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Abstract Butanol, considered as one of the best renew-
able alternatives for gasoline, has attracted significant
attention in recent years. However, biobutanol production
via fermentation is plagued by the low final product con-
centration due to product inhibition. It is possible to
enhance productivity by selectively removing biobutanol
from the fermentation broth. Adsorption is one of the most
promising and energy-efficient techniques for butanol
separation and recovery. In the present study, different
adsorbents were tested by performing kinetic and equilib-
rium experiments to find the best adsorbent for butanol
separation. Activated carbon (AC) F-400 showed the fast-
est adsorption rate and the highest adsorption capacity
amongst ACs and zeolites tested. AC F-400 also showed
the highest affinity toward butanol and to a lesser extent for
butyric acid whereas its adsorption capacity for the other
main components present in acetone—butanol—ethanol fer-
mentation broths was very low. In addition, the butanol
adsorption capacity was not affected by the presence of
ethanol, glucose and xylose while the presence of acetone
led to a slight decrease in adsorption capacity at low
butanol concentrations. On the other hand, the presence of
acids (acetic acid and butyric acid) showed a significant
effect on the butanol adsorption capacity over a wide range
of butanol concentration and this effect was more pro-
nounced for butyric acid.
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List of symbols

a Equation constant (Eq. 2)

b Langmuir constant, L/g

C Butanol concentration at time t, g/L

Co Initial butanol concentration, g/L

C, Equilibrium butanol concentration in solution, g/L

k Pseudo-second order Lagergren’s rate constant, g/g
min

M_,qs The amount of adsorbent used, g

n Freundlich constant, (dimensionless)

q Butanol adsorption capacity at time t, g/g

qe Butanol adsorption capacity at equilibrium state,
g/g

qs Maximum butanol adsorption capacity, g/g

t Time, min

Abbreviations

ABE Acetone-butanol—ethanol

AC Activated carbon
NHOC Net heat of combustion
MWCNT  Multi-walled carbon nano tube

1 Introduction

Depletion of oil resources combined with the continuous
rising of oil prices, political instability in oil-producing
countries and environmental challenges are some of the
reasons that have motivated significant interest for pro-
ducing alternative biofuels from renewable and sustainable
resources. Amongst these fermentation-derived fuels,
butanol bioproduction is currently attracting attention
given the advantages biobutanol has over other biofuels
(Ezeji et al. 2004; Antoni et al. 2007; Dellomonaco et al.
2010). Butanol (C4H9OH) is a colorless liquid with a very
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low solubility in water and organic solvents (Thirmal et al.
2012). In recent decades, biobutanol has been considered
as one of the most promising biofuels since it has enviable
properties in comparison to other biofuels such as bioeth-
anol. Higher energy density, better solubility in existing
hydrocarbon fuels, net heat of combustion (NHOC) close
to the one for gasoline, low vapor pressure and low cor-
rosiveness are some of the advantages which make butanol
easier to handle, transfer and work with (Ezeji et al. 2003;
Diirre 2007; Fouad et al. 2008; Qureshi et al. 2005;
Shapovalov et al. 2008; Harvey et al. 2011; Thompson
et al. 2011). Acetone-butanol-ethanol (ABE) fermentation
is the fermentative method used to produce butanol. The
microorganisms used in this bioprocess are mostly anaer-
obic solventogenic clostridia including Clostridium acet-
obutylicum and C. beijerinkii. The feedstock used in ABE
fermentation could be the low cost substrates such as algal
biomass, soy molasses, wheat straw, corn stover, switch-
grass and other agricultural wastes. Using these sources as
feedstock will reduce the waste build-up that has been one
of the serious concerns in recent decades (Ezeji et al. 2004;
Zheng et al. 2009; Thirmal et al. 2012). The product of
ABE fermentation is typically a mixture of acetone, buta-
nol and ethanol with the ratio of 3:6:1 (by weight) and the
butanol concentration in the broth is less than 2 wt% and
usually in the order of 1 wt% (Meagher et al. 1998;
Qureshi et al. 1999, 2005; Diirre 2007; Ezeji et al. 2007,
Garcia et al. 2009; Li and Parnas 2010; Harvey et al.
2011). Given the very low concentration of butanol and
also the presence of other components in the fermentation
broth, even at very low concentrations, the major challenge
remains to develop a cost-effective technique to separate
and recover butanol as the final product. Distillation is the
traditional recovery technique used for butanol separation
and it is still the technique that is widely used for this
purpose. The energy requirement for butanol separation by
steam stripping distillation (24.2 MJ/kg) is comparable to
the butanol NHOC (36 MlJ/kg) (Qureshi et al. 2005;
Shapovalov et al. 2008; Harvey et al. 2011; Oudshoorn
et al. 2009a). Thus, finding another technique with lower
energy demand is very important to make the biobutanol
production process economically viable. Other techniques
used for butanol separation from fermentation broths
include liquid-liquid extraction, gas stripping, perstraction,
pervaporation and adsorption. According to different
investigations, the energy requirement for adsorption is the
lowest compared to other techniques, as shown in Fig. 1
(Qureshi et al. 1999, 2005; El-Zanati et al. 2006; Oud-
shoorn et al. 2009a; Tong et al. 2010).

