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Allah does not burden a soul beyond that it can bear 
It will have consequence of what good it has gained 

And it will have consequence of what evil it has earned  
Al-Qur’an (2: 286) 
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If you are irritated by every rub, 
How will your mirror be polished? 

Rumi 
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Abstract  

Fossil based energy resources have been dominating the world’s primary energy 

consumption for the last century. However, with decreasing crude oil reservoirs 

and the role they play in global warming by emitting greenhouse gases, the focus 

has been turned towards improved utilization of renewable resources and the 

need for new, sustainable fuels and chemicals is more urgent than ever. Biomass 

is a carbon neutral resource that can be used to produce biofuels and other 

useful chemicals. One such chemical is 1-butanol (or simply butanol), which has 

great potential as a gasoline substitute because of its favorable fuel properties. 

Butanol can be produced from acetone, butanol and ethanol (ABE) fermentation 

using e.g. Clostridium acetobutylicum. However, the concentration of butanol in 

fermentation in the resulting broth is limited to ca. 20 g/L due to its toxicity for 

microorganisms. Butyric acid is a precursor to butanol, which is produced prior 

to butanol in ABE fermentation. Butyric acid is an important industrial chemical, 

which can be further converted into a number of commercial compounds e.g. 

acetate butyrate, butyl acetate and butanol. Arginine is a semi-essential amino 

acid that has vast applications in the field of pharmaceutical and food industry. 

In addition, arginine can replace inorganic nitrogen as nitrogen source in 

fertilizers. It can be produced via fermentation of sugars using engineered 

microorganism like E. coli, but like butanol its concentration is restricted to 

approximately 11 g/L. Due to low concentration of these useful chemicals in the 

resulting fermentation broths recovery of these chemicals remain challenging 

with today’s options and therefore novel recovery process should be developed. 
 

In this study, zeolite adsorbents were used to recover butanol, butyric acid and 

arginine from model and real fermentation broths. High silica zeolite MFI 

adsorbent efficiently adsorbed butanol from model solutions with a saturation 

loading of 0.11 g/g- zeolite. On the other hand, adsorption of butyric acid was 

found to be strongly pH dependent, with high adsorption below and little 

adsorption above the pKa value of the acid. A structured adsorbent in the form of 

steel monolith coated with a silicalite-1 film was also used and performance was 

evaluated by performing breakthrough experiments at room temperature using 

model ABE fermentation broths and the results were compared with those 
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obtained using traditional adsorbents in the form of beads. Desorption studies 

showed that a high quality butanol product with purity up to 95.2% for butanol-

water system and 88.5% for the ABE system can be recovered with the 

structured silicalite-1 adsorbent. In addition, butanol and butyric acid is 

recovered from black liquor derived hydrolyzate using silicalite-1 beads. 

Phenolic compounds present in this hydrolyzate did not affect the selectivity of 

MFI zeolite towards butanol and butyric acid. Further, zeolite Y adsorbents in the 

form of powder and extrudates were used to recover arginine from both aqueous 

model solutions and a real fermentation broth. An arginine loading of 0.15 g/g 

was obtained at pH 11 using zeolite Y powder. The selectivity for arginine over 

ammonia and alanine from the fermentation broth at pH 11 was 1.9 and 8.3, 

respectively, for powder and 1.0 and 4.1, respectively, for extrudates. Synthesis 

gas (CO + H2) can be produced e.g. by gasification of lignocellulose biomass. This 

synthesis gas can be used to produce methanol, which subsequently may be 

converted into gasoline using a zeolite ZSM-5 catalyst in the Methanol to 

Gasoline (MTG) process. However, during this reaction, undesirable carbon 

residue (coke) is formed that gradually reduces the activity of catalyst. It was 

hypothesized that intracrystalline defects in the zeolite formed during 

conventional synthesis may accelerate the deactivation rate by coke formation. 

In this work, a novel ZSM-5 zeolite catalyst essentially free of intracrystalline 

defects was synthesized and evaluated in the MTG reaction. The novel catalyst 

showed significantly higher resistance towards deactivation by coke formation 

as compared to a reference catalyst containing defects.  
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1 Introduction 

1.1 Biofuels and biochemicals 

Energy demands of the world are ever increasing in this industrial era. It has 

been reported that 80% of the world’s total primary energy supply is covered 

with fossil fuels. Currently, petroleum, coal and natural gas are responsible for 

three quarter of the world’s energy demand, corresponding to 33, 24 and 19%, 

respectively (Jin et al. 2011, Huber, Corma 2007). However, over reliance on 

petroleum-based fuels has a severe negative impact on the environment. The 

emission of greenhouse gases from these fuels is believed to be one of the main 

reasons for global warming (Karl, Trenberth 2003). A recently published study 

showed that due to the global warming and greenhouse gas emissions, 

Antarctica is losing 160 billion tons of ice every year to the sea. This amount is 

twice as much as when the continent was last surveyed between the periods of 

2005-2010 (McMillan et al. 2014). This study highlights the negative impact of 

greenhouse gases, produced mainly by the use of fossil fuels, on world’s 

environment. In addition, the reservoirs of fossil fuels are depleting with time 

and will eventually run out (Aftabuzzaman, Mazloumi 2011).  The current 

scenario demands urgent need for producing fuels and chemicals from 

renewable resources.  

 

Biofuels are the fuels produced directly or indirectly from organic matter e.g. 

biomass or animal waste. The CO2 emissions are not larger than quantities 

utilized by photosynthesis, hence, making them carbon neutral. In addition, 

biochemical is a term used for a chemical that is directly or indirectly derived by 

biomass.  Biofuels are gaining more and more public and scientific attention in 

the last years due to uncertainties related to oil prices and greenhouse gas 

emission (Demirbas 2009). Biogas, biodiesel, biomethanol, bioethanol and 

biobutanol are few examples of biofuels, which have been investigated or applied 

in the energy sector. One of the various biofuels used in transportation sector is 

biodiesel of FAME –type (Fatty acid methyl ester). Biodiesel is considered to be 

one option for replacement of conventional diesel in the transportation market. 
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Many studies have shown that biodiesel has similar properties like the ordinary 

diesel fuel and may be blended with conventional diesel in any proportion. 

Moreover, the power output of biodiesel was almost identical to that of 

conventional diesel, and the carbon monoxide (CO), total hydrocarbons (THD), 

carbon dioxide (CO2) and soot production were reduced in biodiesel and its 

blends. This phenomenon was explained by the presence of higher oxygen-

content in biodiesel, enabling it to undergo complete and efficient combustion 

(Fang et al. 2009, QIN et al. 2007b, QIN et al. 2007a).  

 

 Other widely used biofuels are bioalcohols. Bioethanol and biobutanol are 

renewable fuels, which can be produced by fermentation of sugars originating 

from biomass e.g. corn, sugar beets, sugar cane and agricultural residue  (Ezeji, 

Qureshi & Blaschek 2007, Hansen, Zhang & Lyne 2005) . Ethanol is currently 

used to a significant degree, primarily as blended in gasoline by few percent. 

According to the International Energy Agency, the world transportation biofuel 

production will increase from 1.86 million barrels per day in 2012 to 2.36 

million barrels per day in 2018. Ethanol is expected to remain the dominant 

biofuel in 2018 with a worldwide production of 1.81 million barrel per day. The 

total use of biofuels in road transportation globally is expected to increase from 

ca. 3 percent today to 4 percent in 2018 (International Energy Agency). 

However, 1-butanol is another promising option for use in gasoline fueled 

internal combustion engines due to its interesting properties as will be 

elaborated further below  (Weber et al. 2010, Luo, van der Voet & Huppes 2009, 

Yang, Wang & Feng 2011) .  

1.1.1 Biobutanol 

1-butanol (or simply butanol) is a 4-carbon straight chain alcohol with the 

chemical formula of C4H9OH. Butanol is an important industrial chemical, which 

can be used as solvent for paints, dyes, varnishes, coating etc. It is also a 

precursor or intermediate for chemical synthesis of many plastics and chemicals 

e.g. hydraulic fluids and safety glass (Jin et al. 2011). In addition, butanol is a very 

promising fuel with very attractive fuel properties (Freeman et al. 1988).  
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The history of butanol production goes back to 1852 when Wirtz discovered n-

butanol, as a regular constitute of fossil fuel. In 1862, Pasteur did a number of 

experiments and concluded that butyl alcohol was a direct product of anaerobic 

conversion of lactic acid and calcium lactate. Between1876-1910, many 

researchers worked on the production of acetone-butanol and related solvents 

(Volesky, Szczesny 1983). Industrial scale production of acetone and butanol, via 

acetone-butanol-ethanol (ABE) fermentation was started in 1912-1916. Since 

1950, the industrial application of ABE fermentation declined continuously and 

butanol was instead produced via petrochemical routes. The reason for this 

decline was the price of butanol produced via fermentation became higher than 

when produced via the petrochemical route (Jin et al. 2011).  

 

In 1970s, the oil crisis renewed the interest in biofuels. Ethanol has been 

accepted as a partial replacement of gasoline in the internal combustion engines 

by blending smaller volumes into the gasoline. However, the specific energy 

content is low as compared to gasoline and pure ethanol is corrosive to tubing 

traditionally used in fuel lines and may also damage the rubber seals used in 

traditional gasoline engines. It is therefore desirable to use biofuel components 

with higher specific energy content and with better material compatibility than 

ethanol. Butanol is a candidate showing these properties (Jin et al. 2011). 

1.1.2 Butanol versus Ethanol: a comparison from a transportation 

fuel prospective 

In the future, biofuels will likely emerge as one of the key replacements of fossil 

fuels in the transportation market. To replace the gasoline and diesel used today, 

biofuels with approximately the same physical and chemical properties are 

desired, at least in the first step. Both butanol and ethanol can be produced using 

biomass residue and subsequently be named as biobutanol and bioethanol 

respectively. Biobutanol has many advantages over bioethanol when used as a 

fuel, especially if used in the transportation sector. These advantages are listed 

below (Freeman et al. 1988, Speight 2005). 
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I. Because of the longer carbon chain, butanol has 25% higher specific heat 

value than ethanol. This will reduce the fuel consumption and better 

mileage can be obtained per tank as compared to ethanol.  

II. The longer carbon chain of butanol compared to ethanol also provides 

better inter-solubility with gasoline than ethanol.  

III. Butanol is less polar than ethanol, hence diminishing the problem of 

water dissolving in the fuel, which may cause problems in the fuel system. 

IV. Butanol is less corrosive than ethanol and can be transported using 

existing pipelines, whereas ethanol has to be transported via truck or rail. 

In addition, if the base fuel is contaminated with water, ethanol is more 

likely to cause phase separation as compared to butanol. This makes 

butanol-blended fuels easier to store and distribute.  

V. Butanol has a lower vapor pressure than ethanol. This means that the risk 

of getting problems of vapor lock and cavitation in internal combustion 

engines is smaller if butanol is blended in the fuel than if ethanol is.  

 

The question here is that if butanol has many advantages over ethanol as fuel 

then why is ethanol commercialized as alternative fuel source before butanol? 

The answer is very simple, the acetone-butanol-ethanol (ABE) fermentation 

process uses microorganism (bacteria) to produce a 6:3:1 of butanol, acetone 

and ethanol. This means, for each bushel (approximately 35.2 L) of corn, 4.9 

liters of butanol, 2.6 liters of acetone and 0.5 liters of ethanol can be produced 

with concentrations of butanol of 1-2%. On the other hand, yeast fermentation of 

ethanol can yield up to 9.4 liters per bushel with the concentrations of 10-15%. 

In summary, the low concentration of butanol in broths in combination with the 

presence of azeotropes in the water/ABE system makes it difficult to separate 

butanol by conventional distillation. Hence, ethanol was the preferred choice of 

alternative fuel source over butanol in the 1970s and 1980s and still is (Jin et al. 

2011).   

 

However, for the past three decades, ethanol production still has not solved our 

power, clean air and fuel requirements. In 2006, two big companies in the area of 

advanced biofuels, British Petroleum (BP) and DuPont announced their 
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collaboration to produce 30,000 tons of butanol per year in a modified ethanol 

facility of British sugar in the UK. In 2008, initial tests of this co-project showed 

that biobutanol can be blending into gasoline beyond the current limit of 10% for 

ethanol without compromising the performance in terms of power output (Jin et 

al. 2011). This collaboration shows that it is practically possible to convert 

existing plants of bioethanol production into biobutanol production with some 

modifications. In addition, big players in the area of biofuel production are now 

realizing the need of research and efforts, which should be put in to 

commercialize biobutanol as an alternative to gasoline in the transportation fuel 

sector.  

 

 

                                                                                        

Figure 1.1 Butanol (left) and ethanol (right) chemical structures. 

1.1.3 Acetone, Butanol and Ethanol (ABE) fermentation  

The ABE fermentation process using Clostridium acetobutylicum or Clostridium 

beijerinckii strains is characterized by two phases. In the first phase, sugars, raw 

material for fermentation, are converted to acetic and butyric acid decreasing the 

pH value of the culture. This phase is known as ‘acidogenic phase’. In the second 

phase, known as the ‘solventogenic phase’, sugars and some of the acids are 

converted into solvents i.e. acetone, butanol and ethanol accompanied by an 

increase in pH. Sometimes in the acidogenic phase, an excess production of acid 

takes place without the microorganisms switching to the solventogenic phase. 

This phenomenon is known as ‘acid crash’. Acid crash during ABE fermentation 

can lower the production of solvents and instead butyric and acetic acids are 

produced in larger quantities (Maddox et al. 2000).  

1.1.4 ABE fermentation using black liquor derived hydrolyzate  

Apart from developing energy efficient recovery options for butanol another 

issue for designing an economically feasible process for butanol production via 

fermentation is to start from inexpensive raw materials (e.g. sugar source). One 

potential low cost substrate is sugars derived from hemicellulose in black liquor. 

Black liquor is generated in pulp mills and mainly contains pulping chemicals, 

CH3HO CH3HO
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lignin and degraded hemicellulose. It is currently combusted in a recovery boiler 

to recover the cooking chemicals and produce heat. Large quantities of 

hemicellulose is lost in the cooking process to the black liquor stream, and as the 

heating value of hemicellulose is not very high, extraction and use of this 

component as an inexpensive raw material for production of green fuels and 

chemicals is an interesting option that may increase the profitability of the mills 

(Helmerius et al. 2010). It is possible to separate the lignin and hemicellulose 

from black liquor by precipitation and use the hemicellulose fraction for 

biochemical conversion into biofuels and chemicals. In addition, lignin 

precipitation can help reduce the thermal load on the recovery boiler, which is 

often regarded as a bottleneck for increased pulp production  (Pettersson, 

Harvey & Berntsson 2012). Hemicelluloses are the second most common 

polysaccharides present in nature and xylans are the most abundant 

hemicelluloses (Saha 2003). Xylose is a 5-carbon sugar obtained from the 

hydrolysis of xylans. It was recently shown that a xylose hydrolyzate obtained 

from the hemicellulose fraction of black liquor could be used as a feedstock for 

ABE fermentation. In a recent study, Mesfun et al. presented a techno-economic 

assessment for the production of biobutanol from a hemicellulose fraction 

derived from black liquor. They showed that with appropriate ABE (acetone, 

ethanol, butanol) fermentation yield; biofuels production from this process could 

be economically feasible for pulping mills (Mesfun et al. 2014). However, to 

identify the limitations and possibilities for this concept more research on this 

topic is needed.  

