq. 3.11. By use of Eq. 3.12 and by defining ξ as the integration
variable for the mole fraction, the mathematically consistent Eq. 3.13 was found.
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If the activity coefficient of species 1 in the liquid solution is known and the isotherm
(from which the surface excess can be calculated) has been determined, the adsorbed phase
activity coefficient of species 1 can be calculated from Eq. 3.6. For species 2, following Price
and Danner (1988), we use Eq. 3.14 and 3.15 and calculate the activity coefficient again from
Eq. 3.6.
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The activity coefficients of species 1 and 2 in the adsorbed phase can now be described
with an appropriate activity coefficient model, as for example NRTL (non-random two liquid
model) or Margules.

3.4.2.2 Prediction of the adsorption equilibrium for ternary systems

Minka and Myers described a procedure for the prediction of the adsorption equilibrium for
ternary systems with one liquid phase, which in this work was extended to systems with two
liquid phases.

Based on Eq. 3.6, 3.11, and 3.16, Minka and Myers derived Eq. 3.17 and 3.18. Eq. 3.16
is based on the assumption that the volume change of the liquid is zero when the solution is
formed in the pores from the pure liquids. Eq. 3.19 is derived by summation of both sides of
Eq. 3.11 over all the components.

Using the Gibbs-Duhem equation and Eqs. 3.16–3.19, Minka and Myers found an equa-
tion for the free energy of immersion for a fixed ratio r = xb

3/xb
2 (Eq. 3.20). xb

2 and xb
3 are here

expressed as functions of the mole fraction of component 1, ξ , and the ratio of mole fractions
of the components 2 and 3, r, as given in Eqs. 3.21 and 3.22. Eq. 3.20 has to be used for one
component only. The free energy of immersion for the other two components can be found
by use of Eq. 3.14.
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3.4.3 Practical approach

3.4.3.1 Isotherms for binary mixtures with and without phase separation

Binary isotherms were experimentally determined for the adsorption of acrylonitrile from
water and from acetone, as well as for the adsorption of acetone from water. We assume
that the same pore volume is accessible for all three components. For the description of the
isotherms we take into account only the active porosity and exclude the largest pores. In the
largest pores, no specific adsorption occurs; the composition of the pore fluid is the same
as the composition of the bulk liquid. The supplier of Dowex Optipore (Sigma-Aldrich, The
Netherlands) gives a total particle porosity of 1.16 mL g−1 (based on dry particles). We found
the volume of the active porosity (0.86 mL g−1) from the isotherm of acrylonitrile adsorption
from water as described in Section 3.2.3.
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The Langmuir isotherm model is thermodynamically consistent as it reduces to Henry’s
law at low concentrations. This model was therefore used for the description of the binary
isotherms. Since acrylonitrile and water form two phases for acrylonitrile mass fractions
between 0.074 and 0.966 at 25ºC, the Langmuir model had to be applied for a two-phase sys-
tem. This was done as described in Section 3.2.3. The Langmuir parameters for the isotherms
describing the adsorption of acrylonitrile from acetone and acetone from water were found
by fixing the maximum adsorbed amount at pure acrylonitrile and pure acetone, respectively.
The maximum adsorbed amount is the product of the active porosity and the density of the
adsorbed liquid. The Langmuir parameters were then determined by fitting the model to the
experimental data.

3.4.3.2 Determination of activity coefficients in the adsorbed phase for binary mixtures
with and without phase separation in the liquid phase

For the systems acrylonitrile/acetone and acetone/water the method for the determination of
the activity coefficients in the adsorbed phase, which is described in Section 3.4.2, could
directly be applied: From the Langmuir isotherms the surface excess was found by use of
Eq. 3.11. The difference in the free energy of immersion was calculated from the surface
excess and from the activity coefficients in the liquid phase by use of Eq. 3.13. The activity
coefficients in the liquid phase were calculated using UNIFAC. The activity coefficients in
the adsorbed phase were finally calculated by use of Eq. 3.6 and given as functions of the
adsorbed phase mol fractions.

This method had to be adapted for the two-phase system acrylonitrile/water. For acry-
lonitrile mass fractions > 0.966 (which corresponds to mole fractions > 0.906) the integral
in Eq. 3.13 is evaluated conventionally. For acrylonitrile mass fractions between 0.074 and
0.966, the integral was not evaluated as these mole fractions do not exist. For mass fractions
< 0.074 (which corresponds to mole fractions < 0.026), because the integration starts at an
acrylonitrile mole fraction xb

2 = 1, the non-existing mole fractions between 0.026 and 0.906
had to be left out which means that the integral was split into two parts as shown in Eq. 3.23.
In the two-phase region the activity does not change. From Eq. 3.10 it can be seen that one
therefore does not have to integrate in this region. In this manner, the activity of both compo-
nents (acrylonitrile and water) could again be given as a function of the adsorbed phase mole
fractions.
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As a next step, different thermodynamic models were tested for the description of the
adsorbed phase activity coefficients as functions of the mole fractions. The Redlich-Kister
equation, the NRTL equation, the Wilson equation and the four suffix Margules equation
were tested. The four suffix Margules equation was most suitable to describe the three binary
systems. Eq. 3.24 was used as given by Larson and Tassios (1972).

logγ1 = x2
2(A12 +2(A21−A12−D12)x1 +3D12x2

1) (3.24)

By rotating the subscripts in A, the expression for γ2 is obtained. D12 remains the same.
The binary constants for all three binary systems were determined.

3.4.3.3 Prediction of the adsorption equilibrium for ternary systems with phase sepa-
ration

With the binary adsorption isotherms and the binary constants for the four suffix Margules
equation, all the information is available which is needed for the calculation of the adsorbed
amounts in a ternary system. This is done as described in Section 3.4.2 in a stepwise fashion.
The activity coefficients in the ternary mixture were calculated from the binary data with
Eq. 3.25 as given by Larson and Tassios. The activity coefficients for component 2 and 3
are obtained by rotating the subscripts (1→ 2, 2→ 3, 3→ 1). The addition of the ternary
constant C∗ was suggested by Wohl (1953). C∗ was set 0 in our system.

logγ1 = x2
2(A12 +2(A21−A12−D12)x1 +3D12x2

1)

+ x2
3(A13 +2(A31−A13−D13)x1 +3D13x2

1)

+ x2x3((A21 +A12 +A31 +A13−A23−A32)/2

+ x1(A21−A12 +A31−A13)

+(x2− x3)(A23−A32)+3x2x3D23− (1−2x1)C∗) (3.25)
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For a two-phase system, the crucial point is the correct choice of x1, x2 and x3. The inte-
gration of Eq. 3.20 is carried out along lines with a constant ratio r = xb

3/xb
2. The two-phase

region is shown in Fig. 3.7 as calculated with AspenPlus using the UNIQUAC (universal qua-
sichemical) model. This region can not be crossed during the integration. For this reason, the
ratio acrylonitrile/water needs to be kept constant during one integration, which means that
acetone is x1. Acrylonitrile was defined as x2 and water is x3. The integration always starts
at pure acetone and is stopped at the boundary to the two-phase region. By performing the
integration many times with different acrylonitrile/acetone ratios, the whole one-phase region
is covered. Three integration paths are shown in Fig. 3.7.

Figure 3.7: Ternary diagram for the system acrylonitrile/acetone/water with two-phase region
including tie lines. Three integration paths with constant r = xb

3/xb
2 are given.

3.4.3.4 Validation

The isotherms for 0v% and 100v% acetone were used for the determination of the model pa-
rameters, the isotherms for 20, 30, 40, 50, 60, 70, 80, and 90v% were used for its validation.
In these isotherms, the acetone concentration in the experiments containing all three compo-
nents was always much higher than the acrylonitrile concentration. Because the affinity of
Dowex Optipore is lower for acetone than for acrylonitrile, the relative acetone concentration
decrease in the flasks was low and could not be measured accurately. For this reason, the ace-
tone loading in Dowex Optipore at the end of the experiment was calculated from the acetone
isotherm, it was not experimentally determined. The influence of the acrylonitrile adsorption
on the acetone adsorption was as a first approach neglected. From the results of our model,
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it could eventually be seen that this approach is indeed justified for low acrylonitrile liquid
phase concentration (Fig. 3.14).

3.4.4 Results and discussion

3.4.4.1 Experimentally determined binary isotherms

The three isotherms — acrylonitrile from water, acetone from water, and acrylonitrile from
acetone — must be given in a way that the same active porosity of Dowex Optipore is obtained
at maximum liquid concentrations for all three isotherms. For the adsorption of acrylonitrile
from water and of acetone from water, the Langmuir parameters were used as determined
in Section 3.2.3 since they are both based on an active sorbent porosity of 0.86 mL g−1.
For acrylonitrile from water, the Langmuir parameters are qs = 0.830 kg kg−1 and kL =
4.98 · 10−2 m3 kg−1, and for acetone from water qs = 0.821 kg kg−1 and kL = 6.00 · 10−3

m3 kg−1. For the adsorption of acrylonitrile from acetone, the Langmuir parameters were
determined for the same active porosity. At an acrylonitrile concentration of 800.7 kg m−3

(pure acrylonitrile) the pores will be filled completely. This condition gives a fixed data point
on the isotherm: The loading at a concentration of 800.7 kg m−3 is 0.86 mL g−1 · 800.7
kg m−3 = 0.689 kg kg−1. By fixing this data point and fitting the Langmuir parameters to
the experimental data, a qs of 1.47 kg kg−1 and a kL of 1.10 · 10−3 m3 kg−1 were found.
The isotherms of acrylonitrile from water and acetone from water are shown in Fig. 3.2 and
Fig. 3.3, the isotherm of acrylonitrile from acetone is shown in Fig. 3.8. Because of the fixed
porosity, the Langmuir isotherm for the adsorption of acrylonitrile from acetone does not fit
the experimental data perfectly.

3.4.4.2 Activity coefficients in the adsorbed phase for binary mixtures with and with-
out phase separation in the liquid phase

The activity coefficients in binary mixtures in the adsorbed phase were calculated from the
binary Langmuir isotherms as described in Section 3.4.3. The four suffix Margules equation
was applied for the description of the calculated adsorbed phase activity coefficients. The
parameters of the Margules equation were found by use of the fitting tool in Matlab. The
activity coefficients as calculated from the isotherms, and the fit with the four suffix Mar-
gules equation are shown in Figs. 3.9–3.11. The Margules equation can describe the activity
coefficients very well. The Margules parameters for all three systems are given in Table 3.2.
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Figure 3.8: Experimentally determined isotherm for the adsorption of acrylonitrile from ace-
tone onto Dowex Optipore L-493 at 25ºC. The experimental data points are described with a
Langmuir isotherm.

Table 3.2: Parameters of the four suffix Margules equation as found from binary adsorption
data fitting. Component 1 = acetone, component 2 = acrylonitrile, component 3 = water.

A12 =−0.0511 A21 =−0.0802 D12 = 0.0291

A13 = 0.8660 A31 = 1.2182 D13 = 0.7792

A23 = 0.7023 A32 = 0.9690 D23 = 0.3048

3.4.4.3 Adsorption equilibrium for ternary systems with phase separation

The composition of the adsorbed phase was calculated from the binary adsorption isotherms
and from the three-component four suffix Margules equation. The calculated adsorbed phase
mole fraction of acrylonitrile is given in Fig. 3.12 as a function of the liquid phase compo-
sition. It can be seen that, especially at low liquid phase acrylonitrile mole fractions, the
acrylonitrile loading is a strong function of the acetone mole fraction in the liquid phase,
whereas at higher acrylonitrile mole fractions this effect is less pronounced. The area of low
liquid phase acrylonitrile mole fractions is of particular interest here, as the aim of this work
is the separation of acrylonitrile from industrial wastewater streams. The acrylonitrile con-
centration in such waste streams is typically up to 10 kg m−3, which corresponds to a mole
fraction of 0.003. Batch experiments up to mole fractions of 0.07 where done, as acrylonitrile
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Figure 3.9: Adsorbed phase activity coefficients in the acrylonitrile/acetone system, experi-
mental (from isotherms) and fitted with the four suffix Margules equation.

Figure 3.10: Adsorbed phase activity coefficients in the acetone/water system, experimental
(from isotherms) and fitted with the four suffix Margules equation.

mole fractions much higher than 0.003 will occur in Solvent Swing Adsorption columns dur-
ing the desorption step. The area of small acrylonitrile fractions is enlarged again in Fig. 3.13.
From this figure it becomes clear that acrylonitrile can be desorbed efficiently from Dowex
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Figure 3.11: Adsorbed phase activity coefficients in the acrylonitrile/water system, experi-
mental (from isotherms) and fitted with the four suffix Margules equation.

Optipore L-493 by use of acetone as by an increase in the acetone mole fraction, the ad-
sorbed phase mole fraction of acrylonitrile decreases quickly. At a liquid phase acrylonitrile
mole fraction of 0.02 and a liquid phase acetone mole fraction of 0, the adsorbed phase mole
fraction of acrylonitrile is between 0.6 and 0.8. At the same liquid phase acrylonitrile mole
fraction and a liquid phase acetone mole fraction of 0.2, the adsorbed phase mole fraction of
acrylonitrile decreases to 0.2–0.4.

Fig. 3.14 shows the adsorbed phase mole fraction of acetone as a function of the liquid
phase composition. It can be seen that at low liquid phase acrylonitrile mole fractions, for
which our experiments were done, the adsorbed phase acetone mole fraction is not very sen-
sitive to the liquid phase acrylonitrile mole fraction. This justifies the assumption — the
influence of the acrylonitrile adsorption on the acetone adsorption can be neglected — which
was made in Section 3.4.3.4.

The thermodynamic model is validated by comparing the calculations with the experi-
mental data points in Fig. 3.15. The model is able to predict the acrylonitrile loading with
good accuracy; however it tends to overestimate the acrylonitrile loading slightly. This over-
estimation can be due to the imperfect description of the binary isotherms with the Langmuir
equation. Furthermore the assumptions in the method of Minka and Myers — the volume
change is zero when the components of the solution are mixed in the pores of the adsorbent,
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Figure 3.12: Calculated adsorbed phase mole fraction of acrylonitrile as a function of the
bulk phase composition. The calculation was performed for a temperature of 25ºC.

Figure 3.13: Calculated adsorbed phase mole fraction of acrylonitrile as a function of the bulk
phase composition for low acrylonitrile mole fractions in the liquid phase. The calculation
was performed for a temperature of 25ºC.

the pore volume is constant — are simplifications of the reality. We observed a swelling of
Dowex Optipore L-493 of around 7% in pure acetone compared to pure water. Swelling will
lead to higher acrylonitrile loadings. The acrylonitrile loadings in acetone/water mixtures are
functions of the loadings from pure acetone and from pure water. If the actual swelling of
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Figure 3.14: Calculated adsorbed phase mole fraction of acetone as a function of the bulk
phase composition for low acrylonitrile mole fractions in the liquid phase. The calculation
was performed for a temperature of 25ºC.

Dowex Optipore in acetone/water mixtures is less than what is included in the model, this will
lead to an overestimation of the calculated acrylonitrile loading in acetone/water mixtures.

3.4.4.4 Phase separation in the bulk liquid and in the adsorbed phase

A mixture splits into two separate liquid phases if by doing so, it can lower its Gibbs energy.
If a plot of the Gibbs energy of mixing against one mole fraction is, in part, concave down-
ward, a second liquid phase is formed in the liquid, whereas the phase separation will happen
between the two local minima of the curve (Prausnitz, 1986). This is what is happening in
acrylonitrile/water mixtures for acrylonitrile mole fractions between 0.026 and 0.906. In or-
der to gain insight into the behavior of the acrylonitrile/water liquid mixture in the pores of
Dowex Optipore, the isothermal Gibbs free energy of mixing per mole, gm, was calculated
for acrylonitrile/water mixtures in liquid phase as well as in the adsorbed phase by Eq. 3.26
(Prausnitz, 1986).

gm = RT (x1 ln(a1)+ x2 ln(a2)) (3.26)

The activity coefficients of acrylonitrile and water for acrylonitrile/water mixtures were
calculated for the bulk phase and for the adsorbed phase as described above. The Gibbs
energy of mixing was then calculated for mixtures of these two components according to
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Figure 3.15: Experimentally determined and calculated acrylonitrile loading on Dowex Op-
tipore for different water/acetone ratios in the liquid. The acrylonitrile loading is slightly
overestimated by the model.

Eq. 3.26. This was first done for the liquid phase; the plot is given in Fig. 3.16. The two
minima are located at acrylonitrile mole fractions of 0.031 and 0.923 which corresponds well
with the data from literature (0.026 and 0.906). This serves as a validation of the UNIFAC
model. A plot of the Gibbs energy of mixing for acrylonitrile/water mixtures in the adsorbed
phase is given in Fig. 3.17. No part of the curve is concave downwards. This is a strong
indication that no phase separation is happening in the adsorbed phase. The thermodynamic
properties of the mixture are strongly influenced by its interaction with the adsorbent material.

3.5 Concluding remarks

In Section 3.2 it was shown that the measured isotherms — acrylonitrile from water, acryloni-
trile from acetone, acrylonitrile from water/acetone mixtures, and acetone from water — can
be described by the use of Langmuir isotherms. These isotherms can be used in the concentra-
tion range where the experiments have been done. They however do not allow the prediction
of adsorbed amounts in the range of compositions for which no experimental data is available.