An important number of studies have been carried out to
separate and recover butanol from model solutions and
aqueous mixtures. A wide range of materials such as
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activated carbon (AC), polymeric resins, polyvinylpyri-
dine, zeolites are commonly used as butanol adsorbents
from model solutions and fermentation broths (Maddox
1982; Groot et al. 1986; Nielsen et al. 1988; Sowerby et al.
1988; Yang et al. 1994; Holtzapple and Brown 1995;
Nielsen 2009; Oudshoorn et al. 2009b, 2012; Saravanan
et al. 2010; Sharma et al. 2011; Thompson et al. 2011;
Remi et al. 2011, 2012). According to the results of these
studies, zeolites and ACs have the highest adsorption
capacity for butanol separation from dilute solutions
(Regdon and Dekany 1994; Takeuchi et al. 1995; Regdon
and Dekany 1994; Oudshoorn et al. 2009b; Zheng et al.
2009; Saravanan et al. 2010; Sharma et al. 2011). How-
ever, only a few studies were performed using different
adsorbents to investigate the adsorption rate and the effect
of other components present in fermentation broths (Niel-
sen et al. 1988). The studies carried out in the literature for
different adsorbents tested for butanol separation using
model solutions were mainly concerned with their
adsorption capacity and less attention was devoted to other
significant factors influencing the adsorbent selection. In
the present study, different types of zeolites and ACs were
tested in adsorbent screening experiments to investigate
their performance as butanol adsorbents. The adsorption
capacity and the rate of adsorption were measured for
different adsorbents. In addition, the effect of the presence
of other ABE broth components on butanol adsorption was
also investigated.

2 Materials and methods
2.1 Materials

To test the adsorbents, a series of model solutions were
prepared to simulate representative concentrations of the
main chemicals present in a typical fermentation broth
during the production of butanol. n-Butanol (99 % pure,
Acros), acetone (95 % pure, Acros), n-butyric acid (99 %
pure, Acros) and 99 % pure ethanol and acetic acid were
obtained from Fisher Scientific (Fisher Scientific Co., Fair
Lawn, NJ). Deionized distilled water was used to prepare
all model solutions. The adsorbents tested in this study
were ACs F-400 and F-600 (Calgon, Mississauga, ON,
CA), zeolites NaY, ZSM-5 (CBV8014) and silicalite (Hi-
siv3000) (UOP, Des Plaines, IL, USA) and Multi-walled
carbon nano tubes (MWCNT), 954 % pure (MK Impex-
Cor. Mississauga, ON, CA). Table 1 provides the list of
adsorbents used in this study and some of their properties.
The adsorbent properties were obtained from information
provided by the companies or publications (Feirey et al.
2006; Harlick et al. 2004).
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Fig. 1 Energy requirements for butanol separation from ABE broth.
A for distillation, gas stripping, extraction, and pervaporation are
reported in (Qureshi et al. 1999) but the details of the process are not
reported. B for distillation: to increase butanol concentration from 1 to
99.99 wt% in the solution; B for gas stripping: to increase the butanol
concentration to 50 wt%; B for extraction: to remove 75 % of butanol

Extraction

Pervaporation Adsorption

from the solution using oleyl alcohol as the extractant. B for
pervaporation: to remove 25 % of butanol from the solution using
silicone rubber as the membrane (Groot et al. 1992); A for adsorption:
to remove butanol using silicalite as the adsorbent (Qureshi et al.
1999), and B for adsorption: the estimated energy required for butanol
adsorption by Oudshoorn et al. 2009a)

