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ABSTRACT

Butanol can be produced by ABE (acetone, butanol, ethanol) fermentation. The main 

problem with ABE fermentation by Clostridium microbial stain is butanol toxicity to the 

culture.  For  increasing  the  ABE  fermentation  products  must  be  removed  during 

fermentation.

In the present work, high silica zeolite (ZSM-5) was used to study the adsorption of 

butanol from model aqueous solution and model ABE solutions. In addition, ZSM-5 

was used to examine the recovery of butyric acid from model aqueous solution and 

model acetic-butyric acid solutions.

The  adsorption  experiments  showed  that  high  silica  ZSM-5  with  a  hydrophobic 

nature has a strong affinity for butanol and butyric acid in aqueous solutions. ZSM-5 

hydrophobicity increased with the increase of the Si/Al ratio.

The result of the work showed higher adsorption affinity for butanol than acetone 

and ethanol, and also higher affinity for butyric acid than acetic acid in butyric-acetic 

acid aqueous mixture.
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1 INTRODUCTION

1.1 Background

With the continual fluctuations in oil prices and the growth of environmental pollution, 

microbial  production  of  biofuels  from  renewable  sources  has  gained  an  increased 

interest.  Butanol  can  be  produced  by  ABE  (Acetone,  Butanol,  and  Ethanol) 

fermentation  using  the  microorganism  Clostridium  acetobutylicum/C.  beijerinckii, 

which  produces up to  ~20  g  L-1 of  butanol  [1].  Corn,  molasses  and  starch  are  the 

traditional  raw material  for  the  ABE process.  Lignocellulosic  biomass  is  a  desired 

feedstock because it is potentially available at large scale.

ABE fermentation was one of the largest industrial fermentation process early in the 

20th century,  but  most  of  the  ABE fermentation  industry  were  discontinued  due  to 

unfavorable economic conditions. Nowadays, the interest in this formation process has 

come back due  to  depleting oil  reserves  and high oil  prices.  The desired results  of 

research  are  to  improve  the  complete  process  by  using  modified  strains,  cheaper 

renewable substrate and efficient product removal techniques.

Butanol recovery is one of the solutions to avoid butanol toxicity/inhibition of the 

fermenting microorganism. Adsorption is one strategie for elimination of butanol from 

the cell culture. The advantage of adsorption is that it can separate butanol from the bulk  

aqueous fermentation broth with less energy requirement than any other techniques. 

Hydrophobic adsorbents also show high selectivity for butanol over water. Zeolites are 

crystalline  aluminosilicates  containing  pores  of  molecular  size  (0.5-1.2  nm).  The 

zeolites with higher Si/Al ratio are hydrophobic and can adsorb alcohols from aqueous 

solutions [2, 3].

1.2 Purpose of the Project

Alcohol  adsorption has  been reported  for  various  adsorbents  and zeolites  [1,  2,  3]. 
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Adsorption of butanol from fermentation broth has been studied for binary mixtures and 

multiple-component systems, although there is a lack of data for butanol and butyric 

acid adsorption by high silica zeolites and silicalate-1.

Also, adsorption data for ABE (Acetone, Butanol, and Ethanol) aqueous mixtures 

and  butyric  acetic  acid  aqueous  mixtures  using  high  silica  zeolites  are  lacking. 

Therefore, the purpose of this project was to determine the adsorption characteristics of 

two different high silica zeolites in the mentioned mixtures. 
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2 BUTANOL PRODUCTION

2.1 Butanol

Butanol is an aliphatic saturated alcohol having the molecular formula C4H9OH, that can 

be used as an intermediate in chemical synthesis and as a solvent for a wide variety of  

chemicals. In addition, butanol has potential use as fuel or fuel additive. Nowadays, 

industrial production of butanol is based on chemical processes. Biobutanol, i.e. butanol 

produced  from renewable  resources,  can  be  produced  by  ABE fermentation,  where 

different  kind  of  feedstock  materials  can  be  used.  Molasses,  corn,  starch,  and 

lignocellulose biomass are examples of available feedstocks.

Recently,  the  fluctuation  in  oil  prices,  the  increasing  stress  from  environmental 

pollution,  the  increasing  demands  for  the  production  of  chemicals  combined  with 

advances  in  biotechnology  and  innovation,  are  causing  a  renewed  interest  in 

fermentative butanol production.

Butanol has various advantages over ethanol which makes it a favorable successor 

for  ethanol.  The Energy density  of  butanol  is  closer to  gasoline  than ethanol  while 

ethanol  has  over  25% higher  octane  number  (table  1).  The  chemical  properties  of 

butanol, such as chain length, low volatility, polarity, and hydrophobicity, makes it more 

suitable to be mixed with hydrocarbon fuels. The other properties of butanol are the the 

heating  value  and  less  corrosiveness  [4].  Butanol  is  partly  miscible  in  water  and 

completely miscible with organic solvents.

