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Abstract The recovery and purification of biobutanol

based on the adsorption method were performed in

dynamic conditions. Computational and theoretical mod-

eling is an important tool in the characterization, devel-

opment, and validation of fixed-bed columns. Relevant

breakthrough curves provide valuable information for de-

signing fixed-bed adsorption processes for field applica-

tions. In the present study, a general rate model (GRM),

implementing convection/diffusion approach theory and a

competitive isotherm model, was used to predict the

competitive sorption dynamics of acetone–butanol–ethanol

(ABE) on a KA-I resin in a fixed-bed column under dif-

ferent operating conditions, i.e., inlet feed flow rate, initial

adsorbate concentration, and bed height. The model

simulation was quantified by the absolute average de-

viation (AAD). The calculated AAD values, ranging from

0.05 to 0.1, indicated that the GRM gives a general

prediction for experimental data. The axial dispersion,

external mass transfer, and pore diffusion coefficients were

calculated by a series of empirical correlations. Biot

number was used to identify the rate controlling step for the

adsorption process of ABE on the resin. And the pore

diffusion coefficient was found to be major governing

factor for adsorption of ABE. The data and modeling

presented are valuable for designing the continuous chro-

matographic separation process and simulation of ABE.

Keywords Competitive adsorption � Breakthrough

curve � Acetone–butanol–ethanol � General rate model �
Rate controlling step

Abbreviations

Ac Cross-section area of the fixed-bed column (cm2)

a Competitive Langmuir isotherm constant (mL/g)

b Competitive Langmuir isotherm constant (L/g)

Bi Biot number

C Concentration in the liquid phase (g/L)

ci,p Liquid phase concentration in the pore (g/L)

c0 Initial adsorbate concentration (g/L)

C Dimensionless concentration in the liquid phase

Ci,p Dimensionless concentration in the pore

dp Particle size of the resin (cm)

Dax Axial dispersion coefficient (cm2/min)

Dm Molecular diffusivity (cm2/min)

Dpore Pore diffusion coefficient (cm2/min)

kfilm External mass transfer coefficient (cm/min)

Lc Length of the fixed-bed column (cm)

m Mass of the used resin (g)

MB Molecular weight of water

Pe Peclet number

qi,p Concentration in the stationary phase (mg/g)

Qf Volumetric flow rate of the liquid phase (mL/min)
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r Radial distance within the adsorbent particle (cm)

rp Particle radius (cm)

R Dimensionless radial distance

St Stanton number

t Time (min)

t1/2 Retention time (min), corresponding to half the

initial adsorbate concentration

tM Dead time of the column (min), (tM = Lc/v)

T Operating temperature (K)

x Axial coordinate (cm)

X Dimensionless axial coordinate

U Superficial flow velocity (cm/min)

V Volume of the solution (mL)

Vi,A Molar volume of adsorbate at normal boiling

point[mL/(g mol)]

Greek symbols

u Association parameter (for water u is given as 2.6)

qp Apparent density of the resin (g/mL)

eb Bed porosity

ep Particle porosity

m Interstitial velocity of the liquid phase (cm/min),

(v = Qf/(Aceb))

gB Viscosity of solution (mpa s)

s Dimensionless time

Subscripts

A Acetone

B Butanol

E Ethanol

i Sorbate species

out Outlet

t Time

1 Introduction

In recent years, research into fermentation-derived butanol

has gained renewed interest owing to the world’s rapidly

diminishing petroleum reserves, increasing environmental

problems, and large amount of biomass available for in-

expensive substrates (Nielsen and Prather 2009; Yen and Li

2011; Lin and Blaschek 1983). However, a major challenge

in the economical production of biobutanol is its recovery

and separation from the diluted fermentation broth (Saint

Remi et al. 2011; Garcı́a et al. 2009). Butanol recovery via

conventional distillation is an energy-intensive process,

especially when the concentration of the final product is

very low (Saint Remi et al. 2011). Among alternative

separation methods to recover butanol from fermentation

broth, chromatographic separation based on adsorption has

been shown to be a superior recovery technique that could

be applied successfully in the energy-efficient removal of

butanol from the fermentation broth in industrial applica-

tions (Nielsen and Prather 2009; Qureshi et al. 2005; Eom

et al. 2013).

In the previous work, a porous resin KA-I has been

demonstrated to adsorb butanol effectively and have a high

affinity for butanol (Lin et al. 2012), the sorption dynamics

of butanol on the resin KA-I in the single component

system was investigated under different operating condi-

tions (Lin et al. 2013). However, the acetone and ethanol,

the main by-products in clostridial butanol fermentation,

have a significant effect on butanol adsorption. Abdehagh

et al. (2013) have investigated the effect of each compo-

nent separately on butanol sorption on activated carbon.

They found that the presence of acetone and ethanol did not

affect butanol adsorption significantly. Oudshoorn et al.