Table 1 Different adsorbents tested in this study for butanol adsorption and some of their properties

Adsorbent Shape Surface area Mean particle Mean particle Si0,/ Mesh Mean pore Micropore
(mz/g) diameter (mm) length (mm) Al,O3 size diameter (nm) volume (cm3/g)

F-400 Granule 1,090 0.55-0.75 - - 12 x 40 - 0.43

F-600 Granule 710 1 - - 12 x 40 - 0.29

NaY Rod - 1.588 2.659 1.8 - 0.8 -

ZSM Rod 425 1.6 12.11 80 - 0.6 -

Silicalite Rod 400 1.6 2.86 >1,000 - 0.6 0.146

MWCNT  40-50 >5 x 107° 10-30 x 1072 - - - -

2.2 Methods column with a specific volume of 30 cm®. However, based

2.2.1 Kinetic experiments

In kinetic experiments, the butanol adsorption rate was
determined at room temperature for each adsorbent by
recording the concentration in the aqueous phase
throughout the experiment until thermodynamic equilib-
rium was achieved. Figure 2 shows the schematic diagram
of the experimental system used in this investigation for
both kinetic and equilibrium experiments.Aqueous solu-
tions were prepared by adding known amounts of butanol
and water in the Erlenmeyer flasks to obtain butanol-water
solutions with different initial concentrations. The column
was packed with a specific adsorbent. It is important to
note that all experiments were conducted in the same

on the differences in the shape and density of the different
adsorbents, the amount of materials needed to pack the
column was different. The amounts of each adsorbent are
provided in the figure legends specifically for each exper-
iment. The butanol solution was pumped through the
packed column and recirculated to the feed tank at a high
flow rate to ensure a low solution residence time
throughout the column to minimize the transient effects of
the adsorption column. The comparative determination of
the adsorption kinetics was performed in a packed column
instead of in a shake flask in order to maintain the physical
integrity of the adsorbent particles and alleviate particle
attrition. The length and diameter of the packed column
were 17.5 and 1.5 cm, respectively. Small samples of
approximately 1 mL were periodically removed from the
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Fig. 2 Schematic diagram of the adsorption setup used for kinetic
and equilibrium studies

Erlenmeyer flask and analyzed for butanol content. Using a
simple mass balance, it was possible to estimate the
amount of butanol adsorbed. The rate of change of butanol
concentration in the flask was quantified. This allowed the
estimation of the rate of adsorption.

2.2.2 Equilibrium experiments

For equilibrium experiments, adsorption runs were carried out
with different initial butanol concentrations in model solu-
tions. An aqueous solution containing known amounts of test
chemicals was continuously re-circulated through the column
until equilibrium was reached. After reaching equilibrium for
different initial concentrations and determining isotherms of
each adsorbent, the performance of all adsorbents in terms of
adsorption capacities was compared. To perform butanol
adsorption experiments with MWCNT as the adsorbent, batch
experiments were used. 250 mL Erlenmeyer was loaded with
specific volumes of butanol-water solution with known con-
centration. A certain amount of adsorbent was added to the
flask. The flask was then placed in a shaker at room temper-
ature to ensure mixing was adequate. The samples were fil-
tered using a 0.45 pm filter before measuring the butanol
concentrations. For the experiments of binary and ternary
solution adsorption isotherms using AC F-400, the amount of
adsorbent used varied between 13.5 and 13.8 g.

2.2.3 Kinetic modeling

A first-order kinetic equation (Eq. 1) and a pseudo-second
order equation (Eq. 2) adapted from the Lagergren’s pseudo-
second order kinetic equation, were used to fit the experi-
mental butanol concentration profile in the aqueous solution
as a function of time. The time constant for each adsorbent
was calculated according to these two kinetic models.

@ Springer

C=Co+(Co—Coer (1)

a(Cy — C.)*t

C=Cp——3 =
" 1+a(Cy—Ct

()

The time constant in both equations represents the time
in which the butanol concentration in the aqueous solution
decreased by 63.2 % of its total change (Cy — C,). For the
calculation of the time constant, C, was calculated from the
curve fits of these two models to the experimental data.
These experiments, done for different adsorbents, allowed
comparison of the rate of butanol adsorption and
determining the adsorbent with the fastest adsorption
kinetics for butanol. The concentration of organic
compounds in the solution was determined by high
performance liquid chromatography (Waters, CA) using
the ICPack column (Waters, Toronto, Canada).