Table 1: Fuel properties of butanol

Properties of fuels

Butanol Ethanol Gasoline
Energy density(M L-1) 29.2 19.6 32

Heat of vaporization(Mj kg-1) 0.43 0.92 0.36

Research octane number 96 129 91-99

Motor octane number 78 102 81-89
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2.1.2 Chemical Production of Butanol

The chemical butanol industry currently includes the following three most important 

processes: oxo synthesis, Reppe synthesis and crotonaldehyde hydrogenation, as shown 

in figure 1[4].

In  the  oxo  synthesis,  also  known as  hydroformylation,  propylene  is  mixed  with 

carbon monoxide and hydrogen to form an aldehyde mixture using catalysts such as 

cobalt,  rhodium or ruthenium (substituted hydrocarbonyls). Butanol is obtained from 

catalytic  hydrogenation  of the aldehyde mixtures  In the Reppe synthesis,  butanol  is 

produced  from  the  reaction  of  propylene  with  water  and  carbon  monoxide  in  the 

presence  of  a  catalyst  at  low  pressure  and  temperature.  Butanol  synthesis  from 

acetaldehyde using crotonaldehyde was the most common process until a few decades 

ago. The process contains aldol condensation, dehydration, and hydrogenation.
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2.2 General Aspects of Biological Butanol Production

2.2.1 ABE Fermentation

The acetone-butanol-ethanol  (ABE) fermentation by C.  acetobutylicum  is  one of the 

oldest known industrial fermentation. In 1862, Louis Pasteur recorded the fermentation 

of butanol by an organism and in 1912 Chaim Weizmann discovered C. acetobutylicum 

with high solvent yield [10].

Figure  2  shows  the  metabolic  pathways  of  a  glucose  fermentation  using  C. 

acetobutylicum.  The  main  products  are  butyrate  and  butanol;  by-products  include 

acetate, acetone, lactate and ethanol. These products are divided in three major classes 

including solvents (acetone, ethanol, and butanol); organic acids (acetic acid, lactic acid 

and butyric acid); gases (carbon dioxide, and hydrogen). A typical ABE fermentation 

using  C. acetobutylicum results  in  a  molar  yield of  3:6:1  for  acetone,  butanol,  and 
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ethanol. In a typical ABE fermentation, butyric acid and acetic acid are produced first 

by C. acetobutylicum; then the culture undergoes a metabolic shift and the solvents 

(butanol,  acetone,  and  ethanol)  are  formed  [5].  Growth  phase,  pH  and  amount  of 

undissociated  acids  in  the  fermentation  broth  are  the  conclusive  factors  which  are 

required for the shift from acid to butanol, acetone and ethanol (ABE) production.

ABE fermentation first  undergoes  an acidogenic phase in the exponential  growth 

phase  which  causes  a  decrease  in  pH.  In  this  acidogenic  phase,  more  butyrate  is 

produced than acetate. An increase of the butyric acid concentration to 2 g L-1 and a 

decrease  of  the  pH  below  5  results  in  a  metabolic  shift  from  acidogenesis  to 

solventogenesis and therefore the highest solvent production rate is in the stationary 

growth phase [4,  6].  Most  of the butyrate  and acetate  are  converted to butanol  and 

ethanol in the solventogenic phase, therefore more butanol is produced than ethanol in 

the fermentation broth [2, 4].

The total concentration of solvents produced varies from 12 to 20 g L-1. According to 

previous  studies,  the  pH is  a  key  factor  in  ABE fermentation  because  maintaining 

culture at high pH mainly results in acid production, while maintaining culture at low 

pH results in more solvents [7].

2.2.3 Fermentation Substrate

ABE fermentation can use various raw materials including molasses, whey permeate, 

and corn. The main affecting factor of butanol production is the substrate cost. Thus, 

different  alternative  substrates  have  been  reviewed  earlier  to  find  an  economically 

feasible fermentation substrate [23].

Lingocellulosic biomass is the most abundant renewable resource. It constitutes of 

20% to 35% hemicellulose. The hemicellulose of hardwood represents about 25% of the 

dry wood with xylan as a major sugar constituent.
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2.2.4 Solvent Toxicity

The major  limitation  of  commercial  butanol  production  is  the  low concentration  of 

solvents produced during fermentation. Hence one of the most critical problem in ABE 

fermentation is solvent toxicity. The clostridial metabolism terminates when the total 

solvent concentration approaches 20 g L-1 [1].

The hydrophobic nature of  the  butanol  is  a  reason of  the  mechanism of  butanol 

toxicity. Butanol and other longer-chain aliphatic alcohols increase membrane fluidity, 

which results in the destabilization of the membrane and disruption of membrane linked 

functions.  Among the  solvents,  butanol  is  the  most  toxic  and also the only solvent 

produced to a level that becomes toxic to the cells during the fermentation [8].