1.1.5 L-Arginine 

L-arginine (or simply arginine) is a semi-essential amino acid. Commercial 

production of amino acids is a 1.5 billion dollar business worldwide (Mirasol 

2000). It is used in the pharmaceutical, food and cosmetic industry (Alvares et al. 

2011). In addition to the applications in food industry as flavoring agent, 

arginine is used as blood vessel dilator in medicines to treat hypertension (Siani 

et al. 2000). Moreover, it has been shown that arginine can efficiently replace 

inorganic nitrogen as a nitrogen source in plant fertilizers, which may be more 

environmental approach towards more sustainable fertilizers (Öhlund, Näsholm 
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2002, Näsholm et al. 1998).  However, to realize the use of arginine in fertilizers, 

new methods to prepare inexpensive arginine should be developed. Production 

of arginine via fermentation may be such an option. 

 

1.1.6 Arginine fermentation 

Different routes can be used for the production of amino acids e.g. chemical or 

enzymatic synthesis, extraction from primary natural products and by 

microbiological fermentations. Scientists have been working on finding suitable 

strains for the production of arginine via fermentation of sugars since the early 

70s. Corynebacterium glutamicum or Corynebacterium crenatum strains were 

used to produce arginine in the concentrations ranging between 1.2 g/L to 34.8 

g/L in the 1970s and 1980s  (Kisumi et al. 1971, Kubota et al. 1973, Kato et al. 

1977, Yoshida, Araki & Nakayama 1981) . In 2009 and 2011, different research 

groups were able to obtain high concentrations of arginine between 45 g/L and 

52 g/L, using engineered C. gluamicum and C. Crenatum strains in 5 L bioreactors 

(Xu et al. 2012, Dou et al. 2011, Xu et al. 2009, Ikeda et al. 2009). In a more recent 

study, Park et al. used an engineered C. glutamicum strain to produce 92.5 g/L of 

arginine during fed-batch fermentation (Park et al. 2014). However, favorable 

properties of Escherichia coli (E. coli) e.g. being a robust organism for industrial 

processes, having a well characterized metabolism and fast growth rate in 

inexpensive media makes it a good candidate for the production of arginine via 

fermentation. In addition, Escherichia Coli is naturally able to use a wide variety 

of substrates in contrast to the members of the Corynebacterium genus (Ginesy 

et al. 2015). Existing patent in the literature reported to have obtained up to 19.3 

g/L of arginine using an E. coli strain (Gusyatiner et al. 2006). In a recent study, 

Ginesy et al. obtained 11.4 g/L of arginine via fermentation of sugars using 

engineered E. coli (Ginesy et al. 2015). These studies show that the development 

of fermentation solutions for a sustainable and environmental friendly means for 

producing arginine is moving forward.  

 

There have been few patents and studies showing arginine and other amino acid 

recovery from aqueous solutions and protein hydrolysates using different ion 
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exchange resins and adsorbents  (Howe, Max 1949, Liu, Huang & Deng 2007, 

Utagawa 2004) . However, there is a need for more investigation to understand 

the adsorption behavior of arginine in different adsorbents. 

 

(a) Arginine in aqueous solutions 

Arginine has two amino functional groups that can each gain positive charge and 

it shows the highest isoelectric point (pI = 10.76) of all common amino acids 

because of these two amino functional groups. The isoelectric or isoionic point is 

the pH at which the amino acid’s net charge is zero. Figure 1.2 below shows the 

schematic structure of the dominating structure of arginine at various pH in 

aqueous solutions. 

 

 
Figure 1.2 Schematic structure of arginine at different pH values. 
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The carboxylic group has a pKa value of 2.1, hence it is always deprotonated and 

negatively charged above this pH value. The two amine groups have pKa values 

of 9.04 and 12.5, respectively. At the isoelectric point (pKa  10.76) one amine 

group is positively charged, making the net charge zero. Whereas above pH 12.5, 

the overall charge of arginine is negative (Krohn, Tsapatsis 2006).   The 

speciation of arginine may be expected to play an important role on the 

adsorption properties and selectivity in an adsorption based recovery process. 

 

1.2 Zeolites 

Zeolites are inorganic crystalline aluminosilicates with well-defined pore 

structure. In 1756, a Swedish mineralogist Baron Axel Fredrik Cronstedt first 

described zeolites. He observed that upon rapid heating, zeolites produced large 

amount of steam due to the loss of water. He named the material Zeolite, which is 

the combination of two Greek words Zein meaning to boil and lithos meaning 

stone. Zeolite has a three dimensional structure where silica [SO4]4- and alumina 

[AlO4]5- tetrahedral are linked with shared oxygen atom.  The alumina 

tetrahedral renders the zeolite structure a negative charge, which is balanced by 

a charge balancing counter cation e.g. Na+, H+ etc (Kogel 2006). There are more 

than 200 zeolite frameworks known today, both natural and synthesized 

(International Zeolite Association ). Zeolite pore size varies from 0.3-1.3 nm 

depending on the framework type, making them microporous materials (Breck 

1984). The standard way of representing the zeolite framework is by using three 

capital letters e.g. FAU, MFI, LTA etc.; a method established by the International 

Zeolite Association.  In addition, zeolite properties can be tailored to make them 

useful for specific application e.g. the hydrophobicity of the MFI framework is a 

function of silica to alumina ratio (SiO2/Al2O3), where the hydrophobicity 

increases with the increase of the silica to alumina ratio i.e. with decreasing 

amounts of aluminium in the framework. Because of this great ability to tailor 

the properties of zeolites, in combination with well-defined pore system and 

thermal as well as chemical robustness, these materials are frequently used in 

the chemical industry as adsorbents or shape selective catalysts. 
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Zeolites, as adsorbents, have many applications in industry e.g. for air separation, 

CO2 removal from gas streams and for separation of alkane or aromatic isomers  

(Yang et al. 2008, Yuan, Lin & Yang 2004, Chen, Kaeding & Dwyer 1979) . 

 

Zeolites are widely used in petrochemical industry as catalysts. Zeolite-based 

catalysts are extensively used in fluid catalytic cracking and hydrocracking  

(Corma et al. 1995, Corma, Gonzalez-Alfaro & Orchilles 1995) . Zeolites are also 

used for isomerization of n-alkanes (Weitkamp 1982). In addition, zeolite 

catalysts may be used to reduce the NOx emissions from diesel engines, power 

plants and industrial boilers as catalysts for selective catalytic reduction 

(SCR)(Hasna 2009). Zeolite catalyst is also used for converting methanol into 

valuable products like gasoline and light olefins in the methanol to gasoline 

(MTG) and methanol to olefins (MTO) processes (Keil 1999, Stöcker 2008).  

1.2.1 MFI zeolite 

The MFI framework consists of two types of intersecting pores i.e. zigzag and 

straight, with an average pore diameter of ca 0.55 nm. Figure 1.3 shows a 

skeletal model of zeolite MFI viewed towards the straight channels.  The MFI 

framework may further be classified as either silicalite-1 or ZSM-5 depending on 

the aluminium content. If the Si/Al ratio is between 10 to 200, it is denoted ZSM-

5 whereas Si/Al ratio of more than 200 is denoted Silicalite-1 (Szostak 1989). As 

the polarity of the framework increases with increasing aluminium content, 

Silicalite-1 is therefore inherently more hydrophobic than ZSM-5 as the 

aluminium content in silicalite-1 is less than 1 aluminium atom per two unit 

cells. The hydrophobic nature of silicalite-1 therefore makes it an interesting 

zeolite for separating hydrocarbons, like butanol from aqueous solutions. To 

maximize the selectivity, it is important to make the silicalite-1 as hydrophobic 

as possible i.e. first of all it should be prepared without any aluminium in the 

synthesis solution such that a pure silica silicalite-1 is obtained. Further, it is well 

known that during traditional zeolite synthesis at high pH, internal defects in the 

form of polar silanol groups are formed inside the framework. The formation of 

these defects may be greatly reduced by performing the synthesis at near neutral 
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conditions using the so-called fluoride route  (Qin et al. 2014, Guth, Kessler & 

Wey 1986) . A silicalite-1 adsorbent with low density of defects should show 

very hydrophobic properties and thus can prove very efficient adsorbent for 

separating butanol from aqueous solutions. 

 
Figure 1.3 Skeletal model of the zeolite MFI framework (International Zeolite 

Association). 

1.2.2 Faujasite zeolite (FAU) 

The faujasite framework consists of sodalite cages that are connected through 

hexagonal prism. The pores in the zeolite FAU have a diameter of 0.74 nm, 

significantly larger than the MFI framework. Like MFI, faujasite zeolite can also 

be divided into two types depending on the Si/Al ratio. FAU is considered to be 

zeolite Y if the Si/Al ratio is above 2, and denoted as zeolite X if the Si/Al ratio is 

less than 2. In general, the aluminum content is much higher in FAU than in MFI 

making it more hydrophilic.  
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Figure 1.4 Skeletal model of the zeolite FAU framework (International Zeolite 

Association). 

1.3 Adsorption 

Adsorption is a process in which atoms, molecules or ions from a gas or liquid 

attaches (or adsorbs) to a surface, in this work the surface is assumed to be that 

of a solid material. In this process, the specie attaching to the surface is called the 

adsorbate, whereas the solid on which adsorption takes place is called the 

adsorbent. Adsorption is a typical surface phenomena and it should not be 

confused with absorption, in which the absorbate permeates into the bulk 

volume of the absorbent i.e. it is being dissolved by the absorbent. Adsorption 

can be divided into two types: Physisorption and Chemisorption. The most 

common type of adsorption is physisorption, which involves weak interaction 

forces like van der Waals attractions between the adsorbate and adsorbent. 

Chemisorption involves a reaction between the adsorbate particles and 

adsorbent and surface atoms resulting in covalent bonds. Desorption is a process 

in which molecules or atoms are detached from the adsorbent surface, making 

this phenomena the reverse of adsorption.  

The phenomenon of adsorption is commonly studied by recording adsorption 

isotherms. In short, the amount adsorbed on the surface is determined (at affixed 

temperature) as a function of the concentration of the adsorbate in the fluid. By 

fitting a suitable adsorption model to the isotherm data, it is possible to 
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determine e.g. how much can be adsorbed on the surface, the affinity of the 

adsorbate for the surface, enthalpies and entropies of adsorption etc. The 

adsorption isotherms determined for microporous adsorbents, like zeolites, are 

often well described by the well-known Langmuir isotherm model. 

1.3.1 Langmuir adsorption isotherm model 

In 1916, Irving Langmuir proposed an adsorption model that was based on 

following assumptions (Ruthven 1984). 

I. Fixed numbers of adsorption sites are available on the surface of the 

adsorbent. 

II. All adsorption sites are of equal. 

III. Only one molecule can attach to each adsorption site, no interaction 

between adsorbed molecules. 

IV. Adsorption occurs in a monolayer. 

 

The Langmuir isotherm presents a facile method to analyze the performance of 

micro porous adsorbents like zeolites, since adsorption often is limited to a 

monolayer in these materials. This model is extensively used to study the 

adsorption of different adsorbents in order to evaluate their efficiency. In this 

study experimentally determined isotherms were fitted to the Langmuir 

adsorption model to determine Langmuir adsorption parameters that gives a 

measure on the affinity of an adsorbate for the adsorbent but these parameters 

may also be used as input for modeling performance of adsorption columns (Do 

1998, Ruthven 1984). A typical adsorption isotherm for monolayer adsorption is 

shown in Figure 1.5. This is denoted a Type I isotherm. 

 

Different molecules may show different affinities to a surface and this effect may 

be exploited to use solid adsorbents to separate different molecules in a fluid 

from each other as already mentioned above. Adsorption is, in general 

considered as an energy efficient separation technique (Ruthven 1984), and it 

has been suggested as a feasible method to recover butanol from fermentation 

broths (Qureshi et al. 2005, Milestone, Bibby 1984, Milestone, Bibby 1981, 

Saravanan et al. 2010, Faisal et al. 2014, Maddox 1982). 
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Figure 1.5 Type I adsorption isotherm often encountered for microporous 

materials. 

 

In particular, adsorption on hydrophobic adsorbents, such as silicalite-1 and high 

silica ZSM-5, was recently identified as a promising means of recovering 1-

butanol from fermentation broth as compared to e.g. liquid-liquid extraction and 

pervaporation  (Qureshi et al. 2005, Ezeji, Qureshi & Blaschek 2007, Oudshoorn, 

van der Wielen, Luuk AM & Straathof 2009b) . Qureshi et al. reported that 

adsorption; using in-house prepared silicalite-1 (Al-free zeolite) was the most 

energy efficient method to recover butanol from aqueous solutions and ABE 

mixtures as compared to gas stripping, perveporation and liquid-liquid 

extraction. In addition, Oudshoorn et al. studied different recovery techniques 

for butanol from aqueous solutions i.e. distillation, perveporation, adsorption, 

reverse osmosis etc. and concluded that perveporation and adsorption are the 

most energy efficient techniques for the butanol recovery. These studies 

suggested that hydrophobic MFI zeolite could be used as an efficient adsorbent 

to recover biochemicals from fermentation broths. However, recently other 

hydrophobic adsorbents like activated carbon or ZIF-8 (a Metal organic 

framework) also show promise for butanol recovery  (Saint Remi, Baron & 

Denayer 2012, Abdehagh, Tezel & Thibault 2013, Abdehagh et al. 2015) . 

 

The recovery of amino acids using different inorganic adsorbents e.g. Al2O3, TiO2, 

SiO2, ferrihydrite and kaolinite has been reported previously  (Moitra et al. 1984, 
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Zhang et al. 2006, Garcia et al. 2007, Roddick-Lanzilotta, Connor & McQuillan 

1998, Basiuk, Gromovoy & Khil'Chevskaya 1995, Basiuk, Navarro-González & 

Basiuk 1998, Vlasova, Golovkova 2004, Matrajt, Blanot 2004, Ikhsan et al. 2004, 

Meng, Xia & Guo 2007) . In addition, a few studies also focused on adsorption of 

amino acids using zeolite ZSM-5, ZSM-11, Y and zeolite beta. Titus et al. studied 

the adsorption of phenylalanine and tyrosine on NaZSM-5  (Titus, Kalkar & 

Gaikar 2003) . Krohn and Tsapatsis investigated the adsorption of arginine and 

phenylalanine on zeolite X, Y and beta (Krohn, Tsapatsis 2005, Krohn, Tsapatsis 

2006). In addition, Munsch et al. and Mesu et al. also reported adsorption of 

phenylalanine, glutamic, lysine, leucine and histidine on ZSM-5, ZSM-11, zeolite 

beta and zeolite Y  (Munsch, Hartmann & Ernst 2001, Mesu et al. 2006) . These 

studies indicate that zeolites adsorbents may be an interesting option for 

arginine recovery fermentation broths. 

1.3.2 Traditional and structured adsorbents 

Adsorbents are typically produced in the shape of beads or extrudates, usually 

by blending the active component with a binder. Although adsorbents in the 

form of beads have proven themselves to be effective in many processes, they 

still suffer from some undesirable drawbacks. To minimize the mass transport 

resistance for the adsorbates into the beads, and to minimize the heat effects the 

beads are typically made small. However, the beads cannot be made too small as 

this would lead to unacceptable high-pressure drop, especially for gas phase 

applications. There is therefore a trade-off between on one side maximizing 

mass transport and on the other hand minimizing the pressure drop. 