(2009) have studied multi-component adsorption isotherm

of ABE on high-silica zeolite CBV 28014 and applied the

ideal adsorbed solution theory model to describe the

competitive adsorption behavior of ABE in synthetic

mixture and filtered fermentation broth. And Eom et al.

(2013) have also researched competitive adsorption iso-

therm of ABE on adsorbent resin using ideal adsorbed

solution theory and developed competitive adsorption ki-

netic model based on the isotherm model. They all found

that butanol had a higher affinity to the adsorbent and lower

kinetic parameter value than the other components. Cousin

Saint Remi et al. (2011, 2012) have investigated the

competitive adsorption dynamics of ABE on a metal–or-

ganic framework ZIF-8 packed column. However, the

analysis and modeling of relevant competitive adsorption

breakthrough curves for different operating conditions with

regard to inlet feed flow rate, adsorbent bed height, and

initial adsorbate concentration have not been reported.

Parameters like bed dimensions, resin weight, and inlet

flow rate must be optimized for a given apparatus. Con-

sequentially, mathematical models, once validated, can be

frequently used to predict the dynamic performances of

fixed-bed column systems and improve the column design

in order to determine the optimal operating conditions (Lv

et al. 2008).

Gu et al. (1990a) proposed a general rate model (GRM),

which is considered to be the most realistic model for

various multicomponent adsorption/desorption column

processes. This model considers axial dispersion, film mass

transfer, pore diffusion resistance, and nonlinear isothermal

behaviors. Sulaymon and Ahmed (2008) have used this

model to describe the multicomponent competitive ad-

sorption behaviors of furfural and phenolic compounds in a

fixed-bed column with activated carbon. The mathematical

model provides a good fit to the experimental data. Lv et al.

also used this model to simulate the adsorption break-

through behaviors of Pb2? in a fixed bed of ETS-10 ad-

sorbent (Lv et al. 2008). A sensitivity analysis was
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performed which showed the magnitude of the external

mass transfer coefficient affected the initial breakthrough

point in the breakthrough curves. Another chromatographic

model in common use is based on the solid-film linear

driving force approach (the so called LDF model), in which

the film mass transfer and pore diffusion resistance are

lumped into an effective mass transfer coefficient. This

model is relatively simple and requires short computation

times in comparison with the GRM. Kleinübing et al.

(2012) have applied this model to simulate the adsorption

dynamics in single and binary systems containing Cu(II)

and Ni(II) ions using Sargassum filipendula. However, the

LDF model has inherent weaknesses, as shown in multiple

reports (Zhang and Ritter 1997; Buzanowski and Yang

1989; Goto and Hirose 1993; Zhou et al. 2013). For in-

stance, when the adsorption isotherm is not very favorable,

the LDF approximation is inapplicable (Zhang and Ritter

1997). Moreover, the values of effective mass transfer

coefficient were usually determined by minimizing the

difference between the predicted and measured effluent

concentrations (Zhou et al. 2013), which means effective

mass transfer coefficient was used as an adjustable pa-

rameter. Hence, the model would be not predictive.

Therefore, in the present work, the competitive break-

through behaviors of ABE on the KA-I resin were ex-

perimentally measured and theoretically modeled using the

GRM, which is a preliminary work of separation and purifi-

cation of butanol based on continuous chromatographic

separation technique in the future work. Influences of the op-

erating conditions (inlet feed flow rate, initial adsorbate con-

centration, and adsorbent bed height) on the ABE competitive

behavior were investigated. The model was evaluated by the

absolute average deviation (AAD) between experimental and

predicted effluent profiles. The model parameters, i.e., the axial

dispersion, external mass transfer, and pore diffusion coeffi-

cients, were calculated using a series of empirical equations.

External mass transfer and pore diffusion coefficients were

evaluated and the rate controlling step was identified.

2 Mathematical model

2.1 General rate model (GRM)

The GRM is one of the most detailed chromatographic

models, which in addition to the axial dispersion (Dax)

includes two additional mass transfer effects: (i) external

mass transfer (kflim) through the liquid film around an ad-

sorbent particle and (ii) internal mass transfer governed by

the solute diffusion into the pores of a particle (Dpore),

which results in a radial concentration distribution inside

the adsorbent particle (Gu et al. 1990a, b). In this model,

the following assumptions were made in order to simplify

the model complexity: (i) the resin is spherical in shape and

uniform in size, (ii) the resin bed is homogeneous, (iii) the

column void fraction is constant and the mobile phase

velocity remains constant during a run, (iv) the chro-

matographic process conditions are isothermal, (v) the

compressibility of the mobile phase is negligible, and (vi)

the liquid phase has an axial dispersion flow.