Equations 1 and 2 modeled the variation of the butanol
concentration in solution as a function of time. By a simple
mass balance and knowing the amount of solids in the adsorp-
tion column, it is also possible to calculate the average amount
of butanol adsorbed as a function of time. To model the kinetics
of adsorption for each adsorbent, Eqs. 3 and 4 were used which
are adapted from Eqgs. 1 and 2, respectively. Equation 4 is the
Lagergren’s pseudo-second order equation which highlights
the amount of adsorbate adsorbed in the solid, rather than the
concentration change in the liquid phase and is usually used for
modelling liquid adsorption from aqueous phase.

q=q.(l—¢) (3)
t 1 t
—=— (4)
q kg 4.

2.2.4 Equilibrium modeling

An equilibrium isotherm equation was used to characterize the
adsorption capacity of a specific adsorbent as a function of
equilibrium concentration of the adsorbate in solution at a
constant temperature. The isotherm model used in this study to
fit the experimental data is the three-parameter Langmuir—
Freundlich (Sips) model, given by Eq. 5. This isotherm model
was selected since it showed better fits to experimental data
compared to Freundlich and Langmuir isotherm models.

bCel/n

st (5)

de =

3 Results and discussion
3.1 Kinetic results

Kinetic experiments were performed at room temperature
with different adsorbents using water—butanol binary
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solutions with different initial concentrations to determine
the dynamics of adsorption for each adsorbent. Deter-
mination of the time required to reach equilibrium and
the initial uptake rate were the main objectives of this set
of experiments. Figure 3 shows the results of the kinetic
experiments for all adsorbents studied. Results revealed
that for an aqueous solution with an initial butanol
concentration of approximately 10 g/L, ACs F-400 and
F-600 had much faster adsorption rates than the other
adsorbents. By fitting the pseudo-second order equation
(Eq. 2) to the experimental data and determining the time
constant for all adsorbents, it was found that AC F-400
and F-600 had the lowest time constants (7.9 and 10.5
min, respectively), whereas this constant was much
higher for other adsorbents specially for NaY which was
109.3 min. A first-order kinetic equation (Eq. 1) was also
fitted to experimental data and it was found that the fits
for both models were very good. Time constants given
by these two equations are fairly similar for AC F-400,
F-600 and silicalite. On the other hand, for ZSM-5 and
NaY, the difference between calculated time constants
for these two different models is significant (see Table 2)
and this is due to the difference in the model structure
and the number of parameters present in these models.
The coefficient of determination (R2), calculated for both
Lagergren’s pseudo-second order and the first-order
kinetic equations, revealed that both of these equations
can be used with confidence to model the kinetic
behavior of the butanol adsorption system using all of the
tested adsorbents (Table 2), with first-order Kkinetics
having slightly lower (R*) values. Figure 3 shows the
results of the Lagergren’s pseudo-second order equation
fits to the experimental data for 10 g/L initial butanol
concentration. Similar experiments were performed for

Fig. 3 Butanol-water
adsorption kinetics at room
temperature for 10 g/L initial
butanol concentration; Symbols 10
represent experimental data and
the lines are predictions using
the Lagergren’s pseudo-second
order equation (Eq. 2) (The
solution volume was 0.2 L for
all experiments)

12

Butanol concentration (g/L)

other initial concentrations and all results showed the
same trend.

The kinetic data for each adsorbent were fitted with
Eq. 3 and Lagergren’s pseudo second order model (Eq. 4)
and Fig. 4 shows the results for the Lagergren’s model
since it had a slightly better fit. As clearly shown in Fig. 4,
the model is a very good fit for the experimental data.
Regardless of the amount of butanol adsorbed, the initial
uptake rate and the time required to reach equilibrium is
fairly similar for the ACs AC F-400 and F-600. In both
experiments, the equilibrium state is reached in more or
less 150 min whereas the initial uptake rate for NaY and
ZSM-5 is significantly slower. For silicalite, the initial
uptake rate was higher than the other two zeolites but
slower than the ACs uptake rate. Table 3 shows the kinetic
parameters obtained by fitting Lagergren’s pseudo second
order model to the experimental data for each of the
adsorbents studied.

