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1. Introduction

The large increase in world population during the final half of the 20" and the beginning of the 21*
century is having an increasing effect on the natural environment. Among the different factors
negatively impacting the environment due to human activities, are emissions of carbon dioxide and
other greenhouse gasses. These gasses have a serious impact on the global climate, causing global
warming and a worldwide change of climate. Fighting global warming and climate change was
highlighted as one of the 17 goals for sustainable development by the United Nations (United Nations,
2016).

Biofuels could play a part in solving these environmental issues. Being produced using renewable
resources, their production and use could theoretically be carbon dioxide neutral. Also, no fossil fuels
are used as basis for the production process of biofuels. The European Union aims to have all European
transport fuel consisting for 10 % of biofuels by 2020 (European Commission, 2016). Further, many of
the molecules produced as biofuel could also be used as platform chemicals, leading to a greener
chemical industry based on renewable resources (Olmedo et al., 2014). Amongst the different biofuel
candidates, bioethanol and biodiesel are already used and produced on large scale. Biobutanol,
however, also shows very promising properties as biofuel and platform chemical (Dirre et al., 2007).

1-Butanol is traditionally produced via petrochemical routes. It can, however, also be produced
starting from a renewable feedstock via the acetone-butanol-ethanol (ABE) fermentation process. The
traditional fermentation process via clostridial bacteria suffers from product inhibition (Tashiro et al.,
2010), leading to a significant decrease in substrate conversion and productivity. Therefore, research
performed on this fermentation process is focused on two different themes. First of all, selection of
butanol producing microorganisms showing resistance to higher solvent concentration in the
fermentation broth is an important challenge (Branduardi et al., 2014). Secondly, significant research
efforts are directed towards integrated butanol recovery taking place during the fermentation process,
relieving product inhibition and increasing productivity.

Traditional butanol recovery methods involve distillation (Vane et al., 2008), which is an energy
demanding process. Alternative processes which are highlighted as promising and energy efficient are
pervaporation and adsorption (Qureshi et al., 2005). By combining, for instance, fermentation with gas
stripping and a vapor phase adsorption step, efficient butanol recovery can be achieved and product
inhibition can be relieved (Abdehagh et al., 2016a). For such a recovery process to be efficient,
selective adsorbent materials need to be identified and an efficient process setup needs to be
developed.

In this Master’s thesis, four different adsorbent materials have been investigated on their applicability
in vapor phase butanol recovery. Three of these adsorbents were zeolites: an all silica Linde Type A
(LTA) zeolite, an all silica chabazite (CHA) zeolite and SAPO-34. The fourth adsorbent used for this thesis
was a metal-organic framework (MOF) of the zeolitic imidazolate framework (ZIF) family: ZIF-8.
Breakthrough experiments were performed, focusing on the development of a multicolumn
adsorption process for high-purity biobutanol recovery. Further, these breakthrough results were used
for the development of a mathematical model describing multicolumn adsorption processes.



2. Study of Literature

In this section, the current literature relevant to this thesis’ topic will be reviewed. First of all, a brief
history of the acetone-butanol-ethanol (ABE) fermentation will be given and the use of butanol as
biofuel will be discussed. In a following section, the different aspects concerning the production of
biobutanol via fermentative process will be discussed. The different (integrated) unit operations to
recover the produced solvents during ABE fermentation will be reviewed in a third section. Finally,
literature concerning the use of adsorptive processes in ABE solvent recovery will be covered. This with
an emphasis on the different materials identified as showing a high adsorption capacity or a high
selectivity for butanol. In a final section, simulated moving bed chromatography will be discussed, as
an example of the use of multi column configurations in biofuel production.

2.1 Introduction

2.1.1 History

Acetone — butanol — ethanol fermentation has a long standing history as industrial fermentation
process. Louis Pasteur already discovered butanol producing micro-organisms during the 19 century
(Ranjan et al., 2012). However, at the start of the 20™ century, the synthetic rubber industry was the
real driving force behind the development of the ABE fermentation process. A shortage of natural
rubber drove the development of synthetic rubbers based on isoprene and butadiene, since these are
important monomers used in the production of rubber and can be produced from butanol (Jones et
al., 1986). In his search for butanol producing microorganisms, Fernbach was the first to use an
isolated culture for butanol production (Jones et al.,, 1986; Ranjan et al, 2012). It was Chaim
Weizmann, however, who was the first to discover Clostridium acetobutylicum as a butanol producing
micro-organism (Jones et al., 1986).

The two world wars played a crucial role in further development of the ABE fermentation process.
Acetone was used as colloidal solvent for nitrocellulose in the production of chordite (Jones et al.,
1986). Chordite was used as smokeless powder by the British Army during World War I. Depletion of
maize, which was used as a substrate for the traditional Weizmann fermentation, even led to the brief
use of horse chestnuts as substrate (Jones et al., 1986). Weizmann was honored after the war by the
British government and lobbied for a Jewish home in Palestine. He eventually became the first
President of Israel.

After the first World War, butanol was used as a solvent in the production of quick-drying car lacquer
(Jones et al., 1986; Ranjan et al., 2012). Molasses was then used as most important fermentation
substrate (Jones et al., 1986). The second World War led again to an increase in demand for acetone
in the manufacturing of munitions. However, severe competition with a fast-growing petrochemical
industry and an increase in molasses price led to a decline of acetone and butanol production via
fermentation in the years following the second World War (Jones et al., 1986). In recent years, the
interest in research on ABE fermentation increased again, due to the interest in production of
important chemicals based on renewable resources (Diirre et al., 2007; Ranjan et al., 2012; Tashiro et
al., 2013).



2.1.2 Butanol as biofuel and basic chemical

The increasing interest in ABE fermentation during recent years is due to the fact that butanol shows
promising properties as biofuel and can be used to produce several other important basic chemicals
(Dirre et al., 2007; Ranjan et al., 2012; Tashiro et al., 2013). The most widespread biofuels are
nowadays bio-ethanol as a replacement for gasoline and biodiesel as an alternative for diesel (Diirre
etal., 2007). Biodiesel can be produced via transesterification of fats and fatty acid compounds coming
from animal fats and plant oils (Diirre et al., 2007). Recently there is an increased interest in algal based
oils as a feedstock for biodiesel production, since no arable land is used for production of these algae.
This diminishes competition of the biofuel sector with the food sector for production of food and feed
crops (Alaswad et al., 2015). Bioethanol is usually produced using yeast, starting from various sugar
substrates (Dirre et al., 2007).

Butanol however, also shows some interesting properties as biofuel as an alternative for gasoline, since
it has some distinct advantages over ethanol. For instance, it can be blended in all possible proportions
with standard gasoline, whilst ethanol can only make up 85% of the total amount of fuel. In addition,
butanol does not require any modifications to standard combustion engines. It can be used as such in
a blend or as a sole fuel. The lower vapor pressure of butanol compared to ethanol also makes it a
safer compound to handle. Butanol is also less hygroscopic, leading to less groundwater contamination
in case of a spill and this also makes it possible to blend it with gasoline directly after refining. Ethanol
has to be added shortly before use. Also, the energy content of butanol is higher than that of ethanol,
leading to an increased mileage with butanol as compared to ethanol. Finally, butanol can be used to
produce dibutyl ether, which can also be used as an alternative for diesel (Diirre et al., 2007). Table 1
gives a comparison of biobutanol with bioethanol and gasoline as fuel.

Table 2.1: Comparison of gasoline to biofuel alternatives, adapted from Dirre et al. (2007).

Fuel Caloric value (MJ/1) Research octane number (RON)
Gasoline 325 91-99

Ethanol 21.2 129

Butanol 29.2 96

Butanol is also used as a precursor for various important bulk chemicals such as acrylate and
methacrylate esters, glycol esters, butyl acetate, butyl amines and amino resins. These molecules are
used in the production of various chemicals, ranging from antibiotics to all sorts of polymer products
(Durre et al., 2007; Branduardi et al., 2014)

2.2 Fermentation process for ABE production

2.2.1 Biochemistry and butanol producing micro-organisms

Most of the known butanol producing micro-organisms are part of the genus Clostridium (Jones et al.,
1986; Diirre et al., 2007; Ranjan et al., 2012; Kumar et al., 2011; Branduardi et al., 2014; Alaswad et
al., 2015). Clostridium acetobutylicum was the first microorganism that was employed to produce
butanol on an industrial scale (Jones et al., 1986). Other important butanol producing species of the
genus Clostridium include C. bejierinckii, C. saccharoperbutylacetonicum and C. saccharobutylicum
(Dirre et al., 2007; Kumar et al., 2011; Ranjan et al., 2012). These microorganisms all grow
anaerobically (Kumar et al., 2011). However, not all butanol producing microorganisms are Clostridia,
for instance Buyribacterieum methylotrhophicum and Hyperthermus butylicis have been reported to



produce butanol (Dirre et al., 2007; Kumar et al., 2011). This last organism is even not a bacterium but
a member of the Archaea (Diirre et al., 2007; Kumar et al., 2011). Most clostridia are not able to use
cellulose or hemicellulose as substrate, however recently some cellulolytic and hemicellulolytic
clostridia have been identified (Tashiro et al., 2010).

The biochemical pathways involved in ABE fermentation in Clostridium sp. are depicted in figure 2.1.
Production of acetone, ethanol and butanol by clostridia consists of two phases. Fermentation starts
with an acedogenic phase, in which a large amount of acetic and butyric acid is produced and the
microorganism grows fast. Due to the production of acetic and butyric acid derived from butyryl- and
acetyl-Coa, the pH of the fermentation broth drops. Crucial during this phase is the ferredoxin protein,
which plays an important role as electron carrier. During the formation of acetyl-CoA, this protein is
reduced and CO; is produced. To regenerate the ferredoxin, H, gas is formed by donating electrons to
hydrogen ions. This leads to the large amount of CO, and H; produced during ABE fermentation
(Tashiro et al., 2010; Tashiro et al., 2013).

After the acidogenic phase, the culture reaches a stationary phase which is called solventogenisis. The
acetate and butyrate produced during acidogenesis are again transferred into the cell cytoplasm and
converted to acetyl-CoA and butyryl-CoA. As a result, the pH of the fermentation broth again increases.
The protein ferredoxin doesn’t play its role of electron carrier during this phase of the fermentation.
The cofactor nicotinamide adenine dinucleotide (NAD) is used instead. This cofactor needs to be
regenerated and this happens via transfer of electrons to acetyl-CoA and butyryl — CoA, eventually
leading to the production of acetone, ethanol and butanol (Tashiro et al., 2010; Tashiro et al., 2013).
At the end of the fermentation, acetone, butanol and ethanol are present in the fermentation broth
in relative amounts of 3:6:1 respectively when C. acetobutylicum is used as microorganism (Branduardi
et al., 2014).
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Figure 2.1: Metabolic pathway towards the production of acetone, butanol and ethanol in clostridia. The blue
arrows depict the reactions during acedogenisis, whilst the red arrows depict the reactions during
solventogenisis. The ferredoxin protein is used as electron carrier during acedogenisis and NAD and NADP during
solventogenisis. From: Yukihiro et al. (2013). ABE product formation is shown starting from glucose, xylose and
arabinose since these are the most common carbon substrates for ABE fermentation (Ranjan et al., 2012).



One of the major problems associated with ABE fermentation is the low final solvent concentrations.
Clostridium acetobutylicum, for instance, suffers from product inhibition by n-butanol and
fermentation stops at a n-butanol concentration of 20 g/| (Tashiro et al., 2010; Branduardi et al., 2014).
Although a lot of research has been performed to improve industrial clostridia strains to reduce this
inhibition by the fermentation end products, another interesting solution might be the expression of
the ABE pathway in a non-clostridial host. This has been done for several well-known industrial
microorganisms, using genetic engineering and in silico metabolic analysis (Branduardi et al., 2014).
Table 2 compares the n-butanol production for these organisms with C. acetobutylicum, but none of
the reported modified organisms can produce the same amount of butanol. The 30 g/I concentration
of butanol for Escherichia coli, was reached due to gas stripping of the fermentation broth during
fermentation, in fact the sensitivity of E. coli to product inhibition is comparable to that of C
acetobutylicum (Branduardi et al., 2014).

It's also noteworthy to mention that algal hosts could possibly be used to produce butanol via
photosynthesis. This is done by merging photosynthetic pathways in cyanobacteria or algae and
fermentative pathways leading to butanol. Metabolic engineering in this fashion has already been
successfully performed for ethanol and isobutanol fermentation (Yu-Sin et al., 2012) and could possibly
be extended towards n-butanol fermentation.

2.2.2 Substrate

The price of the raw material used in biobutanol fermentation has an important influence on the final
cost of the production process (Qureshi et al., 2000a; Qureshi et al., 2001a). Selection of a cheap and
renewable substrate is thus crucial for the economic feasibility of the ABE fermentation process.

Traditional substrates for ABE fermentation include cereal grains and sugar cane (Kumar et al., 2011).
These raw materials are however also used in food and feed industry and thus the intensification of
the use of these materials in biofuel production processes could lead to an increase in food prices
(Kumar et al., 2011). Biofuels produced from these kinds of feedstocks are called first generation
biofuels (Kumar et al., 2011).

Because of this tension between fuel production and food production, recently more and more effort
is being put in the use of alternative substrates originating from non-edible biomass for biofuel
production, also called second generation biofuels (Kumar et al., 2011). Some of the most common
used substrates will be discussed in following paragraph.

2.2.2.1 Sucrose and starch

As mention before, sucrose and starch were traditionally the most popular carbon substrates for the
ABE fermentation process (Kumar et al., 2011; Jang et al. 2012; Ranjan et al., 2012). As Clostridium sp.
show strong amylase activity, they can use starch based substrates in an efficient way without the
need for prior hydrolysis (Qureshi et al., 2001a).

Sugar cane molasses were used in South Africa during the 1980s for biobutanol production. Other
sugar based substrates that have been evaluated include soy molasses (Qureshi et al., 2001b),
Jerusalem artichoke tubers Marchal et al., 2012) and cheesy whey (Kumar et al., 2011; Yu sin et al.,
2012). Starch based substrates that were reported include starch based packing peanuts (Ezeji et al.,
2003), gelatinized sago starch (Madihah et al., 2001), liquefied corn starch (Ezeji et al., 2007) and
cassava starch and chips (Thang et al., 2010).



Table 2.2: Comparison of different heterologous expression hosts for the ABE fermentation pathway. From: Branduardi (2014).

Clostridium Esscherichia Lactobacillus Pseudomonas Bacillus Synechoccus Saccharomyces
acetobutylicum coli brevis putida subtilis elongates cerevisiae
Cellular type Prokaryote Prokaryote Prokaryote Prokaryote Prokaryote Prokaryote Eukaryote
Obligate Facultative Facultative Facultative Obligate Facultative Facultative
Oxygen tolerance
anaerobe anaerobe anaerobe anaerobe anaerobe anaerobe anaerobe
Organic carbon
Substrate range Large Good Good Large Good . Small
independent
Genetic tractability Low High Good High Good Good High
Butanol tolerance %w/v (growth) 1.5 1.5 2-3 0.75 1.25 Not determined 2
Butanol tolerance %w/v (viability) 2 2 3-6 6 5 Not determined Not determined
n-butanol production (mg/I) 19 x 10° 30x 10° 300 122 24 29.9 2.5




As mentioned earlier, less and less effort is being put in development of processes based on these
kinds of feedstock, since this causes a tension between fuel and food production (Kumar et al., 2011;
Jang et al., 2012). Instead, other, alternative raw materials are being investigated.

2.2.2.2 Lignocellulosic raw materials

A possible solution for the food versus fuel dilemma could be the efficient use of lignocellulosic
biomass. Cellulose, hemicellulose and pectin are the most important polysaccharide constituents of
agricultural waste residues (Yu-Sin et al., 2012). However, obtaining fermentable sugars starting from
these raw materials can be very difficult. Different chemical, physical or biological pre-treatment steps
are often necessary (Yu-Sin et al., 2012). Also different fermentation inhibitory components are formed
during these pre-treatment steps (Ranjan et al., 2012; Jang et al. 2012). Acid treated hydrolysates, for
instance, contain salts, furfurals, p-coumaric acid and phenolic compounds that could inhibit butanol
fermentation (Ranjan et al., 2012, Yu sin et al., 2012). This leads to the necessity of other pre-treatment
steps after hydrolysis such as adsorption on active carbon (Maddox et al., 1983). It's important to
mention that microorganisms of the Clostridium genus are able to ferment a great variety of hexose
and pentose sugars (Tracy et al., 2012) and thus are able to grow on cellulose and hemicelluloses
hydrolysates.

A large variety of agricultural and other organic waste streams have been tested for use in butanol
production. Agricultural residues such as wheat straw appear to be the most interesting (Yu-Sin et al.,
2012). Other possible substrates include saccharides from domestic organic waste, dried distiller’s
grains and soluble, rice bran, cassava bagasse, barley straw hydrolysates, corn stover hydrolysates and
switchgrass hydrolysates (Yu-Sin et al., 2012). An excellent summary of efficiency and productivity of
butanol fermentation on these substrates is given in the review of Yu-Sin et al. (2012).

Integration of fermentation and polysaccharide hydrolysis could greatly improve the efficiency of
butanol production starting from lignocellulosic raw materials. This is called consolidated
bioprocessing (Yu-Sin et al., 2012). C. acetobutylicum is for instance able to produce a large cellulose
hydrolyzing enzyme complex called the cellulosome (Yu-Sin et al., 2012). Further, the use of co-cultures
has been investigated, where a butanol producing micro-organism is combined with a cellulose
hydrolyzing organism (Ranjan, 2012). The combination of different Clostridium sp. as well as the
combination of Clostridium sp. and cellulolytic fungi have been investigated (Ranjan et al., 2012).

2.2.2.2 Glycerol

Glycerol is already an important substrate for 1,3-propanediol synthesis via fermentation by for
instance Klebsiela sp.(Nakamura et al., 2003). Since glycerol is an important by-product from biodiesel
synthesis starting from triacylglycerides, using it as a substrate for further fermentation might increase
economic efficiency of the biodiesel production process while providing a cheap substrate for butanol
fermentation. C. pasteurianum has been reported as being able to produce butanol starting from
glycerol (Biebl et al., 2001). Optimal fermentation led to a final butanol concentration of 17g/I (Biebl
et al., 2001), which is close to the 20 g/| of C. acetobutylicum when fermenting on glucose (Tashiro et
al., 2010; Branduardi et al., 2014). Also C. acetobutylicum has been reported as being able to grow on
a mixture of glycerol and glucose (Andrade et al., 2003). It should be mentioned that biodiesel can be
used as an extractant for in situ butanol removal during fermentation, making integration of the
biodiesel and butanol production process feasible (Adhami et al., 2009).



2.2.2.3 Algae

Another solution to the food versus fuel debate could be the use of algae as a substrate for biofuel
production. Since no land area has to be occupied to produce algal biomass, there’s no competition
for cultivable land between food and fuel crops. Also algal biomass can be produced using seawater or
wastewater, so no fresh water has to be consumed during biomass production (Yu-Sin et al., 2012).
Butanol fermentation starting from Dunaliella, nannochloropsis, Arthrospira platensis biomass has
been reported (Yu-Sin et al., 2012). As mentioned before, algae or cyanobacteria can be metabolic
engineered to produce butanol via photosynthesis (Yu-Sin et al., 2012).

2.2.2.4 Syngas

Synthesis gas or syngas, a mixture of CO and H; gas, is currently being produced by catalytic reforming
of natural gas (Yu-Sin et al., 2012). Alternatively, it can also be produced starting from renewable
biomass. Some clostridia are able to produce butanol starting from syngas (Yu-Sin et al., 2012). This
could lead to the use of certain difficult to hydrolyze biological substances (such as lignin) as substrate
in butanol fermentation. Since using this substrate would lead to a gas and liquid phase in the
bioreactor, good mass transfer between these two would be crucial for a successful fermentation (Yu-
Sin et al., 2012).

2.2.3 Fermentation technology

Several studies have focused on the different process parameters influencing butanol production in
ABE fermentation. The key challenge arising during ABE fermentation is increasing butanol productivity
whilst avoiding product inhibition. Important in this context is in situ butanol removal during
fermentation. Techniques for in situ removal of butanol however, will be covered in a subsequent
section. In this paragraph, the influence of other fermentation parameters will be discussed for the
classical fermentation modes: batch, fed-batch and continuous culture.

2.2.3.1 Batch

Batch cultivation is the simplest fermentation mode and has been used to investigate the effect of
different process parameters on solvent production by clostridia. Some of the studied parameters
include pH, ratio of carbon to nitrogen substrate (C/N), hydrogen or carbon monoxide concentration
in the headspace and the addition of extra electron carriers (Yukihiro et al., 2013). Typical initial
substrate concentrations for batch fermentation are (depending on the microorganism) between 60
and 80 g/l (Ranjan, 2012). A typical batch fermentation takes about 48 to 72 h (Ranjan, 2012).

The influence of pH on acidogenesis and solventogenisis appears to be organism dependent. C.
acetobutylicum and C. bejierinckii, for instance produce high amounts of solvents at low pH and high
amounts of acids at a higher pH (Monot et al., 1984; Holt et al., 1984). For the C. acetobutylicum ATCC
824 strain, 20 g/l of total organic acids were produced at a pH of 6, while 17 g/l of ABE was produced
ata pHof4.5 (Holt et al, 1984; Tashiro et al., 2013). This effect is logical, since during non-pH controlled
fermentation, the pH drops during acedogenisis and rises again during solventogenisis as already
mentioned in paragraph 2.2.1. Other species however, such as C. saccharoperbutylacetonicum and C.
saccharobutylicum can produce high amounts of ABE solvents without pH control (Yukihiro et al.,
2013).

The C/N ratio in the used substrate also has an important effect on the ABE fermentation process. A
low C/N ratio stimulates acid production in C. acetobutylicum ATCC 824 for instance, whilst a high C/N
ratio stimulates solvent production (Roos et al., 1985).

CO; and H; gas in the headspace of the fermenter also have significant influence on the batch
fermentation profile. Since these two gasses are reported as being inhibitors of the hydrogenase that



produces hydrogen gas, an increase in partial pressure of CO and H; leads to an increase in butanol
production (Yukihiro et al., 2013). Some electron carriers such as methylene blue and methyl viologen
exhibit the same behavior by increasing the reducing power supply of butanol producing clostridia
(Yukihiro et al., 2013).

Although the simplest method of fermentation, batch fermentation processes suffer from some
important disadvantages. Product inhibition and substrate inhibition cause an important decrease in
butanol productivity and yield (Ranjan et al., 2012; Jang et al., 2012; Tashiro et al., 2013). When for
instance a lignocellulose based substrate is used, carbon catabolite repression (CCR) can hinder
efficient fermentation (Yukihiro et al., 2013). Carbon catabolite repression occurs when a mixture of
different sugars is used as fermentation substrate and one of these sugars is consumed preferably by
the microorganism. CCR of xylose has been observed for instance in C. acetobutylicum ATCC 824 when
more than 15 g/l of glucose was present in the fermentation broth (Fond et al., 1986).

2.2.3.2 Fed batch

During a fed-batch fermentation process, fermentation is started as a normal batch fermentation.
After a certain amount of time however, extra substrate is fed to the reactor. Substrate inhibition can
be efficiently avoided by using this technique. Fed-batch also allows for the use of high — viscosity
substrates and helps avoiding carbon catabolite repression by allowing the control of the
concentration of the different sugars in the reactor. Using fed-batch fermentation, the produced
butanol is also automatically diluted with fresh medium, decreasing the inhibitory effect of the formed
products. Fed-batch feed strategies allow for an extra amount of co-substrates (organic acids) to be
added during the fermentation that can be further processed to butanol by the microorganism
(Yukihiro et al., 2013).

2.2.3.3 Continuous culture

By using a continuous fermentation method, the butanol concentration in the fermentation broth can
be controlled to effectively overcome the problem of product inhibition. An important drawback,
however, is the low concentration of butanol in the fermentation broth exiting the reactor. In a typical
fermentation using a continuous stirred tank reactor (CSTR or chemostat) a steady state concentration
is reached for all of the fermentation broth constituents including the cell concentration of the culture.
Steady state typically occurs after a time equal to three times the dilution rate (feed flow rate divided
by volume of the reactor) (Jang et al., 2012; Tashiro et al. 2013).

Important parameters during continuous production are, as already mentioned, pH and CO,
concentration (Yukihiro et al., 2013). The dilution rate also has an important effect on solventogenisis
and acidogenesis. High dilution rates lead to an increase in acid production, whilst low dilution rates
induce solvent production (Yukihiro et al., 2013). Murschelchner et al. (2000) therefore successfully
used two CSTRs in series to mimic the batch fermentation profile. A first CSTR was operated at high
dilution rates to mimic acidogenesis and the second one at low dilution rates to mimic solventogenisis.

During steady state in a CSTR, the growth rate of the microorganism equals the dilution rate of the
reactor. The growth rate of the microorganism is however limited, leading to washing out of the
microorganism at high dilution rates in free cell fermentation. The dilution rate for ABE fermentation
is therefore limited to about 0.3 / h (Yukihiro et al., 2013). Essentially two strategies can be utilized to
prevent this phenomenon. The cell concentration in the reactor can be increased by immobilization or
cells can be recycled by using microfiltration membranes for instance (Kumar et al., 2011; Tashiro et
al., 2013). The use of a higher cell density leads to higher productivity for a smaller volume of reactor
and also to higher possible dilution rates (Kumar et al., 2011; Tashiro et al., 2013).



Immobilization of cells on a solid substrate can occur by physical adsorption or via biofilm formation
(Yu-Sin et al., 2012). Different materials can be utilized for immobilization including coke, calcium
alginate and brick (Yukihiro et al., 2013). Qureshi et al. (2000b) were able to increase the dilution rate
to 2.0 /h using clay brick as immobilization support using C. bejierinckii. By working at this dilution rate
a productivity of 15.8 g I'* h'! was achieved. Some important issues that can arise using immobilized
cells include limited substrate mass transfer, activity loss of the immobilized cells and accumulation of
gas bubbles in the immobilization matrix (Ranjan, 2012). The use of fluidized beds instead of fixed beds
has also been reported (Ranjan, 2012).

A second strategy consists in the use of microfiltration modules to concentrate the fermentation broth
and recycle the concentrated cells to the reactor (Tashiro et al., 2005; Kumar et al., 2011; Jang et al.,
2012; Ranjan et al., 2012). Tashiro et al. (2005) were able to improve the productivity of a continuous
C. saccharoperbutylacetonicum N1-4 culture from 1.85 g It h'l to 7.55 g I'* h! by using a combination
of cell recycling via membrane filtration and cell bleeding by refreshing a part of the fermentation
broth with cell-free substrate. This strategy allows an optimal internal control of the cell concentration
in the bioreactor (Tashiro et al., 2005).

2.3 Solvent recovery techniques

As explained in the previous sections, the solvent concentration after fermentation is typically low,
with a maximum of 20 g/| for conventional strains during batch fermentation (Ranjan, 2012). Also,
when n-butanol is the envisaged end product it has to be separated from the other fermentation
products. Efficient downstream processing methods are thus necessary to concentrate and separate
the formed solvents during ABE fermentation (Vane et al., 2008; Abdehagh et al., 2014; Huang et al.,
2014; Xue et al., 2014; Kujawska et al., 2015). These methods are often already applied during the
fermentation process to relieve product inhibition (Vane et al., 2008; Abdehagh et al., 2014; Huang et
al., 2014; Xue et al., 2014; Kujawska et al., 2015). In the following section, some common solvent
recovery techniques will be discussed. The use of adsorptive process in butanol recovery will be
discussed in a following section.

2.3.1 Distillation

Distillation is the conventional process used in industry for ABE solvent recuperation (Vane et al., 2008;
Abdehagh et al., 2014; Huang et al., 2014; Xue et al., 2014; Kujawska et al., 2015). Often distillation is
followed by a drying of the product streams using specific adsorbents (Vane et al., 2008; Huang et al.,
2014). Just as is the case with ethanol distillation, a water — butanol azeotrope is formed during the
distillation of a water — butanol mixture (Vane et al., 2008; Huang et al., 2014). The butanol azeotrope
is formed at 55.5 wt% butanol at 93 °C (Huang et al., 2014). Since this azeotrope lies close to the water
boiling point at atmospheric pressure (100 °C), a lot of energy is necessary to separate the butanol
water mixture during the downstream processing of the ABE fermentation broth (Vane et al., 2008;
Abdehagh et al., 2014; Huang et al., 2014; Xue et al., 2014; Kujawska et al., 2015). In fact, separation
of butanol from the fermentation broth by distillation consumes more energy than can be produced
via the produced butanol (Huang et al., 2014).

Important to mention is the immiscibility of butanol and water at room temperature. Butanol has a
lower solubility limit in water at 20 °C of 7.7 wt% and an upper solubility limit of 79.9% wt (Huang et
al., 2014). This means that the azeotrope formed by butanol in water is heterogeneous, as illustrated
in figure 2.2 (Vane et al., 2008; Huang et al., 2014). This effect has important implication on the ABE
downstream processing, since a watery butanol solution with a butanol concentration between 7.7
wt% and 79.9 wt% automatically separates in two immiscible phases. Thus, when such a mixture is
formed after a separation step, an organic phase with a relative high butanol concentration can be
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processed separately from the watery phase (Vane et al., 2008; Abdehagh et al., 2014; Huang et al.,
2014; Xue et al., 2014; Kujawska et al., 2015). The watery phase can for instance be recycled (Vane et
al., 2008; Abdehagh et al., 2014; Huang et al., 2014; Xue et al., 2014; Kujawska et al., 2015).

Mass Fraction of 1-Butanol in Vapor

0.0 - T T T T T - T T
0.0 0.2 04 0.6 0.8 1.0

Mass Fraction 1-Butanol in Liquid

Figure 2.2: Vapor liquid equilibrium (VLE) of water n-butanol mixture at 20 °C and atmospheric pressure. The
heterogeneous azeotrope is clearly visible. From: Vane et al. (2008).

A typical distillation downstream processing uses a series of four columns (Kujawska et al., 2015). In a
first step, the ABE fermentation broth is heated to 100 °C, leading to vapors containing 70 wt% water
and 30 wt% ABE (Kujawska et al., 2015). After this initial evaporation step, the vapors are separated in
a first distillation column at 0.7 atm where 99.5 wt% of acetone is removed as vapor (Kujawska et al.,
2015). The bottom fraction is transported to an ethanol distillation column, operating at 0.3 atm
(Kujawska et al., 2015). During this step, a fraction of 95 wt% of ethanol is separated (Kujawska et al.,
2015). The bottom products of this step are then leaded to a system of two distillation columns and a
decanter to separate the n-butanol (Vane et al., 2008; Kujawska et al., 2015). The watery phase of the
heterogeneous azeotrope is distilled in the aqueous column and the butanol-rich phase is distilled in a
butanol column (Vane et al., 2008). The vapor phase of both columns is condensed and separated in a
butanol and water rich phase in the decanter (Vane et al., 2008). These two phases are recycled to
their respective distillation columns (Vane et al., 2008). In the butanol column, a concentration of more
than 99 wt% butanol is separated (Vane et al., 2008; Kujawska et al., 2015). This two column process
is illustrated in Figure 2.3.
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2.3.2 Gas stripping
Since distillation is an energy and capital intensive process, a lot of research is focused on alternative
separation processes. One of these possible alternatives is gas stripping.