2.2.5 Current Production of Biobutanol

Biobutanol can be produced from biomass by either fermentation or thermochemical 

routes. Figure 3 shows a variety of processes to produce biobutanol. The upper part 

shows the  current  production  of  biobutanol.  It  includes  the C.  acetobutylicum ABE 

bacterial fermentation process. In addition, biobutanol can be produced by the catalytic 

condensation of ethanol, as well as by biomass gasification.

The technologies can be divided into commercial, emerging, and under development 

technologies.  The  Guerbet  catalysis,  2-stage  fermentation,  Escherichia  coli 

fermentation,  acid  or  enzyme  hydrolysis,  liquid  separation,  and  MoS2 catalysis  are 

considered  as  technologies  under  development  and  not  yet  commercialized. 

Thermochemical production of biobutanol, i.e. biomass gasification followed by Fisher-

Tropsch  catalysis  and  other  catalysis  (known  as  the  emerging  technologies)  is  not 

commercially  significant.  The  production  of  butanol  by  biological  routes  is  a  well-

known commercial technology. 
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3 BUTANOL RECOVERY

Due to the toxicity of butanol, its suppress to the culture and expensive recovery of low 

concentration  of  butanol  several  techniques  have  been  applied  for  the  purpose  of 

removing butanol from the fermentation broth in order to reduce butanol inhibition [10, 

11, 12, 13]. Furthermore, by removing butanol during fermentation, the productivity of 

fermentation can increase. The most favorable butanol recovery techniques comprise 

distillation,  gas-stripping,  adsorption,  liquid-liquid,  extraction,  perstraction  and 

pervaporation.

3.1 Butanol Recovery Techniques

Distillation

Distillation is the traditional method to recover butanol from an aqueous fermentation 

broth.  The  cost  of  recovering  butanol  by  distillation  is  high  because  butanol 

concentration  in  the  fermentation  broth  is  low due to  production  inhibition and the 

boiling point of the butanol is higher than water (118 °C) [12].

Liquid-Liquid Extraction

Liquid-liquid  extraction  is  another  technique  that  can  be  used  to  remove  solvents 

(acetone, butanol, ethanol) from the fermentation broth. In this process, an extraction 

solvent, usually a water-insoluble organic extractant,  is mixed with the fermentation 

broth. Butanol selectivity concentrates in the extractant phase because butanol is more 

soluble in the organic extractant phase than in the fermentation broth. As the extractant 

and  fermentation  broths  are  immiscible,  the  extractant  can  be  separated  without 

difficulty  from  the  fermentation  broth.  In  liquid-liquid  extraction,  butanol  can  be 

extracted  from  the  fermentation  broth  without  removing  any  substrates,  water  or 

nutrients. A Critical problem of liquid-liquid extraction is the toxicity of the extractant 

3 Butanol Recovery 9



to the cell and fermentation [4, 12].

Pervaporation

Pervaporation  is  a  technique  that  combines  membrane  permeation  and  evaporation. 

Pervaporation is a selective removal of volatile compound from the fermentation broth 

by using a selective membrane. The volatile or organic compound selectively diffuses 

through the membrane as a vapor. A concentrate or vapor pressure gradient is used to 

allow one component to permeate across the membrane [10, 12].

Gas-stripping

Gas-stripping is a simple technique that can be applied to butanol recovery during ABE 

fermentation.  The  fermentation  gases  (CO2 and  H2)  are  transferred  to  a  bioreactor 

through  a  sparger,  which  creates  bubbles.  When  the  gas  is  bubbled  through  the 

fermentor,  it  can  capture  the  solvents  and  then  be  cooled  in  the  condenser  and  be 

collected in the receiver. This process continues until all the sugar in the fermentor is 

utilized by the culture [10, 11].

Perstraction

Perstraction  as  a  technique  developed  to  solve  the  problems  during  liquid-liquid 

extraction,  such  as  toxicity  to  the  cell,  the  formation  of  an  emulsion,  and  loss  of 

extraction solvent. In a perstraction process, the fermentation broth and the extractant 

are separated by a membrane. The membrane avoids direct contact between the two 

phases, extractant toxicity, emulsion formation, and phase dispersion. The membrane, 

however, occurs a mass-transfer limitation [11, 12].

Adsorption

Adsorption is a simple technique that can be used to remove desired components from 

the fermentation broths. Desired components are first adsorbed by the adsorbents and 
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then  desorbed by a  proper  method.  A variety  of  materials  can be  used  for  butanol 

recovery, but hydrophobic materials are desired because of the high water concentration 

and low butanol and butyric acid concentration [10, 12]. Silicalite and zeolite are used 

more often.

3.2 Overview of Butanol Recovery Operations

Distillation,  gas  stripping,  and  pervaporation  show a  low selectivity  for  butanol  on 

single-stage  equilibrium  operation.  Highly  selective  techniques  are  the  adsorption 

recovery process and the extraction-based technique [12].