3.2 Adsorption equilibrium isotherms for water—
butanol binary solutions

Adsorption equilibrium isotherms were used to compare the
capacity of different adsorbents for butanol adsorption. As it
was observed in kinetic experiments, equilibrium was
reached in less than 2.5 h for ACs F-400 and F-600. To err
on the safe side, 4-h runs were conducted for the determi-
nation of equilibrium data points for these two adsorbents.
For the other adsorbents, 7-h experiments were carried out
to reach the equilibrium state. Figure 5 shows the adsorp-
tion isotherms at room temperature for each of the adsor-
bents studied. This figure clearly shows that AC F-400 has
the highest butanol adsorption capacity in comparison to
other adsorbents. For example, at a 10 g/L butanol
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A ACF-600

+ ACF-400

Mads=10.24 g
Mads=13.44g
Mads=12.75g
Mads=9.4¢

Silicalite Mads= 19.6316
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Silicalite
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Table 2 Time constants and coefficients of determination using the first-order and pseudo second order kinetic equations for each adsorbent

Adsorbent Time constant first-order R? Time constant pseudo-second (R%)
equation”, Eq. 1 (min) order equation, Eq. 2 (min)

AC F-400 7.6 0.989 8.2 0.973

AC F-600 9.6 0.952 11.3 0.986

Silicalite 325 0.927 39.2 0.970

ZSM-5 47.5 0.884 71.5 0.920

NaY 59 0.992 109.3 0.990

* The time represents the time required to achieve a butanol concentration corresponding to 63.2 % of its total change (C, — C,)

02 4 AC F-400 PPs

0.15 4

Silicalite
0.1 4

ACF-400 Mads=9.4g Ce=2.10g/L |
ACF-600 Mads=12.75g Ce=1.75g/L
MNay Mads=13.44g Ce=0.15g/L
Silicalite Mads=19.63g Ce=0.54 g/L
I5M-5 Mads=10.24 g Ce=4.85 gfL

Amount adsorbed (g/g)

e M > s

o 100 200 300 400 500
Time (min)

Fig. 4 Butanol-Water adsorption kinetics at room temperature with
different adsorbents. Symbols represent experimental data and the
lines are fitted kinetic model for Lagergren’s pseudo-second order
equation

concentration at equilibrium, the butanol adsorption
capacity for AC F-400 is 258 mg/g, while it is 149, 139, 107
and 103 mg/g for AC F-600, ZSM-5, NaY, and silicalite,
respectively. Interestingly, the adsorption capacities of AC
F-400 and AC F-600 are quite different. This difference in
adsorption capacities would be due to different raw mate-
rials or methods used in preparation processes for these two
ACs. MWCNT was also used as butanol adsorbent for a 30
g/L butanol-water solution in a batch experiment and, as
shown in Fig. 5, the butanol adsorption capacity obtained
was very low (24 mg/g). It should be noted that to reach the
equilibrium state, the experiment was run for 96 h and the
equilibrium concentration was obtained at 24 h and did not
change for the subsequent 3 days. For the three different
types of zeolites tested in adsorbent screening experiments,
it was observed that ZSM-5 had higher adsorption capacity
for butanol in comparison to NaY. This higher adsorption
capacity would be due to its higher Si0,/Al,05 ratio and/or
due to different structures of these two zeolites. Increasing
Si0,/Al,05 ratio increases the hydrophobicity of zeolites
and since zeolitic hydrophobic adsorbents have higher
selectivity for organic compounds over water, it is desired
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to use a zeolite with higher silica to alumina ratio for
butanol adsorption. These hydrophobic zeolites have also
some favourable characteristics such as homogeneity, low
heat capacity and stability (Oudshoorn et al. 2009b).
Accordingly, the experimental results showed that ZSM-5
with the SiO,/Al,O; ratio of 80 had higher butanol
adsorption capacity in comparison to NaY with the SiO,/
Al,O5 ratio of 1.8 over the whole range of butanol con-
centration. Silicalite which has the same structure as zeolite
ZSM-5 with a SiO,/Al,O5 ratio of more than 1,000 was
another adsorbent tested in this study. Interestingly, it was
observed that although at low butanol concentrations the
adsorption capacity of silicalite was higher than that for
ZSM-5, at higher butanol concentrations, ZSM-5 showed
higher capacity to adsorb butanol (Fig. 5).