Condenser

Aqueous Column

Dilute Butanal Butanol Column
Feed L'Q’U‘d [——o- Decantel'
Reboiler Reboller
S
Water |
(Degpleted in Butanol) | .. Butanol Product

(Depleted in water!

Figure 2.3: Final distillation step in ABE downstream processing. From: Vane et al. (2008).

Gas stripping is a simple approach to in situ butanol removal during fermentation. An inert gas, usually
the gasses formed during fermentation (CO,, H;), is used as carrier gas to remove the ABE solvents
from the fermentation broth (Vane et al., 2008; Abdehagh et al., 2014; Huang et al., 2014; Xue et al.,
2014; Kujawska et al., 2015). The separation is based on a one stage equilibrium between the inert gas
phase and the liquid fermentation broth (Huang et al., 2014). Solvents are then recovered from the
gas phase via, for instance, a condenser (Huang et al., 2014). This method can easily be integrated into
the fermentation process but can also be applied separately (Vane et al., 2008; Abdehagh et al., 2014,
Huang et al., 2014; Xue et al., 2014; Kujawska et al., 2015). Figure 2.4 shows a simplified diagram for a
fed batch fermentation system with integrated gas stripping. Important parameters influencing the
gas stripping process are the gas flow rate, the amount and type of antifoam added and the presence
of other fermentation components (Abdehagh et al., 2014).

Qureshi et al. (2008) showed that gas stripping is not only beneficial for the ABE fermentation via
product removal, but that it can also be used successfully as agitation system during simultaneous
saccharification and fermentation of wheat straw. The observed productivity without gas stripping was
0.27 g1 IY. The use of in situ gas stripping led to an increase of productivity to 0.31 g I,

The import advantages of gas stripping include the simplicity of the technology and use of the
fermentation off-gas (Huang et al., 2014). Also since no chemicals (except for antifoaming agents) or
membrane have to be used, the risk for cell death due to added toxic components is minimal (Huang
et al., 2014). Important challenges associated with gas stripping are the energy requirements
associated with the condensation step and also the low selectivity (Abdehagh et al., 2014). Gas
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stripping could be combined with an adsorption step to efficiently remove the ABE solvents from the
stripping gas. Such a process can combine the high selectivity of adsorbents with the efficient relieve
of product inhibition via gas stripping. Recently, Abdehagh et al. (2016) investigated the applicability
of this combination, which will be further discussed in paragraph 2.4.2.

Feed

Condenser

Separator

M"‘W p Bleed

&) Y >
Fermenter g >

Figure 2.4: Gas stripping integrated into a fed batch fermentation system. From: Huang et al. (2014).

2.3.3 Vacuum flash evaporation

A second method for ABE solvent recovery makes use of an external heat exchanger and a vacuum
chamber to evaporate the solvents produced during the fermentation. The liquid stream that isn’t
evaporated is recycled to the fermenter and the vapor phase is condensed. The volatile ABE solvents
are condensed in this step, whilst the fermentation off — gasses are removed via a vacuum system. The
condensed solvents are fed to a separator to separate the butanol and water rich fractions (Huang et
al., 2014; Kujawska et al., 2015). Figure 2.5 depicts this technique for a fed batch fermentation.

Advantages of flash fermentation are that no additional equipment such as a membrane, sparger or
agitator is necessary (Huang et al., 2014). Also, the butanol concentration in the product vapor stream
is significantly increased (Huang et al., 2014). The major disadvantage is the necessity of a vacuum
system (Huang et al., 2014). The application of this technique has been reviewed by Huang et al. and
Kujawska et al. (2014, 2015).

2.3.4 Liquid — liquid extraction

Solvent extraction, or liquid — liquid extraction, is a conventional separation process applied in a great
variety of (bio)chemical production processes. Separation is based on a difference of solubility of the
targeted solute in the fermentation broth and the extraction liquid. Since butanol is slightly
hydrophobic, it can be extracted using hydrophobic extractants (Vane et al., 2008; Abdehagh et al.,
2014; Huang et al., 2014; Xue et al., 2014; Kujawska et al., 2015). Liquid — liquid extraction can be used
in situ during the fermentation or after the fermentation (Vane et al., 2008; Abdehagh et al., 2014;
Huang et al., 2014; Xue et al., 2014; Kujawska et al., 2015).
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Figure 2.5: Flash fermentation applied to a fed — batch fermentation system. From: Huang et al. (2014)
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Integration of solvent extraction and the fermentation process is called extractive fermentation (Vane
et al., 2008; Abdehagh et al., 2014; Huang et al., 2014; Xue et al., 2014; Kujawska et al., 2015). A process
scheme for extractive fermentation is depicted in Figure 2.6. The organic, extractant phase is
continuously removed from the fermentation broth and recuperated via distillation. The evaporated
ABE solvent is further purified via, for example, distillation. If a non-volatile extractant is used, the

distillation column can be replaced by a simple one stage evaporator (Huang et al., 2014).

Gases
Feed Organic phase
v |
ABE
S
Broth
Extractant
(Efﬂux T Extractant ¢€ make-up
Fermenter Distillation Column

Figure 2.6: Process scheme of extractive fermentation. From: Huang et al. (2014).
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Crucial for extractive fermentation is the use of a suitable extractant. The solvents used should be
nontoxic for the microorganism, since fermentation broth and extractant are continuously in contact
with each other. The extractant should have a high distribution and selectivity coefficient. Preferably,
the density of the solvent and water are significantly different for easy phase separation. A low
viscosity is important to minimize energy consumption during extraction. A large interfacial tension is
necessary to aid the emulsion coalescence and phase separation. The volatility is preferably very high
or very low to ease the separation of the ABE solvents from the extractant. And of course the used
solvents have to be cost efficient (Vane et al., 2008; Huang et al., 2014).

The standard extractant used in butanol recovery is oleyl alcohol (Abdehagh et al., 2014; Kujawska et
al., 2015; Xue et al., 2014). However, a lot of research effort is going to the selection of new solvents
with interesting properties. Among those, ionic liquids are highlighted as being very promising, due to
their low vapor pressure and thus easy recovery. Also polarity and selectivity of these ionic liquids can
be easily tuned. However, compatibility of these extractants with the fermenting microorganisms has
yet to be confirmed (Abdehagh et al., 2014; Huang et al., 2014; Xue et al., 2014; Kujawska et al., 2015).

Further, biodiesel has been successfully used as biocompatible extractant in ABE fermentation
(Adhami et al., 2009). Using biodiesel as an extractant, no extra separation of butanol and extractant
is necessary, since this mixture can directly be used as fuel (Adhami et al., 2009; Abdehagh et al., 2014).

2.3.5 Membrane processes

A lot of research is focused on the use of membrane technology in butanol recovery. This due to the
high selectivity and energetic efficiency associated with membrane processes (Abdehagh et al., 2014;
Huang et al., 2014; Xue et al., 2014; Kujawska et al., 2015). The most common used membrane process
used in ABE solvent recovery will be briefly discussed.

2.2.5.1 Perstraction

Perstraction is a liquid-liquid extraction technique where the extraction solvent and the fermentation
broth are separated by a membrane (Abdehagh et al., 2014; Huang et al., 2014; Xue et al., 2014;
Kujawska et al., 2015). Removal of butanol from the fermentation broth is ensured via the use of a
selective membrane and a selective extractant (Abdehagh et al., 2014; Kujawska et al., 2015). Problems
associated with normal solvent extraction, such as solvent toxicity and bad emulsion formation, are
avoided due to the separation of extraction solvent and fermentation broth (Abdehagh et al., 2014;
Huang et al., 2014; Xue et al., 2014; Kujawska et al., 2015). Important disadvantages are the problems
associated with clogging and fouling of the membranes and the high costs (Abdehagh et al., 2014).
Also, butanol flux through the membrane tends to be lower than when pervaporation is used
(Abdehagh et al., 2014).

2.3.5.2 Pervaporation

Pervaporation is a membrane based separation technique where the mixture components are
selectively evaporated through a membrane (Abdehagh et al., 2014; Huang et al., 2014; Xue et al.,
2014; Kujawska et al., 2015). The driving force for evaporation through the membrane can be a
temperature difference, a sweeping gas or a vacuum at the permeate side of the membrane (Kujawska
et al., 2015). The permeated gas can then be recovered via, for example, condensation (Abdehagh et
al., 2014). Figure 2.7 depicts a process scheme for butanol recovery via vacuum pervaporation.

Membranes used in pervaporation are hydrophobic, due to the hydrophobic character of butanol
(Huang et al., 2014). Different types of membranes can be used: polymeric, inorganic, composite and
supported liquid membranes (Huang et al., 2014). The most important parameters influencing the
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performance of the membrane are its selectivity and permeate flux (Abdehagh et al., 2014). To
improve membrane flux, research is focused around developing asymmetric membranes and
decreasing membrane thickness (Abdehagh et al., 2014). A decrease in membrane thickness, however
also leads to a loss in selectivity (Abdehagh et al., 2014; Huang et al., 2014). Membranes used in
pervaporation typically have a thickness between 10-200 um (Abdehagh et al., 2014).

Many hydrophobic polymeric membranes have been investigated, including polyether block amide
(PEBA), polyvinylidene fluoride, polytetrafluoroethylene, polypropylene and polydimethylsiloxane
(PDMS) (Huang et al., 2014). Most single-polymer membranes suffer from low selectivity or low
membrane fluxes (Huang et al., 2014). To overcome these disadvantages, heterogeneous membranes
consisting of a combination of different polymers have been tested (Huang et al., 2014). However,
these kind of membranes are usually thicker and thus suffer from low permeate flux (Huang et al.,
2014). Other disadvantages associated with the use of polymeric membranes include their lack of
mechanical strength and their fast wearing in use (Huang et al., 2014).
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Figure 2.7: Process scheme for in situ vacuum pervaporation during a fed batch fermentation. Note that an
ultrafiltration step is used before the vacuum pervaporation step to prevent fouling of the pervaporation
membrane. From: Huang et al. (2014).

To overcome these disadvantages, inorganic filler materials are added to these polymeric membranes
(Huang et al., 2014). Usually, inorganic fillers with a high affinity for butanol are used such as silicalite
zeolites (Huang et al., 2014). For example, Tan et al. (2013) produced a composite membrane
consisting of PEBA and the hydrophobic zeolite ZSM-5. Incorporation of the zeolite increased both
membrane flux and selectivity (Tan et al., 2013).

Another type of membrane used in pervaporation are supported liquid membranes (SLM) (Abdehagh
et al., 2014; Huang et al., 2014; Xue et al., 2014; Kujawska et al., 2015). In a supported liquid
membrane, a hydrophobic organic solvent is immobilized in a microporous support (Huang et al.,
2014). Different methods for immobilization exist, including covalent binding of ionic liquids, the use
of ion exchange membranes, gelation of ionic liquids, inclusion of the solvent in the polymer matrix
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and inclusion by silicone coating (Huang et al., 2014). Conventional extractants, such as oleyl alcohol,
are used as well as new types of solvents such as ionic liquids (Huang et al., 2014).

The major issues associated with membrane pervaporation are membrane fouling, long-term
membrane stability and the costs associated with membrane production (Huang et al., 2014). Besides
these disadvantages, different authors highlight this technique as very promising for butanol recovery
from fermentation broths (Vane et al., 2008; Abdehagh et al., 2014; Huang et al., 2014; Xue et al.,
2014; Kujawska et al., 2015).

2.3.5.3 Reverse osmosis

Reverse osmosis is a membrane based technology typically used for water desalination. However, it
can also be used to concentrate a watery butanol solution (Huang et al., 2014; Abdehagh et al., 2014).
In the first step, a nanofiltration module is used to separate an aqueous butanol solution from the
fermentation broth using a butanol permeable membrane. In a second step, the butanol permeate is
concentrated under high pressure, using reverse osmosis. Finally, the concentrated butanol solution
phase separates and is further purified via distillation (Huang et al., 2014; Abdehagh et al., 2014).
However, due to the high pressures needed in the reverse osmosis process, it would probably be less
economic than pervaporation (Huang et al., 2014). It is however a mature technology that’s already
industrially applied for water desalination and thus easy applicable on short term (Huang et al., 2014).

2.4 Adsorption: materials

Besides the separation techniques discussed in the previous paragraph, butanol purification via
adsorption can also be used in an integrated butanol separation process. In a typical batch adsorption
setup, a liquid or gas mixture is fed to a column packed with a fixed bed of a porous material. The
different mixture components interact with the surface of this porous material and are in this way be
adsorbed on the surface of the material. After a certain amount of time, all of the packed bed is
saturated with one or a few of the mixture components, causing breakthrough of these components
at the end of the column. When the column is completely saturated, it can be regenerated for further
use. Selective adsorption of one or more of the mixture components thus leads to separation of the
mixture (Ruthven et al., 1984).

Qureshi et al. (2005) compared the energy needed for adsorption with other common separation
processes. Starting from mass and energy balances, the amount of energy necessary for butanol
separation via adsorption was estimated to be 1.948 kcal/kg. The energy needed for steam stripping
distillation was calculated to be 5.789 kcal/kg. For separation via gas stripping or pervaporation 5.220
kcal/kg and 3.295 kcal/kg butanol are respectively required, making adsorption an energetically
interesting separation technique.

In this paragraph, different types of adsorbents used in the separation of solvents from the ABE
fermentation broths will be discussed. Mainly liquid phase ABE adsorption will be discussed, since few
research has been performed on vapor phase separations. In the next paragraph a brief overview of
different adsorption column regeneration methods will be given with an emphasis on simulated
moving bed adsorption. Simulated moving bed chromatography will be discussed since this unit
operation uses a combination of different adsorption columns in one setup. The use of different
columns with different adsorbents might be interesting for efficient separation of the ABE solvents
(Cousin Saint Remi et al., 2012). However, very few research on the use of different adsorption columns
in one configuration is published, making simulated moving bed chromatography the closest related
subject to discuss.
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2.4.1 Zeolites

Zeolites are crystalline, microporous adsorbents with SiO4 and AlO, tetrahedra as basic building blocks,
creating an open crystal lattice with pores of the same dimension as the adsorbing molecules (Ruthven,
1984). These silica and alumina polyhedra form so called secondary building units, forming the basis
of the zeolite crystal structure. Since the porosity of these materials is embedded in their crystal
structure, a very small pore size distribution and thus high selectivity can be attained (Ruthven, 1984).
Since the positive alumina ion only has a charge of +3, the incorporation of alumina tetrahedra leads
to the introduction of a negative charge in the zeolite framework. This negative charge is compensated
by the incorporation of positive ions, such as Na* (Ruthven, 1984). The ratio of Si/Al that is incorporated
in the zeolite structure thus also determines the polarity of the material and its affinity for different
adsorbents. This is the reason why in ABE separations, zeolites with a high Si/Al ratio are used (Qureshi
et al., 2004; Oudshoorn et al., 2009; Cousin Saint Remi et al, 2012.; Abdehagh et al., 2013; Faisal et al.,
2013; Farzaneh et al., 2015). A higher amount of silica in the zeolite crystals leads to a less polar crystal
structure and thus a higher affinity for butanol, which is the least polar molecule of acetone, butanol
and ethanol.

The reference materials used in agueous butanol separations and used to benchmark other adsorbents
are zeolites of the ZSM-5 type with a high silica to alumina ratio (Qureshi et al., 2004; Oudshoorn et
al., 2009; Cousin Saint Remi et al, 2012.; Abdehagh et al., 2013; Faisal et al., 2013; Farzaneh et al.,
2015). These zeolites are also called MFI zeolites or, when the crystal lattice exists of only Si, silicalite
(Farzaneh et al., 2015). Figure 2.8 depicts the pore structure of the ZSM-5 zeolite, with the different
pores connected via channels. These channels typically have a diameter of about 6 A (Ruthven, 1984).

Oudshoorn et al. (2009) compared three types of zeolites: a ZSM-5 type, a Y type and Beta type zeolite.
Different types of model mixtures were used, from pure single component to real fermentation broth
samples. Multicomponent isotherms were also fitted using multicomponent Langmuir and ideal
adsorbed solution theory (IAS). Although the ZSM-5 zeolite shows the lowest butanol adsorption
capacity in gas and liquid phase adsorption, it has the lowest water adsorption capacity, making it more
selective. The ZSM-5 zeolite was shown to have a higher affinity for butanol, followed by acetone and
ethanol. When using fermentation broth, competitive adsorption between butyric acid and butanol is
observed.

ZSM-5 and a H-SDUSY type zeolite were compared by Saravan et al. (2009) in the form of extrudates
for butanol recovery from ABE fermentation broth. ZSM-5 is identified as being more efficient for
butanol recovery and was studied in detail performing breakthrough experiments and modelling these
breakthrough curves. Different sizes of extrudates were compared, with the extrudates of a size
between 0.71 and 1.0 mm being the most interesting, by giving the best trade-off between pressure
drop and kinetic adsorption limitations. Modelling of the experimental breakthrough curves using a
linear driving force (LDF) model, a basic packed bed mass balance and Langmuir isotherms shows mass
transfer in the solid phase limiting adsorption kinetics.

Faisal et al. (2013) studied a ZSM-5 zeolite with high silica to alumina ratio for butanol separations from
ABE model solutions. Pure component isotherms as well as isotherms on model solutions are
measured. Also, the adsorption capacity of acetic and butyric acid is determined. The ZSM-5 zeolite
shows a high adsorption capacity for butanol compared to acetone and ethanol. Butyric acid, a
precursor of butanol, also adsorb on the zeolite at low pH. However, when the pH is elevated to 6, the
adsorption capacity of butyric acid drops significantly, indicating the importance of pH on adsorption
selectivity.
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Figure 2.8: Upper-left: Secondary building unit of ZSM-5 zeolite. The lines represent the diameter of an oxygen
atom, whilst the dots represent a Si or Al atom. From: Ruthven (1984). Upper right: Channel structure within the
ZSM-5 crystals. From: Ruthven (1984). Under: Pore structure of the ZSM-5 zeolite with the secondary building
units depicted in black. From: Ruthven (1984).

Silicalite, the pure silica analogue of ZSM-5, was studied by Farzaneh et al. (2015). Vapor phase
adsorption of a water-butanol mixture using attenuated total reflectance fourier transformed infrared
spectroscopy was studied. A silicalite film was used with application in adsorption as well as
pervaporation in mind. When performing single component adsorption, a butanol adsorption capacity
of 133 mg/g at 35°C is measured. The selectivity for water-butanol separation is measured to be 107
at 35°C.

Silicalite and ZSM-5 were also screened by Abdehagh et al. (2013) for selective butanol adsorption in
liquid phase. In this study, another type of zeolite was also tested (NaY) and also carbon nanotubes
and two types of active carbon. On these adsorbents, kinetic and equilibrium experiments were
performed. Of the three tested zeolites, silicalite shows the fastest adsorption kinetics, with a first-
order time constant of 32.5 min, the time necessary to reach 63.5% of the maximum adsorption
capacity in batch adsorption. Interestingly, it is observed that at low concentration the adsorption
capacity for butanol on ZSM -5 is lower than on silicalite, but at a higher concentration silicalite has a
lower adsorption capacity than ZSM-5.

In a recent study, Faisal et al. (2016) compared the use of a structured adsorbent (a silicalite film coated
on a steel monolith) with standard beads used in liquid phase breakthrough experiments. Results show
slightly worse performance for this adsorbent during the adsorption phase, however butanol purity
was higher during desorption due to less capillary water being retained in the column.

Further, Dejaco et al. (2016) performed a modelling study using Monte Carlo analysis to uncover the
mechanisms of butanol adsorption in a binary water mixture on silicalite and an all-silica FER zeolite.
Silicalite shows the highest adsorption capacity at low butanol concentration, making it the most
interesting material for ABE solvent separations. A clear difference in affinity for different adsorption
sites is observed at different amounts of loading for both zeolites, explaining the difficulties sometimes
observed in thermally desorbing the ZSM-5 zeolite.
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2.4.2 Activated carbon

Activated carbon (AC) is a microporous material made by activation of thermally decomposed
carboneous material (Ruthven, 1984). As mentioned before, Abdehagh et al. (2013) screened different
types of zeolites, activated carbon and carbon nanotubes for use in ABE solvent recuperation. Kinetic
experiments showed that the activated carbons F-400 andF-600 show much faster butanol adsorption
kinetics from a watery solution compared to the ZSM-5, NaY and silicalite zeolite adsorbents. Since
activated carbon F-400 shows the largest adsorption capacity, this material was subsequently used by
Abdehagh et al. (2013) for further research. Equilibrium experiments show selectivity of the adsorbent
towards butanol and butyric acid compared to other fermentation broth components such as xylose,
glucose, butyric acid, acetic acid, ethanol and acetone. Also the adsorption isotherms of binary
mixtures of butanol and these components show no significant decrease in adsorption capacity for
butanol compared to the single component isotherm (Abdehagh et al., 2013).

In a subsequent study, Abdehagh et al. (2015) used AC F-400 in and adsorption breakthrough setup to
test the influence of different desorption parameters on butanol recovery from butanol — water and
ABE model solutions. Desorption was performed using CO; as purge gas and subsequent condensation
of the desorbed butanol. Using a butanol concentration of 15 g/l and optimal desorption conditions, a
butanol recovery of 82% can be attained. After performing different adsorption-desorption cycles, the
adsorption capacity and recover stays relatively constant, indicating no significant decrease in quality
of the material during use. Adsorption using an ABE model solution confirms the high affinity of the
adsorbent for butanol and butyric acid. To support future modelling of adsorption on AC F-400,
Abdehagh et al. (2016b) also fitted different multicomponent isotherms on their experimental data.

Recently, AC F-400 was used as an adsorbent for the recovery of butanol in combination with gas
stripping (Abdehagh et al., 2016a). In this study, CO, was used as carrier gas and the adsorption
capacity was shown to be higher in gas phase than in liquid phase for binary butanol-water mixtures.
When using ABE model solutions containing acetic and butyric acid, these acids are not found in the
stripping gas, which is important, since these components are further transformed into ethanol and
butanol by the fermenting microorganisms (Yukihiro et al., 2013). Using gas stripping, gas phase
breakthrough experiments on this adsorbent show that acetone and ethanol are completely displaced
by butanol (Abdehagh et al., 2016a).

Another type of AC, CR2050C-75, was investigated by Cao et al. for vapor phase butanol adsorption
(2015a, 2015b). This active carbon shows a high surface area and a high micropore volume, much
higher than that of ZSM-5 (Cao et al., 2015a). By using hydrothermal treatment with H,0,, the native
active carbon was modified, increasing surface area and micropore volume, but decreasing butanol
adsorption capacity (Cao et al., 2015a). Increasing the AC adsorption capacity via surface oxidation was
again attempted in a subsequent study using a HNOs solution (Cao et al., 2015b). However, the same
trend is visible as for H,0, modification: the surface area of the adsorbent increases, but the capacity
for butanol decreases.

2.4.3 Polymers

Different polymeric resins have also been tested on their butanol adsorption capacity. For instance,
Yang et al. (1994) used polyvinylpiridine (PVP) as adsorbent in an integrated batch fermentation
process. Equilibrium as well as kinetic experiments were performed. The ABE solvents, acetic and
butyric acid are observed to adsorb on the resin, but not glucose and other medium sugars. However,
the resin shows to have a higher affinity for butyric acid then butanol. When the PVP is added to the
fermentation broth at the start of the batch fermentation, a decrease in lag phase and the formation
of biofilm around the adsorbent particles is observed. This effect led to an increase in cell growth rate
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upon the addition of PVP. Product inhibition by acids and solvents is also relieved by removal of these
components from the fermentation broth during the fermentation. Also, the total productivity
increases by 130% and final product concentration by 54%, when in situ adsorption is applied.

Nielsen et al. (1988) screened different polymeric resins for butanol adsorption: Amberlite XAD-7 and
XAD-4, Bonopore and nitrated Bonopore. When measuring single and multiple component isotherms,
XAD-4 and Bonopore are identified as having the highest adsorption capacity. XAD-4 however, is shown
not to be biocompatible with the clostridial strains used in ABE fermentation. Butyric acid and acetic
acid are competitively adsorbed as well, an increase in pH however leads to a severe decrease in
adsorption of these acids. Bonopore was then subsequently tested in integrated batch fermentation,
leading to an increase in productivity.

Lin et al. (20124, b) also screened three different types of polymeric adsorbents for selective butanol
adsorption. The three tested adsorbents were H-511, KA-I (both polystyrene diethybenzene) and XD-
41 (a cross-linked polyamide). The hydrophobic H-511 and KA-I resins show the highest adsorption
capacities for butanol. Further research was performed on the KA-I resin, since this resin had a higher
adsorption capacity in the low butanol concentration range (Lin et al., 2012b). Single component
isotherms of the most important fermentation broth components were also measured, confirming the
high affinity of the resin for butanol and also indicating a high butyric acid adsorption capacity. Acetone
and acetic acid also have a relative large adsorption capacity. Breakthrough experiments with ABE
model mixtures of different ABE concentrations confirm the selectivity of the resin towards butanol,
with acetone and ethanol adsorbing, but being displaced by butanol. To simulate real fermentation
conditions, samples of the fermentation broth at different stages of a batch fermentation were also
tested, confirming previous results. Different solvents were subsequently tested for butanol recovery,
with methanol being the cheapest and most interesting one, leading to a recovery of 95%. Also, during
different adsorption and desorption cycles, the performance of the adsorbent stays the same (Lin et
al., 2012b).

The kinetics and adsorption isotherms of the ABE solvents on KA-I were further studied by Lin et al.
(2012a). Interestingly, the adsorption capacity of the resin increases with temperature. This can be
explained by the influence of solubility on adsorption. The solubility of butanol in water decreases with
higher temperature, leading to an increase in adsorption capacity. Since a higher temperature also
positively influences adsorption kinetics, adsorption at higher temperature might be interesting in
industrial application. In a subsequent study, Lin et al. (2013) investigated the influence of operational
parameters on the breakthrough behavior of butanol in a fixed bed KA-I adsorption column. Increasing
the initial butanol concentration and column length and decreasing the total flow rate led to an
increased adsorption capacity on the resin.

Liu et al. (2014) combined the use of a biofilm reactor, a fixed bed KA-I column and methyl viologen to
optimize an ABE fed-batch fermentation. In a first step, however a planktonic batch fermentation was
performed with addition of the adsorbent to the reactor. The timing of adsorbent addition turns out
to be crucial, as addition during the acidogenic phase leads to a decrease in butanol production due to
adsorption of butyric acid. Subsequently, using the fed-batch biofilm reactor with fixed bed KA-I
adsorption, a total solvent concentration of 59.8 g/l is achieved. This is almost three times the amount
achieved during batch fermentation. When also taking acetone inhibition into account, and replacing
the KA-I column by a fully desorbed column before full butanol breakthrough, the solvent yield can be
increased even further. Finally, addition of methyl viologen increases the ABE productivity even
further, by changing the redox balance of the used clostridial strain (Yukihiro et al., 2013). Liu et al.
clearly showed that not only the use of an improved production strain is important, but also that a
good process design and setup can greatly increase the performance of the ABE fermentation process.
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Wu et al. (2015) further modelled the breakthrough behavior of different ABE mixtures on the KA-I
(single component, binary, ternary) using a simple mass balance over a packed bed combined with a
linear driving force (LDF) model and multicomponent Langmuir isotherms. By fitting experimental data,
more or less the same values for this LDF parameter are found for different types of mixtures,
indicating independent kinetic behavior of adsorption of the different mixture components. Further,
in binary butanol-ethanol mixtures, a higher adsorption capacity for butanol is observed than in single
component breakthrough experiments, indicating enhanced adsorption of butanol on the KA-I resin
by ethanol.

2.4.4 Metal-organic frameworks

Metal-organic frameworks (MOF) are another type of microporous adsorbents consisting of organic
ligands linked by transition metals (Van der Perre et al., 2015). The zeolitic imidazolate frameworks
(ZIF) are a special class of MOFs adapting zeolitic structures. The basic building blocks of ZIFs are
tetrahedral transition metals, such as Zn and Co, that are linked by imidazolate ligands. The angle
between the linkers and metal ions resembles the Si-O angle found in zeolitic materials (Park et al.,
2006).

Cousin Saint Remi et al. (2011,2012) studied the use of ZIF-8 as an adsorbent for butanol purification
and proposed a butanol purification mechanism using the ZIF-8 MOF and the SAPO-34 zeolite. In a first
study, adsorption isotherms in vapor and liquid phase were measured on ZIF-8, showing an S-shaped
isotherm for butanol (Cousin Saint Remi et al., 2011). Intriguingly, the adsorption capacity for butanol
in isobutanol (a non-adsorbing solvent) was lower than in water, clearly indicating the importance of
solvent effects on adsorption. Breakthrough experiments confirm the capability of ZIF-8 for butanol
separation from ABE mixtures (Cousin Saint Remi et al., 2011).

In a subsequent study, comparing ZIF-8 to silicalite and an active carbon adsorbent, ZIF-8 is again
shown to have the greatest adsorption capacity for butanol (Cousin Saint Remi et al., 2012). The effect
of other fermentation broth components was also considered in this study, but no decrease in
adsorbent capacity is observed. A non-optimized desorption procedure is also proposed, using a
stepwise increase of temperature and an inert nitrogen gas flow. Subsequently, use of the zeolite
SAPO-34 is proposed to further purify the desorbed butanol stream. SAPO-34 selectively adsorbs
alcohols and water up to ethanol. Alcohols with an alkyl chain larger than three methyl groups are not
or poorly adsorbed on this zeolite (Daems et al., 2007; Remy et al., 2011). SAPO-34 can thus be used
to remove ethanol from the butanol-ethanol mixture resulting from ZIF-8 desorption, as confirmed by
Cousin Saint Remi et al. (2012). Further, Fan et al. (2012) used ZIF -8 to create a mixed PDMS membrane
for selective biobutanol pervaporation.

Zhang et al. also identified ZIF-8 as being an interesting adsorbent for butanol separation (2013a). In
another study by Zhang et al. (2013b), ZIF-8, ZIF-71 and ZIF-90 were evaluated for use in butanol
recovery. Using ideal adsorbed solution theory (IAST), vapor phase selectivities were calculated
starting from single component isotherms. Both ZIF-8 and ZIF-71 show a very low affinity for water.
ZIF-90 however, has a significant affinity for water at higher vapor pressures, making it not useful for
vapor phase butanol recovery. ZIF-8 and ZIF-71, however, show high butanol-water selectivity, making
them interesting candidates for butanol recovery (Zhang et al., 2013b). Further, Li et al (2014) used
ZIF-71 to prepare a mixed PDMS membrane for sec-butanol separation via pervaporation.

Another MOF that can possibly be applied in biobutanol purification is ZIF-68. Vapor phase isotherms
indicate a higher adsorption capacity for butanol as compared to ethanol at low vapor pressures.
Further, liquid phase adsorption isotherms on a mixture of ethanol, butanol and water also indicate a
higher capacity for butanol (200 mg/g) than for ethanol (40 mg/g). However, water stability of ZIF-68
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is observed to be lower than ZIF-8, which can be a possible issue regarding butanol recovery (Van der
Perre et al., 2014).

Most of the adsorbents discussed in paragraph 2.4 are listed in table 2.3 with their respective butanol
adsorption capacities from different mixtures.