2.1.1 Model equations

In fixed-bed experiments, the mathematical model was

obtained by mass balancing a small section of a fixed-bed

column bounded by an upper and lower surface with a distance

of Dx as a controlled volume. Then, the flow was assumed to

be one-dimensional along the flow direction based on the unit

cross-sectional area. The details of the model equations are

discussed elsewhere (Ghorai and Pant 2004) and are briefly

discussed here. The following sections contain mathematical

descriptions derived from mass balancing.

2.1.2 Mass balance in the liquid phase

Mass balance in the liquid phase of the adsorption column

includes accumulation within the liquid, convection, axial

dispersion, and external mass transfer through the liquid

film outside the resin particles:

v
oci

ox
þ oci

ot
þ 1� eb

eb

3

rp

ki;filmðci � ci;pjr¼rp
Þ ¼ Di;ax

o2ci

ox2
;

ð1Þ

where v is the interstitial velocity of the liquid phase equal

to Qf/(Ac�eb), Ac is the cross-sectional area of column, Qf is

the volumetric flow rate, x is the axial position, t is the

time, eb is the bed porosity obtained by determination of

the void volume corresponding to the volume of deionized

water required to brim the bed (Kleinübing et al. 2012), r is

the radial distance within the adsorbent particle, rp is the

particle radius, Di,ax is the axial dispersion coefficient,

ki,film is the external mass transfer coefficient, and ci rep-

resents the concentration in the mobile phase, ci,p repre-

sents the liquid phase concentration in the pore.

Proper initial and boundary conditions are required to

solve the second-order partial differential equations. For an

initial clean fixed-bed column, the model equation obeys

the following initial conditions:

0\x\Lc; t ¼ 0; ci ¼ 0: ð2Þ

A Danckwerts-type boundary condition at the bed inlet

(Eq. 3) and constant flux at the bed outlet (Eq. 4) are

appropriate for a fixed-bed adsorption process:

x ¼ 0 inletð Þ; t [ 0; Di;ax

oci

ox
¼ vðcijx¼0�ci;0Þ ð3Þ
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x ¼ Lc outletð Þ; t [ 0;
oci

ox

�
�
�
�
x¼Lc

¼ 0: ð4Þ

2.1.3 The particle phase continuity equation in spherical

coordinates

To model the diffusion of ABE molecules through the pore

fluid, the intra pellet mass transfer equation is given as

follows:

ep

oci;p

ot
þ qp

oqi;p

ot
¼ 1

r2

o

or
r2 epDi;pore

oci;p

or

� �� �

; ð5Þ

where ep is the particle porosity, qp is the apparent density

of the resin, Di,pore is the pore diffusion coefficient, and qi,p

represents the concentration in the stationary phase.

Initial conditions along with two additional boundary

conditions, in the particle center and at the particle surface,

are required, respectively, as follows:

t ¼ 0; ci;p ¼ qi;p ¼ 0 ð6Þ

r ¼ 0; t [ 0;
oci;p

or

�
�
�
�
r¼0

¼
oqi;p

or

�
�
�
�
r¼0

¼ 0 ð7Þ

r ¼ rp; t [ 0; epDi;pore

oci;p

or

�
�
�
�
r¼rp

¼ ki;filmðci � ci;pjr¼rp
Þ:

ð8Þ

The equilibrium relationship between the solid and

liquid concentration is represented by the competitive

Langmuir isotherm model (Guiochon et al. 2006):

qi;p ¼
aici;p

1þ
PN

j bjcj;p

ð9Þ

2.2 The dimensionless form of the GRM

To reduce the number of parameters and analyze their in-

terdependence, it is recommended that the model equations

as well as the initial and boundary conditions are converted

into a dimensionless form. In the following definition of

dimensionless variables, the initial adsorbate concentration

ci,0 is selected as a reference for the dimensionless con-

centrations and loadings:

Ci ¼ ci=ci;0 ð10Þ

Ci;p ¼ ci;p=ci;0 ð11Þ

Qi;p ¼ qi;p=ci;0 ð12Þ

The dimensionless axial coordinate X of the column and

radial coordinate R of each particle are obtained by division

through the column length and particle radius, respectively:

X ¼ x=Lc ð13Þ

R ¼ r=rp: ð14Þ

The dimensionless time s is defined by the dead time tM:

s ¼ t=tM; tM ¼ Lc=v: ð15Þ

Dimensionless parameters can be represented as

follows:

Pei ¼ v � Lc=Di;ax ð16Þ

Sti ¼
3Lc � ki;film

v � rp

ð17Þ

Bii ¼
rp � ki;film

Di;pore � ep

; ð18Þ

where Pe is the Peclet number, St is the Stanton number,

and Bi is the Biot number.