In recent studies, adsorption has shown to be a promising energy efficient recovery 

technique for removal of butanol from a fermentation broth as shown in Table 2 [12, 

13].

Adsorption is  a  simple and prospective  technique for energy-efficient  removal of 

butanol from fermentation broth, regarding fast adsorption, simplicity of desorption, and 

regenerating of adsorbents.

Table 2: Energy Requirement of butanol recovery system [14]

Operation
Energy Requirement (MJ kg-1)

Butanol

Distillation 24

Gas stripping 22

Pervaporation 14

Extraction/perstraction 9

Adsorption 8
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4 ZEOLITE

4.1 General Description

Zoelites are porous crystalline aluminosilicates which can be found naturally or made 

synthetically.  The  three-dimensional  framework  of  zeolite  consists  of  [SiO4]4- and 

[AlO4]5- tetrahedrals linked to each other by sharing of oxygen atoms [15].

In 1756 the Swedish mineralogist Barn A.F. Cronstedt discovered the first zeolite 

mineral, stilbite that displayed releasing steam when heated. The name zeolite originates 

from the Greek zein 'to boil' and litho, 'stone' [15, 16].

The zeolite structure may be represented by the formula:

where MI and MII are alkali and alkaline metal. The indices X and Y denote the oxide 

variables, and Z is the number of molecules of water. The Si/Al ratio in a zeolite can be 

in the range of 1.0–∞. By increasing the Si/Al ratio, the properties of transition are 

changed.  The  thermal  stability  increases  from  about  700  °C  to  1300  °C  as  the 

framework Si/Al increases. The surface selectivity is highly hydrophilic in the low silica 

zeolites  and  hydrophobic  in  the  high  silica  zeolites  and silicate.  As  the  Si/Al  ratio 

increases, the acidity strengthens.

More than 70 framework structure of zeolite are known with a pore size of about 

0.3–1.0 nm. Typical zeolite pore sized oxygen-packing models include: (i) Small pore 

zeolites with eight-ring pores with diameter 0.3–0.45 nm (e.g., zeolite A), (ii) medium 

pore zeolites of 10-ring pores, 0.45-0.6 nm in diameter (ZSM-5), (iii) large pore zeolites 

with  12-ring  pores  of  0.6-0.8  nm (e.g.,  zeolite  X and  Y)  and (iv)  extra-large  pore 

zeolites with 14-ring pores (e.g., UTD-1).

Zeolites A and X represent the low silica zeolites which have a strong hydrophilic 

surface  selectivities  with  a  highly  heterogeneous  surface.  The  intermediates  Si/Al 

zeolites, Y and mordenite, are still hydrophobic in their Si/Al range. The high silica 

zeolites represent  a hydrophobic and organophilic  behavior.  A large number of high 
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silica zeolites can be prepared by direct synthesis including beta, ZSM-5, and FU-1. The 

hydrophobic high silica zeolites and silica molecular sieve can recover organics from 

water.

4.2 Zeolite Framework Types and Zeolite Structure

The structure of the zeolite framework is fundamental for the understanding of zeolite 

chemistry. In 1970 Meier and Olson classified zeolite materials based on the framework 

type  which  describes  the  connectivity  of  the  tetrahedrally  coordinated  atoms of  the 

framework in the highest possible symmetry. Many different materials can be classified 

using this definition. A three letter code is attributed to the confirmed framework types 

by the Structure Commission of the International Zeolite Association. The codes are 

normally derived from the name of the zeolite or the type of material, e.g.  FAU from 

Faujasite and MFI from ZSM-5 (Zeolite Socony Mobile – five) [16].

The frameworks are predominately anionic and the balancing cations exchangeable. 

A pure silica (SiO2) framework is neutral, but if some trivalent Al is substituted for the 

tetravalent  Si  to  form  an  aluminosilicate,  the  framework  becomes  negative  and 

counterions are needed to balance its charge.

4.3 ZSM-5 (MFI)

The high silica zeolite, ZSM-5, has a pentasil unit framework which links together to 

form pentasil chains as shown in Figure 4. The pentasil chains interconnect by oxygen 

bridges to form corrugated sheets with 10-ring holes. The three dimensional structure is 

constituted of linkages  between one sheet  and the next  by oxygen bridges [17].The 

ZSM-5 framework contains two intersecting channel systems, as shown in Figure 5, one 

sinusoidal (near 5.4 × 5.6 Å) and one straight (5.1 × 5.5 Å) [17].
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According to the size of the ZSM-5 pores, small and intermediate organic molecules can 

be adsorbed but  not larger molecules. ZSM-5 is  a  medium pore sized and the pore 

openings are elliptical 10-member rings.