2.5 Adsorption: column regeneration methods

The research performed during this Master’s thesis was focused around the use of a combination of
different adsorption columns towards the effective separation of the different ABE solvents.
Therefore, a small review on the different methods to regenerate adsorption columns is given. First,
cyclic batch processes are briefly discussed. Subsequently an overview of the use of simulate moving
bed systems is given, with a focus on biofuel separations.

2.5.1 Batch regeneration of adsorption columns

The simplest adsorptive processes are employed in a batch fashion. A continuous feed of a certain
mixture is fed to an adsorption column. After a certain amount of time, the adsorptive material is
completely saturated and breakthrough of the mixture components is observed. At this point,
continuous feed to the column is stopped and the saturated column is regenerated. The compound of
interest can be the adsorbed species or can be the first component to break through. Since a column
in desorption phase can’t be used during adsorption, different columns have to be used in parallel in
a continuous production system. Figure 2.9 compares this cyclic batch operation with a theoretical
continuous operation (see also simulated moving bed chromatography). Four basic types of column
desorption methods exist: thermal swing, pressure swing, pure gas stripping and displacement
desorption (Ruthven et al., 1984).

During thermal swing desorption, the adsorption column is purged using a hot gas or liquid and thus
effectively desorbing the adsorbed compounds by shifting the thermodynamic equilibrium. Pressure
swing desorption is used only for gaseous components and is performed by lowering the pressure in
the adsorption column and purging with an inert gas stream. This process is performed isothermally.
Just as for other two techniques mentioned, purge gas stripping is performed by just flushing the
column with an inert gas stream. However, temperature or pressure is not changed during desorption.
This technique can only be used for weakly adsorbed components. Finally, using displacement
desorption, a component with a high affinity for the adsorption column is used to displace the
adsorbed compounds. This method is used in displacement chromatography (Ruthven et al., 1984).

Table 2.3: Adsorbents used in biobutanol separation with mentioned adsorption capacities. Adapted from
Abdehagh et al. (2014). R.T. indicating room temperature

Adsorbent Butanol Butanol or Type of Temperature Reference
adsorption ABE mixture (°C)
capacity (mg/g) concentration
ZSM-5 120 batch — fitted Butanol R.T. Faisal et al. 2013
zeolite gmax
110 20 g/l ABE R.T. Faisal et al. 2013
120 pure Butanol 25 Oudshoorn et al.
(vapor) 2009
139 10 g/l Butanol — R.T. Abdehagh et al.
water 2013
Silicalite 133 batch — fitted Butanol 35 Farzaneh et al.
gmax (vapor) 2015
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Adsorbent Butanol Butanol or Type of Temperature Reference

adsorption ABE mixture (°C)
capacity (mg/g) concentration
Silicalite 103 10 g/l Butanol R.T. Abdehagh et al.
2013
- 2 wt% Butanol — 35 Farzaneh et al.
water (vapor) 2015
56 0.2wt% ABE 30 Faisal et al. 2016
butanol
Beta zeolite 340 pure Butanol 25 Oudshoorn et al.
(vapor) 2009
120 pure Butanol 25 Oudshoorn et al.
2009
Y zeolite 370 pure Butanol 25 Oudshoorn et al.
(vapor) 2009
160 pure Butanol 25 Oudshoorn et al.
2009
107 10 g/l Butanol — R.T. Abdehagh et al.
water 2013
AC F-400 258 10 g/l Butanol — R.T. Abdehagh et al.
water 2013
220 0.1 mgl/l ABE 37 Abdehagh et al.
fermentation 2016
broth (vapor)
ACF-600 149 10 g/l Butanol — R.T. Abdehagh et al.
water 2013
AC 259.6 Pure Butanol 24 Cao et al. 2015a
CR2050C- (vapor)
75
XAD -4 69 2 wit% Butanol — R.T. Nielsen et al. 1988
water
XAD-7 83 2 wit% Butanol — R.T. Nielsen et al. 1988
water
Bonopore 74 2 wt% Butanol — R.T. Nielsen et al. 1988
water
Nitrated 55 2 wt% Butanol — R.T. Nielsen et al. 1988
Bonopore water
XD-41 127 fitted g max Butanol — 25 Lin et al (2012b)
water
KA-I 167 fitted g max Butanol — 25 Lin et al (2012b)
water
99 20 g/l ABE 25 Lin et al (2012b)
ZIF-8 300 3.5 wt% ABE R.T. Cousin Saint Remi
etal. 2012
ZIF-68 200 - Ethanol- R.T. Van der Perre et
butanol-water al. (2014)
H-511 206 fitted g max Butanol — 25 Lin et al (2012b)
water
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Figure 2.9: Cyclic batch operation of adsorption columns with an adsorption and desorption step. From: Ruthven
et al. (1984).

2.5.2 Simulated moving bed chromatography

As mentioned in the previous paragraph, traditional breakthrough operational setups are operated in
a cyclic batch fashion. Similarly, in preparative chromatography, a comparable system of batch elution
is used (Seidel-Morgenstern et al., 2008). In theory, a counter current adsorption system could be
developed for continuous operation (Ruthven et al., 1984; Seidel-Morgenstern et al., 2008; Gomez &
Rodrigues, 2012). This operational setup, also called true moving bed chromatography will first be
explained. Since this setup can’t be realized in practice, a technique called simulated moving bed (SMB)
chromatography is used and will be discussed subsequently.

2.5.2.1 True moving bed chromatography

As mentioned before, chromatography in a continuous fashion would be possible by moving the
adsorbent bed in a counter current fashion to the mobile phase. Such a theoretical system for the
separation of a binary mixture is depicted in Figure 2.10. The binary mixture is fed to the center of the
moving bed. One of the components (B) has a high affinity for the adsorbent, whilst the other
component (A) has a lower affinity. The velocity of the moving fixed bed and the used eluent are
chosen in such fashion that the most retained component B moves together with the fixed bed towards
the exit for the extract. Component A is less strongly adsorbed and thus moves in the direction of the
exit for the raffinate. Both the used adsorbent and the eluent are recycled in a counter current fashion
(Seidel-Morgenstern et al., 2008; Gomes & Rodrigues, 2011).

By operating the column in this way, four distinct zones are formed in the adsorption column, as shown
in Figure 2.10. Separation of the two components A and B takes place in zone Il and Ill, with component
B moving in the direction of the extract outlet and component A moving in the direction of the raffinate
outlet. Zone | is used for adsorbent regeneration, any residual adsorbed components are desorbed in
this zone by fresh and recycled eluent. Recycling of the desorbent happens in zone IV, where any
components still present in the used solvent are adsorbed on regenerated adsorbent. The
concentration profiles in the different column zones are shown in Figure 2.10 (Seidel-Morgenstern et
al., 2008; Gomes & Rodrigues, 2011).
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Figure 2.10: Left: a theoretical total moving bed setup with four different functional zones. Right: internal
concentration profile for this kind of separation. From: Seidel-Morgenstern et al. (2008).

2.5.2.2 Simulated moving bed chromatography

Continuous recycling of the solid adsorbent is not possible in practice due to the fragility of the solid
phase, making it difficult to transport (Seidel-Morgenstern et al., 2008; Gomes & Rodrigues, 2011). To
overcome this problem, some sort of discretization of the different zones shown in figure 2.10 is
performed. Instead of using one single column with moving adsorbent, different columns in series are
used, with the different outlets and inlets located at the beginning or ends of the different columns.
Also, instead of switching the positions of the columns, the positions of inlets and outlets are switched
after a certain amount of time, giving the same result as a counter current movement of the columns.
An example for a SMB system with six columns is shown in figure 2.11. The positons of the inlet and
outlet feed, extract, raffinate and eluent flows are shown after each switch of position (Seidel-
Morgenstern et al., 2008; Gomes & Rodrigues, 2011).

Using the simplest operational mode, all of the inlet and outlet flow rates are constant and their
positions are switched after a constant amount of time. However different modifications have been
made to these operational conditions to improve separation efficiency. For instance, the internal flow
rates can be varied during operation (PowerFeed process). Another possible operational parameter
that can be tuned is the inlet concentration (ModiCon process), which is especially interesting for
components showing non-linear adsorption behavior. A final possibility of operational tuning is the use
of asynchronous shifts of inlet and outlet ports, leading to variability in the length of the different zones
of the SMB (Seidel-Morgenstern et al., 2008; Gomes & Rodrigues, 2011). Many other modifications of
the SMB chromatography process exist, including the use of solvent gradients for separations as well
as the use of SMB for the separation of ternary mixtures. These processes are reviewed in more detail
by Seidel-Morgenstern et al. (2008) and Gomez & Rodrigues (2012).
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Figure 2.11: Six column SMB chromatography system with different input and output positions during operation
shown. From: Gomez & Rodrigues (2012).

2.5.2.3 Use of SMB chromatography in biofuel production

Use of simulated moving bed technology in biofuel production is twofold. First of all, it can be applied
as separation technology in the production of fermentable sugars starting from hydrolyzed biomass
(Caes et al., 2013; Kim et al., 2015a). A second possible application is the use of simulated moving bed
reactors for the production of green chemicals, combining reaction and separation in one integrated
process (Geier et al., 2010a; Geier et al., 2010b; Silva et al., 2010). This integration is achieved by either
using the same material as catalyst and adsorbent or by combining two different materials in one pellet
(Silva et al., 2010).

Kim et al. (2015a) optimized a SMB chromatography setup for the separation of a ternary mixture
containing galactose, 5-hydroxy-methylfurfural (HMF), levulinic acid. Galactose, 5-HMF and levulinic
acid are important products formed during the hydrolysis of agarose produced starting from algal
biomass (Kim et al., 2015a). The galactose produced by the hydrolysis of agarose can be used as
substrate for bio-ethanol production, however 5-HMF and levulinic acid are important inhibitors of the
fermentation process (Kim et al., 2015a). 5-HMF and levulinic acid are also interesting biomass-based
platform molecules and could thus also be potentially economically valuable (Olmedo et al., 2014).
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Instead of opting for a single SMB setup to separate the complete mixture, Kim et al. (2012) proposed
a system of two separate SMB chromatography units: one for the separation of galactose from the
mixture and one for the separation of 5-HMF and levulinic acid. Interestingly, an open loop SMB setup
was used, with a cut-off between zone | and Il, as shown in figure 2.12. A Dowex-50WX8 resin was used
as solid phase adsorbent. Single component breakthrough experiments were performed first, to
generate the model parameters necessary for numerical process optimization. The performance of this
modelled system was then verified experimentally, confirming the modelled results and showing the
possible economic viability of this setup (Kim et al., 2012).

Galactose
LA LA
5-HMF 5-HMF Galactose
Desorbent-1  Extract Desorbent-2 Feed Raffinate
l> Zone | ‘T L Zonelll l Zone lll T > ZonelV
LA
5-HMF 5-HMF LA
Desorbent-1  Extract Desorbent-2 Feed Raffinate
l: Zone | J L Zonel ll l Zone lll T > ZonelV

-~
<

Figure 2.12: Open — loop SMB chromatography setup used by Kim et al. (2015a). Upper part: SMB for separation
of galactose and the levulinic acid (LA) 5-HMF mixture. Lower part: SMB for separation of LA and 5-HMF.
Desorbent 1 and 2 are water. From: Kim et al. (2015a).

Caes et al. (2013) applied SMB chromatography in a process to recover fermentable sugars from corn
stover hydrolysates. The recovery process consists of two steps. The first step being an acidic
hydrolisation using the ionic liquid 1-butyl-3-methylimidazolium chloride ([BMIM]CI) to simultaneously
extract the formed sugars. In a second step, SMB chromatography was used to separate the ionic liquid
and the hydrolyzed sugars. The viability of this method was confirmed by using the formed sugars as
substrate in a fermentation with E. coli.

A variation on SMB chromatography, using the combination of a catalyst and adsorbent, called a SMB
reactor can also be used in biofuel production processes. Geier et al. (2010a, 2010b) for instance
applied for two patents concerning the use of a SMB reactor in the production process of biodiesel.

Silva et al. (2010) developed an even more integrated process, combining a SMB reactor with
pervaporation for the production of the green solvent ethyl lactate and the biofuel candidate 1,1-
diethoxyethane (diethylacetal). The simulated moving bed membrane reactor (PermSMBR) has the
same configuration as a standard SMB chromatography or reactor configuration, however each
column contains a set of membranes. The catalyst or adsorbent layer is then packed on the inside or
outside of the membranes, depending on the selective side of the membrane. Using pervaporation,
this leads to an extra gaseous outlet stream on every column. Depending on the application, these
streams can also be switched off on certain columns. Figure 2.13 shows a simplified diagram of the
PermSMBR configuration.
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Figure 2.13: Schematic representation of the PermSMBR configuration. D, X, F an R are the desorbent, extractant,
feed and raffinate streams also found in standard SMB reactor or chromatography setups. P is the permeate
stream from the membranes in every column. From: Silva et al. (2010)

A modification of the configuration represented in Figure 2.13 was used by Silva et al. (2010) for the
synthesis of ethyl lactate. When performing numerical simulations to compare a standard SMB reactor
with a four zone PermSMBR, Silva et al. (2010) found a clear improvement in productivity using the
PermSMBR process. However, a three zone PermSMBR shows worse performance, unless a greater
vacuum can be applied to increase pervaporation performance. When comparing PermSMBR to
reactive distillation, productivity during reactive distillation is also much higher, due to the higher
temperatures used in this process. However, ethanol consumption is much lower using the PermSMBR
process. Also, when comparing a standard SMB reactor with PermSMBR for diethylacetal, Silva et al.
(2010) found a higher productivity and lower ethanol consumption for the PermSMBR process.
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3. Goal

As was discussed in detail in the previous chapter, the butanol production process via ABE
fermentation suffers from product inhibition. To relieve this product inhibition, gas stripping is an
interesting in situ recovery technique, but suffers from low selectivity (Abdehagh et al., 2014). Further
simulations using AspenPlus 4.11 showed an enrichment of ABE solvents in the fermenter head space
(Gelin, 2015). Most of the scientific literature on adsorptive separations is focused around isotherm or
breakthrough measurements. The use of multiple adsorption columns in one configuration has been
little reported.

The research performed for this Masters’ thesis is thus focused around the development of a
multicolumn adsorption process for high-purity butanol recovery from a vapor phase humidified ABE
mixture. It is investigated to which extent the combination of microporous solids with different
properties (hydrophobicity, pore structure) allows to increase the recovery and purity of the butanol
product. Additionally, since CO, is an important by-product produced during ABE fermentation
(Tashiro et al., 2010; Tashiro et al., 2013), the use of CO, as carrier gas during adsorption and
desorption of the different used adsorption materials is evaluated.

First of all, four different materials are screened on their affinity for the different ABE components by
measuring the vapor phase adsorption isotherms. The influence of CO, as carrier gas during these
adsorption equilibrium experiments is evaluated. Single-column breakthrough experiments are
subsequently performed to analyze the selectivity of these materials in dynamic conditions.

Subsequently, different adsorption columns containing these selective materials are combined in two-
column configurations. These combinations were experimentally evaluated on their performance for
high-purity butanol recovery. Some of the column combinations could not be tested in the provided
experimental setup. Therefore, a third goal was to develop a mathematical model describing the
breakthrough behavior of combinations of these different adsorption columns. The model was first
validated with multicomponent breakthrough data and then developed in such a way that a qualitative
comparison of different configurations was possible.

The work presented in this Masters’ thesis is part of the research program of the CHIS department,
focused around the use of adsorptive materials in the purification of biochemicals.
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4. Materials & Methods

In the first two sections of this chapter, the different materials (adsorbents and adsorbates) used for
the experimental work will be described. The following sections will discuss the experimental
breakthrough and modelling methods.

4.1 Adsorbents

Four different adsorbents have been used during this thesis for experimental and modelling study.
Three of these adsorbents were zeolites: an all-silica Linde Type A zeolite (Si-LTA), also called ITQ-29
(Technological Institute, Polytechnical University of Valencia, Valencia, Spain), an all-silica chabazite
(Si-CHA, Department of chemical and biomolecular engineering, University of Melbourne, Melbourne,
Victoria, Australia) and SAPO-34 (ACS Materials, Medford, Massachusetts, USA) which also has the
basic chabazite structure. The fourth adsorbent used was a MOF of the ZIF type: ZIF-8 (Sigma-Aldrich,
Diegem, Belgium). The basic properties of these adsorbents will be described in the following
paragraph.

Both Si-CHA and SAPO-34 are zeolites of the chabazite type. Chabazite zeolites have a three
dimensional pore structure with ellipsoidal cages, connected via eight membered ring pores. These
eight membered ring pores typically have a size of 3.8 A x 3.8 A. Each of these ellipsoidal cages is
connected to six neighboring cavities, with a cage size of 6.7 A x 10 A. The shape and size of these cages
and windows has an in important influence on adsorption and pore diffusion mechanisms (Daems et
al., 2007; Denayer et al., 2008; Krishna & Van Baten, 2011).

—_—

mil

Figure 4.1: Eight membered ring window of a CHA zeolite with dimension of 3.8 x 3.8 A and cage structure of a
CHA type zeolite.

The crystal unit cell of LTA type zeolites consists of two types of cages: an a-cage with a diameter of
around 11 A and a sodalite cage with a diameter of 6.6 A. This last cage is not accessible for adsorbates.
In standard LTA type zeolites, the extra framework cations have an influence on the window size of the
cages. The larger the cation, the smaller the window, with Na*, K* and Ca?* leading to 3 A ,3.8Aand5
A window sizes respectively. However, the all-silica LTA used in this thesis doesn’t possess these extra
framework cations, leading to the window dimensions of 4.1 A x 4.1 A (Gelin, 2015). Figure 4.1 and
figure 4.2 show the cages and window openings of a CHA and an LTA zeolite.
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Figure 4.2: Eight membered ring window of a LTA zeolite, with dimension of 4.1 A x 4.1 A and cage structure of
a LTA zeolite. From: Olson et al. (2007).

ZIFs are adsorbents of the MOF family, who crystallize in a structure similar to those of zeolites (Park
et al., 2006). ZIF-8 has sodalite cages as fundamental building blocks, generating a structure with cages
with a diameter of 12.5 A (Huang et al., 2006). These cages are connected via hexagonal windows with
a size of 3.3 A (Huang et al., 2006). ZIF-8 is a highly hydrophobic MOF (Kiisgens et al., 2008), showing
promising results for ABE separations (Cousin Saint-Remi et al., 2011;2012). Moreover, ZIF-8 is a very
stable MOF, making industrial application viable (Park et al., 2006). Figure 4.3 shows the cage structure
of ZIF-8. The properties of the used adsorbents are summarized in table 4.1.

Figure 4.3: a) Cage structure of ZIF-8 as stick diagram. b) Largest cage of ZIF-8 with imidazolate tetrahedra colored
blue. From: Park et al. (2006).

Table 4.1: Properties of the adsorbents. Adapted from Gelin (2015). SAPO-34 data was obtained from Remy et
al. (2011) and ZIF-8 data from Kisgens et al. (2008).

Si-CHA SAPO-34 Si-LTA ZIF-8
Unit cell formula Si36072 Si4,02A|18,32P14,58072 [Siz4048]8 anz(Me|m)z4
Pore volume 0.27 0.30 0.29 0.64
(cm®/g)
BET surface area 718 590 794 1255
(m?/g)
Cage dimension 6.7Ax10A 6.7Ax10A 11.4Ax11.4A 12.5A
Window 3.8Ax3.8A 3.8Ax3.8A 41Ax41A 33Ax33A
dimension
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4.2 Adsorbates and carrier gasses

An overview of the other chemicals used for this thesis is given in table 4.2. Deionized water was
obtained using a Millipore Simplicity water purifying system (Merck Millipore, Darmstadt, Germany)
with a SIMPACKOD?2-filter. Table 4.2 summarizes the used adsorbates and carrier gasses.

Table 4.2: Used adsorbates and carrier gasses

Adsorbate Purity (%) Supplier
Acetone 99.5 Fisher Chemical
Ethanol 99.7 VWR Chemicals
1-Butanol 99.5 Sigma-Aldrich
Carrier Gas

He 99.996 Air liquide

CO, 99.995 Air liquide

4.3 Measuring of adsorption isotherms

4.3.1 VTl measurements

Vapor phase adsorption isotherms using CO, and N, were measured for the different aqueous ABE
mixture components using a gravimetrical method (VTI, TA-instruments, New Castle, Pennsylvania,
USA). The principle of this setup is depicted in figure 4.4. Two types of evaporators are present in the
instrument: one for organic components and one for measurements of water isotherms. The chosen
carrier gas can be bubbled through the evaporators. This leads to a certain amount of adsorbate in the
carrier gas, depending on the temperature of the evaporator. The carrier gas can then be diluted with
a second gas stream, or can be directly sent to the oven containing a small pan with adsorbent sample.
For water vapor isotherms, a dew point hygrometer is present (Dew Prime |, Edgetech Instruments,
Hudson, Massachusetts). The oven temperature controls the temperature at which adsorption takes
place and this temperature is controlled using a water bath. Measurement of the sample mass allows
the determination of the amount of adsorbate adsorbed.

Vapor partial pressures were calculated from measurement of the evaporator temperature using the
empirical Wagner equation (4.1 and 4.2). Coefficients for the calculations were obtained from Poling
et al. (2001). The amount of mass adsorbed measured by the VTI and the calculated vapor pressure
can then be combined to determine the adsorption isotherm. The used Wagner coefficients were valid
over the experimental temperature range (Polin et al., 2001).

Tc
In(Pv) = In(Pc) + (T) x(a*T+b*t' +cx125+d 15 (4.1)
Tc (4.2)
=(1=-=
7= T)
With:

Pv = vapor pressure (bar)

Pc = Wagner coefficient (bar)
Tc = Wagner coefficient (K)

a = Wagner coefficient

b = Wagner coefficient
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¢ = Wagner coefficient
d = Wagner coefficient
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Figure 4.4: Principle of the VTI gravimetric analysis setup. Adapted from: Gelin (2015).

Before start of the measurements, the different adsorbent samples needed to be activated. Activation
of the adsorbents was achieved by heating the samples at a 1 °C/min, followed by holding them at
constant temperature for a certain amount of time. Final activation times and temperatures for the
different adsorbents are shown in table 4.3. The activation procedure was terminated before the end
of this final time if no more desorbing mass was measured. Isotherms were only measured on the Si-
LTA, ZIF-8 and SAPO-34 samples in powder form.

Table 4.3: Final activation time and temperature for the different adsorbents. Adsorbents were activated using
a 1°C/min temperature gradient.

Adsorbent Final activation time (min) Final activation temperature
(°)

Si-LTA 360 350

SAPO-34 360 300

ZIF-8 120 140

4.3.2 IGA measurements
To obtain better isotherm data in the lower pressure region for the adsorption of ethanol on Si-LTA,
measurements were performed using an IGA-002 system (Hiden Isochema Limited, Warrington,
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England). This system works according to a similar principle as the VTI. A sample pan with sample is
loaded into a sample oven and the adsorbed mass is measured, giving rise to the isotherm. On the IGA,
however, a vacuum pump is installed, allowing for lower partial pressure to be reached during vapor
phase adsorption. Further, no carrier gas is used, since the partial pressure is regulated by the vacuum
system. Activation of the Si-LTA sample was achieved by heating the sample at 1 °C/min to a final
temperature of 350 °C, which was held for 10 h. The overall layout of this measurement system is
shown in figure 4.5. Isotherm measurements were executed under a constant temperature of 40 °C.
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Figure 4.5: Principle of IGA-002 isotherm measurement system.

4.4 Breakthrough experiments
4.4.1 Column packing

Since the pure adsorbent samples were available as powder, pellets were firstly synthesized before
packing of the columns for breakthrough measurements. All of the used adsorbent columns had an
internal diameter of 2.1 mm and a length of 10 cm. The adsorbent powder was first pressed in a French
press (Piqua, Ohio, USA) at a pressure of 5 to 7 kPa. The pressed cakes were then sieved using
micrometer sieves. Subsequently, the sieved pellets were packed into an adsorption column. Extra
quartz particles were added to the Si-CHA column, since not enough adsorbent material was present
to fill the complete column (Gelin, 2015). Two different Si-LTA columns were used. Table 4.4
summarizes the properties of the packed columns.

4.4.2 Activation of adsorption columns
Just as for isotherm measurements, the adsorbents packed in the adsorption columns were activated
prior to use in breakthrough experiments. Activation of the columns was achieved by placing them in

36



an oven under a constant helium flow of 10 ml/min. The columns were heated with a temperature
gradient of 1 °C/min to a certain final temperature, this final temperature was then held constant
during a certain amount of time, followed by controlled cooling of the column at 1°C/min to 40 °C. The
ZIF-8 column and the repacked Si-LTA were activated for 120 min at a final temperature of 150 °C and
180 min at a final temperature of 200°C respectively. Temperature of the SAPO-34 was first held for
10 min at 40°C, followed by a temperature ramp of 0.5 °C/min and was subsequently held for 180 min
at 80 °C.

Table 4.4: Properties of the used adsorption columns.

Column Pellet size (um) Adsorbent mass (mg)
Si-LTA 250-500 108
Si-LTA 250-500 91
Si-CHA 250 < 49
ZIF-8 250-280 70
SAPO-34 250-450 230
4.4.3 Principle and setup

Breakthrough experiments were performed to compare the difference in separation performance
using He and CO; as carrier gas and to investigate separation efficiency in a multicolumn adsorption-
desorption process. During a breakthrough experiments, a mixture of different components is
continuously transported by a liquid or gas phase over a packed column. This leads to a step in
concentration at the entrance of the column at the beginning of the experiment. Due to their different
affinity for the packed adsorbent material, different amounts of the different mixture components are
adsorbed. This leads to a concentration front of the different components moving through the column
at different velocities. Components with a low adsorption capacity move faster through the column,
since the adsorbent is saturated faster by these compounds. When the adsorbent is completely
saturated with a compound, presence of this component can be measured at the end of the column
in the liquid or gas phase, leading to a so called breakthrough curve. In some cases, when the different
adsorbates compete for the same adsorption sites in the adsorbent, roll-up of the breakthrough curve
can be observed. Roll-up is a phenomenon caused by the “pushing out” of weaker adsorbed
components by stronger adsorbed components who compete for the same adsorption sites, leading
to an increase in concentration of these weakly retained components at the end of the column. The
concentration observed at the column outlet in this way becomes larger than the concentration at the
inlet.

A vapor phase breakthrough setup was used as schematically shown in figure 4.5. A chosen carrier gas
(He or CO,) could be sent to four separate mass flow controllers (Bronkhorst, Ruurlo, Netherlands).
Gas flowing through the first two mass flow controllers could be sent to two separate evaporators,
each with their own oil bath heating system (Julabo, Seelbach, Germany). By fixing the evaporator
temperature, the vapor pressure of the component or mixture present in the evaporator could be
regulated. The carrier gas flowing to the third mass flow controller could be used to dilute the gas
streams coming from both evaporators. Gas flows from these first three mass flow controllers were
mixed and directed towards a first switching valve. Carrier gas coming from the fourth mass flow
controller was sent directly to this valve. By changing its position, either carrier gas with or without
mixture could be sent over the adsorption column. If necessary, the carrier gas sent through the fourth
mass flow controller could be connected to a different gas bottle than the carrier gas sent through the
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first three mass flow controllers, thus enabling adsorption and desorption using a different carrier gas.
After the adsorption column, a second switching valve made it possible to either direct the out coming
flow of the column towards the gas chromatograph (HP-6890, Agilent Technologies, Santa Clara,
California, USA) or towards a waste stream. By changing the position of the first and second valve, the
mixture components could also be sent directly towards the GC, bypassing the adsorption column.

The GC was equipped with an automatic gas injection valve, injecting 1 ml of sample at chosen time
intervals. Two detectors could be used: a flame ionization detector (FID), only able to detect organic
components and a thermal conductivity detector (TCD), able to detect organic components and water.
However, since the TCD detector suffers from background noise, each experiment was performed once
with each detector. The GC was equipped with a Stabilwax® capillary column (Restek, Bellefonte,
California) with a length of 15 m, an internal diameter of 250 um an a 0.5 um thick solid phase.
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Figure 4.5: Vapor phase breakthrough setup. Adapted from Gelin (2015).

4.4.4 Calculation of the adsorption capacity
Starting from the overall mass balance over the adsorption column, the adsorption capacity can be
calculated as follows:

_ Vsttot X Pt (4.3)
Qi

t
T Mage XRX Top iinlet — Yi(D)dt
m,gs X R X T J;) Viintet — Yi(©)
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With:
gi = adsorption capacity of component i (mol/kg)
Vstiot = total volumetric flow rate at the inlet (m3/s)
Ps: =standard pressure (1.013 x 10° Pa)
Mags = adsorbent mass in adsorption column (kg)
R = universal gas constant (J mol® K?)
Ts= standard temperature (273 K)
t=time (s)
Viinlet = mole fraction of component i at the inlet of the column
yi (t) = mole fraction of component i at time t at the outlet of the column

Since pressure varied between different experiments, flow rates were recalculated to standard
temperature and pressure. Volumetric flow rates at standard pressure and temperature were
calculated using the ideal gas law (equation 4.4).

_ Proom XV X Ty (4.4)
[ —
room st
With:
Vst = volumetric flow rate at standard pressure and temperature (m3/s)
Proom = pressure in setup room (Pa)
V = volumetric flow rate at non-standard conditions (m3/s)
Ts = standard temperature (273K)
Troom = room temperature (297K)
Ps: = standard pressure (1.013 x 10° Pa)

The total volumetric flow rate sent to the adsorption column was calculated as shown in equation 4.5.

n

Vst,tot = Vst,carrier,evap,l + Vst,carrier,evap,z + E Vst,i
i=1

(4.5)

With:
Vsttot = total standard volumetric flow rate at column entrance (m3/s)
Vst carrierevap,1 = Standard volumetric flow rate of carrier gas entering the first evaporator (m3/s)
Vst,carrier,evap,1 = Standard volumetric flow rate of carrier gas entering the second evaporator
(m/s)
Vqii = standard volumetric flow rate of component i (m3/s)
n = number of mixture components

The volumetric flow rate of carrier gas could be regulated by the mass flow controllers. These mass
flow controllers had to be calibrated before use. The calibration curves for He and CO, were added in

Appendix 1. The flow rate of each mixture component could be calculated from the vapor pressure as
shown in equation 4.6.

l:)Vap,i X Vst,carrier,evap (4'6)

Vst,i =

Pcarrier

With:
Vst = standard volumetric flow rate of component i (m3/s)
Pvap,i = vapor pressure of component i in evaporator 1 or 2 (Pa)
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Vstcarrierevap = Standard volumetric flow rate of carrier gas flowing to evaporator 1 of 2 (m3/s)
Pcarrier = pressure of carrier gas flowing towards evaporator 1 or 2 (Pa)

Knowledge of the vapor pressure of each component and the carrier gas pressure thus allows for the
calculation of the standard total flow rate using equations 4.5 and 4.6 and the adsorption capacity via
equation 4.3. The vapor pressure of each mixture component could be calculated using the Wagner
equation (equation 4.1 and equation 4.2) and Raoult’s law (equation 4.7). Although the ratio of
acetone butanol and ethanol in liquid ABE fermentation broth is reported to be 3:6:1 (Branduardi et
al., 2014), simulations using AspenPlus 4.11 showed the vapor phase ratios in the headspace of the
fermenter to be 4:6:1 (Gelin, 2015) and these ratios were used in all breakthrough experiments.