Substitution of Eqs. (10)–(18) into the GRM equations

leads to the following dimensionless equations:

oCi

os
þ oCi

oX
þ 1� eb

eb

� Sti � ðCi � Ci;pjR¼1Þ ¼ ð1=PeiÞ �
o2Ci

oX2

ð19Þ

ep �
oCi;p

os
þ qp �

oQi;p

os
¼ Sti=ð3BiiÞ

� 2=R � oCi;p

oR
þ o2Ci;p

oR2

� �

: ð20Þ

The corresponding boundary conditions can be de-

scribed as followed:

X ¼ 0ðinletÞ; s[ 0; 1=Pei �
oCi

oX
¼ CijX¼0 � 1 ð21Þ

X ¼ 1ðoutletÞ; s[ 0;
oCi

oX
¼ 0 ð22Þ

R ¼ 0; s [ 0;
oCi;p

oR
¼ 0 ð23Þ

R ¼ 1; s [ 0;
oCi;p

oR
¼ Bii � ðCi � Ci;pjR¼1Þ: ð24Þ

The initial conditions at s = 0 become:

Ci ¼ 0 ð25Þ
Ci;p ¼ 0; Qi;p ¼ 0: ð26Þ

The competitive Langmuir model in dimensionless form

is as follows:

Qi;p ¼
aiCi;p

1þ
PN

j bjcj;0Cj;p

: ð27Þ

2.3 Numerical solution

The partial differential equations were discretized into a set

of ordinary differential equations using the orthogonal
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collocation on finite elements method. After the dis-

cretization step, the ordinary differential equations with

initial values were solved by the ordinary differential

equation solver ODE23 in MATLAB 2010a. Absolute and

relative tolerances of 10-5 were used.

2.4 Correlations of model parameters

The axial dispersion coefficient Di,ax can be calculated with

the following empirical correlation(Suzuki and Smith

1971):

Di;ax ¼ 0:44Di;m þ 0:83Udp; ð28Þ

where U is the superficial flow velocity and dp is the par-

ticle diameter. The molecular diffusivity Di,m of acetone,

butanol, and ethanol were calculated using the Wilke–

Chang correlation:

Di;m ¼
7:4� 10�8ðuMBÞ1=2

T

gBV0:6
i;A

; ð29Þ

where u is the association parameter, MB is the molecular

weight of water, T is the operating temperature, gB is the

viscosity of the solution, and Vi,A is the molar volume of

the adsorbate at its normal boiling point.

The external mass transfer coefficient ki,film can be cal-

culated with the Wilson and Geankoplis correlation:

ki;film ¼
1:09

eb

Di;m

dp

v � dp

Di;m

� �1=3

: ð30Þ

The pore diffusion coefficient Di,pore can be estimated by

the Mackie–Meares correlation:

Di;pore¼
ep

ð2� epÞ2
Di;m: ð31Þ

The absolute average deviation (AAD), defined in

Eq. (31), is used to evaluate the model prediction. In

general, an AAD value of less than 0.05 shows an almost

perfect fit to the experimental data, an AAD value between

0.05 and 0.1 means the model provides a general agree-

ment with the experimental data, and an AAD larger than

0.1 indicates the model may not truly correlate with the

experimental data (Siahpoosh et al. 2009).

AAD ¼ 1

N

XN

i¼1

jCi;exp jX¼1 � Ci;prejX¼1j; ð32Þ

where N is the number of experimental data points,

Ci,exp|X = 1 is the experimental dimensionless concen-

tration at the bed outlet, and Ci,pre|X = 1 is the dimen-

sionless concentration at the bed outlet predicted by the

model.

3 Materials and methods

3.1 Materials

3.1.1 Chemicals

The chemicals used in this work were all A.R. grade

reagents, which were purchased from Sinopharm Chemical

Reagent Co., Ltd. (Shanghai, China), and used without

further purification. All solutions were prepared using

deionized water.

3.1.2 Resin

The porous adsorption resin, KA-I, with a crosslinked—

polystyrene framework was obtained from the National

Engineering Technique Research Center for Biotechnology

(Nanjing, China). The physicochemical properties of the

resin are listed in Table 1. BET (Brunauer, Emmett, and

Teller) and BJH (Barrett, Joyner, and Halenda) tests were

performed to determine the surface area, pore volume, and

pore size distribution of the resin.