The number of Al atoms in the unit cells varies from 0 to 27 atoms; therefore the  

ratio of Si/Al can has a wide range.
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Figure 4: Pentasil unit (left) and Pentasil chain (right)



4.4. Applications of Zeolites

There  are  three  important  main  uses  of  zeolite  in  industry;  catalysis,  adsorption 

(separation), and ion exchange.

Zeolites can act as a shape selective catalyst on the basis of molecular diameter. It 

can play an important role in the reactions involving organic molecules. The reaction 

can  take  place  in  the  pores  of  zeolites.  The  most  important  reactions  are  cracking, 

isomerisation, and hydrocarbon synthesis.

Another  important  use  of  zeolites  is  in  the  adsorption  processes  including  gas 

separation,  drying  and  purification.  Zeolites  can  adsorb  a  variety  of  materials.  The 

porous  structure  of  zeolites  can  be  used  to  sieve  molecules  with  certain  molecular 

diameter and allow them to pass through the pores. 
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5 THE ADSORPTION PROCESS

There  are  three  different  mechanisms  for  an  adsorption  separation  process:  steric, 

kinetic, or equilibrium effect [18]. The steric effect is achieved by the molecular sieving 

properties of zeolites. The kinetic separation is based on the difference in diffusion rates 

of different molecules. The equilibrium separation is based on equilibrium adsorption of 

the mixture.

5.1 Adsorption Isotherms

The  adsorption  process  consists  of  the  selective  concentration  of  one  or  more 

components (adsorbates) of either gas or liquid at the surface of a microporous solid 

(adsorbent). The amount of adsorbate adsorbed per unit weight of adsorbent is called the 

adsorbate loading is.

In  adsorption,  phase  equilibrium is  established  for  the  distribution  of  the  solute 

between the fluid (gas or liquid) and the solid (adsorbent). This equilibrium is expressed 

in terms of (1) concentration (for the liquid) or partial  pressure (for the gas) of the 

adsorbate  in  the  fluid and (2)  adsorbate  loading on the  adsorbent.  A plot  of  solute 

loading of the adsorbent versus concentration or partial pressure of the fluid is called an 

adsorption isotherm.

5.1.1 Solution Adsorption Isotherm

For the homogeneous binary liquid mixture, it  is usual to opt one component as the 

adsorbate and the other as the solvent. It is assumed that the adsorption of the adsorbate 

change the composition on the bulk liquid which is in contact with the porous solid and 

that adsorption of the solvent do not occur [19]. The mass balance for the adsorbates 

gives;

qi=
C i ,0−C iV 0

mz ,0

(Equation 1)
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where;

Ci,0: concentration of adsorbate in the mixture before contact with adsorbent

Ci:  concentration  of  adsorbate  in  the  bulk  solution  after  adsorption  equilibrium  is 

achieved

V0: total volume of binary liquid brought into contact with adsorbents

mz,: mass of absorbent

qi: apparent mass of adsorbate adsorbed per unit mass of adsorbent

When the solvent is not adsorbed and all the changes in the total amount of adsorbent 

are due to the adsorbate, a typical curve as shown in Figure 6 (a) is obtained which 

resembles the form obtained with the pure gases.  It  is  common to fit  the data with 

concentration forms of the Langmuir equation or Freundlich equation.

q=
KqmC

1Kc
(Equation 2)

q=kc1 /n (Equation 3)

The two other type of the curves shown in Figure 6 (b) and 6 (c) are obtained at 

constant temperature over the concentration range and then calculated with Equation 5.1 
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and plotted  as adsorption isotherm. The negative isotherm appeared in Figure 6 (c) 

refers to a composite an isotherm or isotherm within the concentration range.

5.2 Langmuir Isotherm

In liquid phase, the adsorbent is saturated with adsorbate molecules [21]. The Langmuir 

equation has the linear form:

C e

qe

= 1
Q0⋅b


C e

Q0

 (Equation 4)

where;

Ce: equilibrium concentration

qe: the amount of adsorbed at equilibrium

b: Langmuir constants related to adsorption capacity (g g-1)

Qo: the Langmuir constant related to energy of adsorption (L g-1)

“Qo”  and  “b”  are  to  be  determined  from the  slope  and  intercept  of  the  Langmuir 

isotherm, respectively.

The  performance  of  microporous  catalysts  and  adsorbents  depends  on  favorable 

adsorption equilibrium for the relevant species.

5.3 Desorption

In the desorption process or regeneration process, the adsorbate is removed from the 

adsorbent  to  prepare  it  once  again  for  the  adsorption  process.  Desorption  can  be 

followed after adsorption by three options: First, by changing the partial pressure of a 

component, Second, by raising the temperature of the adsorbent and third, by adding 

another component to adsorb competitively the adsorbate [17, 22].