PVap,i =X X Ppure,vap,i (4.7)

With:
Pvap,i = vapor pressure of component i in evaporator 1 or 2 (Pa)
xi = mole fraction in liquid phase of component i in evaporator 1 or 2 (Pa)
Poure,vap,i = Vapor pressure of pure component i at evaporator temperature (Pa)

The carrier gas pressure could be calculated from the total evaporator pressure, measured by a
pressure sensor:

= (4.8)
lDcarrier = 1:)tot,evap - z 1:)vap,i
i=1
With:
Pcarrier = pressure of the carrier gas in evaporator 1 or 2 (Pa)
Piotevap = total evaporator pressure (Pa)
Pvap, = vapor pressure of component i in evaporator 1 or 2 (Pa)

Knowledge of all these parameters allows for the calculation of the mole fraction at the inlet of the
column:

Pvap,i X (Vst,carrier,evap + Vst,i) (4-9)
Prot X Vst tot

Yijinlet =

With:

Pvap,i = vapor pressure of component i in evaporator 1 or 2 (Pa)

Vst carrier,evap = Standard volumetric flow rate of carrier gas through evaporator 1 or 2 (m3/s)
Vs, = standard volumetric flow rate of component i through evaporator 1 or 2 (m?/s)

Piot = pressure measured in evaporator 1 or 2 (Pa)

Vstiot = standard total volumetric flow rate (m?3/s)

The mole fraction at a time t could be calculated from the integration of the GC signal peaks as
shown in equation 4.10.

A(®) (4.10)

yi(®) = Ao X Viinlet

With:
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yi (t) = mole fraction of component i at the outlet of the adsorption column at time t
A (t) = peak area of component i at column outlet at time t
Apt = peak area of component i at column outlet after complete breakthrough

The dead time of the breakthrough setup was taken in to account when calculating the adsorption
capacity and was measured to be 0.24 min (Gelin, 2015). The molar amount of component i present in
the dead volume was subtracted from the total amount adsorbed. Knowing the adsorption capacity, a
selectivity comparing two components can be calculated:

=)/ (4.11)
i b

With:

g = adsorption capacity of component i or j (mol/g)
P = vapor phase partial pressure at the column inlet of component i or j (Pa)
a = selectivity

4.4.5 Calculation of butanol purity and recovery

To compare different desorption methods, single and multicolumn, the purity of a certain recovered
amount of butanol was calculated. Using equation 4.10, the area of a GC peak during desorption could
be related to the gas phase mole fraction of a component i. Integration of the desorption curve for a
component i gives rise to equation 4.12 for the purity of a component i, recovered between a point in
time t; and t-.

[ ydt (4.12)

Pi = & .

With:

pi = purity of recovered component i

t; = time at the start of collection of component i (s)
tf = time at the end of collection of component i (s)
yi = gas phase mole fraction of component i

n = number of components in desorption mixture

Equation 4.12 is further clarified in figure 4.6, showing the desorption profile of a Si-LTA column under
He. By integrating the curve for the butanol mole fraction between ts and t; and dividing this by the
sum of the areas under the desorption curve for all of the mixture components, the purity of the
fraction recovered between t; and tf can be calculated. This calculation thus gives the relative amount
of butanol present in the collected fraction. Ideally, the purity of butanol would be 1, indicating the
absence of other impurities.

Using the same method, the amount of butanol recovered between a point of time ts and tf can be
calculated by dividing the area under the desorption curve between these two points by the total area
under the butanol desorption curve (equation 4.13). This ratio gives the relative amount of butanol
present in the fraction collected between ts and t;, compared to the total amount of butanol present
in the adsorbent. Ideally, all of the butanol desorbed is recovered, leading to a recovery of 1.
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Figure 4.6: Desorption profile for Si-LTA with t; and t; shown. The ratio of the area under the desorption
curve for butanol and the sum of the areas for all of the components gives the purity of the recovered
butanol between ts and t:. Ethanol (O), water (<) and butanol (A) concentrations are shown.

I (4.13)
f0+°° YIdt

With:

I

ri = recovery of component i

ts = time at the start of collection of component i (s)
t¢ = time at the end of collection of component i (s)
yi = mole fraction of component i

In the calculation of purity and recovery in this thesis, t; was always taken to be the final measurement
time. This means that calculation of purity and recovery was performed by integrating the desorption
curve until the final measurement point. Purity and recovery were calculated in this way, because most
of the impurities desorbed at an early stage during regeneration of the columns (figure 4.6). In practice,
it could thus be interesting to start collection of the desorbed fractions at a later point of time, leading
to a purer final end product, but a lower recovery of butanol. By starting collection later on during
desorption, the purity thus increases, but recovery decreases. When calculating these two parameters
for different starting points ts, purity can be plotted as a function of recovery. In the most ideal case,
both values are 1 for every point ts chosen.

4.4.6 Single column breakthrough experiments

In a first step, adsorption and desorption breakthrough experiments were performed using only one
adsorption column in the breakthrough setup. The goal of these experiments was to examine the
capacity and selectivity of the different adsorbents in dynamic conditions in order to select the most
ideal multicolumn butanol purification setup. Further, a comparison was made between adsorption
and desorption using He and CO; as carrier gas.
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In all of the experiments, a mixture of ABE was used, containing acetone, butanol and ethanol in a
4:6:1 ratio. Thus, a model mixture containing 1.8 g ethanol, 145.7 g butanol and 2.4 g acetone was
placed in the first evaporator, which was held at a constant temperature of 30 °C, leading to a 4:6:1
vapor phase composition. Water was added to the second evaporator, which was held at 35 °C. This
led to typical vapor phase pressures of 49 Pa for ethanol, 297 Pa for butanol, 191 Pa for acetone and
4222 Pa for water. Carrier gas flow rates through the ABE evaporate were always set at 3.5 ml/min and
at 10 ml/min for the water evaporator, leading to a water content of 90% in the total feed mixture
(Gelin, 2015).

Si-CHA and Si-LTA were already studied by Gelin (2015), however little attention was given to the
desorption procedure used for these adsorbents. Different regeneration methods were evaluated for
optimal butanol recovery, the optimal conditions further used in this Masters’ thesis are presented in
table 4.5. For every column, the carrier gas flow rate was set at 10 ml/min. The temperature gradient
was each time set to 1 °C/min with a different final temperature and final time. Controlled cooling was
not possible with the column oven used. Starting and final temperatures were always 40 °C. For ZIF-8
desorption using a temperature program and isothermal desorption at 40 °C was compared. For SAPO-
34 a slower heating ratio was applied, to avoid steaming of the pores, leading to loss of selectivity. As
explained in paragraph 4.4.3, the carrier gas used during adsorption and desorption could be different.
An overview of the different adsorption and desorption experiments is given in table 4.6.

Table 4.5: Temperature program used during desorption of the different columns. On ZIF-8, desorption was also
performed isothermally at 40°C.

Column Start Start time Heating Final temperature Final time
temperature (min) gradient (°C) (min)
(°C) (°C/min)

ZIF-8 40 1 1 100 90

ZIF-8 40 0 0 40 600

Si-LTA 40 20 1 120 300

Si-CHA 40 20 1 120 300

SAPO-34 40 1 0.5 200 360

4.4.7 Multicolumn breakthrough experiments

To obtain a maximal recovery of high-purity butanol, different adsorption columns were combined in
a two column setup. In a first step an adsorption breakthrough experiment was performed using a
humid ABE model mixture, as descried in paragraph 4.4.6, until the first column was saturated.
However, during desorption of the first column, a second column was added in series to further purify
the desorbing butanol stream. After a certain amount of time, this second column was removed, to
avoid desorption of the adsorbed impurities on the second column and contamination of the incoming
butanol stream. In practice, a second column oven was added behind the first column oven in the
breakthrough setup shown in figure 4.5 to be able to hold the second column at a constant
temperature whilst the first column is desorbing under a temperature program. The principle of this
adsorption and desorption procedure is explained in figure 4.7.

During these experiments He and CO, were evaluated as carrier gas with adsorption and desorption
begin performed using the same gas as carrier. Table 4.7 summarises the different column
combinations that have been experimentally tested and the amount of time the second column was
placed behind the first during desorption of the first column. No experiments were performed
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combining ZIF-8 and Si-CHA, since the Si-CHA column was not available anymore at the time of the
experiments.

Table 4.6: Summary of adsorption and desorption experiments using different carrier gasses.

Column Carrier gas during Carrier gas during Desorption
adsorption desorption temperature
ZIF-8 He He Program
He He Isothermally
CO, CO, Program
CO; CO; Isothermally
He CO; Isothermally
Si-LTA He He Program
CO; CO, Program
He CO; Program
SAPO-34 He He Program
a)
Carrier gas flow
> Adsorbent 1 S
b)
> Adsorbent 1 5 Adsorbent2 |5

Carrier gas flow

Figure 4.7: Schematic depiction of column configurations during adsorption and desorption. a) Column
configuration during adsorption. Carrier gas leaving this column is sent to the GC for analysis. b) Configuration
during desorption of the first column. Carrier gas leaving the second column is sent to the GC for analysis. After
a certain amount of time, the second column is removed and the setup returns to the configuration shown in a).

For the first column, the same adsorption and desorption experimental conditions apply as described
in paragraph 4.4.6. Desorption on ZIF-8 was always performed isothermally at 40 °C. The second
column was always held at 40 °C in a separate oven. Except for the isothermal desorption experiments
with ZIF-8, where both columns were placed in the same column oven. The flow rate during desorption
was always set at 10 ml/min. The second column was regenerated in a separate column oven by
heating it at 1 °C/min to 90 °C, holding this temperature for 60 min, followed by heating to 250°C. This
final temperature was held for 360 min, followed by cooling to 40 °C.
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Table 4.7: Column configurations tested during desorption of the first column.

First column Second column (at 40 Carrier gas (10 Time of presence
°C) mi/min) second column
(min)
Si-LTA Si-CHA He Whole desorption
Si-LTA Si-CHA He 50
Si-LTA SAPO-34 He 50
Si-LTA SAPO-34 CO,; 50
ZIF-8 SAPO-34 He 40
ZIF-8 SAPO-34 CO; 40

4.5 Mathematical modelling

One of the goals of this Master’s thesis was to develop a mathematical model to describe the
combination of two columns in breakthrough processes, allowing the qualitative evaluation of
different multicolumn configurations. Modelling of this multicolumn system could give further insight
in the behavior of systems combining different adsorption columns and would allow to identify
interesting configurations for maximal butanol recovery and purity. The methodology concerning the
development of this model will be discussed in this section. In a first step, isotherm models were
developed to describe the adsorption behavior of the different ABE components on the different
materials. In a second step, multicomponent breakthrough simulations were graphically fitted to
experimental data to obtain model parameters to describe column adsorption and desorption. Finally,
a method was developed to combine these single column models in a multicolumn model.

4.5.1 Isotherm fitting

To develop a good model describing column breakthrough profiles, well-described adsorption
isotherms are necessary. In ABE fermentation especially, simultaneous breakthrough of four different
components needs to be described. Developing equations for multi-component adsorption is not
simple, since not only the adsorbent-adsorbate interaction, but also the adsorbate-adsorbate
interactions need to be taken into account. As a first approach, the single component isotherm data
that was available of the different adsorbents was fitted using the single component Langmuir
equation (4.14). This isotherm model is only valid for type | isotherms. Not all of the ABE components
on all of the modelled adsorbents show this behavior. However, since the ABE components are present
at low vapor pressure, this part of the isotherm could be fitted with a single component Langmuir
model.

KxP (4.14)

= X —
4= Gsat T p

With:

g = adsorbed amount (mol/kg)

gsat = maximal adsorbed amount (mol/kg)
K = Langmuir constant (Pa™)

P = pressure of adsorbate (Pa)

Important assumptions of the Langmuir model include: homogeneity of the adsorbent surface,
localized adsorption (a fixed amount of well-defined adsorption sites) and equivalence of these
individual sites (Duong, 1998). Since only single component isotherms were available, these single
component Langmuir parameters were used to describe multi component adsorption via a multiple
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component Langmuir model (equation 4.15). The assumptions made for the multi component
Langmuir model are the same as for the single component model (Duong, 1998).

0 = Quues X K; X P (4.15)
i — Ysat,i
1+XLK;xP,

With:

gi= adsorbed amount of component i (mol/kg)

gsat; = adsorbed amount at saturation of component i (mol/kg)
Ki = Langmuir constant of component i (Pa’)

P; = vapor pressure of component j (Pa’)

P; = vapor pressure of component i (Pa?)

n = amount of mixture components

For fitting of the isotherms Athena Visual Studio 4.2 was used. As an extra fitting restriction, all
parameters were defined to be positive. Isotherm fitting was performed using the least square
algorithm.

4.5.2 Single column adsorption and desorption

4.5.2.1 Model development and discretization
As a basic equation for the modelling of multicomponent breakthrough on both Si-LTA and Si-CHA a
plug flow model with axial dispersion was used (equation 4.16). This equation can be derived from the
mass balance over a finite part dx of a packed bed column (Ruthven, 1984). Axial dispersion coefficients
were estimated to be equal to the molecular diffusion coefficient in air (Lug, 1968). Column porosity
was defined as the ratio between the total empty volume in the column and the total column volume.
The superficial velocity was calculated by dividing the chosen flow rate by the column cross section.
E)Pi GZPi \% aPl 1—¢ aql (416)

— =D, ;i X — X — — X Rx T X X —
Jt LT 9x2 g7 Ox £ Pads = 5¢
With:

Pi = the vapor phase partial pressure of mixture component i (Pa)
Dax;i = axial dispersion coefficient (m?/s)

t=time (s)

x = column position (m)

v = superficial velocity of gas phase (m/s)

€ = column porosity

R = universal gas constant (J K* mol?)

T = column temperature (K)

Pads =adsorbent density (kg/m?3)

gi = adsorbed amount of component i (kg/mol)

Adsorption kinetics were described using a linear driving force model (equation 4.17). The equilibrium
adsorption capacity could be calculated from the fitted isotherm models.

8q; (4.17)

St h; X (qeq,i — 9i)
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With:

gi = adsorbed amount of component i (mol/kg)
h; = linear driving force constant (s)
Jeq,i = equilibrium adsorption capacity of component i (mol/kg)

For numerical simulation, these models were spatially discretized by dividing the column in a finite
amount of points (equation 4.18). In this way, a system of N differential equations is formed, only being
time-dependent. This because the adsorption kinetics, shown on the right side of equation 4.18 can
be related to the partial pressure at point j of the column using equation 4.16 and the multicomponent
isotherm (equation 4.15). For the first order derivative, a backward discretization method was applied,
calculating the pressure at position j starting from the pressure on the previous point in the column.
The second order derivative was calculated using a central discretization method.

IR (j) PG+ -2xPRG—-PRKRG-1 v _PRE-R(G-1) 1-c¢
#: axi X — (Axl)z ! —Exl A>l< - X R X T X pags X

94:() (4.18)
ot

With:

Pi (j) = the vapor phase partial pressure of mixture component i on position j (Pa)
Ax = spatial difference between two differentiation points (m)
qi(j) = adsorbed amount of component i on column position j (kg/mol

4.5.2.2 Column parameters, initial values and boundary conditions

The system of differential equations given by equation 4.17 was subsequently solved using the Matlab®
odel5s solver. Since equation 4.16 is a partial differential equation of the second order in the spatial
variable and of the first order in time variable, two boundary conditions and one initial value needs to
be chosen. Depending on whether an adsorption or desorption process was simulated, different initial
values and boundary conditions were used.

The boundary condition at the inlet of the column was implemented as a Neumann boundary
(equation 4.19). At the end of the column, a constant boundary condition was used: the partial
pressure at the outlet of the column was taken equal to the partial pressure on the last discretization
point inside the column.

9P (4.19)
axi X c’)_xl o =V X (P — Py )

With:

P; = partial pressure of component i at the start of the column (Pa)

v = superficial gas phase velocity (m?/s)

D, = axial dispersion coefficient of component i (m?/s)

P..i = gas phase partial pressure of component i fed to the column (Pa)
x = column position (m)

For the single column simulations, partial pressures at the inlet were taken equal to the values used in
the breakthrough experiments. This allowed fitting of the kinetic parameters and the column porosity
to the experimental data. For the different columns, the boundary conditions at the column inlet are
shown in table 4.8.

47



Table 4.8: Boundary conditions at column intel during adsorption.

Boundary condition Si-LTA (Pa) Si-CHA (Pa) SAPO-34 (Pa) ZIF-8 (Pa)
Poo acetone 193 192 189 194

P butanol 308 298 296 308

P s ethanol 50.0 49.8 49.0 50.2
Poo,water 4209 4110 4229 4209

Further, initial values had to be assigned to every discretization point. For an adsorption simulation, all
partial pressures and all adsorbed amounts inside the column were set equal to zero at the start of the
calculations. When subsequently a desorption simulation was run, the partial pressures and adsorbed
amounts present at every discretization point at the end of the adsorption step were taken as initial
values.

To obtain realistic simulation results, the porosity and linear driving force parameter were graphically
fitted to experimental breakthrough data. Modelling desorption was used using the same equations,
but a different flow rate to compare with experimental data. Column lengths were chosen to be 10 cm
for good comparison with experimental data, except for those of the Si-CHA. The length of this column
was corrected for the quartz beads present and the equivalent length was calculated to be 3.65 cm.
For multicolumn breakthrough experiments, however, a length of 10 cm was used to allow comparison
with the SAPO-34 column. The internal diameter was chosen the same as those of the experimental
columns. Flow rates of during adsorption were chosen to be 15.9 ml/min and 11.9 ml/min during
desorption. The column temperature was always 40 °C. Material densities were calculated from the
zeolites’ unit cell formula (Olson et al., 2007), those of SAPO-34 were obtained from Cousin Saint Remi
et al. (2015). For ZIF-8 data obtained from the supplier was used. Table 4.9 summarizes the used crystal
densities. An example of the Matlab® code used for numerical simulation of adsorption and desorption
on the Si-CHA column is presented in Appendix 2.

Table 4.9: Model parameters for the Si-LTA and Si-CHA column.

Material Density (x103 kg/m3)
Si-LTA 1.29
Si-CHA 1.45
SAPO-34 1.51
ZIF-8 0.35

4.5.3 Combination of different adsorption columns

As a final step, simulations were performed to compare the behavior of the combination of two
columns during adsorption of a vapor phase ABE mixture. The same equations described in paragraph
4.5.1 and 4.5.2 were used, with the same column parameters and the fitted kinetic parameters and
column porosities. In this configuration, the vapor phase mixture was send to a first adsorption column,
directly followed by a second column (see paragraph 5.3.1). This generates difficulties at the inlet
boundary of the second adsorption column: instead of a constant value, the dynamic breakthrough
profile of the first column becomes the boundary condition. To cope with this time dependency, a
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simple if test was implemented in each iteration of the ode15s solver (Appendix 3). In a first step, a
complete adsorption breakthrough of the first column was simulated. The return of such a calculation
is a time vector, containing all different calculated points in time, and the corresponding partial
pressures and adsorbed amounts. For adsorption on the second column, each iteration the time t used
by the odel5s solver was compared to the time values returned from the adsorption breakthrough
calculations of the first breakthrough. An index i was used to track the position in this time vector and
the corresponding partial pressures and adsorbed amounts of the different mixture components. As
long as the solver time t was lower than the time in the results time vector at position t’i.; the partial
pressure value corresponding to t'; was used as boundary condition. When, after several iterations, the
solver time value t exceeded the value t'i,1, the value of the index was increased with 1. In this way,
the output of the first column was implemented as an inlet boundary condition for the second column
in a step-wise way.

For calculation of the purity of a component i on the different adsorbent columns, the calculated
adsorbed amounts were used (equation 4.20). The amount of a component i adsorbed between two
discretization points in the column was estimated using the average calculated adsorbed value. By
adding all these values over the total column length, the total adsorbed amount of a component i could
be calculated. Using the molecular weights of the different adsorbed components, a purity in weight
percent was calculated, corresponding to 100% recovery of the adsorbed ethanol or butanol.

Ny Ny 4.20
dj+1 1 q;j ( )
n; = ng; = TXpXQXAxx(l—e)
j=1 j=1

With:

Ni= adsorbed amount of component i (mole)

Ni; = adsorbed amount of component i at position j of the column (mole)
Nx = number of column discretization points — 1

g; = adsorbed amount at column position j

p = adsorbent density (kg/m?3)

Q = column cross section (m?)

Ax = distance between two column discretization points (m)

€ = column porosity
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5. Results & Discussion

In this chapter, the different experimental and modelling results will be discussed. First of all, the
measured adsorption isotherms on the different materials, comparing CO, and N; as carrier gas, and
their selectivity will be discussed. Secondly, the results of the different single column breakthrough
experiments will be presented, also comparing He and CO; as carrier gas. In a third part, results of the
multicolumn breakthrough experiments will be shown. A fourth section will cover the results
concerning isotherm model development. In the following section, the obtained isotherm parameters
will be used to describe single column breakthrough profiles. The developed column models will
subsequently be used to simulate the combination of different adsorption columns. In the last section
a comparison is made between the different simulated and experimentally tested multicolumn
configurations.

5.1 Isotherms & selectivity

In this section, the measured isotherms using CO, as carrier gas will be compared to isotherm
measurements using N,. Since the Si-CHA sample was not available at the time of the isotherm
measurements, no CO; isotherm measurements could be presented for this material. However, the Si-
CHA material was characterized in detail by Gelin (2015), so its selectivity will be discussed.

51.15i-LTA

Figure 5.1 shows the experimentally determined vapor phase adsorption isotherms on Si-LTA. Clearly,
the Si-LTA adsorbent shows a low affinity for water, demonstrating its hydrophobic nature. The
isotherm has a type Il shape, with an increase in the slope of the isotherm at high vapor pressures.
This shape is typical for hydrophobic adsorbents. Due to adsorption of water on the adsorbent at low
vapor pressures, the adsorbent surface becomes more polar. In this way, its affinity for water increases
with increasing amount of water adsorbed. The butanol isotherm showed a typical type | Langmuir
behavior, with a higher adsorption capacity. Further, Si-LTA shows a high adsorption capacity for
ethanol and almost no affinity for acetone (figure 5.1, Gelin, 2015). The low uptake of acetone for the
Si-LTA material can be attributed to the higher polarity of acetone and the small pore size of Si-LTA
(4.1 Ax 4.1 A), which is smaller than the kinetic diameter of acetone (4.7 A) (Gelin, 2015). This makes
Si-LTA an interesting adsorbent for the removal of ethanol and butanol from ABE vapor phase. The
ethanol isotherm on Si-LTA also clearly shows an S-shape, as for butanol on ZIF-8 (Cousin Saint Rem et
al., 2011). In general, isotherm shape has an important influence on the breakthrough curve shape
during adsorption and desorption, as will be discussed further.

Comparing CO;, to N; as carrier gas, a lower adsorption capacity was observed at high vapor pressures
for water, ethanol and butanol. A first possible explanation for this observation lies in the fact that CO»
competitively adsorbs on the Si-LTA material. Since the gravimetric method used, measures the mass
of the adsorbed components, it cannot discriminate between adsorption of CO; and adsorption of ABE
components. Adsorption of CO; on Si-LTA was observe by Palomino et al. (2010) and confirmed by gas
phase isotherm measurement of CO; on Si-LTA (Appendix 4). Due to this competitive adsorption effect,
the adsorption capacity for the ABE components decreases at higher vapor pressures. A second
possible explanation lies in the mass of the completely desorbed sample used by the gravimetric
instrument to calculate the adsorption isotherm. After termination of the activation procedure, the
sample mass is chosen to be the reference mass of completely desorbed material. However, when fast
CO; adsorption occurs, the gravimetric device is not able to correctly determine this initial mass.
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Indeed, at the start of the adsorption experiment, fast CO, uptake could be noticed, making this
explanation plausible. However, this uptake was not sufficient to completely explain the difference
between the isotherms using CO, and N,.

For the ethanol isotherm, the adsorption capacity at low vapor pressure was higher for adsorption
under CO; than for N,. This isotherm shift to the left has important implications for separation
efficiency, since the ethanol adsorption capacity at lower vapor pressure becomes higher. In this way,
the selectivity of the material at low vapor pressures decreases. This change of the isotherm could be
caused by CO; adsorption changing hydrophobicity of the material.
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Figure 5.1: Comparison of the adsorption isotherms under CO2 and N2 on Si-LTA at 40 °C. a) Water isotherm
under N2 (<) and CO2 (#). b) butanol isotherm under N2 (A) and CO; (A). c) ethanol isotherm under N2 (O) and
CO: (@). Adsorption isotherms under N2 were obtained from Gelin (2015).
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5.1.2 ZIF-8

The different vapor phase adsorption isotherms on ZIF-8 are depicted in figure 5.2. Being a
hydrophobic material, ZIF-8 showed little to no affinity for water, as is visible in the water adsorption
isotherm. Clearly, the affinity of ZIF-8 for butanol was higher than for acetone and ethanol under N,.
Although the ZIF-8 framework is relatively rigid, the imidazolate linkers are able to tilt under higher
pressure (Moggach et al.,2009), leading to larger pore sizes and pore volumes. This flexibility might
also play a role in the adsorption of butanol, since the kinetic diameter of butanol is larger than the
size of the ZIF-8 windows (Cousin Saint Remi et al., 2011). Indeed, Jimenez et al. (2011, 2012) confirmed
that flexibility of imidazolate linkers plays a role in gas phase adsorption for smaller and larger (ethane,
propane, butane) gas molecules. However, using molecular simulations and experimental isotherm
data, Anai et al. (2012) concluded that not only flexibility of the ZIF-8 structure, but also size and
polarizability plays an important role in the gas phase adsorption mechanism of larger molecules on
ZIF-8.

The ethanol, butanol and acetone isotherms on ZIF-8 were clearly S-shaped as also observed by Cousin
Saint Remi et al. (2011) and Zhang et al. (2013b, 2013c). Zhang et al. (2013c) proposed a mechanism
for alcohol adsorption based on molecular simulations, explaining the isotherm S-shape. At first the
alcohol molecules coordinate with the imidazolate linkers of ZIF-8, leading to localized adsorption
corresponding to the slow increase of adsorption capacity at low vapor pressures (figure 5.2). At higher
vapor pressure, the ZIF cages start filling rapidly due to adsorbate-adsorbate interactions. Especially
for alcohols, this clustering effect takes places by strong hydrogen bonding (Krishna & Van Baten,
2010). Finally, saturation of the MOF is reached, corresponding to the final plateau observed in the
isotherm (figure 5.2). Especially for butanol, the isotherm S-shape has important implications for
behavior in breakthrough experiments. The effects of these peculiar isotherm shapes on breakthrough
profiles will be discussed later on.

Comparing the adsorption isotherms with CO,, N, or He as carrier gas, some interesting effects were
observed. For butanol, the adsorption capacity was again measured to be lower using CO, compared
to nitrogen. The butanol isotherm showed a clear shift to the right, indicating competitive adsorption
of CO,. The ethanol isotherm also shows this shift, but the effect is smaller compared to butanol. As
for the water isotherm on Si-LTA, the water isotherm on ZIF-8 shifts to the left, indicating an increase
in water uptake at low vapor pressures. The acetone isotherm also shows a shift to the right using CO,
as carrier gas. The affinity of ZIF-8 for CO, was confirmed by Danaci et al. (2015), who studied its
properties for CO,/CH, separations.

Vapor phase isotherm data of ZIF-8 thus confirmed its affinity for vapor phase acetone, butanol and
ethanol. Moreover, liquid phase breakthrough experiments confirmed its selectivity for butanol over
the other two ABE components (Cousin Saint Remi et al., 2011, 2012), making this an interesting
alternative for Si-LTA in vapor phase breakthrough.
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Figure 5.2: Comparison of the adsorption isotherms under COz and N2 on ZIF-8 at 40 °C and 50 °C. a) Water
isotherm under N (<) and CO; (#) at 40 °C. b) Butanol isotherm under He (A) and CO: (A) at 50 °C. c) Acetone
isotherm under N (O) and CO: (M). d) Ethanol isotherm under N2 (O) and CO: (®). Butanol isotherm data was
obtained from Cousin Saint Remi et al. (2011).

5.1.3 SAPO-34 & Si-CHA

The isotherms measured under CO; and N, for SAPO-34 are depicted in figure 5.3. Clearly, a large
adsorption capacity for ethanol and water was observed, whereas the butanol isotherm never reached
complete equilibrium. These results are consistent with those of Daems et al. (2007) and Remy et al.
(2011), who showed the SAPO-34 zeolite to selectively adsorb 1-alcohols up to ethanol. 1-alcohols with
a size larger then 1-propanol do not fit in the small chabazite cages of SAPO-34 in there stretched out
conformation and are thus unable to efficiently adsorb on this material (Daems et al., 2007). This is
further clarified in figure 5.4, visualizing the adsorption of ethanol and butanol on a chabazite zeolite.
Ethanol is able to adsorb perpendicular to the cage axis, making efficient stacking in the pores possible,
butanol however is too large to adsorb in this way and is thus packed less efficiently in the zeolite cages
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(Daems et al., 2007). However, molecular simulations of Krishna & Van Baten (2011) showed chabazite
zeolites to selectively adsorb alcohols up to 1-hexanol. The difference between theoretical and
simulation results can be explained by the small window size of SAPO-34, which does not allow for
efficient diffusion of these longer alcohols into the zeolite cages (Cousin Saint Remi et al., 2013). ). Our
own isotherm measurements showed that the adsorption equilibrium for butanol was not even
reached after 9 hours. The selectivity of SAPO-34 for alcohols smaller than 1-propanol thus does not
only lies in a more efficient adsorption mechanism, but also in faster diffusion kinetics. SAPO-34 is thus
an interesting material for water and ethanol removal from vapor phase ABE mixtures (Cousin Saint
Remi et al., 2012 The all-silica chabazite used in this thesis, shows the same basic selective behavior
for ethanol, although its affinity for water is considerably lower than that of the polar SAPO-34 (Gelin,
2015). The ABE isotherms measured on Si-CHA by Gelin (2015) are available in Appendix 4.

Comparison of the isotherms using CO; as carrier gas shows large differences with N, for ethanol
adsorption and water adsorption. This difference can be explained by the affinity of CO, for the SAPO-
34 zeolite. For instance, Kim et al. (2015b), showed that the weak acid sites of H-SAPO-34 play an
important role in the adsorption mechanism of CO,. They showed the CO, adsorption capacity in
ranges close to atmospheric pressure to be higher (3.0 mmol/g) than zeolites with other topologies,
such as ZSM-5 (1.3 mmol/g) and zeolite Y (2.7 mmol/g). Due to CO, adsorption, the water and ethanol
isotherm shifts to the left, decreasing selectivity for ethanol at lower vapor pressures. The effect of
CO, uptake at the start of the gravimetric analysis was taken into account for the isotherm calculations
on SAPO-34. For ZIF-8 and Si-LTA, this uptake was too low to completely explain the changes in
isotherm behavior.
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Figure 5.3 a) Water isotherm on SAPO-34 at 40 °C with CO: (®) and He (<) as carrier gas. b) Isotherm data of
ethanol on SAPO-34 at 40 °C with CO2 (@) and He (O) as carrier gas.