 

For adsorption from liquid phase, small beads are still desirable for mass 

transport reasons, however when performing desorption capillary liquid 

retained in the voids between the beads will contaminate the product, thereby 

lowering the purity of the product. Another potential problem with using a 

packed bed for recovery of chemicals from liquid phase is that small particles 

present in the liquid may deposit in the bed, consequently plugging it. This is 

perhaps especially important for recovery of chemicals from fermentation 

broths, as these frequently contain a significant amount of particles of various 
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sizes. Most of these problems can most likely be avoided by using an adsorbent 

where the adsorbent material is structured in such a way that an open structure 

is obtained. For gas phase applications, an open structure will facilitate low-

pressure drop and for liquid applications the open structure will facilitate easy 

draining of the retained liquid as well as less risk of blocking the voids with 

particulate material. In this work, a structured adsorbent in the form of a 

silicalite-1 film deposited on a structured monolithic steel support was prepared 

and evaluated for recovery of butanol from fermentation broths; the 

performance was also compared to that of commercially available silicalite-1 

beads.  

 

However, traditional extrudate adsorbent was used to recover arginine from 

fermentation broth as this is just a preliminary study of arginine recovery using 

adsorbents and further options as regarding shape and size of the adsorbents 

should be explored in future.  

1.4 Catalysis 

Catalysis is a phenomenon where a chemical reaction is accelerated by use of a 

catalyst. Catalyst is a substance that increases the rate of a reaction without 

being consumed in the reaction. Catalytic reaction usually consists of three steps. 

(i) Adsorption of reactants on the surface of the catalyst (by 

chemisorption) 

(ii) Rearrangement of bonds to produce products 

(iii) Desorption of products from the surface of the catalyst 

Catalyst lowers the activation energies of the reactants and facilitates the 

reaction to proceed at greater speed than without a catalyst present. Figure 1.6 

shows a graphic representation of a reaction in term of activation energies with 

and without catalyst involvement. Catalysts are expected to play a pivotal role in 

the future production of fuels and chemicals from renewable resources.  
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Figure 1.6 Difference between activation energy with or without catalyst during 

a chemical reaction (ChemGuide). 

 

1.4.1 The Methanol to hydrocarbons  (MTH) process 

Synthesis gas (CO + H2) can be produced e.g. by gasification of lignocellulose 

biomass. Alternatively coal or heavy oils may be gasified to synthesis gas or 

methane may be converted into synthesis gas by steam reforming. Synthesis gas 

is an intermediate of tremendous importance to society today. Ammonia, 

methanol and hydrogen are some examples of chemicals that are produced from 

synthesis gas today.  One option to produce fuels and chemicals from biomass or 

to valorize natural gas in remote locations may be to first convert the raw 

materials to synthesis gas by either gasification or steam reforming, the 

synthesis gas may thereafter be further converted into methanol.  The methanol 

may be further converted into either a gasoline rich or light olefin (ethylene, and 

propylene) rich product over a zeolite ZSM-5 catalyst in the methanol to 

hydrocarbon process. The history of MTH process is quite interesting. Two 

teams of Mobil scientists working on unrelated projects discovered the 

formation of hydrocarbons over synthetic ZSM-5 catalyst by accident. One team 

was working to convert methanol to ethylene oxide, whereas other team was 

trying to methylate isobutene with methanol in the presence of ZSM-5. However, 

both of reactions did not work according to plan, instead they observed the 

formation of hydrocarbons, aromatics and light olefins (Keil 1999, Chang 1983, 

Chang, Silvestri 1987).  



 

 18 

      - H2O 2 CH OH CH OCH   light olefins   higher olefins + naphthenes + n iso paraffins + aromatics 

     

Methanol is first dehydrated to dimethyl ether (DME), the equilibrium mixture 

consisting of methanol, DME and water is then converted into light olefins. In the 

last step light olefins are converted to higher olefins, paraffins, aromatics and 

naphthenes. As gasoline was the main product of interest at the time, the process 

is often denoted the methanol to gasoline (MTG) process.  Later, Norsk Hydro 

and UOP have developed an alternative process producing predominantly 

ethylene and propylene over a SAPO-34 catalyst, this process is known as the 

methanol to olefins (MTO) process. The Danish company Haldor Topsøe has 

developed their own version of the MTG process called TIGAS.  The most recent 

process in this family is the methanol to propylene (MTP) process developed by 

Lurgi. In this process a ZSM-5 catalyst is used but the composition and process 

conditions are different than in the MTG process so as to maximize the yield of 

propylene (Keil 1999, Stöcker 2008).  

1.4.2 The MTG process 

Zeolite ZSM-5 is the preferred catalyst for the production of gasoline with the 

MTG process. A simplified block diagram for a fixed bed MTG process is shown in 

figure 1.7 (Bibby et al. 1998). In the process, crude methanol is vaporized and fed 

into a DME reactor where it is catalytically reacted to an equilibrium mixture of 

DME, methanol and water. The operating conditions for the reactor are 310-320 

°C and ca. 26 bar pressure. The mixture is then fed into a ZSM-5 loaded MTG 

reactor, which converts this mixture to hydrocarbons. The inlet temperature 

range for the MTG reactor is about 350-370 °C. After cooling, the mixture from 

ZSM-5 reactor is separated into three phases: gas, liquid water and liquid 

hydrocarbons. Most of the gas is recycled to the reactor, water is sent to a 

wastewater treatment plant and the hydrocarbon fraction is upgraded in a 

distillation train. An LPG fraction is obtained as a byproduct. It is important to 

note here, that raw gasoline contains considerable amount (approx. 5 wt.%) of 

Durene (1, 2, 4, 5 tetramethylbenzene), which has a high melting point of 79 °C. 
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Too high concentrations of durene in the gasoline is unacceptable as it then may 

crystallize in the fuel system thus blocking the fuel lines, therefore  the durene 

content in the crude MTG gasoline has to be decreased. The heavy gasoline-

treating unit (HGT) converts most of the Durene into other hydrocarbons. Total 

durene is reduced to 2 wt. % after HGT treatment. The treated gasoline is 

blended with the light gasoline fraction to give the final product. Typically MTG 

gasoline has a motor octane number of 82.6 (Keil 1999). 

 

 

 
 

Figure 1.7 Simplified block diagram of fixed bed MTG process (Bibby et al. 

1998). 

1.5 Problem background  

1.5.1 Butanol, butyric acid and arginine recovery from 

fermentation broths 

As discussed in the earlier sections, the composition of a typical ABE 

fermentation broth is in the ratio ca. 3:6:1 for acetone, butanol and ethanol, 

respectively. However, one of the most critical problems in this process is the 

toxicity of solvent (mainly butanol) towards the microorganisms. Due to the 

toxicity of butanol, the maximum concentration of butanol in the broth is limited 

to 20 g/L. At higher concentration of butanol, the permeability of the cell 

membrane of the microbes increases to the extent that all microbiological 

activity stops. In addition, butanol is the only solvent produced to the level that 

becomes toxic to the cells  (Oudshoorn, van der Wielen, Luuk AM & Straathof 
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2009a, Jones, Woods 1986) . This low tolerance of microorganism leads to a very 

dilute concentration of the valuable components in the fermentation broths and 

an economically feasible recovery of butanol from this dilute solution becomes 

challenging. This leads to a high price of butanol produced via the ABE 

fermentation process, which cannot compete with the petrochemical production 

of these solvents. Ethanol recovery from fermentation is economically feasible 

using distillation due to its higher yield in the fermentation and lower boiling 

point (78.3 °C) than water and an azeotrope forming at relatively high ethanol 

concentrations. Butanol has a higher boiling point (117.4 °C) than water, which 

makes recovery of butanol by ordinary distillation from dilute solutions very 

energy demanding. An energy efficient technique is needed to improve the 

overall economics of the ABE fermentation process so that it can compete with 

today’s transportation fuels  (Oudshoorn, van der Wielen, Luuk AM & Straathof 

2009a) .  

 

In addition, Butyric acid is a precursor to butanol, which is produced during the 

acidogenic phase of the ABE fermentation. Maintaining a neutral pH can prolong 

the acidogenic phase and hence producing butyric acid via ABE fermentation 

may be an interesting option under some circumstances (Sjoblom et al. 2016). 

Currently, butyric acid is produced industrially by chemical synthesis, by the 

oxidation of butyraldehyde derived from propylene and synthesis gas (Cascone 

2008). It is an important additive used in the food industry and has various 

applications in animal feed supplements due to its ability to reduce bacterial 

colonization (Van Immerseel et al. 2005). Butyric acid can also be further 

converted into a number of commercial interesting compounds, for example 

cellulose acetate butyrate, butyl acetate, 4-heptanone and butanol  (Boger, 

Maienfisch & Pitterna 1994) . Therefore, efficient alternatives for recovering 

butyric acid from fermentation broths should also be explored. 

 

Arginine fermentation broth has the same issue as ABE fermentation broth i.e. 

the concentration of the substance of interest (arginine) is usually low. As 

mentioned earlier typical arginine concentration in the fermentation broth is 

between 11 g/L to 19 g/L (Ginesy et al. 2015, Gusyatiner et al. 2006). Hence an 
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energy efficient recovery process is required also to recover arginine from 

fermentation broths.  

1.5.2 Coke formation and deactivation of catalyst during MTG 

process 

One of the major challenges during methanol to gasoline (MTG) synthesis is the 

formation of coke on the catalyst particles, which eventually reduces the activity 

of the catalyst. Eventually, the reactor has to be stopped and catalyst has to be 

regenerated by carefully calcining the catalyst. That is one of the reasons usually 

in industry more than one fixed bed ZSM-5 reactor is used. Two or more reactors 

are operating while one is regenerated. If a fluidized bed reactor is used, a 

portion of the catalyst is removed and regenerated before introducing it to the 

reactor again (Keil 1999, Stöcker 2008). During the regeneration step there is 

always a risk of damaging the catalyst by e.g. the formation of local hot spots. To 

minimize down time and to reduce the risk of damaging the catalyst it is 

desirable to have catalyst that is resistance towards deactivation by coke 

formation.  

1.6 Research gap 

1.6.1 Recovery of Butanol, butyric acid and arginine  

In the past, different kinds of adsorbents were studied for recovery of butanol 

from model and real ABE fermentation broths. Abdehagh et al. used activated 

carbon, silicalite-1, ZSM-5 and zeolite NaY to recover butanol from aqueous 

solutions also containing acetic acid, butyric acid, glucose, xylose, acetone and 

ethanol  (Abdehagh, Tezel & Thibault 2013) . In a more recent study the same 

authors presented results for the recovery of biobutanol from ABE model 

solutions using activated carbon F-400 (Abdehagh et al. 2015). Cousin Saint 

Remi et al. investigated the adsorption of different alcohols on the metal organic 

framework ZIF-8. They presented adsorption capacities for these alcohols and 

adsorption isotherms of butanol at varying temperatures (Cousin Saint Remi et 

al. 2011). Other groups studied recovery of butanol from ABE model solutions 

and real fermentation broths using KA-1 resin, polymeric resin, silicalite-1 

pellets and activated carbon (Lin et al. 2013, Jiao et al. 2015, Nielsen, Prather 



 

 22 

2009, Groot, Luyben 1986, Águeda et al. 2013). According to these studies, 

activated carbon and hydrophobic zeolites (preferably silicalite-1 and ZIF-8) are 

good adsorbents for the recovery of butanol from aqueous solutions. 

Hydrophobic MFI zeolite has been shown to be an efficient adsorbent for 

recovering butanol both from model solutions and real fermentation broths  

(Oudshoorn, van der Wielen, Luuk AM & Straathof 2009a, Oudshoorn, van der 

Wielen, Luuk AM & Straathof 2009b, Maddox 1982, Milestone, Bibby 1984, 

Qureshi, Meagher & Hutkins 1999, Qureshi et al. 2005, Saravanan et al. 2010, 

Faisal et al. 2014, Farzaneh et al. 2014, Abdehagh, Tezel & Thibault 2013) . Most 

of these studies mainly focused on selecting the best possible zeolite, in terms of 

selectivity. However, to implement an adsorption process on industrial scale, 

dynamic parameters like uptake rate, flow rate etc. must be studied using 

column breakthrough experiments, and such data are scarcely reported. 

Although some of the studies cited above did present breakthrough column 

experiment data for different materials, very few studies focused on zeolites in 

general and silicalite-1 in particular. In a recent study Cousin Saint Remi et al. 

compared the adsorption of butanol from model solutions on three different 

hydrophobic adsorbent candidates viz. zeolitic imidazolate framework (ZIF-8), 

silicalite-1 and activated carbon  (Saint Remi, Baron & Denayer 2012) . The 

authors showed that the equilibrium adsorption capacity was highest for ZIF-8, 

as concluded from both static and dynamic (breakthrough curves) experiments. 

Moreover they claimed that the uptake rate also was the highest for ZIF-8, 

however no evidence for this was presented. In addition, authors present 

breakthrough curves for a mixture of butanol (4 wt%), ethanol (4 wt%) and 

water (balance) for ZIF-8, activated carbon and silicalite-1. From the shape of the 

breakthrough curves there is, in our opinion, no direct evidence that the uptake 

rate should be higher for the ZIF-8 compared to the other adsorbents. Further, 

after equilibrating the ZIF-8 with the said mixture, the product was eluated by 

thermal desorption. After desorption a liquid mixture with concentrations of 

butanol and ethanol of 42.2 wt.% and 13.5 wt.% respectively was obtained, these 

concentrations are of course quite far away from the desired purity close to 

100% needed for a fuel, and further upgrading of these products are therefore 

needed. The authors further suggested that the product may be further purified 
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by adsorbing water and ethanol on a SAPA-34 adsorbent.  (Saint Remi, Baron & 

Denayer 2012) . In another study, Saravanan et al. 2010 presented data from 

breakthrough experiments for ABE model solutions using high silica zeolite MFI 

extrudates. These studies show that hydrophobic MFI zeolite can be used as 

adsorbent to recovery butanol from fermentation broths. Although desorption 

behavior of zeolite was presented in this study, no data for the purity of the 

product was reported (Saravanan et al. 2010). To the best of my knowledge no 

one has reported the use of structured adsorbent to recover biochemicals from 

fermentation broths or aqueous solutions As mentioned above, structured 

adsorbents e.g. in the form of a monolith is expected to show several advantages 

compared to packed beds. Hence, there is a need to study structured adsorbent 

for this particular application and benchmark the results obtained against 

conventional beads/extrudate adsorbents. 

 

In addition, relatively little has been reported on butyric acid recovery. To the 

best of my knowledge, only Oudshoorn et al. (2009a) reported limited data on 

the adsorption of butyric acid on MFI type zeolite. They showed that at certain 

conditions butyric acid was adsorbed even stronger than butanol on MFI zeolite. 

However, they did not report the pH values of their experiments although the pH 

is expected to influence the adsorption properties as it affects the speciation of 

butyric acid.  

 

Moreover, all earlier reported investigations on zeolite adsorbents for recovery 

of butanol or butyric acid from real fermentation broths were focused on 

recovery from conventional hydrolyzates e.g glucose-based fermentation etc. 