The findings of Section 3.3 indicate that the acrylonitrile loading on Dowex Optipore is
mainly controlled by its non-ideal behavior in the solution. The acrylonitrile isotherms for
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Figure 3.16: Gibbs energy of mixing for acrylonitrile/water mixtures in the liquid phase. The
calculation was performed for a temperature of 25ºC.

Figure 3.17: Gibbs energy of mixing for acrylonitrile/water mixtures in the adsorbed phase.
The calculation was performed for a temperature of 25ºC.

the adsorption from pure acetone and from acetone/water mixtures can be described with
one common activity based Langmuir isotherm. The acrylonitrile loading for the adsorption
from pure water however can not be predicted with the use of activity based isotherms; the
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experimentally determined isotherm is higher than what is expected from the model. This
difference is probably due to the competition for adsorption sites between acetone and acry-
lonitrile. The acrylonitrile adsorption equilibrium is not only determined by the acrylonitrile
activity in the liquid phase but also — to a lesser extent — on the other molecules which are
present in the solution (acetone and water) and which are competing for the adsorption sites.
This competition is not taken into account by the model. Water adsorption onto Dowex Op-
tipore is less strong than acetone and acrylonitrile adsorption. Acrylonitrile can desorb more
easily from Dowex Optipore when acetone is present in the solution because the activity of
acrylonitrile in the solution is lowered and because acetone competes with acrylonitrile for
the available adsorption sites.

In Section 3.4 the theory of Minka and Myers was extended to a system with two liquid
phases. With this model, the acrylonitrile loading on Dowex Optipore L-493 in ternary mix-
tures (acrylonitrile/acetone/water) was predicted from binary data. It was found that, whereas
phase separation occurs in acrylonitrile/water mixtures, no second phase is formed for acry-
lonitrile/water mixtures in adsorbed state.

The findings of this chapter show that the adsorption of acrylonitrile is strongly depen-
dent on the acetone concentration in the liquid phase. This is desirable for Solvent Swing
Adsorption as acrylonitrile can be desorbed from Dowex Optipore by use of acetone in an
efficient way.



Adsorption and desorption
kinetics 4

This chapter is adapted from:
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Abstract
Slow intraparticle mass transfer often forms a drawback in adsorption processes. In this chap-
ter, the kinetics of acrylonitrile adsorption in Dowex Optipore L-493 is examined by use of
experiments and modeling. For low acrylonitrile concentrations in water, the intraparticle dif-
fusion is described by Fick’s diffusion. The pore diffusion model as well as the homogeneous
surface diffusion model are applied. For higher acrylonitrile concentrations and for liquids
containing acetone as a third component, the Maxwell-Stefan approach for multicomponent
liquid phase diffusion is used. The results of the simulations with all three models are in
good agreement with the experimental data. The calculation of the thermodynamic factors
shows that — whereas for low acetone and acrylonitrile mole fractions in water, Fick’s diffu-
sion is an appropriate model — the non-ideality of the system influences the diffusion rates
at higher concentrations. The diffusion coefficient according to the pore diffusion model for
the intraparticle diffusion of acrylonitrile as well as the Maxwell-Stefan intraparticle diffu-
sion coefficients are in the same range as the free liquid diffusion coefficients of acetone in
water and of acrylonitrile in water and acetone. This fast intraparticle mass transfer allows
running adsorption columns with a high superficial velocity which is desirable for industrial
processes.
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4.1 Introduction

Dowex Optipore L-493, a commercially available styrenic polymer crosslinked with divinyl-
benzene, is used as an adsorbent material for the separation of dissolved acrylonitrile from
water. The objective of this chapter is the description of the kinetics of the acrylonitrile ad-
sorption from water onto Dowex Optipore and the kinetics of the desorption of acrylonitrile
from Dowex Optipore by use of different acetone/water mixtures. The kinetic parameters are
found by comparing experimental data with mathematical models.

Different experimental set-ups can be used to measure adsorption rates. Kouyoumdjiev
(1992) has used a stirred vessel in which the solute (an organic compound) and the adsor-
bent material (activated carbon) were mixed in water. A small stream of the solution was
continuously pumped from the vessel to a spectrometer and back into the vessel. In the spec-
trometer, the concentration of the organic compound was detected on-line. Stirred vessels
have also been applied by Guerra et al. (2012) who measured the adsorption of uranyl on
beryl and tourmaline and by Moussavi and Khosravi (2010) who measured the removal of
cyanide from wastewater. The principle of stirred or shaken vessels is most widely applied
for the analysis of adsorption kinetics. An alternative to this method is the zero-length col-
umn (ZLC) which has been introduced by Eic and Ruthven (1988). In a ZLC experiment,
the adsorbent material is fixed in a column whereas the bed height is small. The solution
containing the sorbate is pumped from a vessel over the column and back into the vessel. A
ZLC approaches an ideally mixed finite bath when the flow through the column containing
the adsorbent particles is large and the concentration difference between inflow and outflow
is small. When the flow is sufficiently high, the external mass transfer can be neglected and
the adsorption rate is a function of only the intraparticle diffusion coefficient. Compared to
the stirred vessel, the ZLC has a few advantages and it was therefore applied in the present
study. Compared to stirred batch contactors, the external mass transfer can be controlled
more easily in ZLC experiments. As the solution is pumped over a column containing the
adsorbent particles, the superficial velocity of the solution is known. This allows the estima-
tion of the external mass transfer coefficients by use of correlations. Additionally, a damage
of the particles due to intense stirring is omitted as the particles are fixed in the column.

Two models based on Fick’s diffusion were formulated for the adsorption of acrylonitrile
from water onto Dowex Optipore. The mathematical models — the homogeneous surface
diffusion model (HSDM, as described by Rosen (1952) and Weber and Chakravorti (1974))
and the pore diffusion model (PDM, as described by Shin and Knaebel (1987)) — were used
for the fitting of the experimental data and the determination of the intraparticle diffusion co-
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efficients. These two models were applied for the description of the acrylonitrile adsorption
step in the Solvent Swing Adsorption process. In this step, only acrylonitrile in low concen-
trations and water, but no acetone, are present in the system. Because of the low acrylonitrile
concentrations (≤10 kg m−3), the system is close to being ideal and Fick’s diffusion can be
used.

In the desorption step of the Solvent Swing Adsorption process however, the bulk acry-
lonitrile concentrations in the column vary strongly (0 kg m−3 up to > 200 kg m−3) and
the solvent can consist of water, acetone, or mixtures of both. Because the system acry-
lonitrile/water/acetone is highly non-ideal, Fick’s diffusion might not be suitable for the de-
scription of the intraparticle diffusion in the desorption step. The Maxwell-Stefan model is
used in this step as it can be applied to multicomponent systems and it takes into account
non-idealities in the solution. The model of Maxwell-Stefan has been widely applied for the
description of the diffusion of gases in porous media (Solsvik and Jakobsen, 2011; Krishna
and van Baten, 2009; Do and Do, 1998) and to a lesser extent for the description of liquid
diffusion in porous media (Silva and Lito, 2007; Yu et al., 2007; Noordman and Wesselingh,
2002).

In Dowex Optipore, the predominant part of the pore volume is formed by pores with a
diameter > 10 nm (Fig. 3.6). According to Krishna and van Baten (2009), molecules which
move through a porous particle are always within the influence of the force field of the pore
walls if the pore sizes are smaller than about 0.8 nm. As examples for sorbents with such
small pore diameters, zeolites, carbon nanotubes, carbon molecular sieves, or metal-organic
frameworks can be named. In the large pores of Dowex Optipore however, intraparticle
diffusion is governed by molecule–molecule interactions whereas the influence of molecule–
pore wall interactions is less important. The diffusion inside the pores of Dowex Optipore
is therefore modeled as diffusion in a non-ideal fluid and without taking into account the
influence of molecule–wall interactions. A model including external and intraparticle mass
transfer resistances has been developed based on the Maxwell-Stefan approach.

4.2 Materials and methods

4.2.1 Substances

Demineralized water was used for all experiments. Acrylonitrile (> 99%, containing 35–45
mg L−1 monomethyl ether hydroquinone as inhibitor, Sigma-Aldrich, The Netherlands) and
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acetone (technical, VWR, Belgium) were used without further treatment. Dowex Optipore
L-493 (Sigma-Aldrich, The Netherlands) was used in wet condition as received.

4.2.2 Dowex Optipore L-493

Dowex Optipore L-493 (Sigma-Aldrich, The Netherlands) is a polymeric sorbent which was
developed by The Dow Chemical Company for the removal of organics from air and water.
Dowex Optipore consists of styrene crosslinked with divinylbenzene and it has a high specific
surface area. It is insoluble in strong acids, strong bases and organic solvents and has — due
to the absence of functional groups — no catalytic activity. The particles have a diameter of
0.29–0.84 mm and they possess a good physical strength. The typical physical and chemical
properties as provided by The Dow Chemical Company (2012) are given in Table 4.1.

Based on the parameters as given by the supplier, on the density of water (which was
here rounded to 1000 kg m−3), and on the density of the sorbent matrix, a few more im-
portant parameters were calculated. These parameters as given in Table 4.2 are used in the
mathematical models. For the density of the sorbent matrix, a value of 1000 kg m−3 was
assumed (the density of polystyrene is 1050 kg m−3). This is a reasonable assumption as it
was observed that Dowex Optipore has almost the same density as water. From Eq. 4.1, a
value of 0.38 was found for the bed porosity εb (the bed density ρb,wet and the particle density
ρp,wet are both based on wet particles, the pores of the bed are filled with air). This is in
good agreement with the value of 0.34 which was determined experimentally. The particle
porosity which is given from the supplier in mL g−1 is converted into a volume fraction by
use of Eq. 4.2. The density of the dry adsorbent particles is calculated from Eq. 4.3.

Since the sorbent particles do not have a uniform size, the mass averaged radius was
determined by use of a sieve analysis. A mass averaged radius of 3.65 · 10−4 m was found
and used in the models.

εb = 1−
Vp

Vb
= 1−

mp,wet
ρp,wet
mb,wet
ρb,wet

= 1−
1000 kg

1000 kg m−3

1000 kg
620 kg m−3

= 0.38 (4.1)

εp =
Vpores

Vpores +Vmatrix
=

1.16 mL
1.16 mL+1 mL

= 0.54 (4.2)

ρp = (1− εp) ·ρmatrix = (1−0.54) ·1000 kg m−3 = 460 kg m−3 (4.3)
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Table 4.1: Physical and chemical properties of Dowex Optipore L-493 as provided by the
supplier (The Dow Chemical Company, 2012).

Matrix structure Macroporous styrenic polymer

Physical form Orange to brown spheres

Particle size 20–50 mesh (0.29–0.84 mm)

Moisture content 50–65%

BET surface area, m2 g−1 > 1100
Particle porosity, mL g−1

(based on dry particles) 1.16

Average pore diameter, nm 4.6
Apparent density of the bulk, g mL−1

(based on wet particles) 0.62

Ash content < 0.01%

Crush strength, g bead−1 > 500

Heat capacity, J g−1 K−1 3.138

Table 4.2: Calculated and experimentally determined physical properties of Dowex Optipore
L-493.

Bed porosity εb, - 0.38

Particle porosity εp, - 0.54
Particle density ρp, g mL−1

(based on dry particles) 0.46

Mass averaged particle radius rP, m 3.65 · 10−4

4.2.3 Zero-length column experiments

4.2.3.1 Zero-length column experiments for Fick’s diffusion

As in the batch experiments, Dowex Optipore was used in wet condition but the calculations
were done based on dry mass. The total solution volume in the ZLC experiment which was
used for Fick’s diffusion was 24.4 mL, which includes the volume of the flask (20 mL) and
the volume of the pump including piping (4.4 mL). This internal volume of 4.4 mL was
determined by a dilution method: The pump including piping was filled with water. An
aqueous solution of acetonitrile with known volume and acetonitrile concentration was then
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pumped over the column and back into the flask. The solution in the flask was stirred. The
acetonitrile concentration in the flask was measured after 10 min and the volume of the pump
including piping was calculated using a mass balance. This was done three times and the
average of the three values for the internal volume (4.4 mL, 4.6 mL, 4.3 mL) was used in the
models. In the kinetic experiments, an initial acrylonitrile concentration of 9.75 kg m−3 and
a dry adsorbent mass of 0.237 g were used. Fig. 4.1 shows the set-up of the ZLC experiment.
The solution was pumped with an HPLC pump (Knauer Smartline Pump 1000) from a 20
mL flask over the Dowex Optipore particles which were fixed in an Omnifit Column (Bio-
Chem Valve/Omnifit, England) with an inner diameter of 15 mm. The bed height was 4
mm. The experiment was carried out in recycle mode which means that the inlet to and the
outlet from the column were placed in the same glass flask. A flow rate of 100 mL min−1,
which corresponds to a superficial velocity of 9.3·10−3 m s−1 was applied. The solution in
the flask was stirred with a magnetic stirrer. The experiment was done at room temperature
(20ºC). Samples of 50 µL were taken from the stirred flask with a pipette. Over a period of
10 min, 9 samples were taken, which is 450 µL or 1.8% of the initial solution volume. This
relative volume decrease is smaller than the error of the analytical method and therefore it
was not taken into account when comparing the experiment with the model. During the first
2 min, samples were taken each 7 s, afterwards fewer samples were taken. The acrylonitrile
concentration was measured with a gas chromatograph (Varian CP-3800, column: CP-Wax
52CB) using acetonitrile as internal standard. Each sample was injected three times and
an average of the three concentrations was used. Measured concentrations were only used
when the relative standard deviation (standard deviation divided by the average) of the three
injections was < 5%. In most cases the relative standard deviation was < 1%. The adsorbed
amount of acrylonitrile was determined by use of a mass balance as given in Eq. 2.1.

4.2.3.2 Zero-length column experiments for Maxwell-Stefan diffusion

The same experimental set-up was used for the Maxwell-Stefan diffusion, but a column with
a diameter of 6.6 mm (instead of 15 mm) came into operation. The bed height was < 10 mm
for all experiments, the residence time in the column was < 0.25 s. Superficial velocities in
the column of 2.4–4.8 · 10−2 m s−1 were applied. Samples of 20 µL were taken from the
stirred flask with a pipet, the total volume of all samples was < 2.8% of the initial batch vol-
ume. This volume decrease was not taken into account in the model as it is in the same range
as the error which originates from the analytical method. For both components, acrylonitrile
and acetone, the same analytical method was applied as described in Section 4.2.3.1. The
experiments were performed at room temperature (20ºC). Dowex Optipore was used in wet
condition but all calculations were done based on dry mass; the water content of the Dowex
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Figure 4.1: Zero-length column (ZLC). The solution is pumped with an HPLC pump over the
column which contains Dowex Optipore L-493. The ZLC is operated in recycle mode, which
means that the outflow of the column goes back into the flask. Samples are taken manually
from the flask and are analyzed by use of gas chromatography.

used in the experiments was 56–68%.