The higher adsorption capacity of SAPO-34 compared to Si-CHA for water has important implications
for their combination with other adsorption columns, as will be discussed further. The adsorption
capacities measured in this thesis for SAPO-34 lie in the same range as those of Henninger et al. (2010).
Water adsorption on the hydrophobic Si-CHA zeolite can be explained by the formation of hydrophilic
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silanol groups in the zeolite framework, causing an increase in polarity and facilitating further water
adsorption (Trzpit et al., 2008).

Butanol

Ethanol

Figure 5.4: Comparison of ethanol and butanol adsorption on a chabazite type zeolite. Ethanol is able to adsorb
perpendicular to the cage axis, whereas butanol hardly fits in one zeolite cage. Adapted from: (Daems et al.,
2007).

Due to the small window size (3.8 A), acetone (kinetic diameter 4.7A) adsorption capacity on Si-CHA
and SAPO-34 is small (Cosseron et al., 2013; Gelin, 2015). Interestingly, the adsorption capacity of
acetone of Si-CHA material increases with temperature (starting from 75 °C), due to opening of the
chabazite windows (Cosseron et al., 2013). No acetone isotherms were measured on the SAPO-34
material, but breakthrough data of this component confirmed the same low adsorption capacity for
acetone as for Si-CHA.

5.2 Single column breakthrough experiments

Isotherm measurements thus showed that each of the four presented materials have their own
selectivity for the different ABE mixture components. The hydrophobic zeolite Si-LTA and the
hydrophobic MOF ZIF-8 showed promising butanol adsorption properties. The Si-LTA material,
however, had a high saturation capacity for ethanol, whilst ZIF-8 showed to have some adsorption
capacity for both ethanol and acetone. On the other hand, the hydrophobic zeolite Si-CHA shows a
high capacity for ethanol and a smaller affinity for water and is thus a possible candidate for ethanol
removal from the ABE mixture (Gelin, 2015). The hydrophilic SAPO-34 zeolite shows a similar affinity
for ethanol, but has a higher water adsorption capacity than Si-CHA. To fully understand the behavior
of these materials in dynamic conditions and to identify the relative importance of possible co-
adsorption of different ABE mixture components, breakthrough experiments were performed on
columns containing these materials, using a vapor phase model ABE mixture. Also, a comparison is
made between the use of He and CO, as carrier gas, since large amounts of CO, are produced during
clostridial ABE fermentation.

5.2.1 Si-LTA column

5.2.1.1 Adsorption

Breakthrough experiments using an ABE model mixture were performed as described in the Materials
& Methods section. A typical breakthrough profile is depicted in figure 5.5. As expected from the
isotherm data, acetone and water showed almost immediate breakthrough. The Si-LTA column clearly
showed affinity for ethanol and butanol. However, competitive adsorption between butanol and
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ethanol occurred, leading to roll-up of the ethanol breakthrough curve. The selectivity of Si-LTA was
thus clearly bigger for ethanol than for butanol, most of the adsorbed ethanol was pushed out by the
adsorbing butanol molecules (table 5.1, figure 5.7). However, as was shown by Gelin (2015), this effect
is especially important for low ethanol vapor pressures. The ethanol vapor pressure at the inlet of the
column was calculated to be around 50 Pa, whilst the butanol vapor pressure was around 300 Pa,
leading to a larger driving force for butanol adsorption, as can be observed from the adsorption
isotherms (figure 5.1). The measured adsorption capacity in breakthrough was shown in figure 5.7,
highlighting the high butanol adsorption capacity and showing that traces of ethanol and acetone are
adsorbed as well. The major contaminant co-adsorbing is water, however. Especially for the
components with a high concentration, oscillatory behavior of the concentrations was observed after
breakthrough. However, these oscillations were a property of the measurement system, as was
verified by performing a breakthrough experiment with an empty column (Appendix 5).
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Figure 5.5: Breakthrough profile using He as carrier gas for the Si LTA column at 40 °C. The mole fractions at the
column outlet, normalized by their values at breakthrough, are plotted as a function of time for acetone (O),
butanol (A), ethanol (O) and water (<). Roll-up could clearly be observed on the ethanol breakthrough profile.
Vapor phase partial pressures at the column inlet were 49 Pa for ethanol, 295 Pa for butanol, 190 Pa for acetone
and 4230 Pa for water.

Comparing He and CO; as carrier gas, a faster breakthrough time and thus lower adsorption capacity
and selectivity was observed for ethanol and butanol (table 5.1, figure 5.6, figure 5.7). This can be
explained by the CO; adsorption capacity of the Si-LTA material (Appendix 4; Palomino et al., 2010))
and confirms the results of the isotherm measurements (figure 5.1). The lower butanol adsorption
capacity was also reflected in a lower selectivity for butanol (table 5.1). Especially for water, the
adsorption capacity stayed the same using CO,, whilst that of butanol decreased (figure 5.7). This also
confirms the effect of CO, on the hydrophobicity of the Si-LTA material (paragraph 5.1.1). Interestingly,
an effect on butanol adsorption kinetics could also be observed, with a more spread out butanol
adsorption profile for adsorption under CO; (figure 5.6). Adsorption under CO; thus shows slightly
worse performance than using He as carrier gas. This kinetic effect can be explained by the preferential
adsorption of CO; in the window opening. Molecular simulations have shown that this adsorption
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hindered the gas phase diffusion of methane and nitrogen gas into the pores of LTA and CHA zeolites
(Krishna & Van Baten, 2008). This effect could also play a role in the vapor phase adsorption of alcohols
using CO; as carrier gas, hindering the diffusion of these components into the zeolite structure.
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Figure 5.6: Comparison between ethanol and butanol breakthrough profiles under He and CO; at 40 °C. A clear
shift in breakthrough time was observed for ethanol and butanol using He (O, A) and CO: (®, A). Mole fractions
at the end of the column, normalized by their breakthrough value, were plotted as a function of time. Vapor
phase partial pressures at the column inlet were 49 Pa for ethanol, 295 Pa for butanol, 190 Pa for acetone and
4230 Pa for water.
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Figure 5.7: Comparison of the adsorption capacities of the different vapor phase ABE components using CO2
(blank bars) and He (shaded bars) as carrier gas for breakthrough experiments at 40 °C on the Si-LTA column.
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Single component isotherm capacity values under N2 (black bars) and CO: (dotted bars) are also shown. Error on
breakthrough adsorption capacity calculations was estimated using the standard deviation on the calculated
values (shown on graph). a) Adsorption capacities of acetone, ethanol and water. b) Adsorption capacity of
butanol.

Table 5.1: Comparison of the selectivity of the Si-LTA column in dynamic conditions using He and CO: as carrier
gas.

Selectivity Adsorption using He Adsorption using CO,
Butanol/ethanol 17 6
Butanol/acetone 192 103
Butanol/water 58 17

5.2.1.2 Desorption

The desorption profile using He as carrier gas is depicted in figure 5.8. As could be expected from the
calculated adsorption capacities and the breakthrough profiles (table 5.1, figure 5.5), a significant
amount of water and ethanol was desorbed during the initial stage of the desorption procedure.
Further, only a trace amount of acetone was observed during the whole desorption measurement. The
butanol desorption profile shows long tailing, which is typical behavior for components with a type |
Langmuir isotherm (Helfferich et al., 1993). The influence of isotherm shape on breakthrough profiles
during adsorption and desorption will be further discussed in paragraph 5.2, but the long tailing during
desorption is clearly not beneficial for efficient butanol recovery. This because this tailing effect leads
to small butanol concentrations desorbing from the column for a long time, leading to an increase in
recovery cost, since the Si-LTA column needs to be heated during the whole duration of the desorption
procedure. Further, a larger amount of carrier gas is consumed due to this longer desorption time.

H
o
Mole fraction water x 103

Mole fraction ABE x 103

©
u

0 50 100 150 200, 2?0 . .300 350 400 450
Time (min)

Figure 5.8: Desorption profile of the Si LTA column using He as carrier gas. The mole fraction at the outlet of the
column of ethanol (O) and butanol (A) are shown on the left axis, whereas water mole fractions are presented
on the right axis (<). Acetone mole fractions are not shown, since only a trace amount of acetone was observed
during desorption.
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The desorption profile using CO; as carrier gas during adsorption and desorption of the Si-LTA column
was added in Appendix 5. Essentially the same desorption profile was observed as for desorption using
He as carrier gas, indicating the viability of the use of CO; as desorption carrier gas. The absolute
butanol concentration was of course lower than for desorption using He, since the butanol and ethanol
adsorption capacities were also lower using CO; as carrier gas (figure 5.7).

Interestingly, when using CO, as a desorbing agent, an increase in butanol concentration during the
early stages of desorption was observed compared to experiments were He was used as carrier gas in
both adsorption and desorption (figure 5.8). This increase in butanol concentration could be attributed
to the adsorption of CO;, pushing out the adsorbed butanol, since adsorption was performed using He
as carrier gas. However, the same larger initial butanol concentration was observed after adsorption
using CO; as carrier gas(Appendix 5, figure A5.2), hinting on a fundamental effect of CO, on the
desorption behavior of butanol. Due to the increase in butanol concentration at the start of the
desorption process, a corresponding decrease in butanol concentration is observed later on. This
increase in butanol concentration in the early stages of desorption could lead to extra loss of butanol
during recovery, because of the fact that most impurities desorb in the same time frame. Thus, if only
the butanol fraction desorbing after the impurities is recovered, a higher amount of butanol is lost.

Further, temperature elevation during desorption is clearly necessary for efficient desorption of the
Si-LTA column. A simultaneous plot of the temperature profile and the butanol desorption profile
clearly shows a drop in butanol concentration at the column outlet corresponding to the end of the
desorption temperature program (figure 5.9).
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Figure 5.9: Comparison of the butanol desorption profile using He (A) and CO2 (A) during desorption. In both
cases, adsorption of the column was performed using He as carrier gas. The temperature profile was included on
the graph (green line).
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5.2.2 ZIF-8 column

5.2.2.1 Adsorption

The breakthrough profile of a vapor phase ABE model mixture during adsorption on the ZIF-8 column
is shown in figure 5.10. As could be predicted from the adsorption isotherms, ZIF-8 clearly showed the
highest affinity for butanol of all four mixture components. The hydrophobicity of ZIF-8 caused almost
immediate breakthrough of water, whereas a small amount of acetone and ethanol were adsorbed as
well. These results lie in line with the results of Cousin Saint Remi et al. (2013), who performed liquid
phase breakthrough experiments on ZIF-8.

Intriguingly, the butanol breakthrough profile did not show the standard S-shape as for the
breakthrough profiles on Si-LTA. The reason for this lies in the in the butanol isotherm shape on ZIF-8,
which does not show the standard type | shape, but itself has an S-shape (figure 5.2; Cousin Saint Remi
et al., 2011, Zhang et al., 2013b). In fact, the velocity at which the concentration profile of a certain
adsorbate i (also called chromatographic wave) propagates through a packed adsorbent column is
dependent of the slope of the isotherm. This dependency is given by equation 5.1 (Ruthven, 1984;
Helfferich & Carr, 1993), which is valid under ideal circumstances, meaning: equilibrium between
stationary and mobile phase, ideal plug flow, no axial dispersion, axial uniform volumetric flow rate
and isobaric and isothermal behavior:

v
Vci = W (51)
1+ )
G
With:

Ve = velocity at witch a concentration ¢; of solute i propagates through the column (m/s)
v = bulk gas phase velocity (m/s)

p = sorbent bulk density (kg/m?3)

€ = porosity

g = adsorption capacity (kg/kg)

¢ = concentration of component i (kg/m?3)

d . .
d—z = slope of the isotherm at concentration ¢; (m* / kg)
Ci

Consequently, even under ideal conditions, the shape of a concentration step applied at an adsorbent
column inlet can change when moving through the adsorbent column. In the simple case of a linear
isotherm, the isotherm slope is a constant for all solute concentrations in the mobile phase. According
to equation 5.1, the velocity at which a concentration c; propagates in the breakthrough profile is thus
the same for all concentrations. The broadening of the concentration profile is in this case only caused
by kinetic effects: axial dispersion, deviations from plug flow and mass transfer limitations. In this case,
wave broadness increases with the square root of distance or time (Helfferich & Carr, 1993).

However, when isotherms are not linear, the situation becomes more complex. For instance, consider
a type | isotherm during adsorption, such as the butanol isotherm on Si-LTA (figure 5.1). During an
adsorption process, the wave travelling through the adsorption column consist of a step with an
increase in concentration, meaning that the lowest mixture concentrations move first through the
column, followed by higher concentrations. Looking at the relation between isotherm slope and
concentration velocity (equation 5.1), it’s clear that for steeper isotherm slopes, the concentration
velocity is lower. Since for a Langmuir isotherm, the isotherm slope is bigger at lower adsorbate
concentrations, the low concentrations of the breakthrough wave move at a lower velocity than the
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high concentrations. However, this would mean that the higher concentrations of an adsorbate would
break through first, followed by the lower concentrations. Such a breakthrough would be physically
impossible.
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Figure 5.10: Breakthrough profile of the ZIF-8 column at 40 °C using He as carrier gas. The mole fractions at the
column outlet are plotted as a function of time for acetone (O), butanol (A), ethanol (O) and water (<). For
butanol, a slow increase in concentration was observed, followed by sharp breakthrough, as could be expected
from the S-shaped isotherm. Vapor phase partial pressures at the column inlet were 50 Pa for ethanol, 305 Pa
for butanol, 196 Pa for acetone and 4185Pa for water.

In ideal conditions, this velocity difference gives rise to a shock wave: a perfect concentration step that
travels at a velocity given by equation 5.2 (Helfferich & Carr, 1993). The velocity at which the shock
wave propagates is thus not dependent of the isotherm slope, but of the slope of the chord connecting
the two extreme concentrations of the concentration step. For butanol on Si-LTA during adsorption,
these two concentrations correspond to zero partial pressure and the partial pressure at the column
inlet, as is shown in figure 5.11. In reality, the concentration profile is not a perfect step, but has an S-
shape due to broadening of the profile due to axial dispersion, deviation from plug flow or mass
transfer limitations (figure 5.11). Such a wave is called a self-sharpening wave. In the case of butanol
on Si-LTA, mass transfer limitations in diffusion of butanol into the zeolite pores, further leads to an
asymmetric breakthrough curve (figure 5.5; Helfferich & Carr, 1993).

v (5.2)

Vshock = A
1+ %
With:

Vshock = Propagation velocity of shock (m/s)

g = difference in adsorption capacity corresponding to the difference in adsorbate
concentration (kg/kg)

Ac = difference in adsorbate concentration over shock (kg/m?3)

During isothermal desorption of a component with a type | isotherm, a reverse phenomenon takes
place. The concentration step at the column inlet is now inversed: initially, the column is completely
saturated with adsorbate and is flushed with a carrier gas containing no adsorbing molecules.
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Therefore, the concentration wave broadens whilst traveling through the column (figure 5.11). This
because higher adsorbate concentrations have a higher propagation velocity than the lower
concentrations in the wave (equation 5.1, figure 5.11). This effect is clearly visible for desorption of
butanol on the Si-LTA column, after a certain amount of time, when the temperature reached its
highest value, a very broad desorption profile was observed (figure 5.8, figure 5.9). The broadness of
such a wave increases linearly with time or distance travelled (Helfferich & Carr, 1993).
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Figure 5.11: Theoretical breakthrough profiles predicted from a type | isotherm. a) Butanol isotherm on Si-LTA
at 40 °C, with chord connecting inlet and outlet partial pressure. The slope of this chord is related to the
propagation velocity of the shock wave via equation 5.2. b) theoretical butanol shock wave propagating through
the Si-LTA column during adsorption. Arrows depict the velocity of the different concentrations in the wave as
described by equation 5.1. c) Broadening wave during butanol desorption of the Si-LTA column propagating
through the column. Arrows depict the velocity of the different concentrations in the wave as described by
equation 5.1.

Such a broadening wave is also observed during adsorption of components showing type Il isotherm
behavior and is also called non-sharpening (Helfferich & Carr, 1993). Type lll isotherms have the
opposite shape of a type | isotherm and show an increase in isotherm slope with increasing
concentration (Ruthven, 1984). Thus their behavior during adsorption and desorption is exactly
opposite of that of a type | isotherm: a broad, non-sharpening wave is observed during adsorption and
a self-sharpening wave during desorption. An isotherm showing type | behavior is therefore called a
favorable isotherm, whereas an isotherm showing type Ill behavior is called an unfavorable isotherm
(Ruthven, 1984). For clarity, the shape classification of isotherms is shown in Appendix 10.

Isotherms containing an inflection point, such as the S-shaped isotherms of ZIF-8, thus show a behavior
that is a combination of a type Ill and a type | isotherm. Golden (1969) described a simple rule to
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understand the breakthrough behavior of components with these types of complex isotherms. One
could take a small piece of string and put it on the isotherm point corresponding to the initial conditions
of the adsorption column. This corresponds to a bulk concentration of zero and an adsorption capacity
of zero in the case of an adsorption breakthrough experiment as performed in this thesis. Then, the
other side of the piece of string is moved counter clockwise to the point corresponding to equilibrium
with the inlet conditions. All the points were the isotherm touches the piece of string, correspond to
concentrations at which a dispersive, non-sharpening wave is observed. The points at which the
isotherm does not touch the string, correspond to self-sharpening behavior. Applying this rule to a
simple type | isotherm also holds true, with the piece of string corresponding to the chord drawn in
figure 5.11.

Applying this rule to the butanol breakthrough profile observed on ZIF-8 (figure 5.10), explains the
butanol breakthrough behavior. As is clarified in figure 5.12, the butanol breakthrough profile consists
of two zones: a first zone where clearly a very broad breakthrough profile was observed and a second
zone with a sharp breakthrough profile. Applying Goldens’ string rule to the ZIF-8 isotherm also shown
in figure 5.12, these two zones correspond to the two zones where the piece of string touches and
does not touch the isotherm. The partial pressure of the transition between the two zones on the
isotherm corresponds well with the point where the second zone starts in the breakthrough profile. A
slight difference could be caused by kinetic effects, who should also be taken into account (Helfferich
& Carr, 1993). A similar breakthrough profile could be expected for ethanol on ZIF-8 or ethanol on Si-
LTA, since these isotherms also have an S-shape (figure 5.1 and figure 5.2, respectively). The vapor
phase partial pressure of ethanol (50 Pa) at the inlet, however, was too low to create an effect on the
breakthrough profile. In this partial pressure range, the ethanol isotherms are more or less linear.
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Figure 5.12: Application of Goldens’ string rule to the ZIF-8 single component isotherm. a) Breakthrough profile
of butanol on ZIF-8 with non-sharpening zone (1) and self-sharpening zone (2). These two zones correspond to
two distinct zones in the ZIF-8 isotherm as shown in figure b). The partial pressures at which the transition
between the two zones is observed was also marked. These partial pressures seem to match very well, although
competitive adsorption and kinetic effects are not taken into account.
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Comparing the adsorption capacity under dynamic conditions for Si-LTA and ZIF-8, ZIF-8 had a butanol
adsorption capacity more than twice of that of Si-LTA (figure 5.13). Comparing the amount of adsorbed
contaminants between the two materials, it’s clear that ZIF-8 column adsorbed less water, but had a
higher adsorption capacity for acetone.

When comparing CO; and He as carrier gas on the ZIF-8 material, some interesting phenomena were
observed. First of all, the adsorption capacity for butanol was lower when CO; was used as carrier gas
than when He was the carrier gas (figure 5.7 and figure 5.13). This could be expected, knowing that
ZIF-8 shows some affinity for CO, (Danaci et al., 2015). Secondly, for the ethanol, and especially the
acetone breakthrough profiles, a large amount of tailing was observed (figure 5.12, Appendix 5). This
tailing effect could be caused by a change in isotherm shape. However, for ethanol, the isotherm using
CO; as carrier gas still has the same S-shape (figure 5.2). A second possible explanation could lie in a
kinetic effect: the adsorbed CO; has to leave the pores of the MOF whilst simultaneously the adsorbing
ethanol and acetone should enter those same pores, leading to slower diffusion of the ABE mixture
components into the adsorbent.
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Figure 5.13: Comparison of the adsorption capacities of the different vapor phase ABE components using CO2
(blank bars) and He (shaded bars) as carrier gas for breakthrough experiments at 40 °C on the Si-LTA column.
Single component isotherm capacity values under N2 (black bars) and CO: (dotted bars) are also shown. Error on
breakthrough adsorption capacity calculations was estimated using the standard deviation (shown on graph). a)
Adsorption capacities of acetone, ethanol and water. b) Adsorption capacity of butanol.

For butanol, the slow increasing concentration front observed during adsorption was even larger under
CO; (figure 5.14) and a clear shift in retention time was also observed. However, this retention time
shift did not lead to a larger adsorption capacity (figure 5.7, figure 5.13), due to the fact that the
pressure drop over the ZIF-8 column increased, leading to a decrease in mole fraction of the different
components and a corresponding decrease in adsorption capacity (equation 4.3). Thirdly, the ethanol
adsorption capacity on ZIF-8 using CO, as carrier gas is lower than using He as carrier gas. The cause
for this lies in the ethanol and butanol isotherm shift (paragraph 5.1.2). Whilst the butanol isotherm
shifts to the right, the ethanol isotherms showed a slight shift to the left (figure 5.2). This was also
reflected in the selectivity of the column for butanol (table 5.2). The butanol selectivity compared to
ethanol is higher with He then with CO,. The combination of the two shifts in the isotherms led to an
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increase in ethanol adsorption under CO; in breakthrough adsorption. Selectivity for butanol compared
to water and acetone increased using CO; as carrier gas during adsorption, since the decrease in
adsorption capacity of butanol was proportionally lower than that of water and acetone (figure 5.13,
table 5.2). A complete adsorption profile using CO; as carrier gas was added as appendix (Appendix 5).

Table 5.2: Comparison of the selectivity of the ZIF-8 column for butanol in dynamic conditions using
He and CO; as carrier gas.

Selectivity Adsorption using He Adsorption using CO,
Butanol/ethanol 39 8
Butanol/acetone 5 168
Butanol/water 220 346

Thus as an overall conclusion, the adsorption breakthrough experiments on the ZIF-8 column
confirmed its selectivity for butanol, though some minor amounts of acetone, butanol and ethanol
were adsorbed as well. The ZIF-8 capacity for butanol was higher than that of the Si-LTA column. Due
to the S-shaped isotherm of butanol, fronting of this breakthrough profile was observed, leading to
worse separation performance during adsorption. Comparison of He and CO; as carrier gas showed
the adsorption capacity of butanol to be lower using CO; as a carrier gas.
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Figure 5.14: Comparison of adsorption breakthrough profiles on ZIF-8 for acetone and butanol using He (O, A)
and CO: (M, A) as carrier gas. Mole fractions normalized to their breakthrough values are plotted as a function
of time. Tailing of the acetone breakthrough profile could be clearly observed, as well as increased fronting of
the butanol breakthrough profile. Vapor phase partial pressures at the column inlet were 49 Pa for ethanol, 295
Pa for butanol, 190 Pa for acetone and 4230 Pa for water.

5.2.2.2 Desorption

For the desorption of the ZIF-8 column, different conditions were tested and compared. First of all,
desorption using a temperature gradient was compared with isothermal desorption. Secondly, the
influence of the carrier gas on desorption was examined, comparing He and CO..
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Results of the desorption experiment using a temperature gradient of 1 °C/min from 40 °C to 100 °C,
followed by isothermal desorption at 100 °C for 90 min are shown in figure 5.15. As could be expected
from the adsorption breakthrough data, a certain amount of acetone, ethanol and water desorbed
from the ZIF-8 column. Interestingly, a sudden sharp decrease in butanol concentration at the column
outlet was observed. Again, this can be explained by the S-shaped butanol isotherm, as will be
discussed further. Further, all of the adsorbed butanol desorbed before the regeneration temperature
of 100 °C was reached, making the desorption more energy efficient, compared to Si-LTA (figure 5.14).
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Figure 5.15: Desorption breakthrough profile for the ZIF-8 column using a temperature gradient and He as carrier
gas. Acetone (1), butanol (A), ethanol (O) and water (<) mole fractions were plotted as a function of time.

Indeed, due to the high reversibility of the adsorption equilibrium, even isothermal desorption at 40
°C was feasible within an acceptable time-frame for the ZIF-8 column (figure 5.16). This contrary to the
Si-LTA column, where higher temperatures were absolute necessary for efficient desorption (figure
5.9). Off course, desorption at lower temperatures, leads to lower concentrations at the column outlet.
These results are confirmed by Cousin Saint Remi et al. (2012), who performed breakthrough
experiments in liquid phase and showed a temperature of 90 °C to be sufficient for complete butanol
desorption. A trade-off thus needs to be made between higher temperature desorption, which leads
to faster desorption times and higher concentrations, and desorption at lower temperatures, which is
more energy efficient. For this reason, desorption experiments on ZIF-8 during the multicolumn
experiments were performed isothermally. A full isothermal desorption profile was added in appendix
(appendix 5).
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Figure 5.16: Comparison between the butanol desorption profile using a temperature gradient (A) and
isothermal desorption (A). At 80 °C, most of the adsorbed butanol was completely desorbed. The temperature
profile used during gradient desorption is shown in green.
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Figure 5.17: Application of Goldens’ string rule during isothermal butanol desorption on ZIF-8. a) Butanol
desorption profile at 40 °C. b) Butanol isotherm at 40 °C using N2. Two distinct zones are visible in the isotherm
and in the breakthrough profile, leading to self-sharpening and non-sharpening behavior.

To investigate the effect of CO, during desorption, an adsorption experiment was performed using He
as carrier gas, followed by desorption under CO.. Figure 5.18 compares the butanol desorption curve
using He as carrier gas and using CO; as carrier gas during desorption. The adsorption of CO, on ZIF-8
caused a push-out of the adsorbed components, especially butanol. This reduced the time necessary
for the desorption experiment drastically. The use of a different carrier gas for adsorption and
desorption thus might seem interesting, however, different conclusions can be drawn looking at
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butanol purity and recovery calculations. For the isothermal desorption under He, if one would like to
recover 100% pure butanol, 92% of the adsorbed butanol can be recovered. However, for desorption
under CO,, only 90% of the adsorbed butanol can be recovered at 100% purity. The cause of this effect
lies in the fact that not only butanol is pushed out at higher concentrations, but also the other
contaminants. This increased the total amount of butanol contaminated in the early stages of the
desorption experiments. The desorption profile using CO, as carrier gas during adsorption and
desorption showed the same general shape as the He desorption profile, making CO; thus a viable
carrier gas for butanol recovery. This isothermal desorption profile was added in appendix (Appendix
5).
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Figure 5.18: Comparison of butanol desorption on ZIF-8 at 40 °C using He (A) and CO: (A) as carrier gas. The
column was first completely saturated under He.

5.2.3 SAP0O-34 & Si-CHA columns

5.2.3.1 Adsorption

So far, the multicomponent breakthrough behavior of ZIF-8 and Si-LTA have been discussed. Both of
these hydrophobic materials show a high selectivity for butanol. However, as could be assumed from
the isotherm measurements (figure 5.3), the hydrophilic SAPO-34 material should show a higher
affinity for ethanol and water. For this material, breakthrough experiments using a model vapor phase
ABE mixture were performed, also evaluating He and CO; as carrier gas. The breakthrough profile
under He, presented in figure 5.19, confirmed the selectivity of the SAPO-34 material for ethanol and
water.

As was discussed earlier, the Si-CHA shows the same selectivity for ethanol, though it adsorbs less
water than the polar SAPO-34 zeolite. Figure 5.20 compares the adsorption capacities of SAPO-34 and
Si-CHA under dynamic conditions. Clearly, the SAPO-34 column had a lower ethanol adsorption
capacity, due to the higher amount of water adsorbed compared to Si-CHA. The butanol capacity of Si-
CHA was measured by Gelin (2015) to be higher than that of SAPO-34, which can be explained by the
hydrophobicity of Si-CHA. Although the window size of chabazite zeolites is too small for fast butanol
adsorption (Remy et al., 2011), a certain affinity of Si-CHA for butanol is predicted via molecular
simulations (Krishna & Van Baten, 2011). Because of this small amount of butanol adsorption on Si-
CHA, the ethanol/butanol selectivity is lower on this material (table 5.3).
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Figure 5.19: Adsorption breakthrough profile of SAPO-34 at 40 °C using He as carrier gas. Acetone and butanol
showed almost no affinity for the SAPO-34 column, whilst ethanol and water were adsorbed in larger amounts.
Mole fractions of acetone (1), butanol (A), ethanol (O) and water (<) at the column outlet were plotted as
function of time. Vapor phase partial pressures at the column inlet were 49 Pa for ethanol, 295 Pa for butanol,
196 Pa for acetone and 4185Pa for water.
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Figure 5.20: Comparison between the dynamic adsorption capacities of SAPO-34 (blank bars) and Si-CHA (shaded
bars; Gelin, 2015) using a model ABE mixture and an adsorption temperature of 40 °C. Since no water
breakthrough profile was available, the data of an ethanol-butanol-water vapor mixture with the same partial
pressures was used. The Nz isotherm adsorption capacity on SAPO-34 was added as a comparison (black bars).

Remarkably, during adsorption using CO; as carrier gas, the SAPO-34 sample showed catalytic activity.
On the GC chromatograms, a second peak, with a retention time close to that of ethanol was observed.
Catalytic activity of the SAPO-34 sample could be expected, since this zeolite is commonly used in the
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methanol-to-olefin (MTO) process (Lefevre et al., 2013; Galadima & Muraza, 2015). SAPO-34 was also
investigated as possible catalyst for bio-ethanol conversion to ethylene (Chen et al., 2010). Thus
conversion of ethanol to other products could be expected during the performed experiments. Indeed,
the signal intensities measured for ethanol at breakthrough were much lower than measured for a
blanc measurement. However, catalytic activity at 40 °C is quite remarkable, since these conversion
processes usually take place at much higher temperatures. Temperatures for bio-ethanol conversion,
for instance, lie in the range of 200 °C-400 °C (Chen et al., 2010). A possible explanation for the catalytic
activity of SAPO-34 using CO; as carrier could lie in the simultaneous presence of CO; and H,0 in feed
mixture, leading to a change in acidity of the environment in the zeolite pores. The acidic sites of the
SAPO-34 zeolite that play an important role in the ethanol conversion mechanism to ethylene and
propylene, for instance (Chen et al., 2010). However, this catalytic activity could also be caused by
acetone, since SAPO-34 is also reported as catalyst for the acetone-to-olefin process (Hirota et al.,
2012). An experimental chromatogram showing the extra peak was added in appendix (Appendix 6).

Table 5.3: Comparison of the selectivity of the SAPO-34 and Si-CHA column (Gelin, 2015) in vapor phase ABE
breakthrough at 40 °C using He as carrier gas.

Selectivity SAPO-34 Si-CHA
Ethanol/butanol 55 10
Ethanol/water 0.8 3.0

5.2.3.2 Desorption

Following the adsorption experiments, measurements of desorption breakthrough profiles occurred.
Desorption on the SAPO-34 zeolite was performed using the temperature program described in the
materials & methods section. As could be expected from the known catalytic activity of the SAPO-34
zeolite, during the temperature increase, an extra component was observed on the GC
chromatograms. However, this component had a different retention time than the one observed
during adsorption using CO, as carrier gas. Because this catalytic activity poses difficulties for the
correct calculation of the component mole fractions, the signal intensities normalized to their
breakthrough values were plotted as function of time (figure 5.21).