Kudahettige-Nilsson et al. recently demonstrated the possibility of utilizing 

inexpensive hemicellulose from black liquor as substrate for ABE fermentation 

(Kudahettige-Nilsson et al. 2015). The hydrolyzate was prepared by using a 

precipitate of Kraft black liquor from a birch pulping line. Noticeably, the 

hydrolyzate contained phenols in significant amounts (0.75 g/L). Presence of 

phenols in the fermentation broth may of course adversely affect the recovery of 

butanol from the fermentation broth. The presence of these compounds could 

potentially affect the adsorption of butanol and butyric acid in hydrophobic 
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adsorbents. Therefore, it is important to identify suitable adsorbents with 

negligible effects of the phenols on the recovery of butanol from ABE 

fermentation broths. Many activated carbons are highly selective towards 

phenols when present in aqueous solutions (Hameed, Rahman 2008, Gundogdu 

. However, the well-defined pore size of high 

silica MFI zeolite (ca 5.5 Å) may be expected to exclude the typical phenolic 

compounds found in black liquor by molecular sieving. To the best of our 

knowledge no investigation has been reported in literature regarding butanol 

recovery from a fermentation broth derived from industrial black liquor.  

 

As discussed in the earlier section, there are few reports present in literature for 

the recovery of different amino acids using inorganic adsorbents (see section 1.4). 

However, to the best of our knowledge only Krohn and Tsapatsis investigated 

the adsorption of arginine on zeolite X, Y and beta (Krohn, Tsapatsis 2005, 

Krohn, Tsapatsis 2006). Although they reported the arginine loadings from batch 

adsorption experiments using model aqueous solutions, they did not report any 

adsorption data for real fermentation broths. In addition, they did not report any 

breakthrough curve or adsorption isotherm. In order to implement an 

adsorption process on industrial scale, dynamic parameters like flow rate, 

uptake rate etc. must be studied using column breakthrough experiments. Hence, 

there is a need for further studies on the adsorption of arginine in zeolites from 

both model- and real fermentation broths to elucidate whether zeolite 

adsorbents is afeasible option for recovery of arginine from fermentation broths. 

1.6.2 Deactivation of catalysts by coke formation 

Owing to the importance of minimizing coke formation in the MTG reaction, 

many recent investigations have addressed this issue; the current understanding 

was recently summarized in an review article by Olsbye and co-workers (Olsbye 

et al. 2012). In general, the MFI framework is considered to be quite coke 

resistant. Initially it was believed that coke formed inside of the catalyst was 

primarily responsible for the loss of activity upon coke formation, however 

recently Schulz and Bjorgen et al. presented evidence that external coke is 

responsible for the loss in activity for zeolite ZSM-5 (Schulz 2010, Bjørgen et al. 
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2007).  On the other hand, Sazama et al. and Barbera et al. showed that there was 

a clear correlation between the deactivation by coke formation and the presence 

of internal defects in the form of internal silanol groups in ZSM-5 catalysts  

(Barbera et al. 2012, Bortnovsky, Sazama & Wichterlova 2005) . This observation 

is also in agreement with previous findings showing that during o-xylene 

isomerization over H-ZSM-5, there is also a correlation between coke 

deactivation and internal silanol groups in the framework  (Thibault-Starzyk, 

Vimont & Gilson 2001) . 

 

A successful strategy for delaying the onset of coke induced deactivation in the 

MTH reaction has been to use a hierarchical zeolites by introducing mesopores 

to the zeolite crystals see e.g. the review article by Pérez-Ramirez et al. and 

references therein . The mesopores effectively decreases the crystal size, thereby 

facilitating higher mass transfer rates of reactants and products in and out from 

the crystals. At the same time, it takes longer time for a sufficient amount of coke 

to form to block the mesopores than the small framework defects, thereby 

slowing the time on stream until the catalyst is deactivated. Several options for 

obtaining mesoporous zeolite crystals have been devised. These include the use 

of sacrificial templates, which are added during manufacturing of the catalyst. As 

the catalyst is calcined, the organic components are burned off, leaving a, 

intracrystalline mesoporous network. Treating the zeolite in alkaline media will 

selectively leach silicon from the zeolite, resulting in the formation of an 

additional (to the zeolite pores system) mesoporous pore system. These so-

called hierarcial zeolites have been evaluated in various catalysis applications. In 

the MTH reaction, Bjørgen et al. reported an increased lifetime of the catalyst 

(expressed as total conversion capacity) for a mesoporous catalyst prepared by 

desilication compared to the non-treated reference catalyst. Moreover, an 

increased selectivity towards the gasoline range of hydrocarbons was observed. 

The authors rationalized their findings with altered acidity, formation of 

mesopores and shorter effective diffusion path (Bjørgen et al. 2008). 

 

Another strategy can be to eliminate these framework defects in ZSM-5 that are 

associated to coke formation. Zeolite synthesis using the fluoride (F-) route may 
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be the answer. By enabling zeolite synthesis at near neutral pH (as compared to 

the normal zeolite synthesis where high pH is used), the density of non-binding 

silanol groups will be substantially decreased hence decreasing the coke 

formation and increasing the on process catalyst life. Qin et al. recently showed 

that the catalyst synthesized in fluoride medium perform better than the catalyst 

prepared in hydroxide medium in terms of methanol conversion capacity and 

lower deactivation rate. However authors did not present any data on gasoline 

fraction and hydrocarbon distribution over the course of time (Qin et al. 2014).   

1.7 Scope of the present work  

The scope of this study is to evaluate zeolites as adsorbents and catalyst for the 

recovery and production of biofuels and chemicals. Keeping in mind the research 

gaps discussed in previous section, the main aims of this study were as follows: 

 

I. To study the adsorption of butanol and butyric acid as well as other 

components found in ABE broths using MFI adsorbents. 

II. To evaluate the performance of the structured adsorbent for the 

recovery of butanol from model fermentation broths and benchmark 

the performance to that for commercially available beads. 

III. To assess the purity of the butanol product obtained after the column 

breakthrough experiments by thermal desorption/condensation. 

IV. To preliminary assess silicalite-1 as adsorbent for recovering butanol 

from real fermentation broths derived from a black liquor 

hydrolyzate. 

V. To investigate the adsorption of arginine from model and real 

fermentation broth in zeolite Y. 

VI. To assess the resistance towards coke formation in the MTG reaction 

for a zeolite ZSM-5 catalyst prepared using the fluoride route with a 

low density of internal defects and compare the performance with a 

reference catalyst prepared by traditional synthesis. 
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2 Materials and methods 

2.1 Materials 

This chapter of the thesis summarizes the materials used in this work and the 

experimental procedures, details are reported in the appended papers and 

references therein. 

 

A commercial MFI zeolite powder (AkzoNobel) with a Si/Al ratio of 115 in 

sodium form was used as adsorbent. Commercial, binder free, silicalite-1 beads 

(G-360) from ACS materials, USA with Si/Al ratio of 180 was used as reference 

adsorbent in this work. The average diameter of the beads was 2 mm. Butanol 

(99%) and ethanol (99%) used in the experiments were purchased from Sigma 

chemicals, Sweden. Fumed silica powder (0.007 μm) used for preparing the 

silicalite-1 film was obtained from Aldrich, Sweden. TPAOH (40%) was 

purchased from AppliChem, Sweden. Sodium hydroxide (99.9%) from Merck 

chemicals was used to regulate the pH of the solutions. Hydrofluoric acid (40%) 

was also obtained from Merck chemicals, Sweden. 

 

Commercial zeolite Y powder CBV100 with Si/Al ratio of 2.6 was obtained from 

Zeolyst International, Netherlands. Zeolite Y extrudates with Si/Al ratio of >2.5 

(vendor specification) were purchased from ACS Materials, USA. Average 

diameter of the extrudates was 2 mm and length of 7 mm. Arginine (99 %) and 

ammonium nitrate (99 %) were ordered from Merck, Sweden. Sodium hydroxide 

(99.9 %) and HCl (37%) from Merck chemicals were used to regulate the pH of 

the solutions/fermentation broth. Arginine fermentation broth was obtained 

from the Biochemical Engineering Group, Luleå University of Technology. 

 

The fermentation broth derived from the black liquor hydrolyzate was prepared 

in house described in detail elsewhere (Kudahettige-Nilsson et al. 2015). 

Arginine fermentation broth was also prepared in house and detailed procedure 

is described in section 2.2.2 and references therein. 
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For the structured adsorbent, a silicalite-1 film was prepared on a stainless steel 

monolith with a length of 150 mm and a diameter of 28 mm from Emitec, 

Germany. The monolith had a cell density of 1600 cells per square inch (cpsi) 

and channels in the form of equal sided triangles with side length of ca. 0.5 mm. 

Figure 2.1 shows images of the monolith and its channel structure. 

 

 
 

Figure 2.1 Images illustrating the steel monolith used as a support for the 

structured adsorbent. 

 

2.2 Experimental methods 

2.2.1 Black liquor fermentation broth 

In brief, a precipitate of Kraft black liquor from a birch pulping line was supplied 

as a filter cake (50-60 wt.% dryness) from the Smurfit Kappa plant, in Piteå, 

Sweden. The precipitate (filter cake) was obtained by sparging carbon dioxide 

through the black liquor, thus deceasing the pH from ca 12.1 to 7.8, which in turn 

promotes precipitation of the lignin.  The precipitate contained approximately 15 

wt. % (dry weight) of Xylan, the hemicellulose of interest and other components 

were mainly acetic acid, phenols (acid soluble lignin), solid lignin and ash. The 

filter cake was hydrolysed by adding sulphuric acid to reach pH < 1, and kept at 

121 °C during 60 min. The xylose content in the hydrozylate was 20-40 g/L. 
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Batch ABE fermentation of the hydrozylate using Clostridium acetobutylicum 

ATCC 824 was conducted at 37 °C and in an agitated 1L bioreactor. The pH was 

controlled to 5.1 using automatic addition of an aqueous ammonium solution 

during 10 days of cultivation (Kudahettige-Nilsson et al. 2015). 

2.2.2 Arginine fermentation broth 

Arginine was produced using an engineered E. Coli strain SJB009. Batch 

fermentation was performed in a 1 L bioreactor (Biobundle, Applikon 

Biotechnology). The fermentation medium was composed of (per liter): 60 g 

glucose, 15 g corn steep liquor, 1 g KH2PO4, 0.5 g MgSO4·7H2O, 20 mg 

FeSO4·7H2O, 12 mg MnSO4·H2O, 0.5 mg thiamine-HCl, 0.4 g antifoam and 20 mg 

tetracycline. After sterilization the reactor was inoculated with 100 ml of seed 

culture grown in the same medium, following a method described elsewhere. 

The sole nitrogen source was 14-15% v/v ammonia solution used to adjust and 

automatically maintain the pH at 7. The fermentation was performed at 37°C and 

the dissolved oxygen level were kept above 30% with aeration and agitation. The 

fermentation was stopped after 40 h, when all the glucose was consumed. For 

detailed procedure see paper 4 in the appendix.  

2.2.3 Batch adsorption experiments  

Prior to the adsorption experiments, the zeolite was activated by calcination in 

air at 500 oC for 5 hours. Liquid phase batch adsorption experiments were 

performed in 50 mL Erlenmeyer flasks. Approximately 40 mL model solution or 

real fermentation broth and 1 g zeolite adsorbent were added to the flasks and 

the mixtures were allowed to equilibrate for 48 hours at 25 °C on a shaking table. 

If needed the pH was adjusted by addition of 1 M sodium hydroxide solution 

prior to equilibration. After equilibration for 48 hours, the zeolite was separated 

from the solution by centrifugation. The supernatant was then filtered using a 

0.2 μm PTFE filter and the concentrations of adsorbates in the broth before and 

after equilibrium with the zeolite were determined by high-pressure liquid 

chromatography (HPLC, Perkin-Elmer series 200 instrument) equipped with a 

refractive index detector. The instrument was equipped with a 125-0115 

(BioRad) column in hydrogen form and a 0.005 M H2SO4 aqueous solution in 
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water was used as mobile phase at a flow rate of 0.6 mL/min. Additional 

experiments were conducted to ascertain that the filtration did not affect the 

composition of the supernatant.   

In addition to the original black liquor fermentation broth (BLFB), another batch 

of BLFB was prepared by adding acetone, ethanol and butanol to the original 

broth. This was done to arrive at two different concentrations of butanol to have 

better understanding of the competitive adsorption between different species in 

the fermentation broth. The composition of both broths is present in paper III. 

The lower concentration (original broth) may be representative for in-situ 

recovery of butanol from the fermentor whilst operating, whereas, higher 

concentration (modified broth) may be representative of a completed 

fermentation. Batch adsorption experiments with the original fermentation 

broth were performed three times to study the repeatability of the method. 

However, due to the limited availability of fermentation broth, only one batch 

experiment was carried out on the modified broth. Liquid phase batch 

adsorption experiments were performed in 50 mL Erlenmeyer flasks at pH 5.2 

(original pH of broth) or pH 8. 

Arginine single component adsorption isotherm was obtained by using zeolite Y 

powder, whereas both zeolite Y powder and extrudates were used to recover 

arginine from aqueous solution and fermentation broth. Real fermentation broth 

was received from Biochemical Engineering Group, LTU Sweden with the 

original pH of 7.7. One batch of fermentation broth was modified to pH 11. Due 

to limited availability of fermentation broth, adsorption experiments were 

repeated twice at pH 11 but only once for pH 7.7. Liquid phase batch adsorption 

experiments using aqueous solutions and real fermentation broth were carried 

out as explained for butanol single component adsorption experiments. For 

detailed procedure about experimental set up and arginine analysis please see 

paper 4 in the appendix.  

 

A mass balance was used to determine the loading of the adsorbate in the zeolite. 

 = ( , ) .  ,                                                                                                                          (1) 



 

 31 

where qi is the mass of adsorbate per unit mass of adsorbent, Ci,0 is the initial 

concentration of adsorbate in the solution, Ci is the concentration of the 

adsorbate in the solution at equilibrium, V0 is the volume of solution brought in 

contact with adsorbent, mz,0 is the initial mass of the adsorbent.  

 

The experimentally determined single component adsorption isotherm for 

arginine was then fitted to the Langmuir adsorption model. 

 =                                                                                                                             (2) 

In this equation, qmax is the saturation loading, C is the concentration of the 

adsorbate in the solution at equilibrium and b is the Langmuir adsorption 

constant.  

 

The adsorption selectivity was calculated as: 

 =                                                                                                                                   (3) 

 

In addition, Sips, which is a combination of the Langmuir and Freundlich 

isotherms for predicting heterogeneous adsorption systems, is fitted for the 

arginine adsorption isotherm (Sips 1948). 

 =  / /                                                                                                  (4) 

In this equation, qsat is the saturation loading, C is the equilibrium concentration 

of the adsorbate in the solution, b is the Langmuir affinity parameter and n is the 

Freundlich exponent (heterogeneity factor). This heterogeneity factor accounts 

for heterogeneity of the adsorption sites (not all adsorption sites being 

equivalent) is the extra parameter in the Sips model as compared to Langmuir 

model and is greater than unity. Hence, the larger the Freundlich exponent, the 

greater the heterogeneity of the system (Sips 1948). 
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2.2.4 Zeolite ion-exchange 

 Zeolite Y powder from Zeolyst International was received in sodium cation. 

Krohn and Tsapatsis reported highest adsorption for zeolite Y sample with Na/Al 

= 0.4 with the rest of the sites being protonated. The powder received was 

therefore ion-exchanged using the procedure described by them (Krohn, 

Tsapatsis 2006). In short, zeolite was placed in twice its weight of 1 M 

ammonium nitrate solution and stirred for 12 h. The slurries were then filtered 

and dried at 90 °C. This process of ion exchange was carried out twice. The ion-

exchanged zeolite was then rinsed with 4 times its weight with deionized water 

and dried at 90 °C. The zeolite was thereafter calcined for 5 h at 500 °C with the 

heating rate of 1 °C/min. The Na/Al ratios of the sample before and after ion 

exchange were determined by ICP-SFMS. 