After  adsorption  of  an  aqueous solution  of  butanol,  zeolite  is  removed  from the 
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liquid  with  a  sieve  (filter)  and transferred  to  a  TGA apparatus  (thermo gravimetric 

analyzer) to follow the desorption [22]. 
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6 EXPERIMENTAL METHODS

6.1 Materials

The  ZSM-5  zeolites,  Si/Al=230  and  Si/Al=33,  powder  were  used  to  evaluate  the 

behavior of zeolites on adsorbing butanol, butyric acid, ABE mixture, and a mixture of 

butyric acid and acetic acid. Zeolites  were calcined at 700 °C for 8 hours. 1-butanol 

(99%, Sigma), butyric acid (99%, Alfa Aesat), acetone, ethanol and Acetic acid were 

used.

6.2 Liquid Phase Equilibrium Experiments

Liquid  phase  equilibrium  experiments  were  conducted  in  closed  stirred  glass 

Erlenmeyer  flasks  of  50  mL.  The  flasks  contained  40  mL  of  adsorbent  and 

approximately 1 g adsorbate. In addition, 10 mM NaCl was added to each flask. Two 

different temperatures (room temperature, 22-25 °C and 50 °C) were chosen to examine 

the effects of temperature on adsorption capacity. The solutions were filtrated by a 0.2 

µm  filter  after  48  hours  of  incubation,  i.e  at  equilibrium.  The  concentration  of 

adsorbates was determined by high performance liquid chromatography (HPLC).

Tables  3,  4  and  5  show the  initial  concentration  of  butanol  and  the  amount  of 

adsorbents  for  the  adsorption  experiments.The  data  of  experiments  carried  in  room 

temperature and 50 ºC were demonstrated in Table 4 for ZSM-5 (Si/Al=230) and Table 

5 for ZSM-5 (Si/Al=33).
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Table 3: Initial butanol concentration at room temperature.

Initial Butanol concentration, Ci0 (g L-1) ZSM-5, Si/Al=230, (g)

14.86 1.0063

7.98 1.0000

6.18 1.0012

3.85 1.0148

1.94 1.0019

0.92 1.0099

Table 4: Initial concentration of butanol on ZSM-5 (Si/Al=230)

Initial butanol concentration, Ci0 

(g L-1)
Zeolite powder weight at room 

temperature (g)
Zeolite powder weight at 50 °C 

(g) 

16.2 1.05 1.01

8.1 1.02 1.02

4.05 1.01 1.01

Table 5: Initial butanol concentration on ZSM-5 (Si/Al=33).

Initial butanol concentration, Ci0 

(g L-1)
Zeolite powder weight at room 

temperature (g)
Zeolite powder weight at 50 °C 

(g)

16.2 1.0023 1.0024

8.1 1.0088 1.0061

4.05 1.0068 1.0047

Batch samples for calculation of the adsorption capacity for butyric acid at pH on 

ZSM-5 (Si/Al=230) were prepared according to Table 6 and Table 7.
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Table 6: Initial concentration of butyric acid at neutral phase and amount of ZSM-5 (Si/Al=230).

Initial concentration 
of butyric acid at acidic pH (4), Ci0 (g L-1) 

Zeolite powder weight (g)

13.97 1.0016

11.95 1.1221

9.94 1.0076

8.28 1.0246

6.45 1.0092

4.01 1.0971

2.29 1.1589

1.23 1.0250

1.23 1.0363

Table 7: Initial concentration of butyric acid at neutral phase and amount of ZSM-5 (Si/Al=230).

Initial concentration of butyric acid, Ci0 at neutral 
pH (6); Ci0 (g L-1)

Zeolite powder weight (g)

15.11 1.0022

13.30 1.0021

12.20 1.0017

10.19 1.0106

8.40 1.0314

4.70 1.0032

1.81 1.0097

0.25 1.0000

6.3 Liquid Phase Equilibrium of Ternary and Higher Mixtures

ZSM-5 was evaluated for alcohol adsorption using an aqueous model solution and an 

ABE model solution with concentration similar to the fermentation broth. In the mixed-

ABE studies, 40 mL of a mix shown in Table 8 and about 1 g of powder zeolite were put 

into 50 mL Erlenmeyer flasks. The flasks were sealed and stirred for 48 hours at room 

temperature before their  final  liquid composition was measured.  After  48 hours, the 

samples were filtrated by a  0.2 µm filter  and the concentration of  the mixture was 

determined using HPLC.
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Table 8: Initial concentration of ABE mixture on ZSM-5 (Si/Al=230) at room temperature.

Initial aqueous concentration (g L-1) Zeolite powder weight 
(g)

Acetone Ethanol Butanol

3.6 2.36 14.7 1.0220

5.3 1.9 11.8 1.0174

5.6 1.63 9.99 1.0047

6.9 1.26 7.85 1.0440

ZSM-5  (Si/Al=230)  was  used  to  examine  competitive  adsorption  of  an  aqueous 

mixture of acetic acid and butyric acid with concentration similar to the fermentation 

broth. Each sample consisted of 40 mL of a mixture as shown in Table 9 and about 1 g 

of zeolite powder 50 mL flasks. The samples were filtrated by a 0.2 µm filter after 48 

hours stirring at room temperature.