The batch volume V , the adsorbent mass M, the initial concentration ĉ0, and the initial
loading q̂0 of two adsorption and four desorption experiments are given in Table 4.3. In the
adsorption experiments, water containing 10 kg m−3 acrylonitrile (189 mol m−3) or 10 kg
m−3 acetone (172 mol m−3) was pumped over fresh Dowex Optipore. The acrylonitrile or
acetone concentration decrease in the flask was measured. In the desorption experiments,
fresh Dowex Optipore was first preloaded with acrylonitrile using an aqueous solution con-
taining 10 kg m−3 acrylonitrile. The acrylonitrile was then desorbed from the adsorbent
material with pure acetone or acetone/water mixtures and the acrylonitrile concentration in-
crease in the solution was measured. The initial acrylonitrile concentration in the desorption
experiments (10.4 mol m−3) originates from the solution which was used to preload the col-
umn. A small volume of this solution remained in the bed porosity of the adsorbent column.
The initial loading in the desorption experiments was calculated according to Eq. 4.4. ĉ0 in
Eq. 4.4 is 10.4 mol m−3, ĉend is the measured acrylonitrile concentration at the end of the
experiment, when the acrylonitrile concentration is in equilibrium with the acrylonitrile load-
ing in the solid particles. From the known concentrations of acrylonitrile and acetone in the
batch at adsorption equilibrium, q̂end was calculated from Eq. 4.40.

q̂0 = q̂end +
V
M
· (ĉend− ĉ0) (4.4)
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4.3 Fick’s diffusion for diluted systems

4.3.1 Mathematical models

4.3.1.1 The homogeneous surface diffusion model

The homogeneous surface diffusion model (HSDM) assumes diffusion in homogeneous par-
ticles. This means that the sorbate is transported and stored inside the particle in only one
phase, the solid phase. The model assumes that the actual adsorption step is very fast and
not rate-limiting. Additionally, the following assumptions are made: Surface diffusion (the
diffusion along the pore walls in adsorbed state) is the predominant intraparticle mass trans-
fer mechanism and it is not a function of concentration. The local liquid-phase mass transfer
rate can be described by the linear driving force approximation (Hand et al., 1984). This
approximation is based on the model of a stagnant liquid film surrounding each particle. The
dissolved component moves through this stagnant film by molecular diffusion. The thickness
of the film is a function of the viscosity of the liquid and the fluid velocity. The higher the
fluid velocity and the lower the viscosity of the liquid, the thinner is the liquid film. De-
pending on the dimensions of the ZLC and the operating conditions of the experiment, the
liquid film mass transfer rate or the intraparticle diffusion can be rate-limiting. It is further
assumed that there is no concentration gradient over the adsorbent bed so that the ZLC can
be modeled as an ideally mixed finite bath. The equilibrium between solid and solution is de-
scribed by a Langmuir isotherm (Eq. 4.5). Eqs. 4.6–4.10 describe the intraparticle diffusion
of acrylonitrile with the boundary and initial conditions.

q = qs ·
c · kL

1+ c · kL
(4.5)

∂q
∂ t

= Ds

(
∂ 2q
∂ r2 +

2
r

∂q
∂ r

)
(4.6)

∂q(r = 0, t)
∂ r

= 0 (4.7)

ρpDs
∂q(r = rp, t)

∂ r
= k f (cb− cs) (4.8)

cb(t = 0) = c0 (4.9)

q(r, t = 0) = 0 (4.10)
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4.3.1.2 The pore diffusion model

The HSDM and the pore diffusion model (PDM) are both based on Fick’s diffusion but in
contrast to the former, the latter is a two-phase model, which means that the sorbate is trans-
ported only in the liquid phase (the pores), but it can be stored in both phases, solid and liquid.
The equilibrium between solid phase and pore solution is described by a Langmuir isotherm
(Eq. 4.5). As in the HSDM, it is assumed that the actual adsorption step is very fast and
not rate-limiting. Diffusion in the liquid phase is the predominant intraparticle mass transfer
mechanism and it is not a function of concentration. The local liquid-phase mass transfer rate
is described by the linear driving force approximation. Depending on the dimensions of the
ZLC and the operating conditions of the experiment, the liquid film mass transfer rate or the
intraparticle diffusion can be rate-limiting. It is further assumed that there is no concentration
gradient over the adsorbent bed so that the ZLC can be modeled as an ideally mixed finite
bath. Eqs. 4.11–4.15 describe the intraparticle diffusion of acrylonitrile with the boundary
and initial conditions.

εp
∂c
∂ t

+ρp
∂q
∂ t

= Dp

(
∂ 2c
∂ r2 +

2
r

∂c
∂ r

)
(4.11)

∂c(r = 0, t)
∂ r

= 0 (4.12)

Dp
∂c(r = rp, t)

∂ r
= k f (cb− cs) (4.13)

cb(t = 0) = c0 (4.14)

q(r, t = 0) = 0 (4.15)

In many adsorption processes, the intraparticle diffusion is slow compared to the transfer
over the stagnant film. When this is the case, Eqs. 4.8 and 4.13 are not necessary and the
solution concentration at the particle surface is equal to the concentration in the bulk solution.
However, the intraparticle diffusion of acrylonitrile in Dowex Optipore is very fast. For
this reason, the intraparticle diffusion coefficient Ds or Dp and the liquid film mass transfer
coefficient k f both need to be taken into account as k f influences the adsorption rate over a
wide range of flow rates.
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4.3.2 Practical approach

The ZLC experiments were done at 20ºC whereas all isotherms were measured at 25ºC. It
was shown experimentally that the difference in the adsorbed amount of acrylonitrile between
20ºC and 25ºC is negligible (Fig. 4.2). The measured acrylonitrile isotherm was therefore ap-
plied for the kinetic models without temperature correction.

Figure 4.2: Acrylonitrile isotherms for the adsorption from water onto Dowex Optipore L-
493 at 20ºC and 25ºC.

ZLC experiments were done for different flow rates in order to find the intraparticle sur-
face diffusion coefficient Ds and the pore diffusion coefficient Dp. The higher the flow rate
(and the superficial velocity), the thinner the boundary layer around the particle, the larger
the film mass transfer coefficient k f and the more important the intraparticle diffusion coeffi-
cients Ds and Dp will be. The intraparticle diffusion coefficients are independent of the flow
rate. For the determination of Ds and Dp it is therefore desirable to work with high superfi-
cial velocities and only the results of the experiment with the highest flow rate are shown here.

Knowing the solution volume V , the sorbent mass M, and the initial acrylonitrile con-
centration c0, the equilibrium concentration c at the end of the experiment can be calculated
using a mass balance and the Langmuir isotherm. The calculated acrylonitrile equilibrium
concentration is 7.49 kg m−3 whereas the measured equilibrium concentration (after 900 s,
see Fig. 4.4) is 7.19 kg m−3. The sorbent mass is relatively uncertain, since its water content
had to be determined from a separate sample. Instead of the original value for M (0.237 g),
an adapted value of 0.286 g was used so that the calculated equilibrium value is equal to the
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Table 4.4: Input data for the homogeneous surface diffusion model (HSDM) and the pore
diffusion model (PDM).

Dry adsorbent mass M, kg 2.86·10−4

Solution volume V , m3 2.44·10−5

Initial acrylonitrile concentration c0, kg m−3 9.75

Langmuir parameter kL (from Section 3.2.3), m3 kg−1 4.98·10−2

Langmuir parameter qs (from Section 3.2.3), kg kg−1 0.830

Density of dry adsorbent particles ρp, kg m−3 460

Particle radius rp, m 3.65·10−4

Particle porosity εp (only for PDM), - 0.54

measured value.

The PDM and the HSDM were formulated in Matlab, whereas the solver pdepe was used
for the solution of the initial-boundary value problem. The input parameters are given in Ta-
ble 4.4. The calculations were done with a range of different combinations of k f and Ds for
the HSDM and different k f and Dp for the PDM in order to find the combination of values
that fits the experimental data best. Ds, Dp and k f were optimized by minimizing the sum of
squares (SS) of the differences between the calculated (cnum) and the measured values (cexp)
of the bulk concentration (Eq. 4.16). J is the number of experimental data points.

SS =
j=J

∑
j=1

(cexp/c0− cnum/c0)
2

J
(4.16)

4.3.3 Results and discussion

4.3.3.1 Structure of Dowex Optipore L-493

Dowex Optipore L-493 was characterized using mercury intrusion porosimetry (Fig. 3.6) and
scanning electron microscopy (SEM, Fig. 4.3). Mercury intrusion porosimetry gave a pore
area of 113 m2 g−1 for pores with a diameter larger than 6.6 nm and an internal porosity of
0.80 mL g−1 for pores with a diameter larger than 6.6 nm, both based on dry sorbent mass.
The supplier (Sigma-Aldrich, The Netherlands) gives a BET surface area of 1100 m2 g−1 and
a pore volume of 1.16 mL g−1. Hence, the largest part of the pore area is provided by pores
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with a diameter less than 6.6 nm, only 10% of the total surface comes from pores larger than
6.6 nm. For the pore volume however, the situation is different: The fraction with a diameter
larger than 6.6 nm forms 69% of the total pore volume. The largest part of the pore volume is
formed by pores with a diameter of 10–100 nm. These pores are visible in the SEM picture
(Fig. 4.3). The most part of the surface area is provided by pores with a negligible volume,
whereas few relatively large pores create the pore volume of the adsorbent material.

Figure 4.3: Internal structure of Dowex Optipore as determined by use of scanning electron
microscopy (SEM).

4.3.3.2 Kinetics

In Fig. 4.4 the experimentally determined concentration decrease in the bulk solution of the
ZLC experiment for a superficial velocity of 9.3 · 10−3 m s−1 is shown. The equilibrium
concentration is reached after 600 s already, which is evidence of a very fast intraparticle
diffusion. In liquid adsorption systems with comparable diameters of the sorbent particles,
equilibrium is typically reached after a few hours (e.g. phenol adsorption from water onto
zeolites, Yousef et al. (2011), lindane adsorption from water onto granular activated carbon,
Sotelo et al. (2002)) or even days (e.g. adsorption of caffeine and diclofenac onto activated
carbon, Sotelo et al. (1999)). For the fitting of the parameters Dp, Ds, and k f , only the first
600 s of the experiment were used. The shape of the first part of the concentration curve is
mainly determined by k f whereas the part where the system is close to equilibrium is more
influenced by Ds or Dp.
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Figure 4.4: Liquid phase acrylonitrile concentration in a zero-length column experiment. A
superficial velocity of 9.3 · 10−3 m s−1 was applied. The experiment was done at room tem-
perature (20ºC). Equilibrium is reached after 600 s, which is evidence of very fast intraparticle
mass transfer.

Fig. 4.5 shows the logarithm of the SS for the comparison of the experimental data with
the HSDM. For the use of the PDM the SS plot is given in Fig. 4.6. The best agreement
between calculation and experiment is obtained for combinations of Ds and k f or Dp and k f

which lie inside the white area where the SS are minimal. This gives for the HSDM a Ds

of 1.5·10−10 m2 s−1 (log(Ds) = −9.83) and a k f of 9.5·10−5 m s−1. For the PDM a Dp of
1.8·10−9 m2 s−1 (log(Dp) =−8.74) and a k f of 1.1·10−4 m s−1 were found. By comparing
Eq. 4.8 with Eq. 4.13, Ds can be converted into Dp by use of Eq. 4.17. For the initial concen-
tration c0 = 9.75 kg m−3 and the equilibrium concentration cend = 7.49 kg m−3, a Dp,conv of
1.4·10−9 m2 s−1 is found which is close to the experimentally determined value of Dp.

Dp,conv = ρp ·Ds ·
∂q
∂c
≈ ρp ·Ds ·

∆q
∆c

= ρp ·Ds ·
q(c0)−q(cend)

c0− cend
(4.17)

The adsorption curve was calculated for both models with the experimentally determined
values for Ds, Dp and k f . Both calculated curves are given in Fig. 4.7. The difference be-
tween the two curves is minimal; both models can describe the experimentally determined
data points well.

The Biot number (Eq. 4.18) shows whether the main resistance to mass transfer lies inside
the adsorbent particle or in the boundary layer surrounding it. A Biot number < 1 indicates
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Figure 4.5: Contour plot of the logarithm of the sum of squares of the difference between the
experimentally determined concentration decrease in a zero-length column experiment and
the concentration decrease as calculated by use of the HSDM.

that the time constant for mass transfer inside the particle is smaller than outside the particle.
A Biot number > 1 indicates that the main resistance to mass transfer lies inside the adsor-
bent particle. In Fig. 4.6 these two regimes are distinguished by the dotted line. Above the
line, the calculated concentration decrease in the batch is mainly depending on Dp, whereas
below the line it is a strong function of k f . The best fit between the PDM and the experi-
mental data points was found at Dp = 1.8 · 10−9 m2 s−1 and k f = 1.1 · 10−4 m s−1, where
Bi = 1.74. This means that in the experiment which was used in this chapter, the adsorption
rate is determined by both the intraparticle diffusion coefficient and the liquid film mass trans-
fer coefficient. Under these conditions, the values which are found for Ds and Dp are reliable.

Bi =
k f · rp · c0

DFick ·ρp ·q(c0)
(4.18)

A known superficial velocity was applied in the ZLC. Therefore the film mass transfer
coefficient k f can be estimated by use of correlations. Four different correlations were com-
pared (Table 4.5); they give values for k f between 4.0·10−5 and 11.8·10−5 m s−1, whereas
from the experiment k f values of 9.5·10−5 m s−1 (HSDM) and 11·10−5 m s−1 (PDM) were
found. The correlations of Wakao and Dwivedi can describe the experimental data best.
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Figure 4.6: Contour plot of the logarithm of the sum of squares of the difference between the
experimentally determined concentration decrease in a zero-length column experiment and
the concentration decrease as calculated by use of the PDM.

Table 4.5: Liquid mass transfer coefficient k f estimated by use of different correlations

Correlation of Beek (Beek and Mutzall, 1975) 4.0·10−5 m s−1

Correlation of Gnielinski (Gnielinski, 1978) 7.6·10−5 m s−1

Correlation of Wakao (Wakao and Funazkri, 1978) 8.5·10−5 m s−1

Correlation of Dwivedi (Dwivedi and Upadhyay, 1977) 11.8·10−5 m s−1

4.3.3.3 Discussion

The estimated value for Dp (1.8·10−9 m2 s−1) at 20ºC refers to diffusion over the whole
particle volume. The actual diffusion is however only taking place in the pore volume. The
diffusion coefficient describing the acrylonitrile transport only in the pores needs to be higher.
It can be found by use of Eq. 4.19, Dp,pore = 4.7 ·10−9 m2 s−1. For the tortuosity τ , a value
of 1.4 was used which was found experimentally by Bautista et al. (2003) for a macroporous
divinylbenzene-styrene resin. The particle porosity εp of Dowex Optipore is 0.54. This
diffusion coefficient can be compared with the free acrylonitrile diffusion coefficient in water,
Dw, which is 1.2·10−9 m2 s−1. Dw was estimated with the Wilke-Chang estimation method
(Poling et al., 2007). Dp,pore is larger than Dw which means that acrylonitrile diffusion is
faster in the pore volume of Dowex Optipore than in a bulk water solution.
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Figure 4.7: Experimentally determined concentration decrease for the ZLC experiment and
concentration decrease as calculated with the HSDM and the PDM for the first 80 s of the
experiment.

Dp,pore =
τ

εp
Dp (4.19)

Fickian diffusion coefficients for liquid diffusion in solid particles which are of the same
dimension as the free diffusion coefficient in water or even higher than those, are not reported
in literature often. However, for phenol intraparticle diffusion coefficients are reported which
are close to or higher than its free diffusion coefficient in water. The free diffusion coeffi-
cient of phenol in water is 8.47·10−10 m2 s−1 (Fan et al., 1989). Fan et al. (1989) reports
a Dp of 8.0·10−10 m2 s−1 for phenol diffusion in activated carbon and Hui et al. (2002) a
Dp of 1.57·10−9 m2 s−1 for phenol diffusion again in activated carbon. Furusawa and Smith
(1974) found a Dp for benzaldehyde in Amberlite particles of 1.0·10−9–1.6·10−9 m2 s−1

and of 5·10−9 m2 s−1 in activated carbon particles. The molecular diffusivity of benzalde-
hyde in water is 9·10−10 m2 s−1 (Furusawa and Smith, 1974). Like acrylonitrile, phenol and
benzaldehyde have limited solubilities in water (acrylonitrile: 73.5 kg m−3 at 20ºC, phenol:
80.19 kg m−3 at 25ºC, benzaldehyde: 6.57 kg m−3 at 25ºC, Yaws (1999)) which can be an in-
dication that the mass transfer in porous sorbents is based on similar mechanisms in all three
systems. A possible explanation for these large intraparticle Fickian diffusion coefficients
is capillary condensation. If the sorbate (phenol, benzaldehyde, or acrylonitrile) is present
in the adsorbent particle in a second phase, it could flow under the influence of a gradient in
capillary pressure as Aarden et al. (1999) states. This can lead to very high apparent diffusion
coefficients. However, in Section 3.4 it was found that acrylonitrile and water do not form
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two liquid phases in the pore system of Dowex Optipore which contradicts the theory of a
flow due to a gradient in capillary pressure.

4.4 The Maxwell-Stefan approach for acrylonitrile
adsorption and desorption

4.4.1 Mathematical models

4.4.1.1 The Maxwell-Stefan pore diffusion model

The Maxwell-Stefan pore diffusion model is a two-phase model, which means that the sor-
bate is transported only in the liquid phase (in the macropores), but it is stored in both phases,
solid and liquid. There is no surface diffusion. In Maxwell-Stefan diffusion, the driving force
for the diffusion of a component — the gradient of its chemical potential — is balanced by
the friction between the actual component and the other components in the solution. The
fluxes are functions of the chemical potential gradients; the diffusion is therefore a function
of the concentration.

It is assumed that the actual adsorption step is not rate-limiting, that the macropores are
so wide that wall friction effects can be neglected, and that the system is isothermal. The
Maxwell-Stefan diffusion per unit of pore cross section is then given by Eq. 4.20; the gradi-
ent is taken along the local pore direction. The chemical potential is related to the activity of
a component (Eq. 4.21) and a mass balance based on mole fraction is formulated (Eq. 4.22).
By assuming no volume change on mixing (Eq. 4.23) and by expressing the activity with
Krishna’s thermodynamic factor (Eqs. 4.24–4.25, Krishna (1976)), the Maxwell-Stefan equa-
tion can finally be given in matrix form (Eqs. 4.26–4.27).The equation is solved for two com-
ponents, the concentration of the third component follows from assuming a constant pore
volume. With a shell mass balance for a sphere (4.28), the equation for the concentration in
the particle results (Eqs. 4.29–4.30). The total molar concentration is calculated according to
Eq. 4.31.