 

For the catalysis experiments, as-synthesized ZSM-5 powder was first calcined at 

550 °C in air for 6 h. Thereafter, the sample was immersed in a 10 wt. % NH4NO3 

solution at 100 °C for 1 h. The procedure was repeated twice with fresh solution. 

2.2.5 Preparation of structured adsorbent 

Silicalite-1 films were grown on the walls of the steel monolith by an in-situ 

growth method. The composition of the synthesis solution used was 1SiO2: 

0.5TPAOH: 100H2O: 0.5HF (Geus et al. 1993). The synthesis was performed using 

the fluride route to minimize the formation of internal defects in the form of 

polar silanol groups inside the zeolite structure (Zhang et al. 2012). The external 

jacket of the monolith was covered with Teflon tape to prevent film growth on 

the jacket. Finally the sample was calcined at 500 °C for 5 hours to activate the 

sample. For details see paper II. 

 

(i) For butanol 

Breakthrough experiments were carried out using two different stainless steel 

columns to facilitate experiments at similar flow conditions and adsorbent 

loading for both beads and the structured adsorbent. A column with a diameter 

of 30 mm was used to perform the breakthrough experiments with the 

structured adsorbent, whereas a column with a diameter of 10 mm was used to 
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run breakthrough experiments with beads. Before the breakthrough 

experiments, the adsorbents were calcined in a furnace for 5 hours with heating 

and cooling rates of 1 °C/min.  Breakthrough experiments were carried out using 

binary (butanol in water) as well as multicomponent (acetone, butanol and 

ethanol in water) model solutions. The concentration of butanol in the binary 

mixture was 2 g/L (0.2 wt. %). As the amount of butanol increases in 

fermentation broth it starts to increase the permeability of the microbial cells’ 

membrane, hence prohibiting the further production of butanol  (Oudshoorn, 

van der Wielen, Luuk AM & Straathof 2009a) . To keep the production rate high it 

is beneficial to keep the concentration of butanol low in the fermentor. This may 

e.g. be achieved by continuously removing butanol from the fermentation broth  

(Oudshoorn, van der Wielen, Luuk AM & Straathof 2009b) . That is why this 

study focused on low concentration of butanol in the broth (2 g-butanol/L). In 

the previous study we showed in an adsorption isotherm (at room temperature), 

that even at a butanol concentration of 2 g/L saturation loading was achieved 

(Faisal et al. 2014). For the ABE model solution, the concentrations of acetone, 

butanol and ethanol was ca. 1, 2, 0.5 g/L (0.1, 0.2 and 0.05 wt. %), respectively, 

similar to the ratios present in a real ABE fermentation broth. Two monoliths 

were placed in series in column with a diameter of 30 mm to arrive at the total 

weight of zeolite of 11 g. The same weight of zeolite beads was packed in a 

column with a diameter of 10 mm for a comparative study of both adsorbents. 

Model solutions were pumped from the bottom of the column using a pulse 

injection pump. The superficial velocity was maintained at 0.5 cm/min for the 30 

mm column, which corresponds to a flow rate of 3 ml/min. However, due to 

experimental limitations, a superficial velocity of 0.9 cm/min had to be used for 

the 10 mm column, which corresponds to a flow rate of 0.7 ml/min. The 

temperature of the column was maintained at 30 °C.  The effluent at the top of 

the column was passed through a 0.2 μm PTFE filter and collected in vials. The 

concentration of adsorbates in the vials was determined by high-pressure liquid 

chromatography (HPLC) with the same procedure as described in section 2.2.3. 
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(ii) For arginine  

A breakthrough experiment was carried out using a stainless steel column with 

an inner diameter of 10 mm and length of 30 mm. Before the breakthrough 

experiment, the zeolite Y extrudates were calcined in a furnace for 5 h with 

heating and cooling rates of 1 °C/min. The column was loaded with 10 g zeolite Y 

extrudates and the rest of the column was filled up with inert glass beads to 

minimize the dead volume.  Breakthrough experiments were carried out using 1 

wt.% arginine solution 8 (pH 11) in water. The solution was pumped from the 

bottom of the column using the pulse injection pump at a flow rate of 1 mL/min. 

The temperature of the column was maintained at 30 °C. The effluent at the top 

concentration was determined using the same method as described above.  

 

The amount of adsorbed arginine or butanol is calculated by using material mass 

balance as follows (Malek, Farooq 1997) 

 =    1     .,                                                                                                       (5) 

i is the average breakthrough time for 

component i (s), L Cint.,i is 

composition of component i at the inlet (g/mL), p is adsorbent particle density 

(g/mL) and qi is amount adsorbed of component i by the adsorbent column (g/g). 

 

By assuming constant pressure and flow rate during the breakthrough 

experiment, the mean residence time is conventionally given by (Malek, Farooq 

1997) 

 =  (1  ,,  )                                                                                                                (6) 

where xi,0 and xi,t is fraction of component i at time 0 and t respectively. 

 

The axial dispersion coefficient was calculated using the correlation (D/uL) for 

streamline flow in pipes and fluid flowing in packed beds for the structured 

adsorbent and the beads, respectively (Fogler 1999). Where u is the superficial 
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velocity (cm/s) and L is length of the column (cm). This is done by first 

calculating the Reynold numbers for both columns packed with beads and 

monolith. After calculating the Reynold numbers corresponding charts for 

packed beds and streamline flow in pipes were consulted for determining the 

p) or (D/udt) for the packed bed and monolith 

respectively, see Levenspiel for nomenclature (Levenspiel 1972). The vessel 

dispersion numbers were thereafter determined by multiplying the intensities of 

dispersions obtained with the ratio of the characteristic diameter to the length of 

adsorbent bed e.g. dp/ L for the packed bed. 

 

2.2.6 Physical characterization 

The ion-exchanged zeolite Y powder and original zeolite Y extrudates were 

analyzed with X-ray diffractometry (XRD), using a Panalytical Empyrean 

diffractometer equipped with Cu LFF HR X-ray tube, a graphite monochromator 

and a PIXcel3D detector. The extrudates were crushed to powder form before 

running XRD. Scanning electron microscopic images (SEM) were recorded on a 

FEI Magellan 400 field emission SEM.  

2.2.7 Thermal desorption of butanol 

Model solutions were pumped through the column at 30 °C until the 

concentrations in the effluent equaled the concentrations in the influent. 

Thereafter, the columns (oriented vertically) were allowed to self- drain under 

the influence of gravity by opening a valve at the bottom. After self-drainage, the 

column was purged for a short time with nitrogen at a flow rate of 100 ml/min 

from the top of the columns to flush out loosely held liquid. Thereafter, the 

columns were heated at the rate of 5 °C/min up to 200 °C and this temperature 

was maintained for one hour, whilst flowing a flow of 40 ml/min of nitrogen 

from top of the column to transport the desorbed product to a condenser using 

cold water (8 °C) as cooling medium. The condensate collected from desorption 

step was analyzed by high-pressure liquid chromatography (HPLC) as explained 

in previous section.  
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2.2.8 Synthesis of ZSM-5(F) and ZSM-5(OH) catalyst 

The synthesis mixtures for growth of silicalite-1-F seed crystals were prepared 

by mixing tetraethoxysilane, tetrapropylammonium hydroxide. After shaking for 

24 h, a fully hydrolyzed clear synthesis solution was obtained and the weight of 

the solution was recorded. Then, some of the water and most of the ethanol were 

removed from the solution using a rotary evaporator operated at 50 °C for about 

1 h, after which a thick clear gel was obtained and the weight of the gel was 

recorded. A certain amount of distilled water was added to the gel under stirring 

and a clear solution was obtained again. The clear solution was shaken for 1 or 2 

months, respectively. Thereafter, hydrofluoric acid in an equimolar amount to 

TPAOH was quickly added to the synthesis mixtures at 4 °C under stirring and 

after about 10 s, a very viscous clear gel formed. For further details see paper V 

in the appendix. 

 

The synthesis of ZSM-5(F) was performed from a gel with the composition: 1 

SiO2: 0.36 TPAOH: 0.36HF: 11.64 H2O: 0.033 Al(O-i-Pr)3. After mixing the initial 

reactants, a suspension comprising 6 % silicalite-1-F seeds was added to the 

ZSM-5 solution with equal weight, which make the final concentration of seed is 

3 %. Shaking the mixture for 1 h, and then HF in an equimolar amount to TPAOH 

was quickly added to the synthesis mixtures at 4 °C under stirring and after 

about 10 s, a very viscous white gel formed. The gel was transformed into an 

autoclave and the synthesis was performed at 180 °C for 24 h. The solid ZSM-

5(F) powder was collected by centrifugation and dispersion in DDI water for 4 

times and followed by freeze-drying. 

 

The synthesis of ZSM-5(OH) was performed from a synthesis solution with the 

composition: 1 TEOS: 0.35 TPAOH: 0.036 NaAlO2: 18.65 H2O, a detailed synthesis 

procedure was reported previously and the procedure will only be described in 

brief here  (Gevert, Eriksson & Törncrona 2011) . For detailed synthesis 

procedure see paper V in the appendix.  
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2.2.9 Methanl to gasoline (MTG) reaction 

The catalyst samples were milled and mixed together with milled sand in the 

ratio of 1:50. 0.1 g of catalyst is mixed with 5 g of sand and loaded in a stainless 

reactor with an inner diameter of 20 mm. Nitrogen is bubbled through a feed 

saturator kept at 18 °C containing methanol to arrive at a weight hour space 

velocity (WHSV) of 2 or 8 g methanol/ h-g-catalyst. Prior to the experiment, 

catalyst was activated by heating the reactor to 400 °C for 3 hours. In addition, 

catalytic reaction was also conducted at 400 °C. The reactor effluent was 

analyzed by an online GC (Agilent 7890B) equipped with a FID detector.  
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3 Results and discussion 

3.1 Single component adsorption experiments (acetone, 

butanol, ethanol and butyric acid) 

Adsorption isotherms of butanol, acetone and ethanol from aqueous solutions in 

the high silica (Si/Al=115) MFI powder determined at room temperature are 

presented in Figure 3.1. All adsorbates adsorb in the zeolite and the shapes of the 

isotherms are typical for monolayer adsorption often encountered for 

microporous materials. Butanol shows the highest affinity towards the zeolite 

followed by acetone and ethanol. This trend can be explained in terms of the 

hydrophobicity of the adsorbates. Butanol is the most hydrophobic molecule 

among the three adsorbates, hence showing the highest affinity towards the 

relatively hydrophobic MFI zeolite. The Langmuir adsorption model was fitted to 

the experimental data and as can be seen the model fits the experimental data 

well for all adsorbates.   

Figure 3.1 Experimental adsorption isotherms at room temperature for acetone 

( ), butanol ( ) and ethanol ( ) on high silica MFI. Full lines represent the 

Langmuir model fitted to experimental data. 

The fitted Langmuir adsorption parameters (b) and saturation loadings (qmax) 

obtained were compared with previous reports. The saturation loading obtained 
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(0.11 g/g) was in good agreement with previous reports  (Oudshoorn, van der 

Wielen, Luuk AM & Straathof 2009a, Saravanan et al. 2010) . As regarding the 

Langmuir adsorption parameters, the values reported in the scientific literature 

previously scatters significantly; however the values obtained in this study are 

within the range of previously reported values and are in good agreement with 

those reported by Oudshoorn et al. and Saravanan et al.  (Oudshoorn, van der 

Wielen, Luuk AM & Straathof 2009a, Saravanan et al. 2010) . A detailed 

comparison of the values obtained in this study and previously reported values 

are presented in paper I.    

 

As mentioned above, butyric acid and acetic acid are produced during the first 

phase of the fermentation (the acidogenic phase) accompanied with a drop of the 

pH in fermenter. Butyric acid itself is a valuable chemical and recovery of butyric 

acid from the fermentation broth is therefore of interest. In addition, if butyric 

acid is present in the final fermentation broth where butanol is the target 

chemical, it may potentially cause problems during the recovery step by 

competing with butanol for adsorption in the zeolite. In a previous study, 

Oudshoorn et al. reported that butyric acid shows higher affinity for MFI zeolite 

than butanol with the Langmuir adsorption parameter (b) of butyric acid being 

four times larger than that of butanol  (Oudshoorn, van der Wielen, Luuk AM & 

Straathof 2009a) .  However, the pH was not specified in their study. As the 

adsorption behavior of acids may be expected to depend on whether it is in 

protonated or deprotonated form, it is important to study the adsorption 

behavior of butyric acid and acetic acid in both forms.  

 

Figure 3.2 shows the adsorption isotherms of butyric acid, acetic acid and 

butanol adsorbed from aqueous solutions at room temperature at pH 4. The 

isotherms of butanol and butyric acid are very similar and both compounds 

show high affinity for the hydrophobic zeolite. However, acetic acid shows lower 

affinity towards the hydrophobic zeolite as expected because it has a more polar 

character than the other two components. These findings are similar to those 

reported by Oudshoorn et al. (2009a). Again, the Langmuir adsorption model fits 

the experimental values quite well. As butyric acid also shows high affinity 
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towards the high silica MFI zeolite at this pH, an adsorption-based process may 

be a feasible option also for recovering butyric acid from fermentation broths.  

 
Figure 3.2 Experimental adsorption isotherms at room temperature for acetic 

acid ( ), butanol ( ) and butyric acid ( ) on MFI at pH 4. Full lines represent the 

Langmuir model fitted to experimental data. 

 
Figure 3.3 Experimental adsorption isotherms at room temperature for butyric 

acid at pH 4 ( ), acetic acid at pH 4 ( ) and butyric acid at pH 6 ( ) on MFI 

zeolite. Full lines represent the Langmuir model fitted to experimental data. 
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Figure 3.3 shows the adsorption isotherms at room temperature of butyric acid 

at pH 4 and 6 i.e. both below and above the pKa value (4.82) of butyric acid. Also, 

the adsorption isotherm for acetic acid at pH 4 is presented. There is a clear 

difference in the adsorption behavior of butyric acid below and above its pKa 

value. In the isotherm determined at pH 4, where the acid is protonated, the 

amount adsorbed increases much faster at low concentrations in solution 

compared to the in the isotherm determined at pH 6 where the acid is 

deprotonated. This shows that the protonated form shows much higher affinity 

for the adsorbent than the deprotonated form, which seems reasonable as the 

protonated form should show a more hydrophobic nature than the charged 

deprotonated acid. This is an interesting result, which shows that by adjusting 

the pH value of the solution the adsorption behavior of butyric- and acetic acids 

may be controlled, at least partially. At pH 6, the adsorption of acetic acid will be 

even lower than the other components as it also will be deprotonated at this pH 

resulting in a highly hydrophilic character, therefore a high selectivity of butanol 

over acetic acid may be expected at this pH. 