3.1.3 Fermentation broth preparation

The ABE fermentation broth was produced by fermenta-

tion of glucose using Clostridium acetobutylicum B3

(CGMCC No. 5234) as the bacterial strain, which was

previously isolated from soil and was selected after UV

mutagenesis (Liu et al. 2013). The batch fermentation was

conducted anaerobically in a 5-L serum bottle. The volume

of the ABE production medium was 1.5 L, including 60 g/

L glucose, 0.5 g/L K2HPO4, 0.5 g/L KH2PO4, 2.2 g/L

CH3COONH4, 0.2 g/L MgSO4�7H2O, 0.01 g/L MnSO4

�H2O, 0.01 g/L NaCl, 0.01 g/L FeSO4�7H2O, 1 mg/L

p-aminobenzoic acid, 1 mg/L thiamine, and 0.01 mg/L

biotin. The fermentation broth was filtered by an

Table 1 Parameters of the KA-I resin and fixed-bed columns

Matrix structure Polystyrene diethylbenzene

Crosslink density (%) 6.0

Functional group Ester group

Polarity Weakly polar

Average resin diameter, dp (cm) 0.08

Porosity of resin, ep 0.65

Apparent resin density, (g/mL) 1.050

Skeletal resin density, qs (g/mL) 0.700

BET specific surface area, S (m2/g) 850–950

Pore volume, Vp (m3/g) 0.62–0.66

Bed column porosity, eb 0.36

Cross-sectional area of column (cm2) 7.065
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ultrafiltration membrane unit (UOF4, Tianjin MOTIMO

Membrane Technology Co., Ltd., Tianjin, China) to re-

move the microbial cells before it was used in the

experiments.

3.2 Methods

3.2.1 Competitive adsorption equilibrium experiments

In the determination of multicomponent competitive ad-

sorption isotherms, 100 mL Erlenmeyer flasks were filled

with 50 mL of a known concentration of solutes and known

weight of resin. The concentration ratio of acetone:bu-

tanol:ethanol in the mixture was equal to 3:6:1, which is

close to the component ratio in a reported final fermenta-

tion broth (Liu et al. 2013). The flasks were then placed on

a shaker and agitated continuously for 8 h at 298 K to

attain equilibrium. Then, a sample was withdrawn from the

supernatant fluid with a syringe and the concentration of

the solute of interest was measured by gas chromatograph

(GC) (Lin et al. 2013). The adsorbed amount was calcu-

lated by the following relationship:

qi;e ¼
ðci;0 � ci;eÞV

m
; ð33Þ

where ci,0 and ci,e represent the initial and equilibrium

aqueous concentration, respectively, of butanol (or other

solute of interest), V is the volume of the solution, and m is

the mass of the used resin.

3.2.2 Fixed-bed column experiments

The fixed-bed column experiments were carried out to

evaluate the column performance in the separation of ABE

ternary components by a KA-I resin. Experiments were

conducted in a glass column (30 mm in diameter and

200 mm in length), which allows for a maximum amount

of KA-I resin of about 100 g. The column was equipped

with a water jacket connected to a super-heated water bath

to keep the temperature constant. The fixed-bed operation

was performed isothermally at 298 K ± 1 K and the feed

stream (influent) containing the desired initial amount of

ABE was packed into the KA-I resin column in a down-

flow mode. Prior to each experiment, deionized water was

passed through the column in an up-flow mode to remove

air bubbles. The flow rate was controlled by a constant flow

peristaltic pump (BT00-300M, Hebei, China). Samples

were collected at the column outlet (effluent) at pre-de-

termined time intervals and the concentration of ABE was

periodically analyzed by GC. Effects of various ex-

perimental conditions, i.e., the inlet flow rate, initial ABE

concentration, and adsorbent bed height, were investigated

in the performance of competitive breakthrough for the

adsorption of ABE onto the KA-I resin.

All experiments in this study were carried out at least

three times and the experimental error was within 5–10 %.

The reported values are the average of three data sets.

4 Results and discussion

4.1 ABE competitive adsorption isotherms

The competitive adsorption isotherms of acetone, butanol,

and ethanol in the ternary system on a KA-I resin at 298 K

along with the prediction curves calculated by the com-

petitive Langmuir isotherm model (Eq. 9) are shown in

Fig. 1. The corresponding Langmuir model parameters are

given in Table 2. The simulation results fit the ex-

perimental data fairly well. Butanol has a high adsorption

capacity on the KA-I resin, while acetone and ethanol are

weakly adsorbed, especially ethanol. It can be observed in

Fig. 1 that the ethanol is almost non-retained by the resin in

the presence of butanol and acetone, which indicates the

competitive adsorption phenomena exists in the ABE

ternary mixture. The results are consistent to the report in

the literature (Eom et al. 2013). The competitive adsorption

will be further discussed in the following section.

4.2 ABE ternary mixture adsorption dynamics

4.2.1 Effect of inlet feed flow rate on the competitive ABE

breakthrough curves

To investigate the adsorption performance of ABE in the

column at different inlet feed flow rates, the adsorbent bed

Fig. 1 Competitive adsorption isotherms of acetone, butanol, and

ethanol in the ternary system
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height was fixed at 10.2 cm and the initial ABE concentration

in the feed was held constant at 6.0, 12.0, and 2.0 g/L, re-

spectively, while the inlet feed flow rate was changed from

2.45 to 10.0 mL/min. The breakthrough curves of ABE for

ci,out,t versus time at various inlet feed flow rates are shown in

Fig. 2. It is interesting to observe from Fig. 2 that overshoots

exist in the concentration profiles of ethanol and acetone,

which is evidence of the competitive adsorption (Ghorai and

Pant 2004). The adsorbed ethanol and acetone (the weakly

retained substance) are displaced by butanol (the strongly

adsorbed component), which corresponds to the results of the

ABE adsorption isotherms (see Fig. 1). The breakthrough

point decreases at a higher flow rate. A higher flow rate re-

duces the time that the adsorbates are in contact with the

adsorbent, thus allowing less time for adsorption to occur,

leading to an early breakthrough of the adsorbates. The result

is consistent with the results of Ahmad and Hameed (2010).