ĉi∇µi =−RT

(
n

∑
j=1

x jNi− xiN j

Di j

)
(4.20)

∇µi = RT ∇ lnai (4.21)

x3 = 1− x1− x2 (4.22)
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N1V1 +N2V2 +N3V3 = 0 (4.23)

 ĉ1

ĉ2

 ∇ lna1

∇ lna2

= ĉt [Γ]

 ∇x1

∇x2

 (4.24)

Γ =

 1+ x1
∂ lnγ1
∂x1

∣∣∣
x2

x1
∂ lnγ1
∂x2

∣∣∣
x1

x2
∂ lnγ2
∂x1

∣∣∣
x2

1+ x2
∂ lnγ2
∂x2

∣∣∣
x1

 (4.25)

ĉt [Γ]∇(x) =− [F ] (N) (4.26)

F =

 x2
D12

+
x3+x1

V1
V3

D13
− x1

D12
+

x1
V2
V3

D13

− x2
D12

+
x2

V1
V3

D23

x1
D12

+
x3+x2

V2
V3

D23

 (4.27)

εp
∂ (ĉ)
∂ t

+ρp
∂ (q̂)
∂ t

=−
εp

τ

1
r2

∂

∂ r

(
r2 (N)

)
(4.28)

∂ (ĉ)
∂ t

=
εp

τ
[G]−1 1

r2
∂

∂ r

[
r2ĉt [F ]−1 [Γ]∇(x)

]
(4.29)

G =

 εp +ρp
∂ ĉ1
∂ q̂1

ρp
∂ q̂1
∂ ĉ2

ρp
∂ q̂2
∂ ĉ1

εp +ρp
∂ q̂2
∂ ĉ2

 (4.30)

ĉt =

(
n

∑
1

xiVi

)−1

(4.31)

The initial and boundary condition are given in Eqs. 4.32–4.35. The boundary condition
for the outer surface of the particle is based on a linear driving force approximation. The mul-
ticomponent film model (Eqs. 4.35–4.37) was applied as described by Krishna (1979). The
bootstrap matrix β (Eq. 4.36) allows the calculation of the flux with respect to stationary co-
ordinated from diffusion fluxes. β was calculated according to Taylor and Krishna (1993) for
a system with constant volume. k f ,12, k f ,13, and k f ,23 were calculated according to Eq. 4.38
from the fitted D12, D13, and D23 by use of the correlation of Wakao (Eq. 4.39, Wakao and
Funazkri (1978)). This correlation was found to be suitable for our system (Section 4.3.3.2).
For the calculation of the Schmidt number, the kinematic viscosity is required. Since the
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acrylonitrile concentration is low in all experiments, its influence on the viscosity was ne-
glected. The viscosity of the water/acetone mixtures was taken from Howard and McAllister
(1958).

ĉb(t = 0) = ĉ0 (4.32)

q̂(r, t = 0) = 0 (4.33)

∂ ĉ(r = 0, t)
∂ r

= 0 (4.34)

N = [β ] [B]−1 [Γ] ĉt(xs− xb) (4.35)

β =

 1− ĉtx1
(
V1−V3

)
−ĉtx1

(
V2−V3

)
−ĉtx2

(
V1−V3

)
1− ĉtx2

(
V2−V3

)
 (4.36)

B =

 x1
k f ,13

+ x2
k f ,12

+ x3
k f ,13

−x1

(
1

k f ,12
− 1

k f ,13

)
−x2

(
1

k f ,12
− 1

k f ,23

)
x2

k f ,23
+ x1

k f ,12
+ x3

k f ,23

 (4.37)

k f =
Sh ·Di j

dp

εp

τ
(4.38)

Sh = 2.0+1.1 ·Re0.6 ·Sc0.33 (4.39)

4.4.1.2 The equilibrium model

The method of Minka and Myers (1973) as described in Section 3.4 was applied for the pre-
diction of the ternary adsorption equilibrium in the system acetone/acrylonitrile/water. The
ternary adsorption equilibrium had been predicted from three binary isotherms: adsorption
of acrylonitrile from water, acetone from water, and acrylonitrile from acetone. This method
assumes that the volume change is zero when the components of the solution are mixed in the
pores of the adsorbent. It is further assumed that the pore volume is constant (no swelling)
and that the pores are always filled with liquid completely.

The adsorbed amounts of acetone and acrylonitrile as calculated in Section 3.4, were fitted
with a polynomial (Eq. 4.40). q̂i is the adsorbed amount of acetone or acrylonitrile in mol
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Table 4.6: Parameters for the polynomial in Eq. 4.40 which gives the adsorbed amount of
acetone and acrylonitrile (in mol kg−1) as a function of the acetone and acrylonitrile con-
centration in the bulk liquid (in mol m−3). The unit of the parameters pmn is mol kg−1 (mol
m−3)−(m+n)

For i = acetone For i = acrylonitrile

p00 0 0

p10 3.82 · 10−3 0

p01 0 2.26 · 10−2

p20 -6.08 · 10−7 0

p11 -1.62 · 10−6 -2.80 · 10−6

p02 0 -1.14 · 10−5

p30 4.77 · 10−11 0

p21 2.04 · 10−10 1.08 · 10−10

p12 1.65 · 10−10 1.49 · 10−9

p03 0 1.23 · 10−9

p40 -1.40 · 10−15 0

p31 -6.92 · 10−15 -1.19 · 10−15

p22 -1.04 · 10−14 -5.10 · 10−14

p13 -4.84 · 10−15 -8.67 · 10−14

p04 0 -3.77 · 10−14

kg−1. ĉ1 is the bulk concentration of acetone, ĉ2 is the bulk concentration of acrylonitrile,
whereas concentrations are in mol m−3. The parameters of the polynomial are given in Table
4.6. They are fitted so that the adsorbed amount of a component is always 0 when its bulk
concentration is 0.

q̂i = p00 + p10 · ĉ1 + p01 · ĉ2 + p20 · ĉ2
1 + p11 · ĉ1 · ĉ2 + p02 · ĉ2

2

+ p30 · ĉ3
1 + p21 · ĉ2

1 · ĉ2 + p12 · ĉ1 · ĉ2
2 + p03 · ĉ3

2 + p40 · ĉ4
1

+ p31 · ĉ3
1 · ĉ2 + p22 · ĉ2

1 · ĉ2
2 + p13 · ĉ1 · ĉ3

2 + p04 · ĉ4
2 (4.40)
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4.4.2 Practical approach

Acetone is component 1, acrylonitrile component 2, and water component 3. All model pa-
rameters except D12, D13, and D23 are known; their values and/or sources are given in Table
4.7. The adsorbent particles were modeled as spheres with a uniform size, whereas the mass
averaged radius of 3.65 · 10−4 m was used. For the tortuosity τ a value of 1.4 was used which
was found experimentally by Bautista et al. (2003) for a macroporous divinylbenzene-styrene
resin. We modeled the ZLC as an ideally mixed finite bath. D12, D13, and D23 were fitted by
use of experimental data. Each parameter was fitted by use of one experimentally determined
concentration curve. D23 was fitted first with the results of adsorption experiment 1 (see Table
4.3) in which acrylonitrile was adsorbed onto Dowex Optipore L-493 in a ZLC from water.
The fitting was done with the Maxwell-Stefan model for three components whereas the con-
centration of acetone was set zero. D13 was fitted second by use of adsorption experiment 2
in which acetone was adsorbed from water. Again the Maxwell-Stefan model for three com-
ponents was used and the concentration of acrylonitrile was set zero. As a last step, D12 was
fitted. The experimental data comes from desorption experiment 1 in which acrylonitrile was
desorbed from Dowex Optipore with acetone. Since a small amount of water was present in
the column when starting the experiment, all three components are present in the solution.
D23 and D13 were used in the model as determined previously and D12 was found by fitting.
The model with the fitted Maxwell-Stefan diffusion coefficients was validated with three dif-
ferent desorption experiments.

The ternary equilibrium model contains some inaccuracies since the equilibrium adsorbed
amounts are predicted from only the three binary isotherms acetone–acrylonitrile, acetone–
water, and acrylonitrile–water. For this reason, the calculated equilibrium concentration ĉeq

is not exactly equal to the measured equilibrium concentration. In order to minimize the
influence of these inaccuracies on the values of the Maxwell-Stefan diffusion coefficients,
dimensionless concentrations were used for the fitting of the experimental data. ĉ0 is the
same in the model as in the experiment, ĉeq differs between model and experiment. The
concentration in the adsorption experiments was made dimensionless as given by Eq. 4.41,
for desorption experiments as given in Eq. 4.42. For the validation of the data, concentrations
with dimensions were used.

ĉ∗ =
ĉ− ĉeq

ĉ0− ĉeq
(4.41)

ĉ∗ =
ĉ

ĉeq
(4.42)
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Table 4.7: Input parameters for the three-component Maxwell-Stefan model.

Parameter Value Source

k f
Correlation of Wakao (Wakao and
Funazkri, 1978)

rP 3.65 · 10−4 m Mass averaged radius, own
measurements

V̄i

Acetone:
Water:
Acrylonitrile:

7.40 · 10−5 m3 mol−1

6.63 · 10−5 m3 mol−1

1.81 · 10−5 m3 mol−1
Molar weight divided by density

εp 0.54 Calculation (Eq. 4.2)

γi UNIQUAC

ρp 460 kg m−3 Calculation (Eq. 4.3)

τ 1.4 Estimation from Bautista et al.
(2003)

4.4.3 Results and discussion

4.4.3.1 Determination of Maxwell-Stefan diffusion coefficients

D23 (system acrylonitrile/water) was found by fitting the acrylonitrile concentration curve
calculated with the Maxwell-Stefan pore diffusion model to the concentration curve from
adsorption experiment 1. The dimensionless experimental and modeled data is shown in
Fig. 4.8. ĉeq from the experiment is 178 mol m−3 and from the model it is 182 mol m−3. D23

was found 4.5 · 10−9 m2 s−1. From the curves which were calculated for D23 = 4.5 · 10−9

m2 s−1 · 0.5 and for D23 = 4.5 · 10−9 m2 s−1 · 1.5, it can be seen that the concentration is
sensitive in D23 and the diffusion coefficient therefore can be determined with good accuracy.

By fitting the model to adsorption experiment 2, D13 (system acetone/water) was deter-
mined. Fig. 4.9 gives the modeled and experimentally determined concentration curves. ĉeq

from the experiment and from the model was 165 mol m−3 and 170 mol m−3 respectively.
D13 was found 1.4 · 10−9 m2 s−1. The curves which were calculated for D13 = 1.4 · 10−9 m2

s−1 · 0.5 and for D13 = 1.4 · 10−9 m2 s−1 · 1.5 show that D13 can be determined with good
accuracy.

D12 (system acetone/acrylonitrile) was eventually found by fitting the model to desorp-
tion experiment 1. The dimensionless experimental and modeled data is shown in Fig. 4.10.
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ĉeq from the experiment as well as from the model was 41 mol m−3. D12 was found 1.2 ·
10−9 m2 s−1. The curves which were calculated for D12 = 1.2 · 10−9 m2 s−1 · 0.5 and for D12

= 1.2 · 10−9 m2 s−1 · 1.5 show that the acrylonitrile concentration is not very sensitive in D12

which means that the accuracy of D12 is limited.
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Figure 4.8: Dimensionless acrylonitrile concentration in adsorption experiment 1, experimen-
tal and by modeling. Acrylonitrile was adsorbed onto Dowex Optipore L-493 from water at
20ºC, acrylonitrile = component 2, water = component 3.

4.4.3.2 Validation of Maxwell-Stefan diffusion coefficients

The Maxwell-Stefan pore diffusion model with the diffusion coefficients D12, D13, and D23

was validated with three desorption experiments. Acrylonitrile was desorbed from Dowex
Optipore using different acetone/water mixtures. Taking into account the water which was
present in the column when starting the experiment — in the model it was assumed that the
water present in the column was mixed instantly with the bulk solution — the acetone mole
fraction of the solvents was 0.44, 0.18, and 0.05. The comparison of model and experiments
is shown in Figs. 4.11–4.13. The agreement between model and experiment is good for all
three experiments.
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Figure 4.9: Dimensionless acetone concentration in adsorption experiment 2, experimental
and by modeling. Acetone was adsorbed onto Dowex Optipore L-493 from water at 20ºC,
acetone = component 1, water = component 3.
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Figure 4.10: Dimensionless acrylonitrile concentration in desorption experiment 1, ex-
perimental and by modeling. Acrylonitrile was desorbed from Dowex Optipore L-493 with
acetone at 20ºC, acetone = component 1, acrylonitrile = component 2.
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Figure 4.11: Acrylonitrile concentration in desorption experiment 2, experimental and by
modeling. Acrylonitrile was desorbed from Dowex Optipore L-493 with an acetone/water
mixture (acetone mole fraction: 0.44) at 20ºC.
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Figure 4.12: Acrylonitrile concentration in desorption experiment 3, experimental and by
modeling. Acrylonitrile was desorbed from Dowex Optipore L-493 with an acetone/water
mixture (acetone mole fraction: 0.18) at 20ºC.

4.4.3.3 Discussion

The binary diffusion coefficients at very low concentration were estimated with the method
of Wilke-Chang (Poling et al., 2007); they are given in Table 4.8. The Maxwell-Stefan diffu-
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Figure 4.13: Acrylonitrile concentration in desorption experiment 4, experimental and by
modeling. Acrylonitrile was desorbed from Dowex Optipore L-493 with an acetone/water
mixture (acetone mole fraction: 0.05) at 20ºC.

sion coefficients which were found in this work (D12 = 1.2 · 10−9 m2 s−1, D13 = 1.4 · 10−9

m2 s−1, D23 = 4.5 · 10−9 m2 s−1, all at 20ºC) are in the same range as the Fickian diffusion
coefficients according to Wilke-Chang. The Maxwell-Stefan diffusion coefficients may be
compared with the Fickian diffusion coefficients because the acrylonitrile and acetone mole
fractions in water are low (< 0.004) which means that the thermodynamic factors Γ are close
to 1 (see Figs. 4.14 and 4.15). The fact that the Fickian diffusion coefficients are in the same
range as the Maxwell-Stefan diffusion coefficients confirms the assumption that the macrop-
ores in Dowex Optipore are so wide that the intraparticle diffusion can be described as bulk
diffusion. Intraparticle diffusion coefficients which are in the range of free liquid diffusion
coeffients have been found before for the diffusion in macroporous polymers (Rexwinkel
et al., 2003).

The thermodynamic factor Γ is a measure for the non-ideality of a system. For ideal
systems or very low solute concentrations, Γ is 1 and the Fick and Maxwell-Stefan diffusivity
are the same. The thermodynamic factor and the activity of acrylonitrile in water, acetone
in water, and acrylonitrile in acetone are shown in Figs. 4.14–4.16. The binary systems
acrylonitrile/water and acetone/water are far from being ideal. In the case of acetone in water,
the thermodynamic factor of acetone reaches a minimum of 0.2 at an acetone mole fraction
of 0.2. The non-ideality of these systems has to be taken into account when the pore diffusion
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Table 4.8: Binary diffusion coefficients at very low concentrations, estimated with the method
of Wilke-Chang (20ºC).

Solute Solvent Diffusion coefficient
Dbinary, m2 s−1

Acetone Acrylonitrile 3.28 · 10−9

Acrylonitrile Acetone 4.13 · 10−9

Acetone Water 1.03 · 10−9

Water Acetone 9.21 · 10−9

Acrylonitrile Water 1.15 · 10−9

Water Acrylonitrile 8.17 · 10−9

is modeled. The system acrylonitrile/acetone however, is almost ideal, the thermodynamic
factor is always close to 1. Diffusion in this binary system can be described with the more
simple Fickian diffusion instead of the Maxwell-Stefan diffusion.

Figure 4.14: Activity and thermodynamic factor of acrylonitrile in acrylonitrile/water mix-
tures. Water and acrylonitrile forms two phases at acrylonitrile mole fractions of 0.026–0.906.
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Figure 4.15: Activity and thermodynamic factor of acetone in acetone/water mixtures.

Figure 4.16: Activity and thermodynamic factor of acrylonitrile in acrylonitrile/acetone mix-
tures.

4.5 Concluding remarks

For the PDM an intraparticle diffusion coefficient Dp,pore = 4.7·10−9 m2 s−1 (related to dif-
fusion only in the pore volume) was found. This value is larger than the estimated value for
the diffusion coefficient for free acrylonitrile diffusion in water which is 1.2·10−9 m2 s−1.
The fast intraparticle mass transfer makes it possible to run adsorption columns with a high
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superficial velocity which is desirable for industrial processes.

The correlations of Wakao (Wakao and Funazkri, 1978) and Dwivedi (Dwivedi and Upad-
hyay, 1977) were found most suitable for the estimation of the liquid film mass transfer co-
efficients k f in our system.

The intraparticle Maxwell-Stefan diffusion coefficients for the system acetone/acrylo-
nitrile/water in Dowex Optipore L-493 were determined: D12 = 1.2·10−9 m2 s−1 (system
acetone/acrylonitrile), D13 = 1.4·10−9 m2 s−1 (system acetone/water), D23 = 4.5·10−9 m2 s−1

(system acrylonitrile/water). The Maxwell-Stefan diffusion coefficient for the system acry-
lonitrile/water corresponds well with the Fickian intraparticle diffusion coefficient Dp,pore.

The systems acetone/water and acrylonitrile/water are highly non-ideal (the thermody-
namic factor Γ of acetone and acrylonitrile is lower than 1 in the liquid mixtures). When
moderate or high concentrations of acrylonitrile and acetone are present in water, more ac-
curate results can be expected when the Maxwell-Stefan model is used instead of Fick’s
diffusion.