SAPO-34 thus shows promising properties for the removal of ethanol from vapor phase ABE mixtures.
A possible showstopper might be the catalytic activity observed using CO, and during the desorption
of the material at higher temperature. Si-CHA was already described in detail by Gelin (2015) and
shows the same selectivity for ethanol, but has a lower adsorption capacity for water.

5.3 Multicolumn breakthrough experiments

5.3.1 Introduction

Characterization of the four adsorbents used in this thesis via isotherm measurements and
breakthrough experiments clarified their selectivity for the different ABE mixtures. The hydrophobic
zeolite Si-LTA shows a high butanol adsorption capacity, with minor amounts of ethanol and water also
adsorbing on the zeolite framework (figure 5.7). This makes the Si-LTA material an interesting
candidate for the removal of butanol from the ABE vapor phase mixture. A second candidate for
butanol removal was also identified, being the hydrophobic MOF ZIF-8 (figure 5.13). Important
contaminants co-adsorbing on this material were acetone, ethanol and water. Two chabazite-
structured zeolites were also evaluated. The polar SAPO-34 material was shown to selectively remove

70



ethanol and water from the vapor phase ABE mixture (figure 5.19). The Si-CHA material studied by
Gelin (2015) showed the same selectivity for water and ethanol. However, due to the hydrophobicity
of this material, it showed a higher ethanol adsorption capacity (figure 5.20).
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Figure 5.21: Signal intensities normalized to their breakthrough value plotted as a function of time. CO, was used
as carrier gas and the values for ethanol (@), water (®) and the second catalytic component () are shown. The
temperature profile used during desorption is represented by the green line.

The goal of this Master’s thesis was to identify a combination of adsorption columns leading to a
purified butanol stream. Different combinations of these columns can be imagined, they can even be
combined during adsorption and desorption, giving rise to a large amount of operational and
configurational possibilities. Bearing in mind the selectivity of each column, these combinations could
result in a higher or purer butanol yield, compared to a single-column setup. Since the SAPO-34/Si-
CHA and the ZIF-8/Si-LTA materials showed affinity for ethanol and butanol respectively, they could
replace each other in a multicolumn butanol purification configuration. Therefore, different column
combinations were evaluated in an experimental and theoretical way for ethanol and butanol
recovery, with a strong focus on butanol purification.

A first simple system that can be imagined would be the combination of a SAPO-34 or Si-CHA column
with a ZIF-8 or Si LTA column in series, sending the feed ABE vapor phase mixture first through one of
both columns and the exit stream, subsequently through a second column. These different
configurational possibilities are shown in figure 5.22. However, looking in more detail to the properties
of each adsorption column, some of these possibilities could be expected to be more efficient than
others. For instance, both ZIF-8 and Si-LTA were shown to adsorb some ethanol in breakthrough
experiments (figure 5.7 and figure 5.13). Thus, placing the SAPO-34 or Si-CHA column before the Si-
LTA or ZIF-8 column would be more logical than placing them the other way around. In this way, ideally
only a mixture of water, acetone and butanol is fed to the second ZIF-8 or Si-LTA column. When these
columns are subsequently desorbed, no contamination of the purified butanol with ethanol occurs.
However, some extra problems might arise using such a configuration.
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First of all, the SAPO-34 shows a high water adsorption capacity. As a consequence, its adsorption
capacity for ethanol becomes lower. This means a large amount of SAPO-34 material would be
necessary to feed a complete ethanol-free ABE model mixture to the following column. The Si-CHA
material thus would be a better a candidate to use as a first column. Since this material was not
available at the moment of the experiments, this configuration was evaluated using modelling
methods.

Si-CHA —t Si-LTA Si-LTA Si-CHA

Figure 5.22: Different possible column combinations for direct purification of the ABE vapor stream, meaning a
full vapor phase mixture was fed to the first column and subsequently through the second column. The
combinations on the right side of the figure were not tested, since these would not lead to a higher final butanol
purity. The combinations on the left side of the figure were verified using modelling methods.

As mentioned before, a large amount of SAPO-34 or Si-CHA material will be necessary to completely
remove ethanol from the incoming ABE vapor stream to maximize the amount of pure butanol
adsorbed on the following ZIF-8 or Si-LTA column. An alternative method could consist of the complete
saturation of the ZIF-8 or Si-LTA column using the full ABE vapor phase mixture. During the following
desorption step, a second SAPO-34 or Si-CHA column could be placed behind this first column. In this
way, the small amount of ethanol and/or water desorbing from these materials could be removed by
SAPO-34 and Si-CHA. Combinations of the Si-LTA and ZIF-8 column with SAPO-34 column were
evaluated experimentally using this configuration. The combination of Si-LTA and Si-CHA was also
tested, though no experiments were performed with the ZIF-8 and Si-CHA, since the Si-CHA material
was not available at the time of the experiments. These different combinations are shown in figure
5.23. For the combination of ZIF-8/Si-LTA and SAPO-34, a comparison was made between CO, and He
as carrier gas.

5.3.2 Si-LTA desorption

Desorption of the Si-LTA column was performed in combination with the Si-CHA and the SAPO-34
column. For desorption in combination with the SAPO-34 column, a comparison in performance was
made between desorption using CO, and He as carrier gas. Since ethanol and water desorb during the
early stages of the Si-LTA desorption process, the Si-CHA and SAPO-34 column were only placed behind
the Si-LTA column for 50 min. Using them during the complete desorption of the Si-LTA column could
lead to desorption of the adsorbed ethanol and water on the Si-CHA and SAPO-34 column before
complete butanol desorption of the Si-LTA column. In this way, the separation performance of the Si-
LTA is ruined (figure 5.24b). The residence time of the Si-CHA and SAPO-34 column were chosen for
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maximal high-purity butanol recovery (figure 5.24c, d). Desorption profiles for the different tested
column combinations are shown in Appendix 7.

Si-LTA

- Si_LTA - -

ZIF-8
Si-LTA Si-CHA
S— ZIF-8 —
ZIF-8 Si-CHA
Adsorption Desorption

Figure 5.23: Lay-out of the two-column configurations evaluated in this thesis. In a first step, the Si-LTA or ZIF-8
column was completely saturated with an aqueous ABE mixture in vapor phase. During the desorption of this
first Si-LTA or ZIF-8 column, a second column was added to adsorb the ethanol and water desorbing from the
first column. The combinations encapsulated by the red square were experimentally verified.

A comparison between the purity and recovery plots shows the great benefit of the addition of an
extra column to further purify the butanol stream. For the combination of Si-LTA and Si-CHA already a
smaller amount of ethanol and water is present in the desorbing butanol, leading to a higher purity at
higher recovery. However, the results for the combination of Si-LTA and SAPO-34 showed the greatest
improvement. No measureable amount of water was present in the purified butanol product stream
and only a small amount of ethanol could be detected (figure 5.24).

The combination of SAPO-34 and Si-LTA column led to a final butanol purity of 99.9 wt% whilst
recovering all of the desorbing butanol. These values are high compared to butanol purity values found
in the literature. Faisal et al. (2016) for instance performed adsorption in liquid phase on a silicalite
adsorbent, but desorbed using nitrogen gas. The product stream resulting from desorption was
subsequently send to a condenser, with the maximal butanol purity reported to be 88.5 wt%. Liquid
phase desorption results of Cousin Saint Remi et al. (2011) on ZIF-8 show a maximum butanol
concentration of 20 wt%. Abdehagh et al. (2015) used a similar approach as Faisal et al. (2016) on their
AC F-400, first performing adsorption of an ABE model mixture in liquid phase, followed by desorption
using CO; as carrier gas. In their study, a final concentration of 15 wt% was reported. This approach
was also used by Saravanan et al. (2010) on ZSM-5. Inert argon was used as purging gas, yielding a
maximal butanol concentration of 84.3 wt%. Similarly, Lin et al. (2012b) observed a final butanol
concentration of 14 wt% using methanol as desorbent after liquid phase adsorption of an ABE model
mixture. In this context, it should be mentioned that a butanol purity of 76 wt% could be achieved on
the Si-LTA column without combining it with a second adsorption column and recovering all of the
desorbing butanol.
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Figure 5.24: Comparison of purity versus recovery plots for desorption of the Si-LTA in combination with the Si-CHA and SAPO-34 column. The green curve represents the plot
of the purity of 1-butanol versus the recovery. The colored areas representing acetone (red), butanol (green), water (blue) and ethanol (yellow) visualize the amount of
impurities present for a certain amount of butanol recovered. Purity is expressed on a mole % base. a) Results for desorption of the Si-LTA column without the use of a second
column. b) Results for desorption of the Si-LTA column in combination with the Si-CHA column. The Si-CHA column was placed behind the Si-LTA column for the whole of the
desorption procedure. c) Results for desorption of the Si-LTA column in combination with the Si-CHA column for 50 min. d) Results of the desorption of the Si-LTA column in
combination with the SAPO-34 column for 50 min.
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The same experiments were repeated using CO; as carrier gas during adsorption and desorption (figure
5.25). A comparison was made between desorption of the Si-LTA column with and without the SAPO-
34 column. The SAPO-34 column was again placed behind the Si-LTA column for 50 min. Similar results
were obtained as for desorption using He as carrier gas, confirming the viability of the use of CO; as
carrier gas for vapor phase butanol recovery. For 100 % butanol recovery, a butanol purity of 99.9 wt%
was obtained, compared to the 68 wt% without the second column. Interestingly, the catalytic
products observed during SAPO-34 breakthrough using CO, were not observed during this experiment.
Probably, the absence of catalytic activity was caused by the low concentration of ethanol desorbing
from the Si-LTA column and entering the SAPO-34 column.
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Figure 5.25: Plot of butanol purity as a function of butanol recovery. The colored areas represent the amount of
ABE components present in the desorbing mixture: acetone (red), butanol (green), ethanol (yellow) and water
(blue). Purity is expressed on a mole % base. a) Desorption results for the Si-LTA column without SAPO-34. The
lower figure shows the desorption results of the combination Si-LTA and SAPO-34. Saturation of the column and
desorption was performed using CO2 as carrier gas.

5.3.3 ZIF-8 desorption

For the desorption of the ZIF-8 column, only the desorption with and without SAPO-34 was performed
experimentally (figure 5.26). A comparison was made between separation performance using He and
CO; as carrier gas. All the desorption experiments were performed isothermally. For desorption with
ZIF-8, the SAPO-34 column was used during the first 40 min of the desorption experiment.

The results for the use of He as carrier gas during adsorption and desorption are presented in figure
5.26 (a and b). The relevant desorption profiles were added in appendix (Appendix 7). Similar results
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were obtained as for the combination of the Si-LTA and SAPO-34 column. The small amounts of water
and ethanol desorbing from the ZIF-8 column were completely adsorbed by the SAPO-34 column,
leading to an increase in final butanol concentration from 76 wt% to 99.5 wt% at 100 % butanol
recovery. The reason for the higher amount of impurities when desorbing with the ZIF-8 column lies in
the larger amount acetone adsorbing on this material and thus contaminating the desorbing butanol
stream. Again these concentration values are much higher than the maximum values presented in
literature for liquid and vapor phase desorption (Cousin Saint Remi et al., 2011; Lin et al., 2012b;
Abdehagh et al., 2015; Faisal et al., 2016). Unfortunately, catalytic activity of SAPO-34 was observed
during the experiments with ZIF-8. However, the amounts of catalytic product observed were very low.
For purity and recovery calculations, the peak areas were compared with those of ethanol to
approximate the real mole fraction. The catalytic activity observed during the desorption of ZIF-8 with
SAPO-34 was not observed in the combination of Si-LTA and SAPO-34. The reason for this could lie in
the higher amount of acetone adsorbed on ZIF-8, leading to catalytic conversion of acetone (figure
5.13; Hirota et al., 2012).

The experiments using He as carrier gas were repeated using CO,. The results show the same trend as
for He as carrier gas (figure 5.26 c and d). Desorption without SAPO-34 led to a butanol concentration
of 93 wt%, whilst the combination with of ZIF-8 and the SAPO-34 column led to 99.5 wt% of butanol.
These results are similar to those obtained using He as carrier gas. Again, the same catalytic product
was visible on the GC chromatogram. For calculation of recovery and purity and mole fraction
calculation, the equivalent peak area of ethanol was used as approximation. It should also be
mentioned that desorption using CO; as carrier gas shows a better purity recovery-profile compared
to adsorption and desorption using He as carrier gas. This is due to the lower adsorption capacity of
acetone and water on ZIF-8 during adsorption with CO> (figure 5.13). This effect is also visible in the
butanol selectivity values (table 5.2).

5.3.4 First comparison

After discussion of the results of the two-column breakthrough experiments, some interesting
conclusions can be drawn. First of all, for the Si-LTA column, desorption was shown to be the most
efficient using the Si-LTA column in combination with the SAPO-34 column. This because the most
important impurities present on this material were water and ethanol. The hydrophilic zeolite SAPO-
34 efficiently removed these components from the desorbing butanol stream (figure 5.24, figure 5.22).
Further, the same high purities were obtained using CO; as carrier gas (figure 5.22). This is an important
result, since large amounts of CO, are produced during ABE fermentation. Use of this gas in the
downstream processing should thus greatly increase the overall efficiency of the production process.

Further, for the combination of ZIF-8 and the SAPO-34 column, the same high final butanol purities
were obtained (figure 5.26). Final butanol purity was slightly lower than obtained with Si-LTA, because
of the higher amount of acetone adsorbed by the ZIF-8 material (figure 5.13). Catalytic activity of SAPO-
34 could also be observed during these experiments. The choice between Si-LTA and ZIF-8 as butanol
adsorbing material would thus be a trade-off between the slightly higher butanol purity when using Si-
LTA or the higher energetic efficiency of desorption on the ZIF-8 column. In the following part of this
chapter, the different model development steps and most important modelling results will be
discussed.
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Figure 5.26: Comparison between desorption of ZIF-8 with (b and d) and without (a and c) the SAPO-34 column. Desorption was performed using He as carrier gas (a and b)
and CO: as carrier gas at a temperature of 40 °C. The green curve represents the purity of butanol as a function of recovery. The areas represent the amounts of ABE
components: acetone (red), butanol (green), the catalytic product (yellow) and water (blue)..
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5.4 Isotherm model development

The basis for the development of a mathematical model describing breakthrough behavior lies in a
sufficiently accurate description of the adsorption isotherms. As was explained in the Materials &
Methods sections, a multicomponent Langmuir model was used for the description of the adsorption
of the different ABE mixture components (equation 4.15). The multicomponent Langmuir parameters
were estimated by fitting of the single component Langmuir model to the experimental data (equation
4.14). As can be observed from the isotherm measurements presented in paragraph 5.1, not all of the
single component isotherms show perfect type | behavior. In all of the cases however, the relevant
part of the adsorption isotherm could be described by a Langmuir model. For instance, the ethanol
isotherm on Si-LTA showed a distinct S-shape (figure 5.1). However, since ethanol was only present at
very low vapor pressures in the ABE mixture (50 Pa), the first part of the isotherm could be described
with a single component Langmuir model. The single component Langmuir parameters, their 95 %
confidence interval and the adjusted R? values of the isotherm fit are presented in table 5.4. A graphical
comparison between the fitted models and the experimental data is shown in Appendix 8.

Table 5.4: Summary of the single component Langmuir parameters determined from fitting of the single
component isotherms. The 95% confidence intervals were shown for each modelled parameter. In the case that
not the complete isotherm was fitted, the fitted pressure range was added. All isotherms were measured at 40
°C.

Column Component Osat (Mmol/g) Kx103(Pa') Adjusted R?2 Pressure range (Pa)
Si-LTA Acetone 1.2+0.1 0.21+0.04 0.99 -
Butanol 2.04 £0.09 50+ 10 0.95 -
Ethanol 0.5+0.1 147 0.93 0-500
Water 1.0+£0.2 0.5+0.3 0.97 0-5000
ZIF-8 Acetone 54+04 0.4+0.2 0.97 -
Ethanol 0.4+£0.3 2%3 0.98 0-500
Water 0.4+£0.1 0.8+0.6 0.91 0-5000
Si- CHA Acetone 0.27 £0.03 60+ 30 0.90 -
Butanol 4+1 0.2+0.1 0.99 -
Ethanol 3.5+03 0.6+0.4 0.99 -
Water 31+44 0.02+£0.04 0.99 -
SAPO-34 Ethanol 41+0.4 7+4 0.92 -
Water 13+1 19+0.9 0.91 -

As can be observed not all isotherm models fitted perfectly to the experimental data. In all of the cases,
this was not a significant problem for multicomponent breakthrough modelling. As was shown
experimentally, only a small amount of ethanol adsorbs on ZIF-8 in breakthrough (figure 5.13). The S-
shaped isotherm was Langmuir fitted for the low vapor pressures present in the vapor phase ABE
mixture. However, the adsorption capacity at these low vapor pressures is very low (figure 5.2), making
accurate prediction of the capacity difficult. Further, the water isotherm on Si-CHA was linear (Gelin,
2015). Although the Langmuir isotherm model becomes linear for low vapor pressures, the use of this
model for linear isotherms leads to overfitting of the data. This was however necessary for the
development of the multicomponent Langmuir model.
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Three isotherms were not described in table 5.4. Since acetone and butanol were shown to hardly
adsorb on SAPO-34 (paragraph 5.2.3), the values of their saturation adsorption capacity and
equilibrium constant were artificially set very low. As was highlighted previously (paragraph 5.1.2), the
isotherm of butanol on ZIF-8 is S-shaped. Since this S-shape has severe consequences for the behavior
of butanol during adsorption and desorption breakthrough (paragraph 5.2.2), a separate model
needed to be developed to describe this isotherm. Further, this model needed to be compatible with
a multicomponent Langmuir description of the other ABE mixture components.

To solve the problem associated with the isotherm shape of butanol on ZIF-8, experimental isotherm
data was fitted using a combination of a Langmuir model and a logistic equation. In general, logistic
models can be used to describe S-shaped curves, such as growth curves of microbial populations
(Tsoularis & Wallace, 2002). However, to ensure compatibility with the multicomponent Langmuir
model, this logistic equation was combined with a single component Langmuir equation. The
equilibrium constant of this Langmuir part was then used for the multicomponent Langmuir
description. Different combinations of Langmuir and logistic equations were considered, however
equation 5.3 was finally used for fitting the ZIF-8 isotherms. The single component Langmuir isotherm
can clearly be recognized. However, the Langmuir adsorption capacity at saturation now becomes a
function of pressure described by the logistic equation. Fitted model parameters obtained are
presented in table 5.5 and a comparison of fitted and experimental isotherm results are shown in figure
5.27.

q= Jsat % K x P (53)
1+exp(—rx (P—Py)) 1+KXP

With:

g = butanol adsorption capacity at pressure P (mmol/g)

gsat = Saturation adsorption capacity (mmol/g)

r = parameter influencing steepness of S-curve (Pa)

P.rit = critical pressure corresponding to the sudden increase in adsorption capacity (Pa)
P = butanol partial pressure

K = Langmuir equilibrium constant (Pa™)

Table 5.5: Model parameters for butanol on ZIF-8 with their 95% confidence intervals. The adjusted R? value
was 0.99.

Parameter Value

Osat 4.0+ 0.2 mmol/g
K 0.016 + 0.008 Pa™
r 0.020 + 0.005 Pa'
Perit 105 £ 20 Pa

5.5 Single column breakthrough models

The isotherm models developed in the previous paragraph were subsequently used to describe the
behavior of the individual adsorption columns in breakthrough. A comparison was made between
simulation and experimental results to gain an accurate description of the different adsorbent
columns: column porosity and kinetic parameters (linear driving force parameter h, axial dispersion
coefficient Dax) were fitted to experimental data, if available.
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Figure 5.27: Comparison between experimental butanol isotherm values (A) and modelled results using
equation 5.3 (solid line).

5.5.1 Si-LTA column

For adsorption of a vapor phase ABE mixture at 40 °C on the Si-LTA column, a comparison between
experimental and modelling results is presented in figure 5.28. Decent agreement between modelled
and experimental results was achieved. The roll-up of ethanol that was also experimentally observed
(figure 5.5) could clearly be described correctly. Only the roll-up on the acetone breakthrough curve
was not observed experimentally, though the breakthrough times are quite similar. For ethanol, the
Langmuir parameters were further adjusted to obtain a decent breakthrough profile (gsa: = 0.8 mmol/g,
K = 0.03 Pal). Some difference could be expected, since single component data was used for the
description of the multicomponent model, whilst the different mixture components could influence
each other’s adsorptive behavior (Abdehagh et al., 2016b). The kinetic data shows a trend that could
be reasonably expected, comparing ethanol and butanol, the mass transfer coefficient for butanol is
much lower. This is a logical result, since butanol is the larger molecule, thus slower diffusion into the
zeolite pores could be expected, leading to a larger mass transfer coefficient (table 5.6). Wu et al.
showed that diffusion coefficients of water, methanol and ethanol in an LTA 4A zeolite were one order
of magnitude smaller for each component respectively (2009). Although in this case, the mass transfer
parameter for water is larger than for ethanol, it should be emphasized that many diffusion
phenomena (such as macropore diffusion, micropore diffusion and film resistance) are lumped into
one linear driving force parameter, making exact interpretation of this parameter difficult.

To describe desorption on the Si-LTA column, isotherm data at different temperatures would be
necessary. The Langmuir equilibrium constants obtained from data fitting on those isotherms would
allow for the calculation of the adsorption enthalpy and thus the description of a temperature
dependent desorption process via the Van’t Hoff equation (Ruthven, 1984). Unfortunately, only
isotherm data at 40 °C was available. Therefore, desorption on the Si-LTA column was simulated
isothermally. As was already mentioned in paragraph 5.2.1.2, a temperature increase is absolutely
necessary for desorption on a reasonable time-scale. This is confirmed by simulation data, showing a
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theoretical isothermal desorption process to take several days (figure 5.29). The cause of this
phenomenon lies in the type | isotherm shape of butanol, as explained in paragraph 5.2.2.

Table 5.6: Kinetic parameters h and Dax obtained from fitting model data to experimental data for ABE vapor
phase breakthrough on Si LTA at 40°C. The obtained column porosity € was 0.45.

Component h (1/s) D.x (10> m?/s)
Acetone 0.005 1.09
Butanol 0.003 8.40
Ethanol 0.5 1.10
Water 0.18 2.40
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Figure 5.28: Comparison between modelled and experimental results for single column breakthrough at 40 °C
on the Si-LTA column. Acetone (red), butanol (green), ethanol (yellow) and water (blue) mole fractions were
plotted as a function of time. The solid lines represent the modelled data, whilst the individual points represent
the experimental data.

5.5.2 ZIF-8 column

The same procedure was used for the ZIF-8 column as for the Si-LTA column. Breakthrough simulations
for a vapor phase ABE mixture at 40°C showed decent fitting of the experimental results (figure 5.30).
Although an empirical equation was used to describe the S-shaped isotherm of ZIF-8 (equation 5.3),
the expected broad adsorption profile followed by a steep increase was clearly observed. However,
the length of this broad adsorption peak was clearly overestimated. As was explained in paragraph
5.2.2, the shape of the adsorption breakthrough profile is a function of the slope of the isotherm
(equation 5.1). Therefore, the derivate of the fitted isotherm equation has its influence on the
adsorption breakthrough profile shape, with different models inevitably giving rise to different
breakthrough shapes. This effect is also visible when simulating a desorption breakthrough on this
material. The long, dispersive wave at high concentrations is simulated to be much broader than in
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reality (figure 5.30). This makes the developed model applicable for adsorption simulations, however
applicability in desorption simulations is more difficult, due to the big difference between predicted
and real breakthrough curves.
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Figure 5.29: Simulated isothermal desorption on the Si-LTA at 40 °C. Butanol (green), ethanol (yellow) desorption
profiles were plotted as a function of time. Full desorption of the Si-LTA column would take several days at 40
°C.

Fitted linear driving force mass transfer parameters for the different vapor phase mixture components
are presented in table 5.7. The values of the linear showed a reverse order of what would reasonably
be expected: the mass transfer parameter of butanol is the highest followed by ethanol and then by
water. These results also contradict those of Zhang et al. (2013a), who showed the crystal diffusivities
of water to be the greatest, followed by that of ethanol and butanol respectively. However, as
mentioned before, the linear driving force parameter is a lumped parameter, combining many mass
transfer phenomena. Further, for water, ethanol, acetone and the first part of the butanol profile, the
broadness of the concentration profile is greatly influenced by the isotherm shape, since these are
dispersive waves (Helfferich & Carr, 1993). As will be explained in paragraph 5.6.2, the fact that
multicomponent breakthrough data was used for parameter fitting also had his effect on the modelling
results. This makes correct parameter estimation difficult. The same arguments are valid for the high
axial dispersion coefficient of acetone.

Table 5.7: Kinetic parameters obtained from fitting model data to experimental data for ABE vapor phase
breakthrough on ZIF-8 at 40°C. The obtained column porosity € was 0.28.

Component h (1/s) D.x (x10° m?/s)
Acetone 0.1 109
Butanol 1.0 8.40
Ethanol 0.5 1.10
Water 0.18 2.40
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Figure 5.30: a) Comparison between experimental (individual data points) and simulated (lines) adsorption
breakthrough curves on ZIF-8 of an ABE vapor phase mixture at 40 °C. Acetone (red), butanol (green), ethanol
(yellow) and water (blue) outlet mole fraction are shown as a function of time. b) Comparison between simulated
(lines) and experimental (individual data points) isothermal desorption profile of butanol after saturation with a
vapor phase ABE mixture on ZIF-8 at 40 °C using He as carrier gas.

5.5.3 SAPO-34

For the SAPO-34 material, only ethanol and water isotherms were available using N, as carrier gas.
Since breakthrough experiments showed little to no affinity of this material for acetone and butanol
(paragraph 5.2.3), the adsorption parameters for these adsorbates were set artificially low as well as
the value of their mass transfer parameters. This supposition is reasonable, since experimental results
of Daems et al. (2007), Remy et al. (2011), Cousin Saint Remi et al. (2013) and Cosseron et al. (2013)
confirmed slow butanol and acetone uptake kinetics for chabazite zeolites. A summary of the used
kinetic parameters and the column porosity is given in table 5.7. Good fitting of the experimental data
was possible (figure 5.31). The low value of the mass transfer parameters found for this column
compared to the Si-LTA column make sense, since the Si-LTA pores are larger than those of SAPO-34
(table 4.1). For ethanol, the linear driving force parameter is lower than that measured by Cousin Saint
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Remi et al. (2013). However, this parameter shows the same order of magnitude for butanol (Cousin
Saint Remi et al., 2013). Comparison between these values and the study of Cousin Saint Remi should
be done with care, however. The parameters determined in this Masters’ thesis were obtained by
fitting with breakthrough data using a multicomponent mixture. In the study of Cousin Saint Remi et
al. (2013), liquid phase batch uptake measurements were performed with pure components, making
exact comparison difficult. The water linear driving force parameter was the highest, which could be
expected since Remy et al. (2011) showed methanol to have the fastest uptake kinetics in vapor phase
compared to longer linear alcohols. Since water is an even smaller molecule, fast kinetics could be
expected.

Table 5.7: Kinetic parameters obtained from fitting model data to experimental data for ABE vapor phase
breakthrough on SAPO-34 at 40°C. The obtained column porosity € was 0.67. For butanol and acetone, the
adjusted thermodynamic parameters were also shown.

Component h (x103s?) D.x (x10° m2/s) gsat (mmol/g) K (Pal)
Acetone 0.9 1.09 0.68 5.9 x10*
Butanol 0.005 8.40 0.1x10* 1.0x 10°
Ethanol 0.2 1.10 - -
Water 5 2.40 - -

5.0 - - 45

Mole fraction ABE x10-3
Mole fraction water x10-3

Time (min)

Figure 5.31: Comparison between experimental and modelling results on SAPO-34 at 40 °C (under He). The
individual data points represent experimental data, whilst the modelling results are presented as solid lines. Mole
fractions of acetone (red), butanol (green), ethanol (yellow) and water (blue) were plotted as a function of time.

5.5.4 Si-CHA

For the column modelling of Si-CHA only breakthrough data of an ABE vapor mixture without the
measured water profile was available. Therefore, the linear driving force parameter of water was set
artificially high. This is a reasonable supposition, since Remy et al. observed fast uptake kinetics in
vapor phase for methanol on SAPO-34 (2011). Since water is an even smaller molecule than methanol,
fast water uptake kinetics can be assumed on the similar chabazite structure of Si-CHA. Using the fitted
parameters, a decent description of results could be obtained (figure 5.32). Again, as was the case for
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the mass transfer parameter on SAPO-34, values are much lower for Si-CHA compared to Si-LTA. The
butanol mass transfer parameter showed the same order of magnitude as for SAPO-34 (table 5.7).
These results are also consistent with the experimental results Daems et al. (2007), Remy et al. (2011)
and Cousin Saint Remi et al. (2013), showing very slow diffusion of butanol in chabazite zeolites. As for
SAPQO-34, the linear driving force parameter for acetone was set artificially low (table 5.7). The butanol
and acetone thermodynamic adsorption parameters were also lowered artificially, as for SAPO-34.

Table 5.8: Kinetic parameters obtained from fitting model data to experimental data for ABE vapor phase
breakthrough on Si-CHA at 40°C. The obtained column porosity € was 0.60. The adjusted thermodynamic
parameters for acetone and butanol are also shown.

Component h (1/s) D.x (x10° m?/s) gsat (mmol/g) K (Pa)
Acetone 5x107° 1.09 0.26 5.6 x107
Butanol 3.0x10° 8.40 3.8 2.4x103
Ethanol 4x10°3 2.51 - -
Water 15 4.35 - -
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Figure 5.32: Comparison of experimental and modelled breakthrough data of a vapor phase ABE mixture on Si-
CHA at 40 °C, using He as carrier gas. The breakthrough curves for acetone (red), ethanol (yellow) and butanol
(green) are shown, with solid lines representing modelled data and the individual data points representing the
experimental measurements.

5.6 Multi column breakthrough modelling

The column parameters described in section 5.5 were subsequently used to verify the performance of
the combination of these different adsorbents. By combining two adsorption columns in series, the
boundary conditions at the second column inlet become dynamic. The method to cope with these
dynamic boundary conditions was described in the Materials & Methods section.

As was already explained in section 5.3, only column combinations using a desorbing Si-LTA/ZIF-8
column with an adsorbing SAPO-34/Si-CHA column were experimentally verified. As was further
explained in this section, the combination of a desorbing Si-LTA/ZIF-8 column with an adsorbing SAPO-
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34/Si-CHA column leads to a very pure butanol product stream. However, the ethanol present in the
vapor phase mixture in this way is lost. Since ethanol could be a valuable side product (as biofuel or
platform molecule), its recovery might lead to a higher economic efficiency of the ABE fermentation
process. Further, such a column configuration would also lead to a higher butanol purity, since no
ethanol would be adsorbed on the second column. Therefore, simulations were performed to evaluate
these column configurations (figure 5.29). A comparison in butanol purity between a single column
breakthrough simulation and the multi column simulations was made. Also the obtained ethanol purity
on SAPO-34 and Si-CHA was compared.