Table 9: Initial concentration of acetic-butyric acid mixture on ZSM-5 (Si/Al=230) at room temperature.

Initial aqueous concentration(g L-1)
Zeolite powder weight (g)

Acetic acid Butyric acid

9.7 48.1 1.01

2.9 14.5 1

2.3 11.7 1.01

1.9 10.5 1

1.5 8 1.01

The  adsorption (q)  of  adsorbates  on  a  zeolite  (z)  was calculated as  described in 

section 4.1.1. The measured adsorption isotherm was modeled using a Langmuir type 

equation 4 for single site adsorption.

6.4 High Performance Liquid Chromatography (HPLC) Analysis

HPLC  was  run  to  determine  the  quantity  of  the  adsorbents  in  the  samples. 

Chromatography  is  a  qualified  method  to  separate,  identify,  and  determine  closely 

related components of complex mixture. In HPLC, the sample is dissolved in a mobile 

phase.  Then  the  mobile  phase  is  forced  through  an  immiscible  stationary  phase. 
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Butanol, ethanol, acetone, butyric acid and acetic acid concentrations in solutions were 

analyzed by HPLC (Perkin-Elmer) and as the sample was separated using a HPX87 

column  (BioRad)  at  65  °C.  Prior  to  determination,  the  samples  from  the  batch 

experiments were filtered through a 0.2 μm filter. The HPLC system was equipped with 

refractive index detection and a mobile phase of 5 mM H2SO4 in water at a flow rate of 

0.6 mL min-1 was used. All data were collected and analyzed using the TotalChrome 

analytical software (Perkin-Elmer). To be able to quantify the concentration of butanol 

and butyric acid in aqueous solutions, reference or standard samples were prepared from 

standard samples in the range of 0.1–20 g L-1. The concentrations of compounds were 

determined using these samples. 
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7 RESULTS AND DISCUSSIONS

7.1 Liquid Phase Equilibrium of Binary Mixture

The adsorption of butanol from the aqueous solutions at room temperature is shown in 

Figure  7. ZSM-5(Si/Al=230)  has  a  high  affinity  for  butanol  at  low  concentration. 

Zeolites Si/Al=230 and Si/Al=33 have almost similar butanol adsorptions over a larger 

concentration  range,  but  different  maximum  adsorption  capacities  Si/Al=33  shows 

almost 25% higher capacity for butanol at higher concentration.

As the aluminum content of ZSM-5 is increased, the hydrophobicity of the zeolite 

structure also increases and is more able to selectively adsorb the more hydrophobic 

molecules such as butanol.

Figures  8 and 9  show liquid  phase  adsorption data  of  binary mixtures  including 

butanol and water on ZSM-5 with two different silica-aluminum ratios. The difference 

in adsorption capacity of butanol in aqueous solution at room temperature or at 50 °C 

for ZSM-5 (Si/Al=230) is negligible as shown in Figure 7. A similar consequence is 

seen for ZSM-5 (Si/Al=33) in Figure 8. As a result, increasing the temperature to 50 °C 

does  not  have  a  remarkable  effect  on  the  adsorption  capacity.  Consequently,  the 
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Figure 7: Adsorption of butanol on ZSM-5 with different Al contents. Si/Al=230(◙), Si/Al=33(♦)



following experiments were performed at room temperature
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Figure 8: Adsorption of butanol on ZSM-5(Si/Al=230) at room temperature(■) ,  50 °C(♦)
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Figure 9: Adsorption of butanol on Si/Al=33 at room temperature(■), 50 °C(♦)



Figure 10 illustrates the experimental adsorption isotherm for butyric acid and butanol. 

Butyric acid is slightly more polar than butanol but shows a higher affinity.

High amount of the acid can be produced during fermentation if  maintaining the 

culture at  a pH around 6.0.  Figure 11 shows the adsorption for butyric acid at  two 

different pH, approximately 4 and 6. Butyric acid in a solution at pH 6 has a lower 

adsorption capacity compared to the lower pH butyric acid aqueous solution.
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Figure 10: Adsorption of butanol (■) and butyric acid (♦) on ZSM-5 (Si/Al=230)
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Figure 11: Adsorption of butyric acid on Si/Al=230 in acidic pH (■) and pH~6 (♦)



The  adsorption  of  butyric  acid  on  ZSM-5  (Si/Al=230)  is  very  sensitive  to  pH. 

Butyric acid showed the high adsorption affinity of butyric acid in ZSM-5 below pKa 

(butyric  acid  pKa= 4.82)  and the  low adsorption  above the  pKa of  butyric  acid.  It 

indicates that by changing the pH above the pKa of butyric acid, the selectivity of the 

adsorbent for butyric acid can be altered. As a consequence, by running the separation 

above  pKa  of  butyric  acid,  butanol  can  be  the  main  competing  component  of  the 

adsorption process. In addition, it is essential that butyric acid as a substrate for butanol 

does not adsorb during the separation process.