3.2 Competitive adsorption from model fermentation broths  

The competitive adsorption between the main components present in an ABE 

fermentation broth was studied using the same relative concentration of 

acetone, butanol and ethanol as in a typical ABE fermentation broth near neutral 

pH.  Table 3.1 shows the concentrations of the components in the solution as 

well as their corresponding adsorbed concentrations. Butanol is the most 

preferentially adsorbed specie as expected from the adsorption isotherms 

presented above. The adsorbed concentrations are only slightly lower than the 

saturation concentrations determined above. The adsorbed concentrations of 

acetone and ethanol are in general low, with acetone showing slightly higher 

adsorption as compared to ethanol. This shows that the hydrophobic MFI zeolite 

is quite selective towards butanol even in the presence of acetone and ethanol at 

the concentration levels typical for an ABE fermentation broth. Nevertheless, 

more tests should be performed using real fermentation broths to evaluate the 

adsorption behavior in the presence of other potential adsorbates/foulants as 

well as study the adsorption kinetics. 
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Table 3.1 Measured concentrations in solution and adsorbed loading at 
equilibrium from model fermentation broths consisting of multicomponent 
mixtures of acetone, ethanol and butanol in water by MFI at room temperature 
and near neutral pH. 
 

Concentration in solution (g/L) Adsorbed concentration (g/g) 

Acetone Ethanol Butanol Acetone Ethanol Butanol 

3.40 

4.30 

5.30 

6.60 

1.20 

1.60 

1.88 

2.34 

5.17 

7.30 

9.20 

12 

0.0077 

0.04 

0.01 

0.01 

0.0038 

0.0000 

0.0008 

0.0008 

0.1 

0.11 

0.1 

0.11 

3.3 Thermal desorption of butanol  

One way to desorb butanol from the zeolite would be to heat the adsorbent and 

subsequently condensing out a product. Consequently a TG-MS 

(Thermogravimetry – Mass Spectrometry) experiment was performed to 

determine the temperature at which butanol desorbs from the zeolite. A zeolite 

sample was obtained in the same way as the single component batch adsorption 

sample and a butanol loading of 0.1 g/g.  

 

Figure 3.4 shows the temperature as a function of time as well as the 

corresponding signals for water (m/e18) and butanol (m/e41) as detected by 

the mass spectrometer. As the temperature is increased, capillary water and 

butanol present in the voids between the zeolite crystals are released first. At 

100 °C most of the capillary water desorbs which can be seen as an intense peak 

in the water signal at about 900 s in Figure 3.4. As the temperature was further 

increased to 120 °C, the rate of desorption of butanol increased significantly as 

indicated by the sharp peak in the butanol signal. More strongly bounded water 

and butanol desorb at 150 °C. In a previous study Saravanan et al. reported the 

similar desorption behavior for high silica MFI zeolite (Saravanan et al. 2010). 

The regeneration of the zeolite is a critical step as it influences the purity of the 

product as well as the overall economy of the process, that is why it is very 

important to know the desorption temperature.   
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Figure 3.4 Desorption characteristic of the MFI zeolite loaded with butanol and 

water as determined by TG-MS.  

3.4 Physical characterization of traditional and structured 

adsorbent  

Figure 3.5 shows an SEM image of a silicalite-1 film grown on a sheet of a metal 

monolith. The thickness of the metal sheet (in the center of the image) is 

approximately 20 μm. The thickness of the silicalite-1 film is varies significantly 

from a few micrometers up to ca 40 μm. The average film thickness was 

estimated after synthesis to 9 μm from the weight gain after synthesis and under 

the assumption that the film forms a dense and homogeneous zeolite layer in the 

monolith. The morphology of the film is very similar to that reported previously 

for a film grown under similar conditions (Geus et al. 1993). Figure 3.6 shows an 

image of the zeolite crystals in the beads. The crystal size varies substantially, 

but is of the order of 1 μm.  

 

Figure 3.7 shows the x-ray diffraction patterns recorded for both the silicalite-1 

film and the commercial beads. No reflections originating from other crystalline 

phases than MFI were observed, showing that the film and beads are comprised 
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of pure MFI. Further, The determined XRD pattern is in accordance with the 

database pattern for MFI. 

 
Figure 3.5 SEM image of a Silicalite-1 film prepared on a stainless steel sheet.  

 
Figure 3.6 SEM image of the ZSM-5 crystals in the binder free commercial bead.  
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Figure 3.7 XRD pattern for the Silicalite-1 film, commercial binder free beads 

and data base pattern for the MFI framework. 

3.5 Breakthrough experiments  

3.5.1 Butanol-water model solutions 

Breakthrough profiles for the structured adsorbent and for the beads are shown 

in Figure 3.8a and 3.8b, the feed consisted of 0.2 wt. % butanol in water. The 

columns were loaded with the same amount of zeolite in the form of beads and 

structured adsorbent, i.e. 11 g zeolite. The breakthrough fronts for both 

adsorbents are quite sharp. However, the time to breakthrough is larger for the 

beads compared to the structured adsorbent, reflecting the different dimensions 

of the columns used, set by experimental constraints.   

 

Figure 3.8b shows the corresponding breakthrough curves when plotted against 

volume of effluent collected instead. The breakthrough occurred after 

approximately 450 ml and 575 ml of effluent collected, for the structured 

adsorbent and the beads, respectively. The breakthrough curve for the beads is 
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sharper than that of the structured adsorbent. The broader breakthrough curve 

for the structured adsorbent is probably a consequence of larger mass transfer 

resistance in the larger crystals making up the film as compared to those in the 

beads, since the axial dispersion in the columns should be low. The dispersion 

numbers are 0.0003 and 0.02, for the structured adsorbent and the beads, 

respectively, which shows that dispersion effects should be small and in any case 

smaller for the structured adsorbent than for the beads. However, this should be 

further investigated by varying the flow rates and/or thickness of the film/beads 

in future studies. Thus, the larger crystal size of the structured adsorbent with 

longer diffusion path and thus high mass transfer resistance is likely the cause 

resulting in a somewhat broader breakthrough front for the structured 

adsorbent as compared to the beads. 

 

The average adsorbed loadings of butanol were determined using equation 5 and 

6 to be 0.063 g/g and 0.064 g/g for the structured adsorbent and for the beads, 

respectively, i.e. very similar loadings for both adsorbents. These values are in 

agreement with the previous reports on the adsorbed loadings in silicalite-1 

reported for breakthrough experiments by Cousin Saint Remi et al. and slightly 

lower than the value reported by Agueda et al. of ca 0.08 g/g  (Saint Remi, Baron 

& Denayer 2012, Águeda et al. 2013) . All reports show slightly lower values than 

reported from batch adsorption measurements of ca 0.10 g/g  (Oudshoorn, van 

der Wielen, Luuk AM & Straathof 2009a, Saravanan et al. 2010, Saint Remi, Baron 

& Denayer 2012) . 

 

Reports on adsorbed loadings of butanol have also been reported for other 

adsorbents, e.g. activated carbons, the metal organic framework, ZIF-8, and the 

KA-I resin. More specifically, Abdehagh et al. (2015) reported the butanol 

loading of 0.3 g/g for a 1.5 wt.% butanol-water solution for F-400 activated 

carbon adsorbent. Jiao et al. studied the effect of bed height and other 

parameters on adsorption capacity of KA-I resin. They reported the loadings 

varying between 0.1 to 0.14 g/g depending on the height of the bed and 

concentration of the solution. Cousin Saint Remi et al. showed the loading of 

0.227 g/g for ZIF-8 adsorbent. These materials show higher adsorption capacity 
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than silicalite-1, however it should be remembered that the density of these 

materials are 2-3 times lower than for silicalite-1, which means that the 

difference in adsorbed loading per volume of bed is not as large as indicated 

from the adsorbed loading reported. 

 

 
Figure 3.8a Breakthrough curves for 0.2 wt. % butanol for structured adsorbent 

(black circle) and for the beads (black triangle) at 30oC and pH 8.0 plotted versus 

time. 

 

 
Figure 3.8b Breakthrough curves for 0.2 wt. % butanol on structured adsorbent 

(black circle) and the beads (black triangle) at 30 oC and pH 8.0 plotted versus 

volume of effluent collected. 
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3.5.2 ABE model solution  

Figure 3.9a and 3.9b shows the breakthrough curves for the ABE 

multicomponent model solution for the structured adsorbent and the beads, 

respectively. The composition of the feed was acetone 1 g/L, butanol 2 g/L and 

ethanol 0.5 g/L. For both adsorbents, ethanol is the first component to appear in 

the effluent as the zeolite has the lowest affinity for ethanol as compared to 

acetone and butanol (Faisal et al. 2014, Saravanan et al. 2010). After ethanol, 

acetone starts to breakthrough followed by butanol, which shows the highest 

affinity for the adsorbent. The concentration of both ethanol and acetone shows 

an overshoot in the breakthrough curves, i.e. the effluent passes through a 

maximum before stabilizing at the concentration of the feed. This is a result of 

acetone and ethanol diffusing faster than butanol into the pores of the zeolite to 

thereafter being expelled by butanol, which adsorbs stronger thus replacing 

adsorbed acetone and ethanol, leading to higher concentrations in the effluent 

than in the feed. This behavior is in concert with previous findings for the zeolite 

MFI/ABE system as reported by Saravanan and co-workers (Saravanan et al. 

2010). For the structured adsorbent, butanol breakthrough occurs just above 

400 ml of effluent collected and the column was completely saturated with 

butanol at about 800 ml volume of effluent collected. In comparison, for the 

beads, butanol breakthrough occurs at 650 ml of effluent collected and column 

was completely saturated just below 1000 ml volume of effluent collected. In 

addition, for the beads it is possible to isolate a mixture of only ethanol, acetone 

and water by collecting the first 650 ml effluent before butanol breakthrough 

which may be potentially be further upgraded into products. It may be possible 

to achieve an equally good separation also with the structured adsorbent after 

optimizing the operating conditions (perhaps higher temperature to achieve 

sharper breakthrough fronts).  

 

The adsorbed amount of acetone, butanol and ethanol were calculated from 

equations 5 and 6 to 0.008 g/g, 0.075 g/g and 0.002 g/g respectively for the 

beads, whereas for the structured adsorbent the corresponding values were 

0.016, 0.056 and 0.005 g/g for acetone, butanol and ethanol, respectively. 
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Saravanan et al. reported a butanol loading in zeolite MFI extrudates of 0.085 g/g 

from breakthrough experiments, using a cell free fermentation broth with a 

butanol content of 1.28 wt%. In addition, Cousin Saint Remi et al. reported 

loadings for ZIF-8 which were 0.044, 0.227 g/g and 0.006 g/g for acetone, 

butanol and ethanol, respectively. The loadings for all components are expected 

to be higher for ZIF-8 due to its larger specific pore volume viz. 0.636 cm3/g vs 

0.18 cm3/g for zeolite MFI and the lower density as explained previously (Park et 

al. 2006, Melero et al. 2004).  

 

The adsorption selectivities of butanol over ethanol and acetone were 

determined to 7.3 and 4.4 for the beads in the present work. Whereas, for the 

structured adsorbent, the selectivity of butanol over ethanol and acetone were 

calculated to be 2.6 and 1.7 respectively.  Having performed the breakthrough 

experiments, the next step would be to recover a product by desorbing it from 

the adsorbent, condense out a liquid product and checking the purity of the 

product. 

 

 

 
Figure 3.9a Breakthrough curves for a multicomponent mixture with 0.1 wt% 

Aceton (black square), 0.2 wt% butanol (black triangle) and 0.05 wt% ethanol 

(black circle) on structured adsorbent at 30 oC and pH 8.0. 
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Figure 3.9b Breakthrough curves for a multicomponent mixture with 0.1 wt% 

Aceton (black square), 0.2 wt% butanol (black triangle) and 0.05 wt% ethanol 

(black circle) on binder free commercial beads at 30 oC and pH 8.0. 

3.6 Purity of the desorbed product  

After the breakthrough experiments, desorption of the adsorbed compounds was 

carried out by slowly heating the column under a low flow of nitrogen. This flow 

was subsequently led to a condenser held below 8 °C to obtain a liquid product.  

In previous studies, it has been established that capillary water and butanol 

present between the voids of zeolite powder starts to desorb between 50-55 °C 

and the bulk of the capillary water is released at ca 100 °C. Butanol starts to 

desorb at about 118 °C and most of the butanol desorbs between interval 120-

160 °C (Faisal et al. 2014, Saravanan et al. 2010). Keeping these studies in mind, 

condensate products were collected in two different temperature intervals i.e. 

between 30-104 °C and 105-200 °C by continuous heating in a single cycle. 

 

Table 3.2 presents the results from the desorption experiments from the binary 

(butanol-water) solution. It shows that for the structured adsorbent, the purity 

of the product extracted in the first temperature interval between 30-104 °C was 

61.8 wt.%. The relatively low purity of this fraction is likely due to solution held 

by capillary forces in the adsorbent. However, for the condensate collected in the 

temperature interval of 105-200 °C, the concentration of butanol was as high as 

95.2 wt.%. The same experiment was also performed for the beads and the 

concentrations of butanol obtained in the first and second temperature interval 
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were 46.7 and 69.7 wt.%, respectively. The purity of the products obtained from 

the beads were lower than that from the structured adsorbent, probably due to 

more water being retained in the macropores of the beads as well as in capillary 

bridges at the contact point between the beads. In this study, higher 

concentrations of butanol are expected from the structured adsorbent, as the 

open structure should facilitate easier drainage of the column and less capillary 

water holdup. This phenomenon can further be observed by the amount of 

effluent collected for the structured adsorbent and the beads viz. 1.8 and 2.4 ml 

of fluid, respectively. Capillary water present between the voids most likely is the 

cause for the extra amount of effluent collected for the beads, consequently 

reducing the purity of the butanol product.  

 

To the best of our knowledge, only Agueda et al. has reported the purity of a 

butanol product condensed after thermal desorption from silicalite-1 pellets. 

They reported to concentrate butanol from 0.5-2-wt/wt.% to 98 wt/wt.% from 

butanol-water solutions. These values are in good agreement with results 

obtained in this study. Abdehagh et al. (2015) reported a recovery as high as 

86% with a butanol concentration of 165.5 g/L in desorbed phase for activated 

carbon adsorbent using ABE model solution with initial butanol concentration of 

1.2 wt.%. They also reported a recovery of 89% from butanol-water binary 

solution with butanol concentration of 29 wt. %. Cousin Saint Remi et al. (2012) 

obtained a liquid mixture with concentrations of butanol and ethanol of 42.2 

wt.% and 13.5 wt.% respectively, after thermal desorption from a ZIF-8 

adsorbent starting from a solution with the composition i.e. 4 wt.% ethanol, 4 

wt.% butanol and 92 wt.% water. These authors also presented results showing 

that the water from the final product may be removed by selectively adsorbing 

the water on a SAPO-34 adsorbent.  

 

Desorption experiments were also carried out on the adsorbents after 

breakthrough experiments with the ABE model solution. Table 3.3 shows the 

composition of the condensate obtained at the two temperature intervals for 

both adsorbents. In the temperature interval 105-200 °C, a condensate with a 

butanol purity of 88.5 wt.% with small amounts of acetone and ethanol was 
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obtained from the structured adsorbent. On the other hand, the butanol content 

in the condensate collected in the same temperature interval from the beads was 

significantly lower i.e. 69 wt.%. In addition, the product contained small amounts 

of both acetone and ethanol as well. Similarly as for the adsorption from the 

binary mixtures; a smaller amount of condensate with higher butanol 

concentration was collected from the structured adsorbent as compared to from 

the beads. This again shows that the structured adsorbent is reducing the 

amount of capillary water remaining in the column. In the present work, the 

concentration of butanol in the condensate was very high, even from an ABE 

model solution.  This means that only a small amount of water has to be removed 

from the obtained product which should be fairly inexpensive to achieve e.g. by 

using a water selective adsorbent like zeolite A or SAPO-34.  