Modeling the separation process
in a Solvent Swing Adsorption
column 5

This chapter is adapted from:

Wegmann, C., Kerkhof, P.J.A.M. Modeling Acrylonitrile Adsorption from
Water and Desorption by Use of a Solvent in a Packed Bed. Water Re-
search, submitted.

Abstract
For the modeling of the separation process in a Solvent Swing Adsorption column, a col-
umn model was developed based on plug-flow with axial dispersion. The intraparticle diffu-
sion and the external mass transfer were described with an overall mass transfer coefficient
(lumped parameter model). This overall mass transfer coefficient was found by comparing
the full Maxwell-Stefan model, which includes a multicomponent liquid film mass transfer
coefficient matrix and multicomponent intraparticle diffusion coefficients, with the lumped
parameter model. Experimental results of acrylonitrile adsorption and acetone removal from
the column can be described well with the model. The acrylonitrile desorption is described
fairly well. For the desorption step, the apparent acrylonitrile dispersion is higher in the
experiment than in the model.
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5.1 Introduction

This chapter describes the development of a column model which predicts the composition
of the streams that are produced in a Solvent Swing Adsorption column. The composition of
these streams changes over time and is a function of the adsorption equilibrium of acetone,
acrylonitrile, and water on Dowex Optipore and of the kinetic parameters describing the dif-
fusion rates into and out of the particles. These equilibrium and kinetic parameters have been
determined in the Chapters 3 and 4. Based on these data, the column model is developed
and validated with experimental data. The column model will be used in Chapter 6 for the
estimation of the column dimensions and operating parameters and finally for the estimation
of the costs and the energy consumption when applying the application of the Solvent Swing
Adsorption process.

For the modeling of adsorption columns, most often plug-flow models are applied in
varying complexity. Pełech et al. (2006) used an equilibrium model for the description of
breakthrough curves of chlorinated hydrocarbons in aqueous solution which were adsorbed
onto activated carbon. In this model it is assumed that the adsorption equilibrium between the
solid and the mobile phase is established instantly at each point of the column. Dispersion
was neglected. Mass transfer was included in the model of Sze and McKay (2012) which
was developed for the calculation of the adsorption of para-chlorophenol from an aqueous
solution in a fixed bed of activated carbon. Sze and McKay described the mass transfer with
a linear driving force model, which is widely applied in plug-flow column models. Turku
and Saino (2009) modeled the adsorption of benzalkonium chloride from water onto the
polymeric sorbent XAD-16. They applied the plug flow model including mass transfer and
axial dispersion. The intraparticle mass transfer was calculated with the pore diffusion model
(PDM). Pełech et al. (2006) and Sze and McKay (2012) neglected the axial dispersion. Turku
and Saino (2009) used a constant axial dispersion coefficient for all components.

An alternative to the plug-flow model is the model of mixers in series. In this case, the
same equations are used as in a batch process (Chapter 4). However, for long columns a di-
vision of the column into many stages and the use of many time steps will be necessary. For
a multicomponent system, this will result in time-consuming calculations. For this reason,
a plug-flow model including axial dispersion and mass transfer is applied here to model the
Solvent Swing Adsorption column. In order to minimize the calculation time, mass transfer
is modeled using the linear driving force (LDF) approach (Ruthven, 1984).
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The results from the column model are validated with experimental data. Column ex-
periments were done using fixed-bed adsorbers with a length of 0.112 m and 0.430 m. The
columns were first loaded using a solution of dissolved acrylonitrile in water. In a second
step, the acrylonitrile was removed from the column by use of acetone. As a last step, the
acetone was removed from the column by flushing it with water. The acetone and acryloni-
trile concentrations as a function of time at the outflow of the column were measured and
compared with the results from the column model.

5.2 Materials and methods

5.2.1 Substances

Demineralized water was used in all batch experiments. Acrylonitrile (> 99%, containing
35–45 mg L −1 monomethyl ether hydroquinone as inhibitor, Sigma-Aldrich, The Nether-
lands) and acetone (technical, VWR, Belgium) were used without further treatment. Dowex
Optipore L-493 (Sigma-Aldrich, The Netherlands) was used in wet condition as received.

5.2.2 Column experiments

Dowex Optipore L-493 was fixed in glass columns (Omnifit, Bio-Chem Valve/Omnifit, Eng-
land) with different length and diameter. The water content of Dowex Optipore was deter-
mined with a separate sample. In all experiments, the column was first flushed with water
using a HPLC pump (Knauer Smartline Pump 1000) in order to remove all air from the
packed bed. Before starting the experiment, the dissolved oxygen and nitrogen were partially
removed from the acetone by use of a vacuum pump. This was done in order to minimize
bubble formation when water and acetone were mixed in the column due to different solubil-
ities of oxygen and nitrogen in the two liquids. The column was operated from bottom to top
when the feed was water or a water/acrylonitrile mixture (Fig. 5.1) and from top to bottom
when the feed was acetone. By doing this, because the density of acetone is lower than the
density of water, a regular flow pattern was ensured. Samples were taken manually at the
outflow of the column. The concentrations of acrylonitrile and acetone were measured with
a gas chromatograph (Varian CP-3800, column: CP-Wax 52CB) using a flame ionization de-
tector. Acetonitrile was used as internal standard. Each sample was injected three times and
an average of the three concentrations was used. Measured concentrations were only used
when the relative standard deviation (standard deviation divided by the average) of the three
injections was < 5%. In most cases the relative standard deviation was < 1%. The adsorbed



96 Modeling the separation process in a Solvent Swing Adsorption column

Table 5.1: Column dimensions and operating parameters of the column experiments.

Experiment 1 Experiment 2

Column diameter, m 1.5 ·10−2 2.5 ·10−2

Column length, m 0.112 0.430

Empty bed volume, m3 1.98 ·10−5 2.11 ·10−4

Dry adsorbent mass, kg 8.2 ·10−3 6.3 ·10−2

Flow, mL min−1 2.0 5.0

Superficial flow velocity, m s−1 1.89 ·10−4 1.70 ·10−4

amount of acrylonitrile was determined by use of a mass balance as given in Eq. 2.1. The
water concentration in the adsorbed and in the liquid phase was calculated by assuming no
volume change due to mixing. All experiments were done at room temperature (20ºC). The
column dimensions and the flow velocities of the column experiments as used in this chapter
are given in Table 5.1.

Figure 5.1: Column experiment. The solution is pumped with an HPLC pump over the
column which contains the Dowex Optipore L-493. Samples are analyzed by use of gas
chromatography. The column is operated at 20ºC.

5.3 Mathematical model

The mathematical model for the column is based on a one-dimensional, axial dispersed plug
flow model (Eq. 5.1) as given by Ruthven (1984). ĉ is the molar concentration in the liquid
phase, t is the time and z the column length, Dax is the axial dispersion coefficient, εb is the
bed porosity, and q̂av is the average molar loading in the adsorbent particle.
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The last term in Eq. 5.1, the term describing the actual adsorption or desorption, is in our
model approximated with a linear driving force approach (Eq. 5.2). ĉintra is the total concen-
tration inside the particle, including adsorbed phase and liquid phase (macropores). ĉintra,eq

is the total concentration inside the particle which is in equilibrium with the bulk phase.

The overall mass transfer coefficient kov includes both, the external and the intraparticle
mass transfer (Eq. 5.4). α is a conversion factor between particle based concentrations and
solution based concentrations. ĉintra,eq is calculated from Eq. 5.3. q̂av is the average loading
in the adsorbent particle. The external mass transfer is given by the liquid film mass transfer
coefficient k f , which is calculated from the Sherwood number (Eq. 5.6) using the correlation
of Wakao (Eq. 5.7, Wakao and Funazkri (1978)). The diffusion coefficients in the bulk phase,
which are used in the calculation of the Schmidt number, are estimated with the method of
Wilke-Chang (Poling et al., 2007); they are given in Table 4.8. The internal mass transfer
coefficient kintra is based on the approach of Glückauf (Glückauf, 1955) which is given in
Eq. 5.8. For the intraparticle diffusion coefficient Dintra, the Maxwell-Stefan diffusion coef-
ficients are used as determined in Section 4.4.3.1. The Maxwell-Stefan diffusion coefficients
describe the diffusion in only the pore volume. Dintra therefore needs to be multiplied by the
factor εp

τ
in order to get a diffusion coefficient which is based on the whole particle volume.

For the factor F , a time-averaged factor is used. Glückauf (1955) proposed a value of 10.
For our system, the factor F was determined based on the full Maxwell-Stefan model, in-
cluding intraparticle diffusion and liquid film mass transfer. The Maxwell-Stefan model for
adsorption in a batch was compared with the LDF approach for different experiments. The
determination of F is described in Section 5.3.1.

The axial dispersion coefficient Dax is calculated from the Peclet number (Eq. 5.9); the
Peclet number is estimated from the correlation of Gunn (Eq. 5.10) as given by Delgado
(2006). The actual Peclet number was between 1.9 and 2.0 in all calculations.

For the estimation of the kinematic viscosity of the bulk phase, which is used in the cal-
culation of the Schmidt number Sc, the acrylonitrile concentration was not taken into account
as viscosity data for the ternary mixture acetone/acrylonitrile/water are not available in lit-
erature. The viscosity was estimated from the data for acetone/water mixtures as given by
Howard and McAllister (1958).

The adsorption isotherm is used as given in Eq. 4.40. The parameters of the equation for
both components, acetone and acrylonitrile, are given in Table 4.6.
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5.3.1 Determination of the factor F

The factor F from Eq. 5.8 needs to be determined for the diffusion of acetone in acrylonitrile
and in water and for the diffusion of acrylonitrile in acetone and in water. For these four sys-
tems, the full model — the Maxwell-Stefan model including intraparticle diffusion and liquid
film mass transfer coefficient — as discussed in Chapter 4 was applied for a batch adsorption
system and compared with the lumped parameter model (Eq. 5.2). From this comparison, the
factor F was found.

In the Maxwell-Stefan model and in the lumped parameter model for adsorption, the ad-
sorbent was initially completely filled with the solvent (acetone, acrylonitrile or water) and
the dissolved component (acetone or acrylonitrile) was present only in the liquid phase. The
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concentration decrease of acetone or acrylonitrile in the bulk liquid was compared for the
two models. For the calculation of the desorption of the adsorbed component from Dowex
Optipore, the adsorbent was initially loaded with a certain amount of adsorbate and the liquid
phase consisted of only the solvent. Again, the concentration of the sorbate in the bulk liquid
was compared for the two models. Different superficial velocities, initial solute concentra-
tions or loadings, and different ratios of dry adsorbent mass to batch volume were applied.
For the determination of the factor F , the main focus was on the part of the concentration
curve where the system is close to equilibrium. The steepest part of the concentration curve,
at the very beginning of the experiment, was weighted less. It was found that by setting
F = 6, all systems can be described sufficiently well with the lumped parameter model.

For acetone as a solute, four calculations with F = 6 are shown in Fig. 5.2. Four cal-
culations for acrylonitrile adsorption and desorption are shown in Fig. 6.9. The superficial
velocity in all calculations is 0.01 m s−1; in this case the kinetics is influenced by the in-
traparticle as well as by the external mass transfer. The concentration curve of the lumped
parameter model in some of the figures was shifted in time for better comparability of the
two models (grey dotted line). In most calculations, the initial adsorption or desorption rate
is slightly underestimated by the lumped parameter model. The description of the part where
the concentration is closer to equilibrium is good for all calculations.
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Figure 5.2: Comparison of the full model with the lumped parameter model for the adsorption
of acetone from acrylonitrile and from water onto Dowex Optipore. (a) Adsorption from
acrylonitrile (initial acetone concentration: 100 kg m−3, ratio of dry adsorbent mass to batch
volume: 50 kg m−3). (b) Adsorption from acrylonitrile (initial acetone concentration: 10 kg
m−3, ratio of dry adsorbent mass to batch volume: 5 kg m−3). (c) Adsorption from water
(initial acetone concentration: 100 kg m−3, ratio of dry adsorbent mass to batch volume: 50
kg m−3). (d) Adsorption from water (initial acetone concentration: 10 kg m−3, ratio of dry
adsorbent mass to batch volume: 5 kg m−3).
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Figure 5.3: Comparison of the full model with the lumped parameter model for the adsorption
of acrylonitrile from acetone and from water onto Dowex Optipore and for the desorption of
acrylonitrile from Dowex Optipore by use of acetone. (a) Adsorption from acetone (initial
acrylonitrile concentration: 100 kg m−3, ratio of dry adsorbent mass to batch volume: 50 kg
m−3). (b) Adsorption from acetone (initial acrylonitrile concentration: 10 kg m−3, ratio of
dry adsorbent mass to batch volume: 5 kg m−3). (c) Desorption by use of acetone (initial
acrylonitrile loading: 0.16 kg kg−1, ratio of dry adsorbent mass to batch volume: 50 kg
m−3). (d) Adsorption from water (initial acrylonitrile concentration: 10 kg m−3, ratio of dry
adsorbent mass to batch volume: 5 kg m−3).
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5.4 Practical approach

Eqs. 5.1 and 5.2 were formulated for acetone and for acrylonitrile. The water fractions in the
liquid phase and in the adsorbed phase were calculated assuming constant bed porosity and
particle porosity and no volume change due to mixing. The partial differential equations were
solved in Matlab using the solver pdepe. The calculation of a Solvent Swing Adsorption cycle
corresponding to the experiments as described in Section 5.2.2 is divided into three steps:

• Water containing 10 kg m−3 acrylonitrile is fed to the column — which is initially
completely filled with water — until full saturation.

• Acrylonitrile is desorbed and removed from the column by use of acetone.

• Acetone is removed from the column by use of water.

The boundary conditions at the inlet (z = 0) and at the outlet (z = L) are given in Eqs. 5.11
and 5.12. As initial condition for the first step, a complete filling of the column with water
was assumed. The initial conditions for the second and for the third step are given by the
condition at the end of the previous step.

z = 0 vĉin = vĉ−Dax
∂ ĉ
∂ z

(5.11)

z = L
∂ ĉ
∂ z

= 0 (5.12)

For the calculation of the overall mass transfer coefficient kov, the intraparticle diffusion
coefficient Dintra, and the bulk diffusion coefficient Dbulk need to be known. For the compo-
nent acetone, Dbulk and Dintra are available as binary diffusion coefficients for acrylonitrile
as a solvent and for water as a solvent. For acrylonitrile, the diffusion coefficients are avail-
able for acetone as a solvent and for water as a solvent. For Dbulk, the values as found from
the Wilke-Chang equation (Table 4.8) were used. The values of Dintra were determined in
Section 4.4.3.1 by use of the Maxwell-Stefan model. This results in the eight parameters as
given in Table 5.2. The actual multicomponent diffusion coefficients Dbulk and Dintra for each
component are functions of the composition of the bulk phase or the intraparticle phase re-
spectively. The Wilke formula (Wilke, 1950) was used to calculate the effective diffusivity of
acetone and acrylonitrile in the multicomponent mixture using the binary diffusion coeffients.
The calculations of the intraparticle diffusion coefficient for acetone (Dbulk,AC) and for acry-
lonitrile (Dbulk,AN) are given in Eqs. 5.13 and 5.14. Dintra,AC and Dintra,AN are calculated
accordingly. xbulk,AC, xbulk,AN , and xbulk,WA are the mole fractions of acetone, acrylonitrile,
and water in the bulk phase.



Validation of the model 103

Table 5.2: Binary bulk diffusion coefficients and binary intraparticle diffusion coefficients for
acetone and acrylonitrile.

Solute Solvent Parameter Value Source

Acetone Acrylonitrile Dbulk,12 3.28 ·10−9 m2 s−1 Wilke-Chang (Table 4.8)

Acetone Acrylonitrile Dintra,12 1.2 ·10−9 m2 s−1 Maxwell-Stefan
(Section 4.4.3.1)

Acetone Water Dbulk,13 1.03 ·10−9 m2 s−1 Wilke-Chang (Table 4.8)

Acetone Water Dintra,13 1.4 ·10−9 m2 s−1 Maxwell-Stefan
(Section 4.4.3.1)

Acrylonitrile Acetone Dbulk,21 4.13 ·10−9 m2 s−1 Wilke-Chang (Table 4.8)

Acrylonitrile Acetone Dintra,21 1.2 ·10−9 m2 s−1 Maxwell-Stefan
(Section 4.4.3.1)

Acrylonitrile Water Dbulk,23 1.15 ·10−9 m2 s−1 Wilke-Chang (Table 4.8)

Acrylonitrile Water Dintra,23 4.5 ·10−9 m2 s−1 Maxwell-Stefan
(Section 4.4.3.1)

Dbulk,AC =
1− xbulk,AC

xbulk,AN
Dbulk,12

+
xbulk,WA
Dbulk,13

(5.13)

Dbulk,AN =
1− xbulk,AN

xbulk,AC
Dbulk,21

+
xbulk,WA
Dbulk,23

(5.14)

For the bed and particle porosity, the particle density, and the particle radius, the same
values are used as in the previous chapter. These parameters are given in Table 4.2.

5.5 Validation of the model

The model has been validated by comparing the calculations with the results from different
experiments; the comparison of model and experiment is shown here for the two experiments
of which the operating conditions are given in Table 5.1.