Moreover, as can be seen in Fig. 2, when the inlet flow rate

increases from 2.45 to 10 mL/min, the shape of concentration

profiles of acetone and ethanol becomes more flat. According

to Sulaymon and Ahmed (2008), a probable explanation for

the phenomenon is that the rate of competitive adsorption will

decrease with the increase of Biot number for each solute,

which leads to less displacement of weak retained components

by strongly retained component. In our case, the Biot number

for each adsorbate increases with the increase of inlet flow rate

(see Table 3). Therefore, less ethanol and acetone are dis-

placed by butanol at a high inlet flow rate, thus more flat

breakthrough profiles of the acetone and ethanol are observed.

The flat concentration profiles and early breakthrough point

will lead to the difficult separation of ABE. However, the low

flow rate will lead to the long operating time needed for

separation. Therefore, an appropriate flow rate needs to be

selected to satisfy the separation.

4.2.2 Effect of initial adsorbate concentration

on the competitive breakthrough curves

The breakthrough curves of ABE with different initial

concentrations are depicted in Fig. 3. The ratio of the ABE

ternary mixture was the same as that in the fermentation

broth. The inlet feed flow rate was kept at 5.0 mL/min and

the adsorbent bed height was 10.2 cm. Figure 3 shows that

the concentration profiles of ABE become steeper with in-

creasing feed concentration. This phenomenon can be ex-

plained by the fact that the driving force depends on the

concentration gradient of the solute and can be improved by

using a higher initial concentration to create a larger con-

centration difference (Volesky and Prasetyo 1994; Zhou

et al. 2013). Moreover, an interesting phenomenon can be

seen in Table 3 where the retention time (t1/2) of the ABE

concentration profiles increases with reduction of the initial

feed concentration. By increasing the initial ABE concen-

tration from 3.0, 6, 1 g/L to 9.0, 18.0, 3.0 g/L, the t1/2 of

ABE decreased by 47.3, 54.4, and 34.2 %, respectively. This

phenomenon is typical for convex isotherms, i.e., Langmuir

type. For isotherm of the langmuir-type, the retention time

of each adsorbate decreases with its increasing concentration

in the feed solution, when the concentration is located in the

nonlinear range of the adsorption isotherm (Schmidt-Traub

2005). In our case, the concentrations of ABE under in-

vestigation are located in the nonlinear range of the com-

petitive adsorption isotherms (see Fig. 1). Therefore, the

retention times of ABE decreased with the increase of its

initial concentrations in the feed solution.

4.2.3 Effect of adsorbent bed height on the competitive

breakthrough curves

The competitive adsorption behaviors of ABE were in-

vestigated at adsorbent bed heights of 4.2, 10.2, and

18.0 cm. The inlet flow rate was fixed at 5 mL/min and the

initial ABE concentrations were 6.0, 12.0, and 2.0 g/L,

respectively. The experimental breakthrough curves at

different adsorbent bed heights are plotted in Fig. 4. It can

Table 2 Multicomponent competitive adsorption isotherm pa-

rameters for ABE on KA-I resin

Solute a (mL/g) b (L/g) D %a

Acetone 14.5 0.15 8.9

Butanol 48.0 0.30 9.1

Ethanol 3.6 0.05 7.8

a D %, the average absolute percent deviations.

D % ¼ 1
N

P qexp�qpre

qexp

�
�
�

�
�
�� 100 %

Fig. 2 Effect of inlet feed flow rate on the competitive breakthrough

curves of ABE adsorption on a KA-I resin (cA,0 = 6.0 g/L,

cB,0 = 12.0 g/L, cE,0 = 2.0 g/L, Lc = 10.2 cm, H/D = 3.4,

T = 298 K ± 1 K)

Adsorption (2015) 21:165–176 171

123



be observed from Fig. 4 that the shape of the concentration

profiles of ethanol and acetone becomes sharp with the

increasing height of the bed. According to Sulaymon and

Ahmed (2008), the behavior can be explained by the in-

crease of competitive displacement of weak adsorbed

components (ethanol and acetone) by strongly adsorption

component (butanol), which is caused by the increasing

Peclet number. In our case, the Peclet number of ABE

increased with the increase of bed height (see Table 3). As

shown in Table 3, the ABE retention time t1/2 increased

with increasing adsorbent bed height as expected, because

a larger bed height corresponds to a larger amount of ad-

sorbent in the column, and more active sites are available

for sorption of the adsorbate with the increase of adsorbent

bed height. Therefore, more time is needed to saturate all

the adsorbent in the fixed bed. In addition, as the bed height

increased, the t1/2 difference between butanol and the other

two solutes became larger, indicating that more efficient

separation of ABE can be attained by increasing the bed

height.