In Fig. 5, the representation of the isotherms using the
Sips adsorption model (Eq. 4) is also plotted. The Sips
model was the one that represented the experimental iso-
therms the best.

It is clear from the adsorbent screening results (kinetics
and equilibrium experiments) that AC F-400 is the best
adsorbent amongst the different adsorbents tested in this
study. This adsorbent showed the highest butanol adsorp-
tion capacity and also had the fastest adsorption kinetics.

3.3 Isotherms of binary solutions of water and other
ABE fermentation components

To investigate the adsorbent selectivity toward butanol
compared to other components present in the ABE broths,
the isotherm experiments with binary solutions of water
and each of the components (acetone, ethanol, glucose,
xylose, acetic acid and butyric acid) were performed with
AC F-400 and the results are presented in Fig. 6. Results
clearly show that AC F-400 had a much higher selectivity
toward butanol compared to other components. For
example, at a concentration of 10 g/L of each component in
the aqueous solutions at equilibrium, the adsorption
capacities for butanol, butyric acid, acetone, acetic acid,
glucose, xylose and ethanol were 294, 256, 115, 100, 96,
88 and 55 mg/g, respectively. Although the amount of



Adsorption (2013) 19:1263-1272

1269

Table 3 l?lnetlc parameters for Adsorbent k [(g ads) 4. (2 BuOH/g I
Lagergren’s pseudo second- (¢ BuOH ')(day )] Adsorbent)
order model for 10 g/L initial _
butanol concentration Activated carbon F-400 1,206 0.206 0.97
Activated carbon F-600 1,536 0.137 0.99
ZSM-5 173 0.171 0.95
NaY 177 0.140 0.99
Silicalite 686 0.1 0.99
350 - 350 1
300 - 300 4 Butanol ¢
g 3
‘é’ 250 - g 2507 Butyric acid
= o
E 200 - § 200
B 8 Glucose
] °
I 1501 < 150 Acetic acid
P -E Acetone
S hd 3 1001
2 1009 silicalite E e
<
50 1
20 MWCNT

0 s 10 15 20 25
Butanol Conc. at equlibrium (g/L)

Fig. 5 Adsorption isotherms for different adsorbents at room
temperature. Symbols represent experimental data and the lines are
fitted Sips adsorption isotherm model

butyric acid adsorbed is much higher than acetone, ethanol,
acetic acid and the sugars amounts, it was still less than the
amount of butanol that was adsorbed by the AC F-400.
Overall, the results of this set of experiments showed that
AC F-400 is more selective toward butanol and has a
higher affinity for this component over the other com-
pounds in ABE broths. From the results obtained in all
adsorbent screening experiments, it can be concluded that
it is possible to achieve high performance adsorption of
butanol using AC F-400. The results showed that using AC
F-400, it is possible to achieve a higher capacity of
adsorption in a shorter time in comparison to other adsor-
bents tested. Thus, AC F-400 was selected in this investi-
gation to be studied further.

3.4 Isotherms of ternary solutions of water, butanol
and other components of ABE broths

To investigate the effect of the presence of other ABE
fermentation broth components on butanol adsorption,
experiments were performed to study the effect of each
component separately with AC F-400 as the adsorbent.
Thus, ternary mixtures were prepared, starting with acetone
being the next most abundant product in ABE fermentation

T T J

0 5 10 15 20 25
Concentration at equilibrium (g/L)

Fig. 6 Adsorption isotherms for different components using AC
F-400 at room temperature. Symbols represent experimental data and
the lines are fitted Sips adsorption isotherm model