The acrylonitrile breakthrough curve (Fig. 5.4) can be described well with the model. For
short columns the apparent dispersion (which includes the axial dispersion and the mixing
due to mass transfer) is slightly overestimated. For the long column, there is some deviation
between calculation and experimental data at the beginning of the breakthrough curve. The
breakthrough is reached after a supply of 1 m3 m−2 for the short column (0.112 m) and after
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4 m3 m−2 for the long column (0.430 m).

The acrylonitrile desorption in the short column is described well by the model (Fig. 5.5);
the description is however less accurate for the long column. The apparent dispersion is in
this case underestimated. This can be due to inaccuracies in the kinetic parameters or due to
uncertainties in the equilibrium model. The width of the acrylonitrile peak — which is an im-
portant parameter for the determination of the operating parameters — is predicted correctly
by the model. In the calculation as well as in the model, the peak starts at 0.4 m3 m−2 and
the acrylonitrile concentration is close to 0 at 0.8 m3 m−2.

The prediction of the acetone removal from the column is good to fair (Fig. 5.6). The pre-
diction is good for the short column but for the long column the shape of the acetone curve is
not described accurately by the model. In the short column, acetone concentrations close to
0 are reached after around 0.4 m3 m−2, which is correctly predicted by the model.

Low superficial velocities have been applied in all experiments. For this reason, the sys-
tem is always close to equilibrium at all positions in the column. Under these conditions, the
acrylonitrile breakthrough as well as the acetone removal from the column can be described
well. The calculation of the acrylonitrile removal fits the experimental results reasonably
well. The validation shows that the column model can be used for the design of the Solvent
Swing Adsorption process.
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Figure 5.4: Acrylonitrile breakthrough, modeled and experimental for two different column
lengths (0.112 m and 0.430 m) and two different superficial velocities (1.89 ·10−4 m s−1 and
1.70 · 10−4 m s−1). Water containing 10 kg m−3 was fed to a column which was initially
filled with pure water.
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Figure 5.5: Acrylonitrile desorption, modeled and experimental for two different column
lengths (0.112 m and 0.430 m) and two different superficial velocities (1.89 ·10−4 m s−1 and
1.70 · 10−4 m s−1). Acetone was fed to a column which had been preloaded by feeding it
with water containing 10 kg m−3 acrylonitrile.
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Figure 5.6: Acetone removal, modeled and experimental for two different column lengths
(0.112 m and 0.430 m) and two different superficial velocities (1.89 · 10−4 m s−1 and 1.70 ·
10−4 m s−1). Water was fed to a column which initially was filled with acetone completely.
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5.6 Sensitivity analysis

The influence of three different parameters on the outcome of the column model was inves-
tigated. Fig. 5.7 shows the desorption of acrylonitrile for a decreased overall mass transfer
coefficient kov. A decrease of 20% leads to a slower mass transfer and therefore to a larger
apparent dispersion. It becomes clear that whereas the apparent dispersion of the model is
still too small for the long column, it is now too large for the short column.

In Fig. 5.8, the axial dispersion coefficient Dax was increased by 50%. The difference
between this figure and Fig. 5.5 is almost not visible which means that — as expected — the
calculated concentration curve is not sensitive to the axial dispersion coefficient. The reason
for this is that the apparent dispersion is mostly due to the mass transfer and not due to real
axial dispersion.

The influence of the acrylonitrile equilibrium concentration on the acrylonitrile desorp-
tion curve is shown in Fig. 5.9. For this calculation, the acrylonitrile loading was decreased
by 10% for all liquid phase compositions. The concentration curve is sensitive to the adsorp-
tion isotherm. A decrease of 10% leads to a change in the shape of the acrylonitrile peak of
mainly the long column.

Since adapting different kinetic and equilibrium parameters did not lead to a much better
description of the concentration curves (when the short as well as the long column were
taken into account) and there is no physical reason for adaptations, the original parameters
were used in the following chapter.
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Figure 5.7: Acrylonitrile desorption, the value of kov for all three components was decreased
by 20%.
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Figure 5.8: Acrylonitrile desorption, the value of Dax for all three components was increased
by 50%.
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Figure 5.9: Acrylonitrile desorption, the acrylonitrile loading in equilibrium was decreased
by 10% for all liquid phase compositions.
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5.7 Concluding remarks

The plug-flow model with a linear driving force approach for the mass transfer allows the cal-
culation of the concentration curves in the Solvent Swing Adsorption column with reasonable
calculation time. The constant factor F which is used for the calculation of the intraparticle
mass transfer coefficient kintra was found by comparing the lumped parameter model with the
full Maxwell-Stefan model. This resulted in an adequate description of the experimental re-
sults. The plug-flow column model can therefore be used for the design of the Solvent Swing
Adsorption process.
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Abstract
Two different process schemes were developed for the Solvent Swing Adsorption technol-
ogy: a relatively simple non-recycle process and a more complicated recycle process. Based
on the numerical column model as described in the previous chapter, appropriate superficial
velocities were found for the adsorption step as well as for the desorption step in both
processes. Because of the fast mass transfer of acrylonitrile, acetone, and water in the pores
of the sorbent material, Dowex Optipore L-493, relatively high superficial velocities can be
applied: for the non-recycle process 1.4 · 10−3 m s−1 in the adsorption step and 6 · 10−4 m
s−1 in the desorption step and for the recycle process 6 · 10−4 m s−1 in the adsorption as
well as in the desorption step. The largest part of the operating costs is due to the distillation
of the liquid mixtures. The energy costs for the distillation is however lower than the benefit
from the acrylonitrile recovery which means that the Solvent Swing Adsorption process can
be economically feasible.
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6.1 Introduction

By use of the column model as described in the previous chapter, the column dimensions and
operating parameters for the Solvent Swing Adsorption process are estimated. The calcula-
tions are done for a packed bed, whereas the sorbent material is Dowex Optipore L-493. It is
assumed that the bed pores as well as the pores of the sorbent particles are always completely
filled with water, acetone, acrylonitrile, or a mixture of these components. The column model
includes the influence of axial dispersion (radial dispersion is not taken into account) and of
the mass transfer between liquid phase and adsorbed phase.

A number of factors need to be taken into account in the process design: The time which
is needed for one adsorption/desorption cycle should be short to allow a flexible operation
of the Solvent Swing Adsorption process. The volume which needs to be distilled should be
minimized in order to save energy costs. A short column minimizes pressure loss and there-
fore pumping costs but long columns lead to a better separation. The acetone which is lost
to the purified water must me minimized for environmental as well as for cost reasons. The
total volume of the packed beds should be small, which minimizes the investment costs for
the vessels as well as the costs for the adsorbent material.

Two different operating modes are presented in this chapter. The first operating mode is
relatively simple: Acrylonitrile is first adsorbed from a water stream in a fixed bed of Dowex
Optipore L-493, then desorbed from the solid particles by use of acetone and finally the ace-
tone is removed from the column by use of water. Two distillation columns are necessary
for the separation of the resulting streams. The second operating mode is more complicated:
In addition to the adsorption step, the desorption step, and the acetone removal step, a few
recycling steps are required in order to minimize the total volume which needs to be distilled.
In this second configuration, only one distillation column is necessary for the separation of
the resulting streams.

For both operating modes, the superficial velocities are found as functions of the column
length. The acrylonitrile separation rate and the liquid volume which needs to be distilled
per kg of acrylonitrile which is separated are compared for the two modes. The energy con-
sumption of the distillation step is calculated for both operating modes. The operating costs
(which consist mainly of the energy consumption for the distillation step) are then compared
with the operating costs of the base case. An estimation for the dimensions of the Solvent
Swing Adsorption columns is presented.
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6.2 Industrial case

The determination of the operating conditions for the Solvent Swing Adsorption process is
based on an industrial case as follows: A water stream containing 5 kg m−3 acrylonitrile with
a flow of 12 m3 h−1 needs to be separated into a pure water stream and an acrylonitrile/water
stream. The acrylonitrile/water stream will be reused in the polymerization process and its
acrylonitrile weight fraction needs to be ≥0.3. The water stream will be further treated in a
conventional wastewater treatment plant.

6.3 Process schemes

Two process schemes are presented for the Solvent Swing Adsorption process. The first pro-
cess is simple but two distillation columns are required next to the Solvent Swing Adsorption
column in order to reach the separation goal. The second process is more complex, but the
separation targets can be reached by use of only one distillation column.

6.3.1 The non-recycle process

The process scheme for the non-recycle process is shown in Figs. 6.1 and 6.2. S1 and S2 are
storage tanks, SSA is the Solvent Swing Adsorption column, dist. 1 is the distillation column
for the separation of the water/acetone/acrylonitrile mixture, and dist. 2 is the distillation
column for the separation of the water/acetone mixture.

In the first step, the adsorption step, water containing 5 kg m−3 acrylonitrile is fed to the
Solvent Swing Adsorption column from the bottom and pure water is produced.

In the second step, the acrylonitrile is desorbed by feeding acetone to the column from
the top. A mixture of water, acetone, and acrylonitrile is produced and distilled in distillation
column 1. The acetone is reused in the next desorption step. The water/acrylonitrile mixture
(with an acrylonitrile mass fraction ≥0.3) is recycled and reused in the production process.

In step 3, the acetone is removed from the column by feeding water from the bottom. A
water/acetone mixture is produced and separated into acetone and water in distillation column
2.

The composition of the outflow from the Solvent Swing Adsorption column during steps
2 and 3 in the non-recycle mode is shown in Fig. 6.3. A column length of 2 m and a super-
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Figure 6.1: Steps 1 and 2 of the Solvent Swing Adsorption process in non-recycle mode.

ficial velocity of 1 · 10−3 m s−1 were used. The column had initially been preloaded using
a solution of 5 kg m−3 acrylonitrile in water. The acrylonitrile is then desorbed from the
adsorbent material by feeding pure acetone to the column from t = 0. The acetone appears in
the outflow of the column together with the acrylonitrile from t = 1500 s. This point of time
is called T1. The definitions of T1, T2, T3, and T4 are given in Table 6.1. As a final step, the
acetone is removed from the column by feeding pure water from t = 3500 s.

The acrylonitrile peak is relatively narrow which is advantageous since the acetone will
have to be separated from the acetone/acrylonitrile/water mixture which appears in the out-
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Figure 6.2: Step 3 of the Solvent Swing Adsorption process in non-recycle mode.

Table 6.1: Definition of the time intervals during a cycle of the Solvent Swing Adsorption
process.

Point of time Definition

T1 The acetone concentration increases to > 1 kg m−3.

T2 The acrylonitrile concentration decreases to < 1 kg m−3.

T3 The acetone concentration decreases to < 780 kg m−3.

T4 The acetone concentration decreases to < 5 kg m−3.

flow between t = T1 and t = T2 by use of distillation. It is important to minimize the volume
of the mixtures which need to be distilled in order to minimize the energy consumption.
However, the acetone/water mixture (appearing in the outflow between t = T3 and t = T4)
which originates from the acetone removal from the column, has to be separated as well. This
volume is much larger than the mixture containing the acrylonitrile.

For a column with a cross-section area of 1 m2 and a length of 2 m, the volume and com-
position of both mixtures which need to be distilled is given in Table 6.2. Mixture 1 appears
in the outflow between t = T1 and t = T2 and mixture 2 appears between t = T3 and t = T4.
The mass of the components was found by integrating the curves as shown in Fig. 6.3. The
acrylonitrile mass fraction of mixture 1 after the acetone has been removed is 0.27 (Table
6.2). A mass fraction of 0.3 can be reached by lowering the superficial velocity and therefore



116 Process design

Figure 6.3: Composition of the outflow from the Solvent Swing Adsorption column in non-
recycle mode. The length of the column is 2 m, the superficial velocity is 1 · 10−3 m s−1.
The column was preloaded with acrylonitrile using a solution of 5 kg m−3 in water, acetone
is fed to the column at t = 0, the feed is switched to water at t = 3500 s.

decreasing the apparent dispersion in the column.

The acetone which is separated from both mixtures by use of distillation will be reused
in the next adsorption/desorption cycle for the desorption of the acrylonitrile. The acryloni-
trile/water mixture from the first distillation is recycled an reused in the production process.
The water from the second distillation can be treated in a conventional wastewater treatment
plant. The advantage of this process is the relatively simple process scheme, the disadvantage
is the need of two distillation columns.

6.3.2 The recycle process

In case of the recycle process, only one distillation column is used. This however leads to a
more complicated process scheme. If the acetone/acrylonitrile/water mixture of the whole cy-
cle is treated in one distillation column, the acrylonitrile in the remaining acrylonitrile/water
mixture must be higher than 72.5 kg m−3, which is its maximum solubility in water. The
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Table 6.2: Composition and volume of the liquid mixtures from the non-recycle process
which need to be treated by distillation.

Mixture 1 Mixture 2 Mixture 1+2

Acetone mass, kg 1412 693 2105

Acrylonitrile mass, kg 102 0 102

Water mass, kg 280 2706 2986

Total volume, m3 2.21 3.60 5.81

acrylonitrile-rich phase can then be separated from the water-rich phase and be reused in the
polymerization process. The water-rich phase will be fed again into the adsorption column.
An acrylonitrile concentration in the ternary mixture higher than 72.5 kg m−3 is achieved if
the water volume in the mixture is small and the acrylonitrile mass is large. To obtain this,
not only the water-rich phase (which will be formed after the acetone has been removed from
the ternary mixture by distillation) will be fed again to the adsorption column but also the
the acetone/water mixture (which appears in the outflow between t = T3 and t = T4). The
principle of the process scheme is explained on the basis of Figs. 6.4–6.6. S1–S6 are storage
tanks, SSA is the Solvent Swing Adsorption column, and dist. is the distillation column for
the separation of the water/acetone/acrylonitrile mixture.
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Figure 6.4: Steps 1 and 2 of the Solvent Swing Adsorption process for the recycle mode. Step
1 is divided into phase (1) and phase (2).
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Figure 6.5: Steps 3 and 4 of the Solvent Swing Adsorption process for the recycle mode. Step
3 is divided into phase (1) and phase (2).
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Figure 6.6: Step 5 of the Solvent Swing Adsorption process for the recycle mode.
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Step 1 is the adsorption step. The process water stream containing 5 kg m−3 is fed to the
column from bottom to top, pure water is the product of this step. As soon as the acrylonitrile
concentration in the outflow of the column reaches 0.1 kg m−3 and until it reaches 4.5 kg
m−3, the outflow is recycled to storage tank 1. This volume with a concentration < 5 kg m−3

will be fed to the column at the beginning of step 1 of the next cycle. In this way, the column
is loaded with acrylonitrile until almost full saturation. This is done in order to maximize the
total mass of acrylonitrile which is present in the column at the end of step 2.

In step 2, the water-rich phase — which is formed after the acetone has been removed
by distillation from the acetone/acrylonitrile/water mixture as produced in steps 3 and 4 —
containing 72.5 kg m−3 acrylonitrile is fed to the column from the top. The outflow of the
column is water containing 5 kg m−3 acrylonitrile. This stream will be fed to the column
again in the next step 1.

The acetone/water mixture which is produced in step 5 is fed to the column in step 3.
The outflow at the bottom of the column contains first only water and 5 kg m−3 acrylonitrile.
This stream will be fed to the column again in the next step 1. Later, the outflow will contain
acetone, acrylonitrile, and water. This fraction needs to be treated by use of distillation.

In step 4, the column is regenerated by feeding acetone from the top. The stream which is
produced in this step is treated by use of distillation together with the stream as produced in
step 3. In the distillation step, the acetone is separated from the water mixture. The acetone
is reused in step 4 of the next cycle. The acrylonitrile/water mixture is separated into two
phases: the acrylonitrile-rich phase (which is the second product of this process and which
will be reused in the production process) and the water-rich phase (which is fed to the column
in step 2 of the next cycle). A phase separation between the acrylonitrile-rich phase and the
water-rich phase occurs already in the lower part of the distillation column. This phase sepa-
ration is taken into account in the modeling of the distillation column (Section 6.5.2). In the
decanter, the two phases are separated based on the difference in density. The acrylonitrile-
rich phase (low density) has a composition of 779.0 kg m−3 acrylonitrile and 27.0 kg m−3

water, the water-rich phase (high density) has a composition of 72.5 kg m−3 acrylonitrile and
906.7 kg m−3 water (for negligible acetone concentration in the bottom stream).

The acetone is removed from the column by feeding pure water in step 5 from the bottom.
The acetone/water mixture which is produced in this step is fed to the column in step 3 of the
next cycle.
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Table 6.3: Composition and volume of the liquid mixture from the recycle process in steady
state which needs to be treated by distillation.