4.3 Mathematical modeling for adsorption behaviors

of ABE ternary system

The GRM was used to predict the competitive adsorption

dynamics of ABE. The experimental and predicted break-

through curves of ABE ternary system at different oper-

ating conditions (inlet feed flow rate, initial adsorbate

concentration, and adsorbent bed length) were shown in

Fig. 5 simultaneously. The AAD values between 0.5 and

Table 3 Experimental

conditions for the column runs

and parameters for prediction of

the breakthrough curves of ABE

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8

Qf (mL/min) 2.45 4.94 10.0 4.94 4.94 4.94 4.94 4.94

Concentration of feed solution (g/L)

Acetone 6.0 6.0 6.0 6.0 6.0 3.0 9.0 6.18

Butanol 12.0 12.0 12.0 12.0 12.0 6.0 18.0 10.48

Ethanol 2.0 2.0 2.0 2.0 2.0 1.0 3.0 1.2

Lc (cm) 10.2 10.2 10.2 4.2 18.0 10.2 10.2 10.2

Aspect ratio H/D 3.4 3.4 3.4 1.4 6.0 3.4 3.4 3.4

eb 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36

tM (min) 10.59 5.25 2.59 2.16 9.27 5.25 5.25 5.25

DAcetone,ax (910-2 cm2/min) 2.34 4.68 9.43 4.68 4.68 4.68 4.68 4.68

DButanol,ax (910-2 cm2/min) 2.33 4.67 9.43 4.67 4.67 4.67 4.67 4.67

DEthanol,ax (910-2 cm2/min) 2.34 4.68 9.44 4.68 4.68 4.68 4.68 4.68

t1/2 (min) Experimental

Acetone 122.6 55.3 24.6 19.2 101.2 84.8 44.7 53.0

Butanol 219.0 98.3 46.6 36.2 189.5 167.8 76.6 97.1

Ethanol 77.3 32.6 15.3 10.3 67.6 41.2 27.1 24.5

Pore diffusion coefficient Di,pore (910-4 cm2/min)

Acetone 2.73 2.73 2.73 2.73 2.73 2.73 2.73 2.73

Butanol 2.23 2.23 2.23 2.23 2.23 2.23 2.23 2.23

Ethanol 3.12 3.12 3.12 3.12 3.12 3.12 3.12 3.12

External mass transfer coefficient ki,film (cm/min)

Acetone 0.14 0.17 0.22 0.17 0.17 0.17 0.17 0.17

Butanol 0.12 0.15 0.19 0.15 0.15 0.15 0.15 0.15

Ethanol 0.15 0.19 0.24 0.19 0.19 0.19 0.19 0.19

Peclet number

Acetone 421 424 425 174 748 424 424 424

Butanol 422 424 425 175 749 424 424 424

Ethanol 420 423 425 174 747 423 423 423

Biot number (Bi)

Acetone 31.6 38.3 49.6 38.3 38.3 38.3 38.3 38.3

Butanol 33.1 41.4 52.4 41.4 41.4 41.4 41.4 41.4

Ethanol 29.6 37.5 47.3 37.5 37.5 37.5 37.5 37.5

AAD 0.090 0.097 0.070 0.054 0.043 0.120 0.086 0.076
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1.0 indicated that the GRM could provide a general de-

scription to the competitive adsorption behaviors of ABE at

different operating conditions. Axial dispersion, external

mass transfer, and pore diffusion coefficients were deter-

mined by Eqs. (28), (30), and (31), respectively. The re-

sults were given in Table 3. The values of external mass

transfer coefficient were found to be in the range of

0.14–0.22, 0.12–0.19, and 0.15–0.24 cm/min for ABE,

respectively. It could be observed that the values of kfilm

varied with different flow rates but kept constant for dif-

ferent initial adsorbate concentrations. According to

Guiochon et al. (2006), kfilm increases with the decrease of

film mass transfer resistance. The film mass transfer re-

sistance is related with the thickness of liquid film outside

the resin particles. At a higher flow rate, film mass transfer

resistance decreases as liquid film outside the resin parti-

cles becomes thinner caused by the increasing turbulence.

Therefore, the external mass transfer coefficient kfilm in-

creases with increasing flow rates. However, kfilm was al-

most independent of initial adsorbate concentrations. The

kfilm is determined by hydrodynamic conditions and mainly

depends on fluid velocity for specific adsorbate-adsorbent

system. The fluid velocity is constant for all the concen-

tration ranges under investigation. Therefore, the values of

kfilm remain constant for different initial feed concentration.