Table 3.2 Purity of product recovered after thermal desorption for butanol-

water binary mixture, values are the average from five experiments. 

Sample Temperature  

(oC) 

Effluent 

collected 

(ml) 

Concentration in condensate 

(wt.%) 

Butanol Water 

Structured 

adsorbent 

30-104 1.1 61.8 + 0.45 38.2 + 0.44 

105-200 0.7 95.2 + 1.3 4.8 + 1.3 

Beads 30-104 1.6 46.7 + 1.09 52.4 + 0.97 

105-200 0.8 69.7 + 0.97 30.3 + 0.97 

 

Table 3.3 Purity of product recovered after thermal desorption for ABE model 

solution, values are the average from two experiments. 

Sample 
Temperature 

(oC) 

Effluent 

collected 

(ml) 

Concentration in condensate 

(wt.%) 

Acetone Ethanol Butanol Water 

Structured 

adsorbent 

30-104 2.6 7.2 1.1 54.5 37.2 

105-200 1.3 3.8 0.2 88.5 7.5 

Beads 
30-104 2.8 5 2.3 52 40.7 

105-200 1.8 2.9 1.5 69 26.6 
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3.7  Batch adsorption experiments from black liquor derived 

ABE fermentation broth  

A few adsorption experiments were also carried out using a real ABE 

fermentation broth derived from a black liquor hydrolyzate to elucidate if the 

additional compounds present in a real broth would affect the adsorption of 

butanol in high silica MFI. Table 3.4a and 3.4b shows the concentration of the 

main products in the ABE fermentation broth. The concentrations of acetone, 

butanol and ethanol were 0.39, 2.30 and 0.36 g/L, respectively. These 

concentrations are lower than that can be expected in a complete fermentation 

broth where the concentrations of acetone, butanol and ethanol typically are 10, 

20 and 5 g/L, respectively  (Ezeji, Qureshi & Blaschek 2007) . However, these 

lower concentrations may be typical for the case where it is desirable to remove 

butanol from the fermentor during the fermentation to prevent the inhibition of 

production by high concentration of butanol in the fermentor  (Ezeji, Qureshi & 

Blaschek 2004, Ezeji, Qureshi & Blaschek 2007) . In a previous study we showed 

that even at a butanol concentration of 2 g/L (0.2 wt.%), saturation loading was 

reached in high silica MFI zeolite (Faisal et al. 2014). Consequently, the 

selectivity towards butanol in the present work should still be high under the 

assumption that the additional components do not interfere with the adsorption 

of butanol. In addition, to evaluate the performance at the concentrations close 

to those present in an ABE broth run to completion, the original broth was 

spiked with additional acetone, butanol and ethanol to arrive at the 

concentrations of 11.8, 19.9 and 4.7 g/L respectively. The total concentration of 

phenolic compounds in the fermentation broth was previously determined to 

0.75 g/L (Kudahettige-Nilsson et al. 2015) 

 

Table 3.4a shows the batch adsorption results for both high silica MFI powder 

and binderless beads for adsorption from the original fermentation broth at pH 

5.2. The results are quite similar for both the powder and beads. At this pH, the 

loading of butanol and butyric acid in the zeolite was 0.06 and 0.07 g/g-zeolite 

respectively. It should here be pointed out that the equilibrium loading of 

butanol or butyric acid in high silica MFI zeolite is ca 0.11 g/g zeolite  

(Oudshoorn, van der Wielen, Luuk AM & Straathof 2009a, Faisal et al. 2014) . 
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Summing up the adsorbed amounts of butanol and butyric acid yields 0.13 g/g 

zeolite i.e. almost the same as the single component saturation capacity for these 

two compounds  (Oudshoorn, van der Wielen, Luuk AM & Straathof 2009a, Faisal 

et al. 2014) . This shows that the zeolite essentially becomes saturated with 

butanol and butyric acid in this system and that the selectivity towards the C4 

compounds is not affected by the presence of phenolic compounds in the broth. 

In addition, this result shows that neither any unreacted substrate present in the 

broth affected the adsorption of C4 compounds. Furthermore, the amount 

adsorbed of other components (acetic acid, acetone and ethanol) is very low. 

This shows that the only component in this system, which seriously competes 

with butanol adsorption on high silica MFI zeolite, is butyric acid. This may not 

necessarily be a problem as butyric acid has a value of its own and may also be 

converted into butanol e.g. by aqueous phase hydrodeoxygenation using a 

heterogeneous catalyst (Chen et al. 2011, Lee et al. 2014).   

 

As mentioned earlier, Löwendahl et al. showed that some of the cyclic 

compounds present in a lignin hydrolyzate are p-coumaric acid, ferulic acid and 

syringic acid  (Löwendahl, Petersson & Samuelson 1978) . These structures may 

be compared to the structure of 1,2,4- trimethyl benzene (TMB) with a kinetic 

diameter of 0.74 nm  (Atias, Tonetto & de Lasa 2003)  and p-xylene with a kinetic 

diameter of 0.58 nm (Haag et al. 2006) (see figure 3.11). It is well known that p-

Xylene may enter the pore system of high silica MFI zeolite, while TMB may 

hardly enter the pores of MFI, and as a result thereof, the diffusion is very slow 

(Song, Rees 2000). P-coumaric acid, which resembles p-xylene, seems small 

enough to enter the pores. However, ferulic and syringic acid resembles TMB and 

should not be able to enter the pores. In any case, these components do not seem 

to interfere with the adsorption of the C4 compounds, but the reason is not clear. 

Perhaps the concentration of p-coumaric acid is low enough not to interfere with 

adsorption of C4 compounds. Further studies would be necessary to unravel this 

phenomenon. However, other adsorbents proposed for recovery of butanol from 

ABE broths but with larger effective pore diameters as compared to zeolite MFI 

e.g. large pore zeolites, some metal organic frameworks and activated carbon 
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may potentially be affected to a larger extent by the presence of these phenolic 

compounds in the broth due to a larger pore size or greater flexibility. 

 

We previously showed that the adsorption of butyric acid in high silica MFI 

zeolite could be controlled by adjusting the pH of the solutions. Butyric acid is 

more hydrophobic than the deprotonated butyrate ion and thus shows higher 

affinity towards hydrophobic high silica MFI zeolite  (Faisal et al. 2014) . By 

increasing the pH of the fermentation broth, well above the pKa value of butyric 

acid (i.e. 4.82), the adsorption of butyric acid can be reduced, thus increasing the 

selectivity towards butanol. Table 3.4b shows the amount adsorbed in zeolite 

powder and beads from the original fermentation broth at pH 8.0. As expected, at 

this higher pH, adsorption of butyric acid is considerably lower than that of 

butanol. At pH 5.2, the original pH of the fermentation broth, the loading of both 

butanol and butyric acid was approximately 0.6 g/g zeolite each whereas at pH 8, 

the loading of butanol was 4 times higher than that of butyric acid. This shows 

that the adsorption of butyric acid may be suppressed by increasing the pH of 

the broth thus increasing butanol recovery and purity. The total adsorbed 

amount of C2 and C4 compounds is 0.11 g/g zeolite, which indicates that the 

zeolite is saturated with these components and that the phenolic compounds 

present in the fermentation broth again are not affecting the adsorption 

significantly. 

 

Figure 3.10 shows the butanol selectivity over the other components present in 

the original fermentation broth at pH 5.2 and 8.0. At pH 5.2, the butanol over 

butyric- and acetic acid selectivities were 3 and 36, respectively. However, at pH 

8.0, the butanol selectivity increases significantly as the high silica MFI zeolite 

shows less affinity towards the deprotonated carboxylic acids, consequently the 

butanol selectivities increased to 190 and 678, over butyric- and acetic acid, 

respectively.  However, as the adsorption of the acids is decreased at high pH, the 

adsorption of acetone increases, whereas adsorption of ethanol decreases. This 

is expected as acetone shows higher affinity towards high silica MFI than ethanol  

(Oudshoorn, van der Wielen, Luuk AM & Straathof 2009a, Saravanan et al. 2010) 

.  
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Table 3.4a Initial concentrations in the original black liquor fermentation broth 

and amount adsorbed in MFI zeolite at pH 5.2 at 25 °C, values are the average 

from three experiments. 

Adsorbate Initial 

concentration in 

fermentation 

broth (g/L) 

Equilibrium 

concentration 

with powder 

(g/L) 

Equilibrium 

concentration 

with beads 

(g/L) 

Amount 

adsorbed 

in powder 

(g/g) 

Amount 

adsorbed 

in beads 

(g/g) 

 

Acetic 

acid 

5.59 5.33 5.29 0.01 0.012 

Butyric 

acid 

4.35 2.56 2.60 0.07 0.07 

Acetone 0.39 0.38 0.38 0.0004 0.0001 

Ethanol 0.36 0.33 0.35 0.0012 0.0004 

Butanol 2.30 0.79 0.80 0.06 0.06 

 

Table 3.4b Initial concentrations in the original black liquor fermentation broth 

and amount adsorbed in MFI zeolite at pH 8.0 at 25 °C, values are the average 

from three experiments.  

Adsorbate Initial 

concentration in 

fermentation 

broth (g/L) 

Equilibrium 

concentration 

with powder 

(g/L) 

Equilibrium 

concentration 

with beads 

(g/L) 

Amount 

adsorbed 

in powder 

(g/g) 

Amount 

adsorbed 

in beads 

(g/g) 

 

Acetic 

acid 

5.59 5.53 5.40 0.002 0.007 

Butyric 

acid 

4.35 3.80 3.89 0.022 0.018 

Acetone 0.39 0.19 0.19 0.008 0.007 

Ethanol 0.36 0.31 0.28 0.002 0.001 

Butanol 2.30 0.11 0.10 0.086 0.088 

 

In addition, extra batch adsorption experiments were performed using a 

modified black liquor fermentation broth at pH 5.2 and 8 where the 

concentrations of the main products were spiked so as to obtain concentrations 
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of acetone, butanol and ethanol close to the expected concentrations. The results 

are in general very similar to those obtained for the original fermentation broth. 

Adsorbent shows higher affinity for butanol at pH 8 with the loading of 0.1 g-

butanol/g and low affinity at pH 5.2 (see table 5a and 5b). 

 

Table 3.5a Initial concentration in the modified black liquor fermentation broth 

and amount adsorbed in MFI zeolite at pH 5.2 at 25 ° C. 

Adsorbate Initial 

concentration in 

fermentation 

broth (g/L) 

Equilibrium 

concentration 

with powder 

(g/L) 

Equilibrium 

concentration 

with beads 

(g/L) 

Amount 

adsorbed 

in powder 

(g/g) 

Amount 

adsorbed 

in beads 

(g/g) 

 

Acetic 

acid 

5.59 5.54 5.55 0.0020 0.0016 

Butyric 

acid 

4.35 3.03 3.05 0.0528 0.0520 

Acetone 11.80 11.76 11.77 0.0016 0.0012 

Ethanol 4.70 4.67 4.68 0.0012 0.0008 

Butanol 19.90 18.38 18.40 0.0608 0.0600 

 

Table 3.5b Initial concentration in the modified black liquor fermentation broth 

and amount adsorbed in MFI zeolite at pH 8.0 at 25 °C. 

Adsorbate Initial 

concentration in 

fermentation 

broth (g/L) 

Equilibrium 

concentration 

with powder 

(g/L) 

Equilibrium 

concentration 

with beads 

(g/L) 

Amount 

adsorbed 

in powder 

(g/g) 

Amount 

adsorbed 

in beads 

(g/g) 

 

Acetic 

acid 

5.59 5.55 5.56 0.0016 0.0012 

Butyric 

acid 

4.35 3.99 4.05 0.0144 0.0120 

Acetone 11.80 11.51 11.53 0.0116 0.0100 

Ethanol 4.70 4.64 4.66 0.0024 0.0016 

Butanol 19.90 17.28 17.31 0.1040 0.1040 
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Figure 3.10 Butanol selectivity over other components present in original black liquor 

fermentation broth at pH 5.2 (empty bars) and pH 8.0 (filled bars) at 25 °C. 

 
Figure 3.11 Chemical structures of (a) p-Coumaric acid, (b) Ferulic acid, (c) 

Syringic acid, (d) 1, 2, 4 trimethylbenzene, (e) p-xylene. 
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3.8 Characterization of zeolite Y 

Figures 3.12 and 3.13 show SEM images of the zeolite Y powder and extrudates, 

respectively. The crystals in the powder are quite large, with a length exceeding 

1 μm, while the crystals in the extrudate are much smaller with a diameter of 

about 0.2 μm.  

 

 

Figure 3.12 SEM image of zeolite Y crystals in powder. 

 
Figure 3.13 SEM image of the zeolite Y crystals in extrudates. 
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3.9 Arginine single component adsorption isotherm 

In a previously reported study, Krohn and Tsapatsis showed that the adsorption 

of arginine on zeolite Y increases as the pH of the solution approaches the pH at 

which arginine is at its isoelectric point (Krohn, Tsapatsis 2006). Keeping this in 

mind, single component batch adsorption experiments were performed at pH 11 

in the present work. Figure 3.14 shows the adsorption isotherm of arginine at pH 

11 and 25 °C for adsorption in H/Na-Y zeolite powder. The experimental data is 

indicated by points. The shape of the isotherm is of Type I, typical for monolayer 

adsorption, and the maximum loading of arginine was determined to 0.2 g/g at 

22 g/L concentration in solution. The Sips adsorption model was fitted to the 

experimental data and the model fits the experimental data well as illustrated by 

the curve in the figure. Saturation loading of arginine was determined to 0.20 g/g 

from the Sips model. Krohn and Tsapatsis reported a slightly higher loading of 

0.26 g/g for H/Na-Y zeolite at pH 11 (Krohn, Tsapatsis 2006). As a high loading 

of the zeolite is observed at saturation, the findings in the present work suggest 

that arginine shows a high affinity towards zeolite Y at pH 11.  

 
Figure 3.14 Experimental adsorption isotherm for arginine in zeolite Y powder 

at pH 11 and 25 °C. Full line represents the Sips model fitted to the experimental 

data.
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3.10 Recovery of arginine from fermentation broth 

Table 3.6a shows the concentrations of the main components in the real 

fermentation broth at pH 7.7 as well as the adsorbed loadings and their 

corresponding equilibrium concentrations in solution. In addition to arginine, 

ammonia and alanine were also present in smaller quantities in the broth. The 

adsorbed loadings of arginine in the powder and extrudate adsorbents were as 

low as 0.045 and 0.038 g/g, respectively, at this pH. The adsorption of ammonia 

and alanine in the zeolite were even lower, i.e. the zeolite is selective towards 

arginine. The selectivity of arginine over ammonia and alanine was determined 

to 2.6 and 1.7, respectively, for zeolite Y powder at pH 7.7. The corresponding 

selectivities for the extrudates were 4.5 and 1.4, respectively, at pH 7.7.  This 

loading of arginine is approximately half of the loading achieved during single 

component and batch adsorption experiments using zeolite Y adsorbents 

conducted at pH 11. Here it is important to mention that the fermentation broth 

has high concentrations of the salts KH2PO4 and MgSO4. Presence of these K+ and 

Mg2+ cations is possibility reducing the adsorption of arginine at this pH. Krohn 

and Tsapatsis reported an arginine loading of 0.17 g/g at pH 7.17 from an 

aqueous mixture of arginine and phenylalanine using faujasite zeolite (Si/Al = 

2.5). In addition, they also reported the arginine loading of 0.071 g/g at pH 8.7 

from the same aqueous mixture of amino acids using a zeolite X adsorbent with 

the Si/Al ratio of 1.2 (Krohn, Tsapatsis 2006). These loadings are slightly higher 

than the loadings observed in the present study. This can be attributed to 

difference in experimental conditions, e.g. nature of the initial solutions i.e. 

model solutions in the work reported by Krohn et al. versus real fermentation 

broth in the present work, different pH, different amino acid used/produced in 

solution i.e. phenylalanine versus alanine and different initial concentrations of 

amino acids. 
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Table 3.6a Initial concentrations and adsorbed amount of arginine from real 

fermentation broth at pH 7.7 and 25 °C. 