5.6.1 Si-LTA column

A first comparison of breakthrough simulations for the combination of SAPO-34/Si-CHA and Si-LTA
showed some interesting results (figure 5.33). A clear shift in breakthrough time was observed for all
of the ABE components, except for butanol on the combination with SAPO-34, even when the extra
dead time caused by the first column in the configuration was taken in to account. These shifts were
in the line of expectations. Both the Si-CHA and the SAPO-34 column adsorbed about the same amount
of ethanol. However, a large difference in water adsorption behavior could be observed for both
components. The more polar zeolite SAPO-34 clearly adsorbed a much higher amount of water than
the Si-CHA column.

For acetone a large roll-up could be observed. This roll-up was only slightly visible on the single column
breakthrough profile and was caused by the separation of the different component fronts on the first
adsorption column (figure 5.28). In fact, this roll-up probably is a subtle consequence of the model
definition, rather than a phenomenon that could would be physically realistic. According to equation
4.17, the acetone uptake rate is a function of the adsorbed amount on the column material and the
adsorption capacity at equilibrium. This equilibrium capacity is defined by the multicomponent
Langmuir model (equation 4.15). When a normal adsorption breakthrough simulation is started, the
whole vapor phase mixture starts flowing through the column from the very beginning of the
simulation. In this way, the driving force for acetone adsorption on the Si-LTA column will be low, since
the equilibrium adsorption capacity will be low. Therefore, a linear driving force parameter describing
the acetone breakthrough time correctly tends overcompensate this low adsorption capacity, by
having a higher value than it should have in reality. However, in the situation shown in figure 5.33, a
pure acetone and butanol front will reach the Si-LTA at the start of the adsorption process, since the
ethanol and water will initially adsorb on the first column. Therefore, the equilibrium adsorption
capacity will be higher for acetone, leading to faster mass transfer and thus an overestimation of the
amount of acetone adsorbed. When the water front subsequently reaches the Si-LTA column, the
equilibrium adsorption capacity of acetone suddenly drops due to the presence of water at a high
vapor pressure. This leads to the roll-up of acetone observed in figure 5.33. Therefore, the adsorbed
amount of acetone after complete breakthrough might be predicted correctly, even with the roll-up
observed. A more correct estimation of the acetone linear driving force parameter might result from
fitting kinetic parameters to single component breakthrough curves and measurement of
multicomponent isotherms.

To compare the purity of the obtained butanol using this process, the calculated adsorbed amounts
on the Si-LTA column were used, as explained in the Materials & Methods section. As can be observed
in figure 5.33, butanol breakthrough took place between 200 and 250 min. However, one would like
to stop the adsorption process before complete butanol breakthrough takes place, since the butanol
eluting after the start of the breakthrough process is lost. Therefore, the calculated adsorption
capacities at 200 min were used for purity calculations, reflecting incomplete breakthrough of butanol.
For the SAPO-34 and Si-CHA column, the same point in time was used for calculation of the ethanol
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purity. Purity was expressed on a weight percent basis. It should be mentioned that these purities
correspond to 100% recovery of ethanol and butanol. As shown in section 5.3, higher purities can be
reached by discarding a part of the desorbing ethanol or butanol (leading to lower recovery).
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Figure 5.33: Comparison between adsorption breakthrough profiles using only the Si-LTA column (uninterrupted
line) and the combination of this column with the SAPO-34 (short dotted line) column and Si-CHA (long dotted
line) column. The partial pressures at the Si-LTA column outlet are shown for acetone (red), butanol (green),
ethanol (yellow) and water (blue). Dead time caused by the extra column before the Si-LTA inlet was taken into
account in comparison of the profiles. The tested column combinations are shown above the graph. Butanol
breakthrough profiles showed almost perfect overlap.

At first instance, the addition of a second ethanol removing column during adsorption does not lead
to an increase in butanol purity (figure 5.34). On the contrary, for Si-CHA, a decrease in butanol purity
is observed. This is caused by the fact that, although a significant amount of ethanol is adsorbed on
the first column, the ethanol concentration profile actually overtakes the butanol concentration profile
in the Si-LTA column. Therefore, the SAPO-34 or Si-CHA column should either be larger (containing a
larger amount of adsorbent), or the saturated first column needs to be continuously replaced in a cyclic
fashion. This overtaking of the butanol concentration profile by the ethanol concentration profile is
further illustrated in figure 5.35. The ethanol adsorbed on the SAPO-34 or Si-CHA column showed low
purity. The reason for this lies in the large amount of water simultaneously adsorbing on these
columns. Recovering the adsorbed ethanol from the SAPO-34 or Si-CHA column would thus imply the
need of an extra separation step, removing the excess water. Although clearly, ethanol purity on the
Si-CHA column is higher, since a lower amount of water is adsorbed on this column.

87



100

90

80

70

60

50

Purity (wt%)

40
30
20
10

L

Butanol Ethanol

RAARSRRNNY

Figure 5.34: Comparison between butanol purity adsorbed on the Si-LTA column without second column (blank
bars), with the SAPO-34 column (shaded bars) and Si-CHA (black bars). The purity of the adsorbed ethanol on the
second column is also shown for SAPO-34 (shaded bars) and Si-CHA (black bars).
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Figure 5.35: Overtaking of the butanol concentration profile by the ethanol concentration profile on the Si-LTA
column in combination with the Si-CHA column. Ethanol (yellow) and butanol (green) partial pressures are shown
on different points in time for different column positions. The different points in time shown are t = 50 min (long
dotted lines), t = 100 min (short dotted lines) and t = 150 min (uninterrupted line).

To further verify the viability of this configuration, the column length of the first column (SAPO-34 or
Si-CHA) was increased in such a way that the second column could be completely saturated with
butanol, without co-adsorption of ethanol. Simulations were thus performed using a column length of
40 cm for both the SAPO-34 and Si-CHA column. These values, however, were not optimized, but
purely taken to study the effect of a longer column length on butanol purity. A comparison of the
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resulting butanol purity is presented in figure 5.31, these values were again calculated using the
adsorbed amounts on the Si-LTA column at the start of butanol breakthrough. In this case, the butanol
purity did increase slightly for adsorption with Si-CHA, although the largest increase was observed for
the combination with the SAPO-34 column. This because of the higher adsorption capacity for water
of the SAPO-34 column, leading to less water entering the Si-LTA column. Due to the low adsorption
capacity of acetone on Si-LTA, a purity of 99 wt% could be reached in the combination with SAPO-34.

Breakthrough simulations using these different column lengths showed the adsorption capacity of Si-
LTA for butanol to increase, due to the purer vapor stream entering the column (figure 5.36). Whilst a
roll-up of the ethanol curve is observed on normal vapor phase breakthrough, this effect is inverted
when the Si-CHA or SAPO-34 column of sufficient capacity is placed in front of the Si-LTA column. In
this case, roll-up of the butanol curve is observed at high partial pressures. This roll-up is caused by
two effects. For the combination of Si-LTA and Si-CHA, only the adsorption of ethanol is responsible
for the small observed roll-up. In the combination of Si-LTA with the SAPO-34 column, the adsorption
of water might play an extra effect on the observed butanol push-out. Here probably a mechanism
similar to the roll-up of acetone plays a role, since the adsorption capacity of water on the Si-LTA
column is low, though the high water vapor pressure can influence the equilibrium butanol adsorption
capacity.
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Figure 5.36: Comparison between butanol purity on Si-LTA using a column length of 40 cm for SAPO-34 and 40
cm for Si-CHA. Adsorption without second column (blank bars) is compared with the combination with SAPO-34
(shaded bars) and Si-CHA (black bars).

For the Si-LTA column, a combination with Si-CHA or SAPO-34 is thus a viable option during adsorption.
Especially the combination with SAPO-34 leads to a high-purity butanol yield. However, looking at
ethanol purity, the ethanol adsorbed on these two materials is very water-diluted. This could thus
make the use of an extra ethanol separation step necessary after desorption of this first column.
Further, comparing the amounts of SAPO-34 and Si-CHA used here to those in the experimental
section, significant larger columns were necessary for high-purity butanol recovery. It’s thus clear that
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a process using the Si-LTA column and recovering high-purity butanol and ethanol would be possible,
but more expensive. Also worth mentioning is the fact that before the start of ethanol breakthrough,
pure acetone is eluting from the Si-LTA column, making high-purity acetone recovery possible using
this process.
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Figure 5.37: Breakthrough profile at the end of the Si-LTA column without (uninterrupted line) and in
combination with Si-CHA (long dotted line) and SAPO-34 (short dotted line). Acetone (red), butanol (green),
ethanol (yellow) and water (blue) partial pressures are shown as a function of time. Column lengths of Si-CHA
and SAPO-34 were 40 cm.

5.6.2 ZIF-8 column

The same procedure used for modelling the different column combinations with Si-LTA was followed
for modelling on the ZIF-8 column. In a first instance, a comparison was made between the
combination of a 10 cm Si-CHA/SAPO-34 column before the ZIF-8 column during adsorption of a humid
vapor phase ABE mixture (figure 5.22). Subsequently, the column length was adjusted for higher
butanol purity.

A comparison between the use of Si-CHA and SAPO-34 with native ZIF-8 adsorption is given in figure
5.34. At first glance, the butanol adsorption capacity of ZIF-8 lowers when combining it with the Si-CHA
or SAPO-34 column. However, while the steep breakthrough part of the butanol profile shifts to left, a
shift to right is observed for the dispersive part of the butanol breakthrough profile. A close-up of this
profile was added in appendix for further clarity (Appendix 9). Further, the start of the dispersive part
of the breakthrough profile seemed to correspond to the breakthrough time of water. Snapshots taken
from the moving butanol and water front through the ZIF-8 column showed a remarkable
phenomenon taking place: roll-up of the butanol curve by adsorption of water (figure 5.39). It is this
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roll-up, similar to that of acetone observed on Si-LTA (figure 5.33), that could be responsible for the
observed shift in breakthrough time. However, these results should be interpreted with care, since
single component isotherms were used to describe the multicomponent breakthrough behavior of the
ABE components, thus possibly overestimating the water effect on adsorption, similar to the effect of
water on the acetone breakthrough curve on Si-LTA (figure 5.33, figure 5.37). Also, a shift in ethanol
breakthrough time could be noticed, however, as was the case with Si-LTA (figure 5.33), the adsorption
capacity of the 10 cm SAPO-34 or Si-CHA column was not large enough to completely purify the feed
mixture of the ZIF-8 column of ethanol. The shift of the butanol profile was taken into account when
the butanol purity was calculated. The purity of the adsorbed butanol was always calculated at the
time corresponding to the steep breakthrough of butanol: 160 min for native butanol adsorption and
150 min for adsorption using the SAPO-34 and Si-CHA material.
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Figure 5.38: Breakthrough profile at the end of the ZIF-8 column without (uninterrupted line) and in combination
with Si-CHA (long dotted line) and SAPO-34 (short dotted line). Acetone (red), butanol (green), ethanol (yellow)
and water (blue) partial pressures are shown as a function of time. A close-up of the shift in the butanol
breakthrough profile was added in appendix (Appendix 9). Butanol breakthrough profiles of the combinations of
ZIF-8 with Si-CHA and SAPO-34 showed almost perfect overlap. The ethanol breakthrough profile on SAPO-34 is
marked with an arrow and clearer visualized in Appendix 9.

A comparison of butanol purity for the different simulated combinations showed the same result as
for Si-LTA. Due to the insufficient adsorption of ethanol on the first column in the system, no extra gain
in butanol purity is achieved (figure 5.40). Compared to Si-LTA, native butanol purity on the ZIF-8
column was simulated to be very high, probably overestimating the achieved butanol purity in reality
(figure 5.28). The same low purity of the ethanol adsorbed on Si-CHA and SAPO-34 was observed, due
to the high amount of water adsorbed on these materials (paragraph 5.6.1). As for Si-LTA, the Si-CHA
and SAPO-34 column lengths were increased, to increase their ethanol adsorption capacity for higher
butanol purity.
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Figure 5.39: Roll-up of the butanol adsorption curve due to simultaneous water adsorption. Butanol (green) and
water (blue) partial pressures over the length of the column were plotted at a simulation time of 70 min (long
dotted lines), 90 min (short dotted lines) and 110 min (uninterrupted lines).
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Figure 5.40: Comparison of butanol purity adsorbed on ZIF-8 and ethanol adsorbed on SAPO-34 and
Si-CHA. For butanol, native ZIF-8 adsorption (blank bars) is compared with the combination with SAPO-
34 (shaded bars) and Si-CHA (black bars). For ethanol the purity of the adsorbed component is
compared for SAPO-34 (shaded bars) and Si-CHA (black bars).

For both combinations, a 40 cm column of Si-CHA or SAPO-34 was placed before the ZIF-8 column
during adsorption, leading to complete ethanol adsorption before butanol breakthrough on the ZIF-8
column (figure 5.41). The greatest increase in butanol adsorption capacity could be observed with the
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use of the SAPO-34 column in combination with ZIF-8. However, this increase in butanol adsorption
capacity could not be attributed to ethanol removal. On the contrary, it is the water removal that was
observed to be the most important factor influencing the higher adsorption capacity of butanol.
Indeed, a roll-up of the butanol breakthrough curve is observed at larger breakthrough times,
corresponding to water breakthrough. A similar effect was also visible on the Si-LTA column (figure
5.33). This further confirms the theory that the shift in the butanol breakthrough profile observed in
figure 5.38 is caused by the water vapor entering the ZIF-8 column. As was discussed before, this roll-
up might be overestimated by the model. It should also be emphasized that during the period before
the start of butanol breakthrough, pure acetone is eluting from the ZIF-8 column. In this way, the three
ABE vapor phase products could be separated using the SAPO-34 column in combination with ZIF-8.

As a consequence of this effect of water on the breakthrough behavior, the butanol purity was
observed to be the highest for the combination of ZIF-8 and SAPO-34, as was the case for the Si-LTA
column (figure 5.36 and figure 5.38). This was also experimentally observed, with acetone and water
being the more important impurities for adsorption on ZIF-8 than ethanol (paragraph 5.2.2 and
paragraph 5.3.3). A butanol purity of 99% could be reached using the combination SAPO-34 and ZIF-8.
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Figure 5.41: Breakthrough profile at the end of the ZIF-8 column without (uninterrupted line) and in combination
with a Si-CHA (long dotted line) and a SAPO-34 (short dotted line) of 40 cm. Acetone (red), butanol (green),
ethanol (yellow) and water (blue) partial pressures are shown as a function of time. The ethanol breakthrough in
the combination of ZIF-8 with SAPO-34 is marked with a yellow arrow.

The combination of Si-CHA and SAPO-34 with ZIF-8 during vapor phase ABE adsorption, could thus lead
to high purity butanol recovery (figure 5.42). However, the gain in butanol purity would be less in this
case than for the Si-LTA column. This due to acetone and water being the more important impurities
co-adsorbing on the ZIF-8 column (paragraph 5.2.2). The combination of both Si-CHA and ZIF-8 could
lead to high purity ethanol and butanol recovery, although the large amounts of water adsorbing on
the Si-CHA column should be further removed.
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Figure 5.42: Comparison of butanol purity for the different tested column combinations during adsorption.
Results are shown for native ZIF-8 adsorption (blank bars), adsorption with SAPO-34 (shaded bars) and
adsorption with Si-CHA (black bars).

5.7 Final comparison

In the work presented in this Masters’ thesis, different combinations of columns containing different
types of selective adsorbents were evaluated on their performance for high purity butanol recovery
from a vapor phase ABE mixture. Via the performance of adsorption and desorption breakthrough
experiments, the performance of the combination of a butanol selective Si-LTA or ZIF-8 packed column
and an ethanol selective SAPO-34 or Si-CHA packed column was evaluated. In this configuration, the
Si-LTA or ZIF-8 packed column was first completely saturated with a vapor phase ABE mixture. During
the subsequent desorption, a Si-CHA or SAPO-34 column was placed behind the column to purify the
desorbing butanol stream (figure 5.22). For this configuration, a comparison was made between the
use of He and CO; as carrier gas. A summary of the separation performance of the different tested
configurations is presented in figure 5.43a.

Using He as carrier gas, butanol purity on ZIF-8 and Si-LTA was quite comparable (figure 5.43b and c).
For desorption of the Si-LTA column, the addition of the Si-CHA column led to an improvement in
butanol purity and recovery. However, a high amount of water was still present in the desorbing
mixture, leading to lower purity at high recovery compared to desorption without extra column
(paragraph 5.3.2). The best results were obtained by using the SAPO-34 column, leading to the highest
purity and recovery. Although catalytic activity of this column could hinder efficient ethanol removal.
Comparing CO; to He as carrier gas, butanol purity and recovery were higher for the ZIF-8 column, but
lower for the Si-LTA column. For ZIF-8, the reason for this lied in the lower amount of water and
acetone adsorbed under CO; (paragraph 5.2.2.1). The lower purity and recovery for the Si-LTA column
using CO, as carrier were caused by the higher butanol concentrations observed at the start of the
desorption experiment (paragraph 5.2.1.2).

Figure 5.44 summarizes the simulation results. Different column configurations were tested using a
SAPO-34 or Si-CHA column to purify the feed stream to a butanol adsorbing ZIF-8 or Si-LTA column
(figure 5.44a). Two column sizes of SAPO-34 or Si-CHA were evaluated: 10 cm and 40 cm, since the
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capacity of the 10 cm column was observed to be too low for high purity butanol recovery (figure 5.43b
and c). The SAPO-34 column seemed the most promising, not only because of its ethanol adsorption
capacity, but also because of its high water adsorption capacity. Further, a pure acetone stream could
be obtained using this column combination. Using the SAPO-34 column in combination with the ZIF-8
or Si-LTA column, all of the three ABE vapor phase components could be separated. However, the
ethanol fraction was observed to be very diluted, making an extra concentration step necessary for
this fraction.
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Figure 5.43: a) Different column configurations tested experimentally (red square). b) and c) Comparison of the
performance of the different column configurations used experimentally Si-LTA (b) and ZIF-8 column (c). Butanol
purity is shown for different recovery percentages: 100% (blank bars), 98% (shaded bars) and 95% (black bars).
Desorption of ZIF-8 was always performed isothermal at 40 °C.
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Figure 5.44: a) Column configurations tested using mathematical modelling. b) Column configurations tested for
Si-LTA during adsorption: adsorption without second column (blank bars), with Si-CHA (shaded bars) and SAPO-
34 (black bars). c) Column configurations tested with ZIF-8 during adsorption: adsorption without second column
(blank bars), with Si-CHA (shaded bars) and SAPO-34 (black bars). Results are shown for different column lengths

of the SAPO-34 and Si-CHA column (10cm or 40cm).
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6. Conclusion

The research performed for this Masters’ was focused around the development of a multicolumn
adsorption process for high-purity butanol recovery. First of all, four different materials were tested
on their adsorption capacity and selectivity for the different vapor phase ABE mixture components: a
hydrophobic MOF (ZIF-8), two hydrophobic zeolites (Si-LTA and Si-CHA) and a hydrophilic zeolite
(SAPO-34). Since CO; is an important by-product produced during ABE fermentation, the influence of
CO; on the adsorption properties of the different materials was investigated. Subsequently, packed
adsorption columns of these different materials were combined for optimal high-purity butanol
recovery. Not all of the different material combinations could be tested experimentally. Therefore, a
mathematical model was developed, describing these different column combinations. This model
allowed qualitative comparison of different possible combinations for optimal high-purity butanol
recovery.

Isotherm measurements on Si-LTA confirmed the high adsorption capacity of this material for butanol.
Due to competitive adsorption of CO,, the adsorption capacities at high vapor pressures decreased for
the different ABE mixture components. Further, the isotherm using CO; as carrier gas showed a shift
towards lower vapor pressures for ethanol and water, thus decreasing the selectivity of this material
for butanol at low vapor pressures. Single column adsorption and desorption breakthrough
measurements using He as carrier gas further confirmed the selectivity and capacity (97 mg/g) of this
zeolite for butanol and showed the viability of the use of CO; as carrier gas during adsorption and/or
desorption. However, the use of CO; as carrier gas had some effect on adsorption kinetics, leading to
broader breakthrough profiles of butanol during adsorption of a packed Si-LTA column. Also,
adsorption capacities and selectivity for butanol were lower using CO; as carrier gas. Desorption of this
column using CO; as carrier gas also showed a slight loss in performance.

The hydrophobic MOF ZIF-8 showed a similar high adsorption capacity for butanol. As for adsorption
on Si-LTA, the adsorption capacities observed during isotherm measurement at high vapor pressure
were lower using CO; as carrier gas. The ethanol isotherm showed a shift towards low vapor pressures
using CO; as carrier gas, lowering butanol selectivity. Breakthrough measurements with a vapor phase
ABE mixture using He as carrier gas confirmed this materials’ capacity (247 mg/g) and selectivity for
butanol. Due to the S-shape of the butanol isotherm, the observed breakthrough profiles of butanol
during adsorption and desorption had a peculiar shape. The butanol breakthrough profile during
adsorption was observed to be much broader than for Si-LTA, worsening separation performance
during adsorption. However, during desorption, a sharp decrease in concentration was observed in the
breakthrough profile, positively influencing desorption characteristics. Due to the reversibility of
butanol adsorption on ZIF-8, isothermal desorption at the same temperature as adsorption was
possible, positively influencing the energy requirements for a butanol adsorption process using a ZIF-
8 column. As for Si-LTA, butanol adsorption capacities were lower using CO; as carrier gas in adsorption
breakthrough experiments. Selectivity for butanol compared to ethanol also decreased, but selectivity
of butanol compared to acetone and water increased using CO; as carrier gas. Also leading to higher
purity of butanol during desorption

Both the hydrophilic SAPO-34 zeolite and the hydrophobic Si-CHA zeolite showed inverse selectivity
compared to ZIF-8 and Si-LTA. Due to the small chabazite cage size, ethanol and water were adsorbed
by these materials, whilst butanol was excluded in dynamic adsorption experiments. Vapor phase
breakthrough experiments of an ABE mixture showed the adsorption capacity (4 mg/g) and selectivity
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of the SAPO-34 zeolite for ethanol to be lower than that of the Si-CHA material (5.2 mg/g). However,
the water adsorption capacity of SAPO-34 (159mg/g) was significantly higher than that of Si-CHA (23.4
mg/g). Unfortunately, catalytic activity of SAPO-34 was observed using CO, as carrier gas for vapor
phase ABE adsorption. Similarly, catalytic products were formed during high-temperature desorption
of a saturated SAPO-34 column. However, both SAPO-34 and Si-CHA showed potential for ethanol
removal from the vapor phase ABE mixture.

With the knowledge obtained from the isotherm and single column breakthrough measurements, a
proposition of different multicolumn configurations was made for optimal butanol recovery. A column
packed with ZIF-8 or Si-LTA pellets could be used for butanol removal, whilst a column paced with Si-
CHA or SAPO-34 pellets could be used for ethanol and/or water removal. Not all of the proposed
configurations could be tested experimentally, therefore a mathematical model was developed to
perform multicolumn breakthrough simulations. This model allowed for qualitative comparison of the
different simulated configurations.

Experimentally, a butanol adsorbing column (ZIF-8 or Si-LTA) was first completely saturated with a
vapor phase ABE mixture. During the desorption of this first column, a second column (SAPO-34 or Si-
CHA) was placed behind it to adsorb the desorbing ethanol and water from the first column. Using this
configuration, it was shown that the second column should be removed after a certain amount of time.
Otherwise, the adsorbed ethanol and water on the Si-CHA column starts to desorb, thus lowering
butanol purity at the end of the Si-LTA desorption. Therefore, the duration of the coupling to the
second column was optimized for the combination of Si-LTA and Si-CHA or SAPO-34. A comparison of
the performance of SAPO-34 and Si-CHA in this configuration showed that the highest butanol purity
could be obtained using SAPO-34 as second column. An increase in butanol purity at 100% recovery
could be obtained from 76 wt% to 99.9 wt% using SAPO-34 as second column. A similar improvement
in butanol purity could be obtained using CO; as carrier gas, indicating the viability of the use of CO; in
such a column configuration. For the column combinations tested with ZIF-8, the same conclusion
could be drawn: a high increase in butanol purity was obtained using SAPO-34 as second column. In
this way, an increase in butanol purity at 100% recovery of 76 wt% to 99.5 wt% could be obtained.
Unfortunately, catalytic activity of the SAPO-34 column was observed in the combination with ZIF-8.
Probably this is caused by the higher amount of acetone adsorbing on ZIF-8. The same performance
could be obtained using CO; as carrier gas, showing the viability of the use of this gas as carrier for
adsorptive vapor phase butanol recovery.

The mathematical model used to compare other multicolumn configurations was developed using
single component isotherm data and multicomponent breakthrough data. For all four of the studied
columns, good fitting of experimental breakthrough data could be obtained. Using the developed
adsorption column parameters, different column combinations were simulated. The multicolumn
configurations simulated consisted of a first column for ethanol and water removal (Si-CHA or SAPO-
34) and a second column in series for butanol adsorption (Si-LTA or ZIF-8). A vapor phase ABE mixture
was fed to the first column and the stream coming out of the first column was subsequently sent to
the second column. Again, for both Si-LTA and ZIF-8 as second column, the best results were obtained
using SAPO-34 as first column. In this way, butanol purity could be increased from 93 wt% to 99 wt%
for the Si-LTA column and from 98 wt% to 99 wt% for the ZIF-8 column. Such a configuration allows for
the recovery of ethanol, butanol and acetone from the vapor phase ABE mixture, although a larger
amount of Si-CHA or SAPO-34 material would be necessary for high-purity butanol recovery. Further,
the ethanol adsorbed on the Si-CHA or SAPO-34 column is highly diluted in water, making an extra
ethanol concentration step necessary.
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Therefore, the chosen combination of adsorption columns for butanol recovery form the vapor present
in the headspace of an ABE fermenter, or from the gas stream used in gas stripping, will depend of
process economics. Using the simple, two column configuration validated experimentally, a butanol
vapor stream of very high purity can be obtained. Such a separation process could be relatively cheap,
since only a small amount of SAPO-34 or Si-CHA material would be necessary to purify the butanol
stream. However, in this way a large amount of possibly valuable ethanol and acetone is lost. The
column combination which was verified model-wise allows for the recuperation of all three ABE
solvents. However, the investment cost will be higher, since a larger amount of adsorbent is necessary
and the adsorbed ethanol product on SAPO-34 or Si-CHA is quite diluted, making an extra ethanol
concentration step necessary.

Reflecting on the choice of adsorption material, ZIF-8 showed the most promising results as butanol
adsorbent due to its efficient desorption which can be performed at low temperatures and its high
capacity. For the removal of ethanol and water, SAPO-34 would be the material of choice, giving the
best results in all of the tested column configurations. However, catalytic activity could be a problem
using this material. Although the adsorption capacities and selectivities for butanol on ZIF-8 and Si-LTA
were usually slightly lower using CO; as carrier gas instead of He, the use of CO; as carrier gas for vapor
phase ABE solvent recovery might be viable. Especially on ZIF-8, where the purity of adsorbed butanol
increased, using CO; as carrier gas during adsorption.

The research performed for this Masters’ thesis thus showed that high-purity butanol recuperation
from a vapor phase ABE mixture is possible, using the right combination of selective adsorbents in the
right configuration.
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Summary

The large increase in world population during the last half of the 20" and during the 21° century is
having an increased impact on the natural environment. One of the important effects of human activity
on the planet’s ecosystem is global warming due to the use of fossil fuels for energy production.
Further, most of the organic chemicals and polymers used today are produced starting from
petroleum, which is a non-renewable resource. One of the possible solutions to this energy problem
is the use of renewable resources as a base for fuel production. Further, these biofuels can often also
be used as a platform molecule or monomer for the synthesis of more complex organic molecules and
polymers thus decreasing the dependency of chemical industry from non-renewable resources.

One of the possible biofuel and platform molecule candidates is 1-butanol. This molecule is
conventionally produced via a petroleum-based chemical route, but can also be produced via
fermentation using bacteria of the genus Clostridium. This so-called acetone-butanol-ethanol (ABE)
fermentation process yields acetone, 1-butanol and ethanol starting from different types of renewable
resources. However, this fermentation process leads to a low final butanol concentration (lower than
20 g/l1) due to inhibition of clostridial growth by the produced solvents. Therefore, most of the research
on ABE fermentation is either focused on improvement of solvent resistance of the used production
strains or on development of in situ butanol recovering methods to allow simultaneous solvent
recovery and relief of product inhibition. The conventional process for ABE solvent recovery is
distillation, however this is a very energy intensive process. Different authors indicate adsorption to
be the most energy efficient recovery method.

One of the possible in situ recovery methods is gas stripping. However, this separation method suffers
from a lack of butanol selectivity. Further, a large amount of more concentrated solvent vapor is
present in the head space of the fermenter. Therefore, selective recovery of the formed ABE solvents
from the vapor phase via adsorption might increase the efficiency of the ABE fermentation process.
While liquid phase adsorption of butanol from ABE model solutions and ABE fermentation broth is
well-described in the literature, few research has been performed on vapor phase ABE solvent
recovery.

Most of the literature on adsorptive separation technologies is focused around isotherm and
breakthrough experiments. However, the goal of the research performed in this Masters’ thesis was
to develop a setup consisting of different adsorption columns with different selectivities for optimal
butanol recovery from a vapor phase ABE mixture. During the ABE fermentation process, a high
amount of CO; is produced. Therefore, the effect of CO, on vapor phase adsorption was investigated
in detail.

In a first step, four different adsorbents were evaluated on their adsorption capacity and selectivity for
the different vapor phase ABE components: the hydrophobic zeolite Si-LTA, the hydrophobic metal
organic framework (MOF) ZIF-8, the hydrophobic zeolite Si-CHA and a hydrophilic zeolite SAPO-34.

The hydrophobic Si-LTA zeolite showed a high capacity for butanol, as was verified via isotherm
measurements. This due to the size of its windows (4.1 A x 4.1 A), which are big enough for the butanol
molecules (kinetic diameter: 4.0 A) to allow them to enter the zeolite pores. Since ethanol is an even
smaller molecule, it adsorbs as well. Acetone, however is excluded from the zeolite pores and due to
the hydrophobicity of the material, water adsorption capacities are low. Isotherm measurements using
CO; as carrier gas showed competitive adsorption effects. Due to the CO; adsorbing on the zeolite, the
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butanol adsorption capacity decreases. Further, the ethanol isotherm showed a shift to low vapor
pressures, thus decreasing the selectivity of the material for butanol.

Similar to the hydrophobic Si-LTA material, the hydrophobic MOF ZIF-8 showed a high butanol
adsorption capacity. Acetone and ethanol were also able to adsorb on this material. The effects of CO,
on the adsorption properties were similar as for the Si-LTA zeolite: the ABE components showed a
lower adsorption capacity at high vapor pressures and the ethanol isotherm showed a shift towards
lower vapor pressures.

The Si-CHA and SAPO-34 zeolite are isostructural materials: both contain cages that exclude alcohols
larger than propanol. However, the Si-CHA material is hydrophobic due to its very low Al content and
thus showed a higher adsorption capacity for ethanol, whilst SAPO-34 showed a larger capacity for
water. Neither of the materials adsorbed acetone or butanol on a reasonable timescale. Isotherm
measurements showed the adsorption capacity of SAPO-34 for water and ethanol to be lower using
CO; as carrier gas.