A single value of Dpore was found to be used in the mod-

eling of breakthrough curves over the operating range of feed

flow rates, initial adsorbate concentrations, and adsorbent bed

length. The same phenomenon had been reported by many

other researchers. Ponnusami et al. (2010) have reported a

concentration–independent internal diffusion coefficient for

the adsorption of methylene blue onto plant leaf powders.

Quek and Al-Duri (2007) have applied a single value of in-

traparticle diffusion coefficient to predict the concentration

profiles of lead ion on coir for various operating conditions.

However, the values of Dpore for ABE were variant to each

other. The values were 2.73 9 10-4, 2.23 9 10-4, and

3.12 9 10-4 cm2/min for ABE, respectively. The Dpore val-

ues were specific to each adsorption system. Physicochemical

properties of solutes including size, polarity, and solubility

may affect the pore diffusivities when the same adsorbent was

used (Wu et al. 2009). The Biot number (Bi) was calculated by

Eq. (18), and the results were shown in Table 3. Bi measures

the relative rate between external mass transfer and internal

diffusion. Adsorption is governed by external mass transfer

(Bi \ 10), intraparticle mass transfer ressistance (Bi [ 10), or

both (Bi * 10) (Kumar et al. 2014). From Table 3, it can be

observed that the values of Bi at different operating condition

are all more than 10, indicating that pore diffusion is the rate

controlling step for the adsorption process of ABE on the

resin. The phenomenon can be probably due to pore structure

of the resin. According to the IUPAC definition of pore di-

ameters, the KA-I resin contains mesopore (2 nm \ pore

size \ 50 nm) and micropore (pore size \ 2 nm) regions si-

multaneously (see Fig. 6). The diffusion of the ABE in the

pore may be limited by the specific pore structure of the resin.

4.4 Competitive adsorption dynamics of ABE

from the actual fermentation broth

The column experiment was carried out with the actual

ABE fermentation broth used as a feed solution (see Run 8

in Table 3). The concentrations of ABE in the fermentation

broth were 6.18, 10.48 and 1.2 g/L, respectively. The

Langmuir isotherm constants (ai and bi) and axial disper-

sion, external mass transfer, and pore diffusion coefficient

from prediction of ABE model broth were used in the ac-

tual fermentation broth prediction directly (see Table 3).

Fig. 3 Effect of initial adsorbate concentration on the competitive

breakthrough curves of ABE adsorption on a KA-I resin (Qf = 5.0 -

mL/min, Lc = 10.2 cm, H/D = 3.4, T = 298 K ± 1 K)

Fig. 4 Effect of adsorbent bed height on the competitive breakthrough

curves of ABE adsorption on a KA-I resin (cA,0 = 6.0 g/L,

cB,0 = 12.0 g/L, cE,0 = 2.0 g/L, Qf = 5.0 mL/min, T = 298 K ± 1 K)
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Fig. 5 Experimental and predicted breakthrough curves of ABE on KA-I resin at different operating conditions (a inlet feed flow rate; b initial

adsorbate concentration; c adsorbent bed height). The dash lines, dot lines, and solid lines represent the predicted breakthrough curves

Fig. 6 Pore diameter distribution of the KA-I resin
Fig. 7 Experimental and predicted competitive adsorption break-

through curves of ABE using the actual fermentation broth as feed
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The experimental ABE breakthrough curves were shown in

Fig. 7. Meanwhile, the GRM model prediction was pre-

sented in Fig. 7 as well. The value AAD was 0.076, which

indicating that the model could provide a general de-

scription to the breakthrough curve of ABE from actual the

fermentation broth. Moreover, the result also proved that

other compounds in the actual fermentation broth had al-

most no disturbance to the adsorption of ABE.

5 Conclusions

The shape and retention time of ABE have been found to be

affected by the inlet feed flow rate and bed height, which

need to be selected appropriately to satisfy the separation of

ABE in dynamic conditions. The general rate model (GRM)

has been successfully used to describe and predict the

multicomponent competitive adsorption behaviors of ABE

in a packed bed under different operating conditions. Three

important model parameters, namely the axial dispersion

coefficient Di,ax, external mass transfer coefficient ki,film, and

pore diffusion coefficient Di,pore, have been calculated by

several empirical correlations. The AADs between 0.05 and

0.1 demonstrate the rationality of the calculation based on

the empirical correlations. The values of Bi at different

operating conditions are all more than 10, indicating that

pore diffusion is the rate controlling step for the adsorption

process of ABE on the resin. Based on the excellent results,

the proposed model can be applied to design and fabricate

devices and develop separation optimization methods to

further industrial production. Undoubtedly, the desorption

process of ABE from the resin should also be investigated

experimentally and theoretically in the future work in order

to realize the continuous separation of ABE.
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