Adsorbate Initial 

concentration in 

fermentation 

broth (g/L) 

Equilibrium 

concentration 

with powder 

(g/L) 

Equilibrium 

concentration 

with extrudates 

(g/L) 

Amount 

adsorbed 

in powder 

(g/g) 

Amount 

adsorbed in 

extrudates 

(g/g) 

 

Arginine 11.5 10.3 10.5 0.045 0.038 

Ammonia 1.29 1.23 1.25 0.002 0.001 

Alanine 0.44 0.40 0.41 0.001 0.001 

Table 3.6b shows the corresponding results from the batch adsorption 

experiments after increasing the pH of the broth to 11. As expected, arginine 

shows a much higher affinity towards the adsorbent at pH 11. In this case, the 

arginine loading was determined to 0.154 g/g for the powder sample and 0.093 

g/g for the extrudates at equilibrium concentrations of 7.6 and 9.13 g/L. The 

amount of ammonia adsorbed also increases as the pH was increased. However, 

increasing the pH does not affect the adsorption of alanine at the conditions 

studied.  At pH 11, the selectivity of arginine over ammonia and alanine was 

determined to 1.9 and 8.3, respectively, for the zeolite Y powder. For the 

extrudates, the selectivity of arginine over ammonia and alanine was determined 

to 1.0 and 4.1 at pH 11. With increasing pH, the arginine selectivity over 

ammonia was slightly reduced, whereas the selectivity of arginine over alanine is 

slightly increased.  

Table 3.6b Initial concentrations and adsorbed amount of arginine from real  

fermentation broth at pH 11 and 25 °C. 

Adsorbate Initial 

concentration in 

fermentation 

broth (g/L) 

Equilibrium 

concentration 

with powder 

(g/L) 

Equilibrium 

concentration 

with extrudates 

(g/L) 

Amount 

adsorbed 

in powder 

(g/g) 

Amount 

adsorbed in 

extrudates 

(g/g) 

 

Arginine 11.46 7.60 9.13 0.154 0.093 

Ammonia 1.29 0.92 1.03 0.010 0.010 

Alanine 0.44 0.41 0.41 0.001 0.001 
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3.11 Column breakthrough experiment 

Breakthrough experiments usually give valuable information for the design of 

adsorption columns used for operation on an industrial scale. For arginine, 

breakthrough experiments were performed using a model aqueous solution (1 

wt.% arginine) and zeolite Y extrudates to gain a first estimate on the dynamics 

of the adsorption. This concentration was chosen to mimic the concentration of 

arginine present in the real fermentation broth.  

 

Figure 3.15 shows the concentration of arginine in the effluent plotted against 

collected volume of effluent. Breakthrough occurs after approximately 120 mL of 

collected effluent and steady state was reached after 220 mL of collected 

effluent. The breakthrough curve is quite sharp at first; however it becomes 

broader as the concentration in the effluent approaches the feed concentration. 

This broader front of the breakthrough curve might be the consequence of slow 

mass transfer into the zeolite extrudates. In addition, axial dispersion may have 

influenced the results, however a more uniform broadening would have been 

expected if this was the main reason for the observed broadening of the 

breakthrough front. Nevertheless, the axial dispersion number for the 

experiment was calculated to 0.12. As this value is much larger than 0.01, axial 

dispersion is not negligible and may have affected the results (Levenspiel 1972). 

The arginine loading was determined from the breakthrough curve to 0.088 g/g 

using equation 5 and 6. The arginine loading is slightly lower than the expected 

loading of 0.1 g/g in batch adsorption experiment for extrudates.  

 

Although the breakthrough experiment was performed at non-optimized 

conditions, still the results illustrate that zeolite Y extrudates have potential as 

adsorbent for arginine separation from a dynamic perspective. Consequently, 

one possible application could be to selectively remove arginine from the 

fermentor during operation by pumping a part of the broth (after removal of 

cells and other particulate matter) to an adsorption column and recycle the 

effluent from the column, which is lean in arginine but still contain nutrients.  
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Figure 3.15 Breakthrough curve for a 1 wt. % arginine model solution at pH 11 

and 25 °C using zeolite Y extrudates. 

3.12 Characterization of ZSM-5 catalyst 

As discussed earlier, methanol can be converted into gasoline (MTG reaction) 

using a zeolite ZSM-5 catalyst. However, during the MTG reaction, coke is 

produced, which eventually reduces the activity of the catalyst. One strategy to 

reduce this coke formation might be to reduce the density of internal defects in 

the ZSM-5 framework by synthesizing the catalyst at neutral pH using the 

fluoride route (sample denoted ZSM-5(F)). In the present work, the performance 

of this ZSM-5(F) catalyst was compared to that of catalyst synthesized using a 

conventional route at high pH (sample denoted ZSM-5(OH)). Figure 3.16 shows 

SEM images of the two ZSM-5 catalysts investigated in the present work. Both 

samples show a very similar size and morphology, the particles are about 600 

nm in diameter and comprised of smaller cubical shaped crystals with width of 

ca 20 nm. 

 

The catalysts were also characterized by nitrogen adsorption. Specific surface 

areas and pore volumes are summarized in Table 3.7. Both samples show very 

similar characteristics. The main differences are the somewhat smaller external 

surface area and mesopore volume of the ZSM-5(F) sample compared to the 

ZSM-5(OH) sample.  
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Figure 3.16 SEM images of a) the ZSM-5(F)  and b) the ZSM-5(OH) samples. 

 

Table 3.7 Specific surface areas and pore volumes for the catalyst.  

 SBET (m2/g) SExt (m2/g) Vmicro (cm3/g) Vmeso (cm3/g) 

ZSM-5(F) 426 91 0.11 0.16 

ZSM-5(OH) 426 123 0.13 0.21 

 

3.13 Evaluation of catalytic performance by conversion of 

methanol to hydrocarbons (MTH)  

Figure 3.17 shows the methanol conversion as a function of time on stream at a 

weight hourly space velocity (WHSV) of 2 g methanol g-1 zeolite h-1. At the start, 

the zeolite ZSM-5(F) sample shows a bit higher methanol conversion i.e. 95% as 

compared to the ZSM-5(OH) sample that shows 90% methanol conversion. For 

the first 80 hours on stream, both catalysts showed a very slow decrease in 

methanol conversion, showing similar behavior. However, after 80 hours time on 

stream, methanol conversion for the ZSM-5(OH) catalyst starts to decrease 

faster, dropping from 88 to 70 % in ca 40 hours time (from ca  80 to 120 hours  

time on stream).  
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Figure 3.17 Methanol conversion as function of time on stream for both 
catalysts at (a) WHSV=2 g MeOH g-1 h-1 (left) and at (b) WHSV=8 g MeOH g-1 h-1 
(right).   

On the other hand, the ZSM-5(F) sample continues to show high conversion for 

as long as ca 140 hours’ time on stream, at which point the conversion drops 

rapidly and reaches 70 % after ca 180 hours’ time on stream. The time up to 

which the rapid deactivation takes place is thus ca 75% longer for the ZSM-5(F) 

sample than for the ZSM-5(OH) sample, showing that there is a substantial 

difference in the deactivation behaviour for the two samples. Figure 3.16b shows 

the methanol conversion at WHSV 8 g methanol g-1 zeolite h-1.  Overall the 

performance of the catalysts is similar as at a WHSV 2 g methanol g-1 zeolite h-1 

with an initially higher methanol conversion and slower deactivation rate for the 

ZSM-5(F) sample, however when the methanol conversion has dropped to ca 50 

% the deactivation rates levels out for both samples becoming rather similar. 

 

Qin et al. recently reported that a catalyst prepared via synthesis in fluoride 

medium showed longer and better resistance towards deactivation by coke 

formation compared to the reference sample prepared via conventional 

synthesis at high pH in the conversion of methanol to hydrocarbons reaction 

(Qin et al. 2014). However, in that work both samples were prepared using seed 

crystals prepared at high pH, thus presumably containing internal defects. This is 

in contrast to our catalysts where also the seed crystals were prepared using 

fluoride route. Nevertheless, the findings by Qin et al. are in line with the findings 

reported in this work. In addition, Barbera et al. and Sazama et al. reported that 
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there was a clear correlation between the presence of internal defects and 

deactivation by coke formation in the MTG reaction  (Barbera et al. 2012, 

Bortnovsky, Sazama & Wichterlova 2005). Consequently, Barbera et al. 

concluded that for the MTG reaction, the catalyst should have low density of 

internal structural defects and large external surface area to show low 

deactivation (Barbera et al. 2012). 

 

 
Figure 3.18 Initial product selectivities (C%) determined at 400°C and a WHSV 
of 2 g MeOH gcat-1 h-1. Black columns are for the ZSM-5(F) catalyst and grey 
columns for the ZSM-5(OH) catalyst. 

Figure 3.18 shows the initial product distribution for the most interesting 

compounds, at these conditions the amount of coke deposited on the catalyst 

should be very low. The abundance was determined as %C for each compound 

(or group of compounds) at a WHSV of 2 g methanol g-1 h-1, the industrially more 

relevant condition. For the ZSM-5(F) sample, the most abundant single specie 

was propylene making up ca 31% of the product followed by ethylene at 16%, 

the gasoline fraction (C5+) made up 35% of the product stream, whereas the 

uct stream. For the 

ZSM-5(OH) sample, the content of propylene and ethylene in the product stream 

were similar, but slightly lower than for the ZSM-5(F) sample, with contents of 

29 and 14%, respectively. The gasoline fraction on the other hand was 

significantly larger for the ZSM-5(OH) sample, constituting 42 % of the products 

part of the C5+ fraction, it may be concluded that most of the difference observed 

in the C5+ fraction between the two samples originates from a difference in the 
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aromatics content.   These results are in line with the previous report by Lønstad 

Bleken et al. who observed a higher selectivity towards aromatics for samples 

prepared by synthesis at high pH, thus presumably showing a high concentration 

of defects, compared to a sample with low density of defects (Bleken et al. 2012). 

(For detailed discussion please see paper V in appendix). In summary, the results 

show that the catalyst synthesised in fluoride medium show better resistance 

towards deactivation by coke formation than the reference catalyst prepared at 

alkaline conditions due to low density of intracrystalline defects.  
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4 Conclusions 

In this work, hydrophobic MFI zeolites were assessed as a possible option for the 

recovery of butanol and butyric acid from fermentation broths by adsorption. 

Binary mixtures with water were used to determine the adsorption isotherms of 

acetone, butanol, ethanol, acetic acid and butyric acid. The experimental data 

was fitted to the Langmuir adsorption model with good fit. Butanol and butyric 

acid showed high affinity for hydrophobic MFI zeolite as compared to other 

components present in ABE fermentation broths. In the multicomponent system, 

butanol showed higher affinity towards MFI zeolite as compared to acetone and 

ethanol. Butyric acid adsorption was found to be strongly pH dependent, with 

high adsorption below and little adsorption above the pKa value of the acid. 

Desorption experiments using TG-MS showed that most of the water desorbed 

between 55-120 °C, whereas most butanol desorbed between 120-160 °C.  

 

In addition, MFI zeolite was used to recover butanol from a real fermentation 

broth derived from black liquor, containing significant amount of phenolic 

compounds. It was shown that the presence of phenolic compounds in the broth 

had no significant impact on the selectivity towards butanol and butyric acid. 

Increasing the pH of the fermentation broth can further enhance the zeolite 

selectivity for butanol. 

 

A structured adsorbent in the form of a hydrophobic silicalite-1 film was 

prepared on a steel monolith using an in-situ growth method. The structured 

adsorbent was evaluated in breakthrough experiments for recovery of butanol 

from water-butanol and ABE model solutions. The performance of the adsorbent 

was benchmarked against traditional adsorbents in the form of binder free 

beads. Thermal desorption experiments were carried out where the loaded 

adsorbent was heated to facilitate desorption of the adsorbed components, the 

desorbed components were further condensed and the composition of the 

condensates were determined. Whereas the performance of the two adsorbents 

was similar as judged from the breakthrough curves, the product obtained from 

the structured adsorbent showed a significantly higher concentration of butanol 
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probably as a result of less liquid being retained by capillary forces in the open 

structured adsorbent compared to the bed of beads.  

 

 Adsorption of arginine on zeolite Y adsorbents in the form of powder and 

extrudates was studied. An adsorption isotherm was determined and Sips 

adsorption model was fitted to the experimental data with a good fit. The highest 

loading of 0.2 g/g-zeolite was determined at the concentration of 22 g-

arginine/L. Batch adsorption experiments were also performed using real 

arginine fermentation broths. At the original pH of the broth i.e. 7.7, arginine 

showed lower affinity towards the zeolite Y adsorbent but at pH 11, arginine 

loading was close to the expected loading achieved in single component batch 

adsorption experiments. Breakthrough experiments showed that the adsorbent 

efficiently took up arginine during dynamic conditions. 

 

Two different H-ZSM-5 samples with small crystals were synthesized using the 

fluoride route and conventional synthesis at high pH, respectively. The samples 

were characterized by means of SEM, XRD, ICP-MS and nitrogen adsorption. The 

samples were very similar as regarding crystal size and morphology, specific 

surface area and Si/Al ratio. The catalytic tests revealed that the sample 

prepared in fluoride medium showed significantly longer time to deactivation by 

coke formation compared to the sample prepared in hydroxyl medium. The 

faster deactivation of the sample synthesized in traditional hydroxyl medium 

was ascribed to coke depositing at the internal defect sites present in this 

sample. The sample prepared in hydroxyl medium also showed a larger fraction 

of aromatics in the product than the sample prepared in fluoride medium. Again, 

this was ascribed to the defects present in the crystals prepared in hydroxyl 

medium.  

 

In summary, these results show that zeolites adsorbents and catalysts can be 

efficiently used to recover and produce biochemicals.  
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5 Future work 

This study showed that hydrophobic MFI adsorbent could be used to recovery 

butanol from aqueous solutions and fermentation broths. However, more 

experiments should be done to evaluate the fouling of the adsorbent while using 

real fermentation broths. Black liquor derived fermentation broth should also be 

used to run breakthrough experiments using traditional beads as well as 

structured adsorbent in the form of a film. In addition, arginine adsorption 

behavior should be explored further using other polar adsorbents and 

spectroscopy techniques.  

 

In addition, more experiments should be performed to investigate the 

deactivation behavior of ZSM-5(F) catalyst. It would be interesting to see the 

selectivity of this catalyst towards different hydrocarbon species with varying 

crystal size and reaction parameters.     
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