broths as well as ethanol, glucose, xylose, butyric acid and
acetic acid. Equilibrium adsorption experiments were per-
formed with various concentrations of these various ternary
solutions. Figure 7a shows butanol isotherms obtained
for butanol-water binary solutions, ternary solutions of
butanol-water with 5 g/L initial concentration of acetone,
and acetone—water binary solutions. Results showed that
the presence of acetone does not affect butanol adsorption
significantly. As the figure shows, there is a slight decrease
of adsorption capacity at low equilibrium concentrations of
butanol. This small decrease in adsorption capacity could
be due to competitive adsorption of acetone at lower
butanol concentration. Figure 7b shows that the presence
of ethanol does not affect butanol adsorption over the
whole range of butanol equilibrium concentration. As
ethanol adsorption isotherm revealed, the adsorbent affinity
for ethanol is very low and the probability of competitive
effect of ethanol on butanol adsorption is low. The same
effects were observed in the presence of glucose and xylose
in Fig. 7c, d. The results showed that even 10 g/L initial
concentration of glucose and xylose did not affect the
amount of butanol adsorbed for all butanol concentrations.
However, the presence of acids (acetic acid and butyric
acid) led to a decrease in butanol adsorption capacity and
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Fig. 7 The effect of the presence of other components on butanol adsorption using activated carbon F-400: a acetone; b ethanol; ¢ glucose; d
xylose; e acetic acid; f butyric acid. Symbols represent experimental data and the lines are fitted Sips isotherm model

this effect was more significant for the presence of butyric
acid as shown in Fig. 7e, f. Figure 7e shows that the
presence of 1 g/L initial acetic acid decreased the butanol
adsorption capacity by 19 % and this effect became more
significant when 5 g/L of acid was added to butanol-water
solutions (26.5 % decrease). The effect of the presence of
butyric acid was even more pronounced than the effect of
acetic acid. As Fig. 7f shows, butanol adsorption capacity
decreased significantly in the presence of 1 and 5 g/L
butyric acid. The adsorption capacity decreased by 19.5
and 28.8 % in the presence of 1 and 5 g/L butyric acid,
respectively. These results nevertheless show that the
competitive adsorption appears to favor butanol.To
develop an integrated process for butanol adsorption, two
strategies can be considered. The first one is the in situ
product recovery in which butanol would be removed
while the fermentation is in progress. In the second strategy
product recovery would be implemented at the end of the
fermentation. Favorable characteristics of AC F-400 such
as high adsorption rate, capacity and affinity for biobutanol
make this adsorbent one of the best candidates for butanol
separation from ABE fermentation broths using both
strategies.

@ Springer

4 Conclusions

Amongst different butanol separation techniques, adsorp-
tion can be considered as a promising and energy efficient
technique. Adsorption performance mainly depends on the
adsorbent used in the process, and adsorption rate and
capacity are two important characteristics that should be
taken into account in selecting a suitable adsorbent. In this
study, by performing the adsorbent screening experiments,
these two characteristics were investigated for different
adsorbents. Results from the kinetic experiments indicated
that ACs F-400 and F-600 had the fastest kinetics for
butanol adsorption amongst the tested adsorbents.
According to the equilibrium experimental results, AC
F-400 had the highest adsorption capacity for butanol.
Interestingly, there was a huge difference between AC
F-400 adsorption capacity and all other adsorbents capacity
for butanol adsorption. To ensure that AC F-400 is suitable
for butanol adsorption, its selectivity toward the main
components of ABE broths was investigated and it was
confirmed that this adsorbent had the highest affinity for
butanol adsorption and to a lesser extent for butyric acid
whereas the adsorption capacity for other fermentation
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broth components was very low. The fast kinetics and the
favorable adsorption model indicate the ability of this
adsorbent to reach a high adsorption capacity even at low
butanol concentrations. Thus, AC F-400 was selected as the
adsorbent and further experiments were performed to
investigate the effect of the presence of other components
in ABE broths. The results showed that the presence of
ethanol and sugars (glucose and xylose) did not have any
effect on butanol adsorption and the presence of acetone
slightly decreased the butanol adsorption capacity at low
butanol concentrations. However, the presence of acids
affected the adsorbent capacity significantly for butanol
and this effect was more pronounced for the presence of
butyric acid. These results show that acids compete with
butanol to be adsorbed on the adsorbent surface. Future
works are planned to couple ABE fermentation with an
adsorption unit to selectively remove butanol during the
course of fermentation to reduce product inhibition. Also, it
is essential to investigate butanol desorption to ensure that
butanol can be desorbed efficiently and economically. To
gain a deeper understanding of the interactions between
different species, breakthrough experiments will be per-
formed in addition to desorption experiments in the future.
The complete performance assessment of butanol adsorp-
tion using AC F-400 will allow us to design a high per-
formance process to produce a high butanol concentration
product from dilute ABE fermentation.
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