7.1.1 Langmuir Parameters

Qo and b are to be determined from the slope and intercept of the plot, Ci versus Ci/qi, as 

shown in equation 5. The Langmuir constants, b and Qo are the Langmuir constants 

related to adsorption capacity (g g-1) and energy of adsorption (L g-1), respectively.

The Langmuir parameters obtained from experimental data for two adsorbates are 

listed in Table 10.

Table 10: Langmuir parameters for butanol and butyric acid

Adsorbent (Si/Al=230) Adsorbate b (L g-1) qo (g g-1)

ZSM-5 Butanol 12.36 0.12

ZSM-5 Butyric acid 4.58 0.13

The  experimental  adsorption  of  butanol  on ZSM-5 has  been  evaluated  using  the 

Langmuir  model.  There  is  a  slight  difference  between  the  experimental  adsorption 

capacity and the adsorption model capacity in the range between 1 g L -1 and 4 g L-1.

A two parameter Langmuir equation was fitted to the single solute isotherm data. 

Figure 12 shows that acceptable fits were obtained.
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7.2 Liquid Phase Equilibrium of Ternary and Higher Mixtures

7.2.1 Adsorption of ABE Mixture

To be able to study competitive adsorption, four equilibrium experiments with aqueous 

mixtures  of  ABE  (Acetone,  Butanol,  and  Ethanol)  and  zeolite  were  conducted  in 

relevant proportion to the fermentation. Table 11 reports that all the three components 

present in the feed were adsorbed and ethanol showed the lowest adsorption at these 

conditions:  <  0.0038  g  g-1.  Comparing  the  butanol  and  acetone  data  indicates  that 

competition by butanol occurs.

Table 11: Measured equilibrium adsorption of synthetic mixture of acetone, ethanol and butanol by ZSM-
5 (Si/Al=230)

Aqueous concentration (g L-1) Adsorbed species (g g-1)

Acetone Ethanol Butanol Acetone Ethanol Butanol

3.40 1.20 5.17 0.0077 0.0038 0.1

4.30 1.60 7.30 0.04 0.0000 0.11

5.30 1.88 9.20 0.01 0.0008 0.1

6.60 2.34 12 0.01 0.0008 0.11
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Figure 12: Adsorption isotherm at room temperature for butanol (■), and butyric acid(♦)



7.2.2 Adsorption of Mixed Butyric Acid and Acetic Acid 

A limited number of equilibrium experiments with ZSM-5 (Si/Al=230) and aqueous 

mixtures of acetic- and butyric acid in concentrations similar to the fermentation broth 

were conducted.  Competitive adsorption occurred for the butyric acid and the acetic 

acid  mixtures  with  fermentation  ratios.  Butyric  acid  was  adsorbed  preferentially  on 

ZSM-5 and the acetic acid adsorption capacity was very low or practically nonexistent.

Table 12: Measured equilibrium adsorption of synthetic mixture of butyric acid and acetic acid by ZSM-
5(Si/Al=230)

Aqueous concentration (g L-1) Adsorbed species (g g-1)

Acetic acid Butyric acid Acetic acid Butyric acid

1.5 7.5 0.000 0.020

1.9 9.1 0.000 0.056

2.3 10.7 0.000 0.040

2.9 13.8 0.000 0.028

9.7 45.1 0.000 0.119
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8 CONCLUSION

Biobutanol has the potential to significantly affect the development of biofuels in many 

diverse  ways.  The  adsorption  is  a  commercially  significant  candidate  for  butanol 

recovery. Two zeolites with different Si/Al ratio have been investigated for separation of 

butanol  and butyric  acid  from an aqueous solution or  a  fermentation  broth.  Use  of 

zeolite  (Si/Al=230)  appears  to  be  more  attractive,  as  it  had  the  higher  adsorption 

capacity  for  butanol  and  butyric  acid  than  the  other  zeolite.  Butanol  was  highly 

adsorbed at low aqueous butanol concentration. 

ZSM-5 shows high affinity  for  butyric  acid at  an  aqueous butanol  concentration 

below 2 g L-1 below the pKa of butyric acid and interesting different adsorption data 

was observed above the pKa.

The competitive adsorption on ZSM-5 showed a relation between hydrophobicity 

and  highest  affinity  in  the  following  way  butanol>  acetone>  ethanol.  The  alcohol 

adsorption capacity increases with increasing chain length of the straight alcohol chain. 

Moreover, butyric acid has a higher affinity than acetic acid on ZSM-5.

The gradual heating might allow desorption of zeolite and therefore enable recovery 

of enriched butanol, therefore the desorption should be studied in detail as quantitive 

information is lacking. 
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