Mixture 1

Acetone mass, kg 1653

Acrylonitrile mass, kg 288

Water mass, kg 2560

Volume, m3 5.03

The composition of the outflow from the column during steps 3–5 is shown in Fig. 6.7.
This calculation was done for a column length of 2 m and a superficial velocity of 1 · 10−3

m s−1. As in the non-recycle process, the column has initially been preloaded using a solu-
tion of 5 kg m−3 acrylonitrile in water. In step 2 of the recycle process, the water volume
which originates from the distillation step containing 72.5 kg m−3 acrylonitrile is then fed to
the column. This step was omitted in the calculation of which the results are shown in the
figure, since high acrylonitrile concentrations lead to numerical instabilities in the column
model during the desorption step. The total amount of acrylonitrile which is desorbed from
the column is therefore not calculated by integrating the acrylonitrile concentration curve in
Fig. 6.7, but by calculating the total acrylonitrile loading in the column at the beginning of
the desorption step. From t = 0 s, mixture 2 from Table 6.2 was fed to the column, the feed
was switched to pure acetone at t = 3600 s and to water at t = 7000 s. The mixture between
t = T1 and t = T2 needs to be treated by distillation. The composition of this stream is given
in Table 6.3. The mass of acetone and water were found be integrating the curves in Fig. 6.7
between t = T1 and t = T2.
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Figure 6.7: Composition of the outflow from the Solvent Swing Adsorption column in recycle
mode. The length of the column is 2 m, the superficial velocity is 1 · 10−3 m s−1. The column
was preloaded with acrylonitrile using a solution of 5 kg m−3 in water, the acetone/water
mixture is fed to the column from t = 0, the feed is switched to pure acetone at t = 3600 s
and to water at t = 7000 s.
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6.3.2.1 Start-up phase for the recycle process

It takes a few cycles before the recycle process is in steady state. The principle of the process
scheme during the start-up phase is the same as shown in Figs. 6.4–6.6. In the first cycle, step
2 and step 3 are skipped since the storage tanks 3 and 4 are still empty. In step 4 of the first
cycle, the acrylonitrile in the column is desorbed and the water/acetone/acrylonitrile mixture
is distilled. The acrylonitrile concentration in the resulting water/acrylonitrile mixture is not
high enough for phase separation to happen. For this reason, the whole water/acrylonitrile
mixture will be fed to storage tank 4. From cycle 2 on, steps 2 and 3 are included in the pro-
cess. After a few more cycles, the maximum acrylonitrile solubility in the water/acrylonitrile
mixture, which results in step 4 after the distillation, will be exceeded and acrylonitrile can
be separated from the water rich phase by use of phase separation. Steady state is reached.

6.4 Operating conditions

6.4.1 Superficial velocity

A high superficial velocity is advantageous as the adsorption/desorption cycles are short
which makes the whole process more flexible. High superficial velocities however lead to
high apparent dispersion rates (mainly due to mass transfer limitation of the adsorption and
desorption step) and to a high pressure loss in the column. These two tendencies have to be
balanced against each other. The superficial velocity is determined for the adsorption step and
for the desorption step separately for the non-recycle mode as well as for the recycle mode.

6.4.1.1 Non-recycle mode

The acrylonitrile breakthrough was calculated for different superficial velocities whereas ini-
tially the column was completely filled with water. The Langmuir isotherm (with the param-
eters as given in Table 3.1) is used in the adsorption step of the column model as this equation
is more accurate for systems in which no acetone is present than the equation for the loadings
in ternary mixtures (Eq. 4.40). In the desorption step, Eq. 4.40 is used as water, acrylonitrile,
and acetone are present in the column.

The higher the superficial velocity, the shorter is the adsorption step and the broader is
the breakthrough front. A wide breakthrough curve means that a relatively large part of the
column will not be fully loaded at breakthrough. Breakthrough was defined as the point of
time when the acrylonitrile concentration reaches 0.1 kg m−3 in the outflow. This point of
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time is indicated with T5. The superficial velocity for the adsorption step in the non-recycle
mode was found by setting the total loading in the column at breakthrough to 80% of the
maximum loading (the total loading is 0.179 kg m−3 according to the Langmuir isotherm).
The loading was fixed to 80% of the maximum loading as on the one hand, the adsorption
capacity of the column should be used to a large extent but on the other hand, a high average
loading at the end of the adsorption step requires a low superficial velocity. For a column
length of 2 m, a superficial velocity of 1.4 ·10−3 m s−1 was found which results in an average
loading of 80% of the maximum loading when the acrylonitrile concentration in the outflow
reaches 0.1 kg m−1. (For a loading after the adsorption step of 90% of the maximum loading,
a superficial velocity of 4.5 · 10−4 m s−1 is found which increases the time for the adsorp-
tion step considerably.) For column lengths up to 10 m the superficial velocities are shown
in Fig. 6.8. Fig. 6.9 (a) shows the acrylonitrile breakthrough curve for different superficial
velocities. T5, which is shown in Fig. 6.9 (a), corresponds to the breakthrough concentration
of 0.1 kg m−3 in the outflow for a superficial velocity of 1.4 ·10−3 m s−1.

The most efficient superficial velocity in the desorption step is the velocity which results
in an acrylonitrile mass fraction of 0.3 in mixture 1 after the distillation step. This is due
to the precondition that the water/acrylonitrile stream which is reused in the polymerization
process needs to have an acrylonitrile weight fraction ≥0.3. The velocity which leads to this
acrylonitrile weight fraction was again calculated for different column lengths. The results
are shown again in Fig. 6.8. For a column length of 2 m, a superficial velocity of 6 ·10−4 m
s−1 was found for the desorption step.

6.4.2 Recycle mode

For the calculations of the acrylonitrile breakthrough curves, again the Langmuir isotherm
(with the parameters as given in Table 3.1) was used. In the desorption step, Eq. 4.40 is used
as all three components are present in the column.

For the recycle mode, lower superficial velocities need to be applied than in the non-
recycle mode. Due to the recycle of the stream with a concentration between 0.1 kg m−3

and 4.5 kg m−3, no steady state can be reached if high superficial velocities are applied. The
superficial velocity was optimized in a way that the volume of purified water which is pro-
duced per hour and per m2 cross section area of the Solvent Swing Adsorption column (rWA,
Eq. 6.1) is maximized. Only the time for the adsorption was taken into account, not the time
for regeneration of the column. t = T5 (cAN,out = 0.1 kg m−3) and t = T6 (cAN,out = 4.5 kg
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Figure 6.8: Superficial velocities for the adsorption and for the desorption step in the non-
recycle mode as a function of the column length.

m−3) are shown in Fig. 6.9 (b) for a superficial velocity of 6 ·10−4 m s−1, which was found
most efficient for a column length of 2 m. T5 indicates the beginning of the breakthrough
curve and T6 the end of the breakthrough curve. The volume of purified water which is pro-
duced per cycle is the volume in the outflow before the acrylonitrile concentration reaches
0.1 kg m−3. The total time for the adsorption step is the time which is needed to reach an
acrylonitrile concentration of 4.5 kg m−3 in the outflow. The outflow with an acrylonitrile
concentration between 0.1 kg m−3 and 4.5 kg m−3 will be fed to the column again at the
beginning of the next adsorption step. This was taken into account in the calculations. In
case of the non-recycle mode (Fig. 6.9 (a)), the adsorption step stops at t = T5 whereas in
case of the non-recycle mode, the adsorption step stops only at t = T6. For the recycle mode,
the breakthrough curves for superficial velocities of 1.4 ·10−3 m s−1 and 6 ·10−3 m s−1 are
not shown in the figure, since no steady state can be reached with superficial velocities higher
than 6 ·10−4 m s−1. Because the acrylonitrile concentration in the recycled mixture is lower
than 5 kg m−3, the breakthrough happens later in case of the recycle mode than in case of
the non-recycle mode. This can be seen in Fig. 6.9 by comparing both curves for 6 ·10−4 m
s−1. The superficial velocities which were found for column lengths up to 10 m are shown in
Fig. 6.10.

rWA =
t(T5) · vsup

t(T6)
(6.1)
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For the desorption step, the same superficial velocity will be used as in the non-recycle
mode.

0 10 20 30 40
0

1

2

3

4

5

6

T5

volume per area, m3 m−2

ac
ry

lo
ni

tr
ile

 c
on

ce
nt

ra
tio

n,
 k

g 
m−
3

 

 

v = 6 ⋅ 10−4 m s−1

v = 1.4 ⋅ 10−3 m s−1

v = 6 ⋅ 10−3 m s−1

(a)

0 10 20 30 40
0

1

2

3

4

5

6

T5 T6

volume per area, m3 m−2

ac
ry

lo
ni

tr
ile

 c
on

ce
nt

ra
tio

n,
 k

g 
m−
3

 

 

v = 6 ⋅ 10−4 m s−1

(b)

Figure 6.9: Comparison of the breakthrough curves of the non-recycle and the recycle mode.
(a) Influence of the superficial velocity on the acrylonitrile breakthrough in the adsorption
step for the non-recycle mode (column length = 2 m). (b) Acrylonitrile breakthrough in the
adsorption step for the recycle mode (column length = 2 m).

6.4.3 Comparison of non-recycle mode and recycle mode

The acrylonitrile separation rate rAN per m2 cross section area of the Solvent Swing Ad-
sorption column was calculated according to Eq. 6.2 for column lengths up to 10 m and for
both operating modes. rAN is based on the length of a whole cycle, including adsorption and
desorption. The results are given in Fig. 6.11. The acrylonitrile separation rate increases
almost linearly with increasing column length for both modes. The separation rate for the
non-recycle mode is more than twice as high than for the recycle mode. This is because low
superficial velocities need to be applied in the adsorption step of the recycle mode.

rAN =
mAN,separated

tadsorption + tdesorption
(6.2)

The volume of the ternary mixture which needs to be distilled per kg of acrylonitrile was
calculated for each column length and for the superficial velocities as determined above. This
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Figure 6.10: Superficial velocities for the adsorption and for the desorption step in the recycle
mode as a function of the column length.

Figure 6.11: Comparison of the acrylonitrile separation rate for the recycle mode and for the
non-recycle mode.

was done for both modes, recycle and non-recycle, and the results are given in Fig. 6.12. It
becomes clear that the volume which needs to be distilled per kg of acrylonitrile is almost
independent of the column length for both operating modes. The volume which needs to be
distilled is larger for the non-recycle mode than for the recycle mode. One reason for this
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is the lower superficial velocity in the adsorption step of the recycle mode. Another factor
which has a positive influence on the volume which needs to be separated is the recycling of
the water/acrylonitrile mixture and of the water/acetone mixture. By recycling these streams,
as the acrylonitrile and the acetone adsorb preferably, the water moves trough the column
faster than acrylonitrile and acetone and part of it therefore does not need to be distilled.

Figure 6.12: Comparison of the total volume which needs to be distilled per kg of acrylonitrile
which is separated for the recycle mode and for the non-recycle mode.

6.4.4 Residual acrylonitrile concentration in the clean water stream

In the adsorption step of the non-recycle mode as well as of the recycle mode, a maximum
acrylonitrile concentration of 0.1 kg m−3 is allowed in the outflow. For a column length of
2 m and superficial velocities as determined above, a total acrylonitrile mass of 0.05 kg h−1

(non-recycle mode) or 0.03 kg h−1 (recycle mode) will end up in the clean water stream when
12 m3 h−1 process water are treated. In the real application of Solvent Swing Adsorption,
the desorption step will be optimized in a way that T2=T3 (see Figs. 6.3 and 6.7) in order to
minimize the acetone consumption. This means that the acrylonitrile which appears in the
outflow after T2 will end up in the acetone/water mixture. In case of the non-recycle mode,
this acrylonitrile can end up in the clean water stream after acetone has been distilled from
the acetone/water mixture or it can be reintroduced into the column together with the acetone.
In case of the recycle mode, the residual acrylonitrile will be reintroduced into the column
together with the acetone/water mixture and it can partly get into the clean water in the next
cycle. If it is assumed that all residual acrylonitrile ends up in the clean water stream, for a
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column length of 2 m, a maximum allowed acrylonitrile concentration in the acetone/water
mixture of 1 kg m−3 (T2 in Table 6.1), and superficial velocities in the desorption step as de-
termined above, the acrylonitrile which is released with the clean water is for the non-recycle
mode 0.11 kg h−1 and for the recycle mode 0.08 kg h−1. Together with the acrylonitrile
mass flow from the adsorption step, for a water flow of 12 m3 h−1 this leads to an average
acrylonitrile concentration in the clean water of 1.3 · 10−2 kg m−3 (non-recycle mode) or 9.2
· 10−3 kg m−3 (recycle mode).

6.5 Economic evaluation

6.5.1 Composition of the mixtures

The energy consumption and the costs for the distillation step were calculated for the recy-
cle mode as well as for the non-recycle mode for two column lengths: 2 m and 4 m. The
superficial velocities as determined above were used and they are given, together with the
lengths of the adsorption and the desorption step in Table 6.4. The compositions and vol-
umes of the streams which need to be distilled are given in Table 6.5. The numbers in this
table correspond to the treatment of 12 m3 process water (which is the process water that is
produced per hour) containing 5 kg m−3 acrylonitrile. The original volume of 12 m3 process
water is decreased to around 3.3 m3 for the non-recycle mode and to 2.6 m3 for the recycle
mode. This volume is almost independent of the column length but the cycle length can be
decreased by increasing column length.

6.5.2 Cost estimation

Energy costs for the distillation step

The energy consumption for the distillation step was estimated by use of AspenPlus. For
mixture 1 of the non-recycle mode as well as for mixture 1 of the recycle mode, acetone (top
stream of the distillation column) is separated from the water/acrylonitrile mixture (bottom
stream). The fraction of acrylonitrile in the acetone stream needs to be < 0.004wt%. The ace-
tone stream must be practically free of acrylonitrile since any acrylonitrile which is present
in the acetone will adsorb again on the Dowex Optipore and finally end up in the clean water
stream. The amount of water in the acetone streams was not specified and weight fractions
< 0.005wt% resulted in both cases. The amount of acetone in the bottom streams is fixed to
< 1wt%. The feed streams have a temperature of 20ºC and a pressure of 1 atm. The columns
operate at 0.3 bar (which leads to temperatures in the column between 24ºC and 39ºC) in
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Table 6.4: Superficial velocities and lengths of the adsorption and the desorption step in case
of the non-recycle mode and in case of the recycle mode.

Non-recycle
mode Recycle mode

L
=

2
m

Superficial velocity in adsorption step, m s−1 1.4 ·10−3 6 ·10−4

Superficial velocity in desorption step, m s−1 6 ·10−4 6 ·10−4

Length of adsorption step, h 3.47 12.45

Length of desorption step, h 2.34 3.17

Total cycle length, h 5.18 15.62

L
=

4
m

Superficial velocity in adsorption step, m s−1 3.1 ·10−3 1.6 ·10−3

Superficial velocity in desorption step, m s−1 1.3 ·10−3 1.3 ·10−3

Length of adsorption step, h 3.15 9.94

Length of desorption step, h 1.92 2.93

Total cycle length, h 5.07 12.87

Table 6.5: Volumes and compositions of the streams which need to be distilled in case of the
non-recycle mode and in case of the recycle mode per hour.

Non-recycle mode Recycle mode

Mixture 1 Mixture 2 Mixture 1

L
=

2
m

Acetone mass, kg 520 473 730

Acrylonitrile mass, kg 60 0 175

Water mass, kg 131 1783 1444

Volume, m3 0.87 2.40 2.60

L
=

4
m

Acetone mass, kg 528 475 729

Acrylonitrile mass, kg 60 0 176

Water mass, kg 131 1795 1447

Volume, m3 0.88 2.41 2.60
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Table 6.6: Energy consumption and costs for the distillation step.

Heat duty, kW Steam flow,
ton h−1

Steam costs,
e h−1

Non-recycle mode, mixture 1 485 0.87 15

Non-recycle mode, mixture 2 695 1.25 21

Non-recycle mode, total 1180 2.12 36

Recycle mode, mixture 1 790 1.42 24

order to avoid acrylonitrile polymerization. For mixture 2 of the non-recycle mode, acetone
(top stream of the distillation column) is separated from water (bottom stream). The weight
fraction of water in the acetone stream was fixed to < 0.2wt%. The acetone mass fraction in
the water stream was < 0.05wt%. The feed has a temperature of 20ºC and a pressure of 1
atm, the column operates at 1 bar since no acrylonitrile is present in the mixture. For all three
mixtures, the number of stages, the reflux ratio and the optimum feed stage were determined
by minimizing the reboiler duty.

For mixture 1 of the recycle mode, the number of stages is 35 and the reflux ratio is 5.7.
The feed stage is stage 22. The reboiler duty is 790 kW. For mixture 1 of the non-recycle
mode, the number of stages is 30 and the reflux ratio is 5.1. The feed stage is stage 18. The
reboiler duty is 485 kW. For mixture 2 of the non-recycle mode, the number of stages is 30
and the reflux ratio is 6.4. The feed stage is 28. The reboiler duty is 695 kW.

The costs for the distillation were calculated based on the steam price, which is estimated
to be 17 e ton−1 of steam. The heat duty in kW was converted to mass of steam per hour
by dividing it by the heat of evaporation for water (2000 kJ/kg). The heat duty, the steam
consumption, and the costs for the distillation step are given in Table 6.6.

Costs for acetone replacement

In each adsorption/desorption run, a certain amount of acetone will be lost as the ace-
tone cannot be removed from the column completely after the desorption step. In the column
calculations, a maximum concentration of 5 kg m−3 acetone in the stream of purified water
was allowed (Table 6.1). For a column with a length of 2 m, this results in a mass of acetone
which is lost of 1.5 kg per run (for non-recycle mode as well as for recycle mode). 3.0 kg per
run are lost for the column with a length of 4 m (for non-recycle mode as well as for recycle
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mode). Since the costs for acetone are < 1 e kg−1, the costs for the acetone replacement are
negligible compared to the energy costs for the distillation.

Other operating costs

It is not possible to calculate the pumping costs and the costs for the replacement of
Dowex Optipore L-493 based on the actual knowledge. For the pumping costs, a detailed
process scheme needs to be available. For the replacement of the sorbent material, long-term
experiments need to be done.

Benefit from acrylonitrile recovery

The raw material price of acrylonitrile is around 1.9 e kg−1. As almost all acrylonitrile
is recovered, this results in a benefit of 60 kg h−1 · 1.9 e kg−1 = 114 e h−1.

Comparison with the base case

The base case is a biological treatment of the process water stream. Depending on the
scale on which the biological treatment is carried out, the costs can be estimated with 8–12
e m−3, which for 12 m3 h−1 is 96–144 e h−1. The operating costs for the Solvent Swing
Adsorption — of which the largest part are the distillation costs — can be estimated by sub-
tracting the benefit from the acrylonitrile recovery from the energy costs of the distillation
step. For the non-recycle mode, an overall profit of 78 e h−1 results and for the recycle
mode a profit of 90 e h−1. In one year this accumulates to 680 or 790 ke, respectively. As
these values do not include the pumping costs and the costs for the replacement of the Dowex
Optipore L-493, the profit is slightly overestimated.

Investment costs

The investment costs are not estimated since a detailed process scheme of the Solvent
Swing Adsorption process is not available. The number and the volume of the adsorption
columns is given in Section 6.5.3. The distillation columns for the non-recycle mode have a
radius of 0.79 m (mixture 1) and 0.60 m (mixture 2). The radius of the distillation column in
the recycle mode is 0.98 m. In the non-recycle process, next to the Solvent Swing Adsorption
columns and the distillation columns, two storage tanks will be required. In the recycle pro-
cess, next to the Solvent Swing Adsorption columns and the distillation column, six storage
tanks are necessary as well as a decanter for the phase separation. For both process schemes,
a number of pumps and heat exchangers will be required.
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Table 6.7: Dimensioning of the Solvent Swing Adsorption columns.

Non-recycle mode Recycle mode

Number of columns in adsorption step 3 4

Number of columns in desorption step 2 1

Time after which columns are shifted, h 1.17 3.17

Square area per column, m2 0.85 2.21

Radius, m 0.52 0.84

Actual total column square area, m2 4.25 11.05

Total adsorber volume, m3 8.5 22.1

6.5.3 Dimensions of the Solvent Swing Adsorption columns

The calculations for the column dimensions are made based on a column length of 2 m. The
acrylonitrile separation rate based on the whole cycle length (including adsorption and des-
orption) is 14.3 kg h−1 m−2 for the non-recycle mode and 5.6 kg h−1 m−2 for the recycle
mode (Fig. 6.11). This means that for the treatment of 60 kg h−1, a minimal total column
square area of 4.20 m2 is required for the non-recycle mode and a total of minimum 10.71
m2 is required for the recycle mode. The total square area is divided into several columns
according to Table 6.7.

In the non-recycle mode, three columns are always in the adsorption step, whereas one
is at the beginning, one is in an intermediate state and one is close to breakthrough. Two
columns are being regenerated and again they are in different states of regeneration. Each
1.17 h, the columns are switched. The same principle holds for the recycle mode, whereas
four columns are in the adsorption step and one is being regenerated. The columns are
switched each 3.17 h. The principle of the switching between the columns is shown in
Fig. 6.13 for the non-recycle mode. The whole adsorption/desortpion cycle consists of 5
phases whereas each has a length of 1.17 h. Three phases are shown in the figure.

6.6 Conclusions

It can be concluded that the separation goal as defined in Section 6.2 can be achieved with
the non-recycle mode as well as with the recycle mode. The advantage of the recycle mode
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Figure 6.13: Principle of switching between the columns in the non-recycle mode. Three
columns are in the adsorption step, two columns are in the desorption step.

is that only one distillation column is necessary. This however requires a more complicated
process scheme. In the recycle mode, six storage tanks are required compared to two in the
non-recycle process. Additionally, a decanter will be used in the recycle process. A steady
operation of the process is reached only after a few adsorption/desorption cycles. In case of
the non-recycle mode, the process is in steady state from the first cycle.

The costs which arise from the distillation step are the most important part of the operating
costs for the Solvent Swing Adsorption process. For a column with a length of 2 m, the costs
are 36 e h−1 in case of the non-recycle mode and 24 e h−1 in case of the recycle mode. The
benefit from the solvent recovery is 114 e h−1. Depending on the capital costs, the Solvent
Swing Adsorption process can be economically feasible. The operating costs for the recycle
process are lower than for the non-recycle process. The investment costs however will be
higher for the recycle mode because more storage tanks and pumps are needed.





Conclusions and
recommendations 7
7.1 Conclusions

The most important conclusions are recapitulated according to the objectives as named in the
introduction to this thesis (Section 1.5):

Selection of the sorbent material.

Five sorbent materials were tested by use of experiments: Dowex Optipore L-493, gran-
ular activated carbon, Amberlite XAD-1180, zeolite BEA, and silica gel. It was found that
Dowex Optipore not only possesses a high adsorption capacity for acrylonitrile, but also that
the acrylonitrile adsorption is completely or almost completely reversible. This is a precon-
dition for the Solvent Swing Adsorption process and Dowex Optipore L-493 was therefore
selected as sorbent material for the Solvent Swing Adsorption process.

Selection of the desorption solvent.

Acetone, acetaldehyde, methanol, ethanol, and trimethylamine were preselected as po-
tential desorption solvents and they were experimentally tested. Acetaldehyde was found to
have the highest affinity for acrylonitrile, the affinity of acetone was slightly lower. However,
acetone is less flammable, less reactive, and less dangerous to health than acetaldehyde. For
these reasons, acetone is selected as solvent for the desorption of acrylonitrile from Dowex
Optipore.
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Determination of the adsorption isotherms of acrylonitrile and of the desorption solvent

on the selected sorbent material as a function of the liquid phase composition.

The experimental data points for the acrylonitrile loading on Dowex Optipore for differ-
ent acetone fractions in the liquid phase can be described with conventional, concentration
based Langmuir isotherms. The acrylonitrile loading decreases strongly with increasing ace-
tone mass fraction in the liquid phase. While for an acrylonitrile concentration of 10 kg m−3

a loading of 0.28 kg kg−1 is found in water, the loading in pure acetone is only 0.02 kg kg−1

for the same acrylonitrile concentration in the liquid.

The adsorbed amount of acrylonitrile was also given as a function of the bulk phase
acrylonitrile activity instead of the acrylonitrile concentration. The bulk phase acrylonitrile
activity strongly decreases with increasing acetone mole fractions. This is — next to the
competition for adsorption sites between acrylonitrile and acetone — the reason for the low
acrylonitrile loadings at high acetone mass fractions in the liquid phase. The equilibrium
loading at a certain acrylonitrile activity in acetone or acetone/water mixtures is always sim-
ilar, no matter what the acrylonitrile concentration in the liquid phase is.

As a third approach, the model of Minka and Myers was applied. By use of this model,
the loadings of all three components (acetone, acrylonitrile, water) and for all possible com-
positions were predicted from the three binary isotherms (adsorption of acrylonitrile from
acetone, adsorption of acetone from water, adsorption of acrylonitrile from water). It was
found that mainly at low acrylonitrile concentrations, the acrylonitrile loading is strongly de-
creased by increasing acetone mass fraction in the liquid phase.

Development of a model for the description of the diffusion processes around and in a

solid particle, including the non-idealities in the liquid film and in the pores of the solid

sorbent.

For binary water/acrylonitrile mixtures, the intraparticle diffusion of acrylonitrile in Dowex
Optipore can be described by use Fick’s approach whereas the homogeneous surface diffusion
model and the pore diffusion model describe the concentration curves well. The intraparticle
diffusion of acetone and acrylonitrile in ternary water/acetone/acrylonitrile mixtures can be
described well with the multicomponent Maxwell-Stefan model.
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Determination of the intraparticle diffusion coefficients of acrylonitrile and of the des-

orption solvent as a function of the liquid phase composition.

For water, acrylonitrile, and acetone, intraparticle diffusion coefficients were found which
are in the same range as their free liquid diffusion coefficient which is evidence of a very fast
intraparticle mass transfer. For the diffusion of acrylonitrile in acetone, a Maxwell-Stefan
diffusion coefficient of 1.2 ·10−9 m2 s−1 was found. For the diffusion of acetone in water, the
Maxwell-Stefan diffusion coefficient is 1.4 ·10−9 m2 s−1 and for the diffusion of acrylonitrile
in water 4.5 ·10−9 m2 s−1.

Development of a column model which allows the prediction of the composition of the

streams which are produced in a Solvent Swing Adsorption unit.

The composition of the outflow from a Solvent Swing Adsorption column can be cal-
culated by use of a plug-flow model with axial dispersion. The multicomponent liquid film
mass transfer coefficients and the multicomponent intraparticle diffusion coefficients can be
combined and described by use of a linear driving force approach. It was found that a narrow
and high peak of acrylonitrile appears in the outflow during the desorption step. However,
the subsequent removal of the acetone from the column takes more time than the acrylonitrile
removal.

Process design, cost and energy estimation.

By using five columns with a length of 2 m and a radius of 0.52 m each, a water stream
of 12 m3 h−1 containing 5 kg m−3 acrylonitrile can be treated in non-recycle mode which
is characterized by a simple process scheme. After the separation in the Solvent Swing Ad-
sorption column, two mixtures result which need to be distilled. The total energy costs for
the separation of these two mixtures are 36 e h−1. If the recycle mode is applied, which is a
more complex process, the costs for the distillation are 24 e h−1. For the non-recycle mode,
two distillation columns are necessary, for the recycle mode, only one distillation column is
used. For both operating modes, a benefit of 114 e h−1 is generated by the recovery of the
acrylonitrile which means that both modes can be economically feasible.

7.2 Recommendations

Solvent Swing Adsorption is a promising approach for the separation of organic components
from aqueous streams. However, in order to make it more profitable and energy-efficient, a
few aspects still need to be improved. These aspects are named in the following sections.
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7.2.1 Improve solvent removal from column

We saw in Chapter 6 that acetone is removed from the column slowly which results in an ace-
tone/water mixture which has a larger volume than the mixture containing the acrylonitrile.
It was tried experimentally to improve the acetone removal by heating the flushing water to
30ºC but no effect was observed. Another possibility is the use of a desorption solvent which
adsorbs less strongly on Dowex Optipore than acetone. Acetaldehyde could be such a sol-
vent. (The adsorption equilibrium in gas phase on activated carbon for an equilibrium volume
fraction of 0.001 at 25ºC is 0.12 kg kg−1 for acetone and 0.03 kg kg−1 for acetaldehyde, Yaws
(1999).) Not only the volume of the solvent/water mixture will be reduced for the use of ac-
etaldehyde instead of acetone but also the volume of the mixture solvent/acrylonitrile/water as
the affinity of acetaldehyde for acrylonitrile is higher than the affinity of acetone for acryloni-
trile as was found in Chapter 2. However, due to its flammability additional safety measures
will have to be taken. Furthermore, it must be ensured that acetaldehyde — which is more
reactive than acetone — does not react with acrylonitrile.

A second way to improve the acetone removal is the use of a sorbent material which al-
lows a faster intraparticle diffusion than Dowex Optipore. Since the intraparticle diffusion of
all three components in Dowex Optipore is already very high, the room for improvement is
limited.

7.2.2 Remove the solvent by draining/use of hot gas

A large part of the solvent can be removed by draining. It was experimentally found that per
m3 bed volume, 0.34 m3 solvent can be removed by pushing the liquid out of the column
by use of air. The bed porosity is 0.38. By simply draining the column, the solvent which
is present in the pore volume of the sorbent particles will not be removed. This part of the
solvent is however the part which contributes most to the tailing during the solvent removal
as the diffusion out of the particles is slow. Only a small improvement can therefore be ex-
pected due to draining. By flushing the column with hot gas, the solvent could be removed
from the column completely, but a large gas stream containing the solvent would be produced
and would have to be treated in some way.
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7.2.3 Omit solvent removal from column

Ideally, the solvent is immiscible with the water; in this case it does not have to be removed
from the column and no solvent/water mixture is produced. Experiments were done for the
use of isopentane as a solvent. When Dowex Optipore is mixed with water and isopentane,
the solid particles tend to agglomerate in the organic phase and even when the system is
flushed with water, the isopentane cannot be removed completely from the particles. A film
of isopentane always stays around the particles and prevents the water phase from being in
direct contact with the particles which hinders the acrylonitrile adsorption. Furthermore, the
sorbent agglomerates in a packed bed make a regular flow through a packed bed impossible.
For these reasons, it was decided in this thesis to use a solvent which is miscible with water.
However, by use of structured materials in the column instead of particles, the formation of
agglomerates might be prevented and a regular flow pattern might be ensured.

7.2.4 Make distillation step more energy efficient

The largest part of the energy consumption in the Solvent Swing Adsorption process is due to
the distillation step. The process can therefore be made more energy efficient, by decreasing
the energy consumption of the distillation step. This can be done by reducing the volume of
the mixtures which need to be distilled, which was explained in Sections 7.2.1-7.2.3. An-
other way to save energy is the use of a solvent which has a lower boiling point than acetone
(56ºC). Acetaldehyde (20ºC) is an example of such a solvent.

7.2.5 Use a continuous process instead of a batch process

Since most processes in chemical industry are continuous processes, a continuous separation
process is preferred over a batch separation process as it facilitates the operation control
and the integration of the separation step into the production path. In adsorption processes,
true moving beds or simulated moving beds can be used. The use of a true moving bed
requires adsorbent particles which are mechanically stable. Dowex Optipore possess a good
mechanical stability (the crush strength is > 500 g bead−1). Experiments need to be done in
order to examine the damage of the particles over a long time. The use of a simulated or true
moving bed will result in a better separation than in a batch separation when the same mass
of adsorbent material is used. This again results in a more energy efficient distillation step.
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Nomenclature

Roman Symbols

A surface area per unit mass of adsorbent, m2 g−1

a activity, -
c concentration, kg m−3

ĉ concentration, mol m−3

c∗ dimensionless concentration, -
cb concentration in bulk phase, kg m−3

ĉb concentration in bulk phase, mol m−3

ĉintra total intraparticle concentration, mol m−3

ĉintra,eq total intraparticle concentration in equilibrium with bulk liquid, mol m−3

cs concentration at particle surface, kg m−3

ĉs concentration at particle surface, mol m−3

ĉt total molar concentration, mol m−3

D diffusion coefficient, m2 s−1

Dax axial dispersion coefficient, m2 s−1

Dbulk bulk phase diffusion coefficient, m2 s−1

Di j Maxwell-Stefan diffusion coefficient, m2 s−1

Dintra intraparticle diffusion coefficient, m2 s−1

Dp pore diffusion coefficient, m2 s−1

Ds surface diffusion coefficient, m2 s−1

dp diameter of sorbent particle, m
f fugacity, Pa
gm Gibbs free energy of mixing, J mol−1

k f liquid film mass transfer coefficient, m s−1

kintra intraparticle mass transfer coefficient, m s−1

kL Langmuir parameter, m3 kg−1

kov overall mass transfer coefficient, m s−1
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M adsorbent mass, kg
m capacity of adsorbent, mol kg−1

N molar flux, mol m−2 s−1

n number of components, -
na number of moles in adsorbed phase, mol kg−1

nE surface excess, mol kg−1

q loading, kg kg−1

q̂ loading, mol kg−1

q̂av average loading, mol kg−1

qs Langmuir parameter, kg kg−1

R ideal gas constant, J mol−1 K−1

Ra distance of two components in Hansen space, MPa0.5

Re Reynolds number, Re = vdp
ν

, 1
Sc Schmidt number, Sc = ν

D , 1

Sh Sherwood number, Sh =
k f dp

D , 1
r radial position in particle, m
rp radius of sorbent particle, m
T temperature, K
t time, s
V solution volume, m3

V molar volume, m3 mol−1

v fluid velocity, m s−1

x mol fraction, mol mol−1

z position in the column, m

Greek Symbols

α conversion factor between particle based concentration and solution based concentration, 1
δ total solubility parameter, MPa0.5

δh H-solubility parameter, MPa0.5

δp P-solubility parameter, MPa0.5

δd D-solubility parameter, MPa0.5

εb bed porosity, -
εp particle porosity, -
Γ thermodynamic factor, -
γ activity coefficient, -
µ chemical potential, J mol−1
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ν kinematic viscosity, m2 s−1

ξ mole fraction, mol mol−1

π spreading pressure, J m−2

ρp dry particle density, kg m−3

σ surface tension of solid-liquid interface, N m−1

τ tortuosity, -
Φ free energy of immersion of adsorbent in liquid mixture, J kg−1

Superscripts

a refers to adsorbed phase
b refers to bulk phase
0 refers to a pure liquid

Subscripts

AC refers to acetone

AN refers to acrylonitrile

b refers to the bed

eq refers to equilibrium

in refers to inflow

out refers to outflow

p refers to the particle

WA refers to water

0 refers to the initial state
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