The selectivity and capacity of these different materials were further investigated performing vapor
phase breakthrough experiments with a model ABE mixture at 40 °C. A comparison was made between
He and CO; as carrier gas. For the Si-LTA column, results of the isotherm measurements were
confirmed: butanol was adsorbed in high amounts (97 mg/g), whilst ethanol, acetone and water were
largely excluded. Using CO, as carrier gas, the adsorption capacity and selectivity for butanol
decreased. A kinetic effect on the breakthrough profile was also visible: broadening of the butanol
profile could be observed, leading to worse separation characteristics. Desorption experiments also
showed slightly worse performance using CO; as carrier gas.

The column packed with ZIF-8 showed similar behavior to the Si-LTA column. Butanol was adsorbed
with a high capacity (247 mg/g). Acetone, ethanol and water were only adsorbed in minor amounts.
Due to the S-shaped butanol isotherm on ZIF-8, a peculiar breakthrough profile was observed during
adsorption and desorption. The S-shaped isotherm led to fronting of the butanol breakthrough profile
during adsorption, whilst a sudden sharp decrease in butanol concentration was observed in the
desorption profile. The reversibility of the adsorption equilibrium on ZIF-8 made the use of much
milder temperature conditions possible during the desorption of this column compared to Si-LTA,
greatly increasing energetic efficiency of the process. As for Si-LTA, butanol adsorption capacity and
was lower using CO; as carrier gas. The selectivity for butanol compared to ethanol also decreased,
however the selectivity for butanol compared to acetone and water increased. This also led to a higher
purity of butanol adsorbed on this column.

Vapor phase ABE breakthrough experiments on SAPO-34 using He as carrier gas confirmed the high
water (159mg/g) and ethanol (4 mg/g) adsorption capacity of this material. The Si-CHA material has a
much lower adsorption capacity for water (23.4 mg/g) and a higher ethanol adsorption capacity (5.2
mg/g). Unfortunately, the SAPO-34 material showed catalytic activity during breakthrough using CO,
as carrier gas and during desorption using an increase in temperature.

Based on the adsorptive properties of the different materials, different configurations combining
columns packed with these different materials were proposed. Not all of these configurations could
be verified experimentally. Therefore, a mathematical model was developed to describe the dynamic
behavior of these different combinations of adsorption columns.

The experimentally verified configurations consisted of a butanol adsorbing column (ZIF-8 or Si-LTA)
that was first completely saturated using a vapor phase ABE mixture. When desorption of the first
column was started, a second column (Si-CHA or SAPO-34) was placed behind it to adsorb the
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impurities desorbing from the first column. The second column could only be held behind the first
column for a certain amount of time, else the adsorbed impurities would start to desorb, leading to
loss of separation performance. This configuration was evaluated using He and CO; as carrier gas.

For desorption of the Si-LTA column, a comparison was made between performance of the Si-CHA and
SAPO-34 as second column. The highest separation performance was obtained with the SAPO-34
column as second column, increasing butanol purity at 100% recovery from 76 wt% to 99.9 wt% using
He as carrier gas. A similar separation performance was observed using CO; as carrier gas. Similarly,
the combination of ZIF-8 and SAPO-34 was observed to be very effective, butanol purity at 100%
recovery could be increased from 76 wt% to 99.5 wt%. Unfortunately, catalytic activity of the SAPO-34
column was observed, probably due to the higher amount of acetone adsorbing on the ZIF-8 column.
For ZIF-8, the same separation performance could be obtained using CO; as carrier gas.

The column configuration evaluated experimentally was a simple two-column system leading to high-
purity butanol recovery. However, a large amount of acetone and ethanol produced during the ABE
fermentation is lost using this process. Therefore, an alternative separation process was proposed,
sending a vapor phase ABE mixture through a first column for water and/or ethanol removal. The gas
flow coming out of this first column was subsequently sent to a second column for butanol adsorption.

These column combinations were verified using a mathematical model describing the behavior of the
different columns. Model parameters were first developed using single component isotherms and
multicomponent breakthrough data. In a subsequent step, the multicolumn adsorption simulations
were performed. A first combination of the Si-CHA and SAPO-34 column as first column and Si-LTA as
second column showed that a larger amount of Si-CHA or SAPO-34 was necessary to obtain butanol of
high purity compared to the configuration evaluated experimentally. For both the ZIF-8 and Si-LTA
column as second column, performance of Si-CHA and SAPO-34 was compared. Due to the high water
adsorption capacity of SAPO-34, the use of this material as first column led to the highest butanol
purity. For ZIF-8, an increase in butanol purity of 98 wt% to 99 wt% was realized, whilst the butanol
purity on Si-LTA increased from 93 wt% to 99 wt%. Using this column combination, all of the ABE
solvents could be separated: acetone, which does not adsorb on any of the materials in large
guantities, ethanol and water adsorbing on SAPO-34 and butanol adsorbing on ZIF-8 or Si-LTA.
However, investment costs using such a configuration will be inevitably higher since more SAPO-34 or
Si-CHA material would be necessary, compared to the configuration tested experimentally. Further,
the ethanol adsorbed on SAPO-34 or Si-CHA is very diluted, making the use of second separation step
necessary for further ethanol concentration.

Therefore, the optimal configuration for vapor phase ABE separation will depend on process
economics: the simple and cheaper configuration evaluated experimentally will yield a high-purity
butanol stream. However, the possibly valuable ethanol and acetone fractions are lost. The column
configurations evaluated via simulations could separate all of the ABE solvents, but at a higher cost. In
both cases, simulations and experiments showed that high-purity butanol recovery is possible using a
combination of different selective adsorbents.

Reflecting on the choice of adsorption material, ZIF-8 showed the most promising results as butanol
adsorbent due to its efficient desorption which can be performed at low temperatures and its high
capacity. For the removal of ethanol and water, SAPO-34 would be the material of choice, giving the
best results in all of the tested column configurations. However, catalytic activity could be a problem
using this material. Although the adsorption capacities and selectivities were slightly lower using CO;
as carrier gas instead of He, the use of CO; as carrier gas for vapor phase ABE solvent recovery might
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be viable. Especially for ZIF-8, due to the higher purity of the adsorbed butanol after adsorption using
CO; as carrier gas.

The research performed for this Masters’ thesis thus showed that high-purity butanol recuperation
from a vapor phase ABE mixture is possible, using the right combination of selective adsorbents in the
right configuration.
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Samenvatting

De aanzienlijke toename van de wereldbevolking tijdens de tweede helft van de 20ste en tijdens de
21ste eeuw heeft ook een toegenomen impact op de natuur. Een van de belangrijke gevolgen van
menselijke activiteit op onze planeet is de opwarming van de aarde, die is toe te schrijven aan het
gebruik van fossiele brandstoffen voor energieproductie. Bovendien worden de meeste organische
chemische stoffen en polymeren die we vandaag gebruiken, geproduceerd op basis van petroleum,
een niet-hernieuwbare grondstof. Een van de mogelijke oplossingen voor dit energieprobleem is het
gebruik van hernieuwbare grondstoffen voor brandstofproductie. Deze biobrandstoffen kunnen
bovendien vaak dienen als platformmolecule of monomeer voor de synthese van complexere
organische moleculen en polymeren, wat dan ook de chemische industrie minder afhankelijk maakt
van niet-hernieuwbare grondstoffen.

Een van de mogelijke kandidaten als biobrandstof en platformmolecule is 1-butanol. Deze molecule
wordt gewoonlijk geproduceerd via een petroleum-gebaseerd chemisch proces, maar het kan ook
worden gemaakt via fermentatie, door gebruik te maken van bacterién van het geslacht Clostridium.
Dit zogenaamde aceton-butanol-ethanol (ABE) fermentatieproces produceert aceton, 1-butanol en
ethanol, op basis van diverse soorten hernieuwbare grondstoffen. Dit fermentatieproces leidt echter
tot een lage eindconcentratie aan butanol (minder dan 20g/l), wat te wijten is aan het feit dat de groei
van Clostridum sp. wordt afgeremd door de solventen die worden geproduceerd. Het meeste
onderzoek rond ABE-fermentatie is dan ook ofwel toegespitst op de verbetering van solventresistentie
van de gebruikte productiestammen, ofwel op de ontwikkeling van in situ butanol scheidingsmethoden
om solventwinning mogelijk te maken en tegelijk de productinhibitie te verminderen. Het
conventionele proces waarmee ABE solventen worden gescheiden is distillatie, maar dat is een zeer
energie-intensief proces. Meerdere auteurs geven aan dat adsorptie de meest energie-efficiénte
winningsmethode is.

Een van de mogelijke in situ scheidingsmethoden is gas stripping. Maar met deze scheidingsmethode
is de butanolselectiviteit te laag. Bovendien is er in de head space van de fermentor een grote
hoeveelheid solventdamp aanwezig. De selectieve winning van de tijdens de dampfase gevormde ABE
solventen via adsorptie zou dan ook de efficiéntie van het ABE-fermentatieproces kunnen verhogen.
Daar waar er al heel wat literatuur bestaat over butanoladsorptie uit de vloeibare fase gebaseerd op
ABE-modeloplossingen en op ABE-fermentatiemedia, is er nog niet veel onderzoek gedaan naar ABE-
solventwinning uit de dampfase.

De meeste literatuur over scheidingstechnieken op basis van adsorptie concentreert zich op
isothermexperimenten en doorbraakexperimenten. Het doel van het onderzoek dat in deze
Masterthesis werd gevoerd, was echter om een opstelling te ontwikkelen die bestaat uit meerdere
adsorptiekolommen met verschillende selectiviteit, om op een optimale manier butanol te
recupereren uit een waterig ABE-dampmengsel. Tijdens het ABE-fermentatieproces wordt er een grote
hoeveelheid CO, geproduceerd. Daarom werd het effect van CO, op de dampfase-adsorptie in detail
onderzocht.

In eerste instantie werden er vier verschillende adsorbenten beoordeeld op hun adsorptiecapaciteit
en selectiviteit voor de verschillende ABE-componenten tijdens de dampfase: de hydrofobe zeoliet Si-
LTA, het hydrofobe metaal-organisch netwerk (metal organic framework of MOF) ZIF-8, de hydrofobe
zeoliet Si-CHA een hydrofiele zeoliet SAPO-34.
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De hydrofobe zeoliet Si-LTA bleek voor butanol een hoge capaciteit te hebben, wat werd nagegaan via
de meting van adsorptie-isothermen. Dit is toe te schrijven aan de grootte van zijn porie-openingen
(4.1 A x 4.1 A), die groot genoeg is om de butanolmoleculen (kinetische diameter: 4.0 A) in staat te
stellen in de zeolietporién binnen te dringen. Ook ethanol adsorbeert, aangezien dit molecule nog
kleiner is. Maar aceton wordt uit de zeolietporién uitgesloten, en omwille van het hydrofobe karakter
van het materiaal zijn ook de adsorptiecapaciteiten voor water, laag. Door meting van adsorptie-
isothermen met CO; als draaggas werden er competitieve adsorptie-effecten vastgesteld. Doordat CO2
adsorbeert op de zeoliet, daalt de butanol-adsorptiecapaciteit. Bovendien verschoof de ethanol
isotherm naar lagere dampdrukken, waardoor de selectiviteit van het materiaal voor butanol daalde.

Net als bij het hydrofobe Si-LTA-materiaal, vertoonde ook de hydrofobe MOF ZIF-8 een hoge
adsorptiecapaciteit voor butanol. Ook aceton en ethanol konden op dit materiaal adsorberen. De
effecten van CO; op de adsorptie-eigenschappen waren gelijkaardig aan die van de Si-LTA-zeoliet: de
ABE-componenten bleken een lagere adsorptiecapaciteit te hebben bij hoge dampdrukwaarden en de
ethanol isotherm vertoonde een verschuiving naar lagere dampdrukken.

De Si-CHA en de SAPO-34 zeolieten zijn isostructurele materialen: allebei hebben ze een porie-
openingsgrootte die alcoholen groter dan propanol uitsluit. Het Si-CHA-materiaal is echter hydrofoob,
door zijn laag gehalte aan Al, en vertoonde dan ook een hogere adsorptiecapaciteit voor ethanol, daar
waar SAPO-34 een hogere adsorptiecapaciteit voor water vertoonde. Geen van beide materialen
adsorbeerden binnen een redelijke tijdsschaal aceton of butanol. Isotherme metingen toonden aan
dat de adsorptiecapaciteit van SAPO-34 voor water en ethanol lager waren dan wanneer CO, wordt
gebruikt als draaggas.

De selectiviteit en capaciteit van deze verschillende materialen werd verder onderzocht aan de hand
van doorbraakexperimenten in de dampfase op een mengeling volgens het ABE-model bij 40° C. Er
werd een vergelijking gemaakt tussen He en CO; als draaggas. Voor de Si-LTA-kolom werden de
resultaten van de metingen van adsorptie-isothermen bevestigd: butanol werd in grote hoeveelheden
geadsorbeerd (97 mg/g), terwijl ethanol, aceton en water in aanzienlijke mate werden uitgesloten.
Met CO2 als draaggas daalde de adsorptiecapaciteit en selectiviteit voor butanol. Ook was er een
kinetisch effect op het doorbraakprofiel zichtbaar: er kon een verbreding van het butanolprofiel
worden waargenomen, wat leidde tot minder goede scheidingskarakteristieken. Desorptie-
experimenten toonden ook een wat slechtere performantie aan wanneer CO; als draaggas werd
gebruikt.

De ZIF-8 kolom en de Si-LTA-kolom vertoonden gelijkaardig gedrag. Butanol werd met hoge capaciteit
geadsorbeerd (247 mg/g). Aceton, ethanol en water werden slechts in kleine hoeveelheden
geadsorbeerd. Door de S-vormige butanol isotherm op ZIF-8 werd een merkwaardig doorbraakprofiel
waargenomen tijdens de adsorptie en de desorptie. De S-vormige isotherm bracht een fronting van
het butanol-doorbraakprofiel tijdens de adsorptie teweeg, terwijl er een plotse en aanzienlijke daling
van de butanolconcentratie werd waargenomen in het desorptieprofiel. De omkeerbaarheid van het
adsorptie-evenwicht op ZIF-8 maakte het mogelijk om veel zachtere temperatuurvoorwaarden te
gebruiken tijdens de desorptie van deze kolom vergeleken bij Si-LTA, wat de energie-efficiéntie van
het proces aanzienlijk verhoogde. Net als voor Si-LTA was de adsorptiecapaciteit en de selectiviteit
voor butanol vergeleken met ethanol lager wanneer CO, werd gebruikt als draaggas. De selectiviteit
ten opzichte van aceton en water steeg echter. Hierdoor steeg ook de zuiverheid van het
geadsorbeerde butanol op de ZIF-8 kolom.

Doorbraakexperimenten met een ABE-modeloplossing in de dampfase op SAPO-34, waarbij He werd
gebruikt als draaggas, bevestigden de hoge adsorptiecapaciteit van dit materiaal voor water (159mg/g)
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en voor ethanol (4 mg/g). Het Si-CHA-materiaal heeft een veel lager adsorptievermogen voor water
(23.4 mg/g) en een hogere adsorptiecapaciteit voor ethanol (5.2 mg/g). Helaas vertoonde het SAPO-
34 materiaal katalytische activiteit tijdens de doorbraak wanneer CO; als draaggas werd gebruikt, en
tijdens de stijging in temperatuur bij desorptie.

Op basis van de gekende adsorptie-eigenschappen van de verschillende materialen, werden er
verschillende configuraties voorgesteld die kolommen met deze verschillende materialen combineren.
Niet al deze configuraties konden experimenteel worden getest. Vandaar dat er een mathematisch
model werd ontwikkeld om het dynamisch gedrag van deze verschillende combinaties van
adsorptiekolommen te beschrijven.

De experimenteel geteste configuraties bestonden uit een butanol adsorberende kolom (ZIF-8 of Si-
LTA), dat eerst helemaal werd gesatureerd door gebruik te maken van een ABE-mengsel in de
dampfase. Wanneer deze eerste kolom gedesorbeerd werd, werd een tweede kolom (Si-CHA of SAPO-
34) erachter geplaatst om de onzuiverheden te adsorberen die desorbeerden uit de eerste kolom. De
tweede kolom kon maar een bepaalde tijdspanne achter de eerste kolom worden gehouden omdat de
geadsorbeerde onzuiverheden op de tweede kolom anders zouden beginnen te desorberen, wat zou
leiden tot een verlies aan scheidingsperformantie. Deze configuratie werd geévalueerd met He en CO;
als draaggas.

Voor de desorptie van de Si-LTA-kolom werd er een vergelijking gemaakt tussen de performantie van
Si-CHA en SAPO-34 als tweede kolom. De grootste scheidingsperformantie werd verkregen met de
SAPO-34 kolom als tweede kolom, waardoor de butanolzuiverheid bij 100 % butanolrecuperatie werd
verhoogd van 76 wt% tot 99.9 wt% met He als draaggas. Verder werd er geen katalytische activiteit
van SAPO-34 waargenomen, noch met He, noch met CO,. Een gelijkaardige scheidingsperformantie
werd waargenomen bij wanneer CO, werd gebruikt als draaggas. Ook werd vastgesteld dat de
combinatie van ZIF-8 en SAPO-34 bijzonder effectief was: butanolzuiverheid bij 100% recuperatie steeg
van 76 wt% tot 99.5 wt%. Helaas werd er katalytische activiteit van de SAPO-34 kolom waargenomen,
wellicht toe te schrijven aan de hogere hoeveelheid aceton die adsorbeerde op de ZIF-8 column. Voor
ZIF-8 kolom kon ook dezelfde scheidingsperformantie worden verkregen met CO; als draaggas.

De experimenteel geévalueerde configuratie was een eenvoudig systeem van twee kolommen dat
leidde tot butanolrecuperatie met hoge zuiverheid. Wanneer dit proces wordt gebruikt gaat er echter
een grote hoeveelheid aceton en ethanol verloren die wordt geproduceerd tijdens de ABE-
fermentatie. Daarom werd een alternatief scheidingsproces voorgesteld, waarbij een ABE-mengsel in
dampfase door een eerste kolom werd gestuurd om er water en/of ethanol uit te halen. Het gas dat
uit deze eerste kolom kwam, werd vervolgens naar een tweede kolom gedreven voor de adsorptie van
butanol.

Deze kolomcombinaties werden geévalueerd met een mathematisch model dat het gedrag van de
verschillende kolommen beschreef. Eerst werden de modelparameters ontwikkeld door gebruik te
maken van gegevens die gebaseerd waren op isothermen van de enkelvoudige componenten.
Kinetische parameters werden gefit op multicomponent doorbraakprofielen. In een volgende stap
werden de adsorptiesimulaties van de combinaties van verschillende kolommen uitgevoerd. Een
eerste combinatie van de Si-CHA en de SAPO-34 kolom als eerste kolom, en Si-LTA als tweede kolom
toonde aan dat er een grotere hoeveelheid Si-CHA of SAPO-34 nodig was om butanol met hoge
zuiverheidsgraad te verkrijgen, vergeleken bij de configuratie die experimenteel werd geévalueerd.
Voor zowel de ZIF-8 als de Si-LTA-kolom als tweede kolom, werd de performantie van Si-CHA en SAPO-
34 vergeleken. Door de hoge wateradsorptiecapaciteit van SAPO-34 leidde het gebruik van dit
materiaal als tweede kolom tot de hoogste butanolzuiverheid. Voor ZIF-8 werd er een toename in
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butanolzuiverheid van 98 wt% tot 99 wt% gerealiseerd, terwijl de butanolzuiverheid op Si-LTA toenam
van 93 wt% tot 99 wt%. Door gebruik te maken van deze kolomcombinatie konden alle ABE solventen
worden gescheiden: aceton dat niet in grote hoeveelheden adsorbeert op geen enkel van de
materialen, ethanol en water die adsorberen op SAPO-34, en butanol dat adsorbeert op ZIF-8 of Si-
LTA. De investeringskosten bij het gebruik van een dergelijke configuratie zullen echter onvermijdelijk
hoger zijn aangezien er meer SAPO-34 of Si-CHA-materiaal zou nodig zijn. Verder is het ethanol dat
wordt geadsorbeerd op SAPO-34 of Si-CHA zeer verdund, waardoor het gebruik van een tweede
scheidingsstap vereist is om de ehtanolconcentratie te verhogen.

De optimale configuratie voor ABE in de dampfase zal dan ook afhankelijk zijn van de economische
aspecten van het proces: de eenvoudige en goedkopere configuratie die experimenteel werd
geévalueerd, zal zeer zuiver butanol produceren. Maar de mogelijks waardevolle ethanol- en
acetonfracties gaan verloren. De kolomconfiguraties die via simulaties werden geévalueerd, zouden
alle ABE solventen kunnen scheiden, maar aan een hogere investeringskost. In beide gevallen toonden
experimentele en gesimuleerde data aan dat butanolrecuperatie aan hoge zuiverheid mogelijk is,
gebruik makend van een combinatie van selective adsorbenten.

Wat de keuze van het adsorptiemateriaal betreft, bleken de resultaten van ZIF-8 als butanoladsorbent
de meest veelbelovende te zijn, dankzij de efficiénte desorptie die kan bereikt worden bij lage
temperatuur, en dankzij de hoge capaciteit ervan. Voor de ethanol- en waterextractie zou de beste
materiaalkeuze SAPO-34 zijn, waarmee de beste resultaten werden bereikt in alle geteste
kolomconfiguraties. Katalytische activiteit zou bij het gebruik van dit materiaal echter een probleem
kunnen zijn. Hoewel de adsorptiecapaciteiten en selectiviteit enigszins lager lagen wanneer CO; als
draaggas werd gebruikt in plaats van He, zou het gebruik van CO; als draaggas voor solventwinning uit
ABE in de dampfase een interessante optie kunnen zijn. Zeker voor ZIF-8, waar de zuiverheid van het
geadsorbeerde butanol steeg bij het gebruik van CO; als draaggas.

Het onderzoek uitgevoerd in het kader van deze Masterthesis, toonde dus aan dat een hoge
butanolzuiverheid kon bekomen worden uit een dampfase ABE-mengsel, door gebruik te maken van
een combinatie van adsorptiekolommen met een verschillende selectiveit.
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Appendix

Appendix 1 — Calibration curves of mass flow controllers (MFC)
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Appendix 2 — Matlab® code for breakthrough modelling on Si-CHA

function ABE doorbraak

close all
clear all

global R Nx N_comp

L column D column Temp mbed eps

dx x

gsat acet K acet gsat but K but gsat eth K eth gsat wat K wat
h acet h but h eth h wat Dm acet Dm eth Dm but Dm wat

v Flow

P in wat P_in acet P_in but P _in eth

CHA density

P tot

R = 8.314; %J/K mol
Nx = 30.0;
N comp = 4.0;

[ )

g ——————— e ——————— Systeem parameters Si CHA-—-————-———--"-"-"-"—"-—-——-——— 5

L column 3.65E-02; %m berekende lengte aan de hand van bulkdensiteit zie

excel
D column = 0.2159E-02; %m
R _column = D column/2.0; %m

Temp = 273+40; %K

mbed = 0.049E-03; % kg

CHA density = 1.45E03; %kg/m3

volume column = 3.14 * R column”2.0 * L column;
bulk density = mbed / volume column;

eps = 0.6;

dx = L column/Nx; %$stap dx in ruimte

x = 0:dx:L_column;

§—— oo Adsorptie parameters —----——---———-———---— %

Q

$Single component langmuir fitting: zie fitting alle isothermen
gsat _acet = 0.2638; %mol/kg
% K acet = 5.9607; % Pa"-1

K acet = 5.9607E-02; % Pa"-1 % aangepast voor goede doorbraak aceton

gsat but = 3.791; %mol/kg
K but = 0.000237; % Pa"-1

gsat _eth = 3.4885; %mol/kg
K eth = 0.0006; % Pa"-1

gsat wat = 31.67; %mol/kg
K wat = 2.4E-05; % Pa"-1

[)

g —m T m o Massaoverdracht------——-—---—-—-——————————— s
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h acet = 0.005E-04;
Dm_acet = 1.090E-05; %m2/s

h but = 0.0005E-03;
Dm_but = 8.40E-05; %m2/s

h eth = 0.004; %1/s
Dm _eth = 2.51E-05; %m2/s

h wat = 1.5;
Dm wat = 4.350E-05;

e Doorbraak adsorptie -------------—-—-—-—-——- %
T it
g g gy G g g S gy g g S gy G g g G g G g g g g S g i g G g g Gy g g Gy Sy g Sy g S g Sy Sy Sy Sy Sy ey gy
o o

% Flow = 15.9 * 10" (-6) / 60;
Flow = 15.9 * 10"(-6) / 60; % m3/s

P tot = 1.930E05; %Pa

P in acet = 0.00192051E05; %Pa

P in but = 0.00298675E05; %Pa

P in eth 0.00049862E05; %Pa

P in wat = 0.021863915 * P_tot; %Pa

x in acet = P _in acet/P_tot
x_in but = P _in but/P tot

% P _in acet = 0.0;

% P _in but = 0.0;

% P in eth = 0.02E05;
% P in wat = 0.0; %Pa

v = Flow/(3.14 * (R _column)”2.0) % lege buissnelheid m/s

G—m e — Beginvoorwaarden —--—----—-———————————————————— %
Conc_0 = zeros(2*N_comp* (Nx+1),1); %vector bvw conc en ads onder elkaar
§mm oo Oplossen tijdsdifferentiaalvgl -------------- %

t start doorbraak = 0.0;

t end doorbraak = 6000.0;

% t end doorbraak = 30000.0;
t stap = 10.0;

tspan = [t _start doorbraak : t stap : t end doorbraak];

tic

[T,Y] = odel5s (Qrigid, tspan, Conc_0);

toc

g———mmm Resultaten--------——--—--—--—————————————————————— s

for i = 1:Nx+1
P acet(:,i) = Y (:,1);
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g acet(:,1i) = Y(:
P but(:,1) Y (:
g but(:,i) = Y(:,
P eth(:,1) = Y (:,
g eth(:,1) = Y(:,
P wat(:,1) = Y(:,
g wat(:,1) = Y(:,
end
N dT = length(T);
x_acet = P_acet/P_tot
x but = P but/P tot;
X _eth = P _eth/P tot;
X wat = P _wat/P_tot;

T(N_dT)/N_dT;

doorbraaktijd acet =
doorbraaktijd but =

yNx + 1 +1);
, 2*Nx+2+1) ;
3*Nx+3+1) ;
4*Nx+4+1) ;
5*Nx+5+1) ;
)
)

’

6*Nx+6+1
T*Nx+7+1

I

I

0.0;

’

0
doorbraaktijd eth = 0.
doorbraaktijd wat = 0

.0
0;
0

’

x0 acet = P_in acet/P tot;
x0 but = P_in but/P tot;
x0 eth = P_in eth / P tot;
x0 wat = P_in wat/P tot;
for i = 1:N_dT

doorbraaktijd acet
x_acet (i,Nx+1))/x0 acet
doorbraaktijd but =
* t stap;
doorbraaktijd eth
* t stap;
doorbraaktijd wat =
* t stap;
end

doorbraaktijd acet =
doorbraaktijd but =
doorbraaktijd eth

doo
doo

= doorbraaktijd acet +
* t stap;
doorbraaktijd but +

(x0_acet -

(x0_but - x but(i,Nx+1))/x0 but

doorbraaktijd eth + (x0 eth - x eth(i,Nx+1))/x0 eth

doorbraaktijd wat +

rbraaktijd but / 60.0
rbraaktijd eth / 60.0

doorbraaktijd acet / 60.0

(x0_wat - x wat(i,Nx+1))/x0 wat

doorbraaktijd wat = doorbraaktijd wat / 60.0

R e Figuren------——-———-—————————————————————— %
Tijd = T/60.0;

xlswrite('Si CHA adsorptie.xlsx',Tijd,1)

xlswrite('Si CHA adsorptie.xlsx',x acet (:,Nx+1) )

(
(
xlswrite (
(
(

'Si CHA adsorptie.xlsx'
xlswrite('Si CHA adsorptie.xlsx'
xlswrite('Si CHA adsorptie.xlsx'

9900900000

09000000000000000000000

4
, X _but (:,Nx+1),3
,x_eth(:,Nx+1),4
,x _wat (:,Nx+1),5

9900000000900000000

0900000000000000000000000000000000000
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Flow = 11.4 * 107(-6) / 60; % m3/s

P in acet = 0.0; %Pa
P in but = 0.0; %Pa
P in eth = 0.0; %Pa
P in wat = 0.0; %Pa

P tot = 2.760E05; %Pa

v = Flow/(3.14 * (R _column)”2.0) % lege buissnelheid m/s

Q Q

ST — - Beginvoorwaarden desorptie ------------- g

[

% Kolom is gevuld
for i=1:Nx+1

Conc_0(i) = P_acet (N dT,i);
Conc_0 (Nx+1+i) = g acet(N _dT, 1i);
Conc_O(Z*Nx+2+i) = P _but (N_dT, i);
Conc_0(3*Nx+3+1i) = g but (N _dT,i);
Conc_ 0 (4*Nx+4+i) = P_eth(N dT,1i);
Conc_0(5*Nx+5+1i) = g eth(N _dT,i);
Conc_ 0 (6*Nx+6+i) = P_wat (N dT,i);
Conc_O(7*Nx+7+i) = g wat (N_dT, i);
end
G ——— Oplossen tijdsdiff vgl --—--------------———~ %

t start doorbraak = 0.0;
t end doorbraak = 60000;
t_stap = 100.0;

tspan = [t start doorbraak : t stap : t end doorbraak];

tic

[T,Y] = odel5s (@rigid, tspan, Conc_0);

toc

G Resultaten ----------------"--"—-"—-"—-"——"———"———— %
[m,n] = size(Y)

lengte = length(T)
for i=1:Nx+1

P acet des(:,i) = Y (:,1);
g _acet des(:,1) = Y(:,Nx+1+1);
P but des(:,1) = Y (:,2*Nx+2+1);
g _but des(:,1) = Y(:,3*Nx+3+1);
P eth des(:,1) = Y (:,4*Nx+4+1i);
g _eth des(:,1) = Y (:,5*Nx+5+1);
P wat des(:,1) = Y(:,6*Nx+6+1i);
g wat des(:,1) = Y (:,7*Nx+7+1);
end
Gm—mmm Figuren--—--——-————-——-————————— - %

Tijd = T/60.0;

x_acet des = P_acet des/P tot;
x but des = P but des/P tot;
x eth des = P eth des/P tot;
x _wat des P wat_des/P_tot;
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figure

hold on

title ('Doorbraak"')

plot (Tijd, P _acet des(:,Nx+1))

plot (Tijd, P but des(:,Nx+1))

plot (Tijd, P _eth des(:,Nx+1))

yyaxis right

plot (Tijd,P wat des(:,Nx+1))

legend('aceton', 'butanol', 'ethanol', 'water')
% legend('aceton', 'butanol', 'ethanol')

xlabel ('tijd (min)"')

ylabel ('druk (Pa)')

o m differential equations---------------—-—- %
function dy = rigid(t,vy)

global R Nx N_comp

L column D column Temp mbed eps

dx x

gsat acet K acet gsat but K but gsat eth K eth gsat wat K wat
h acet h but h eth h wat Dm acet Dm eth Dm but Dm wat

v Flow

P in wat P_in acet P_in but P _in eth

CHA density

P tot

dy = zeros(2*N_comp*Nx+2*N comp, 1) ;

for 1 = 1:Nx+1

P acet (i) = y(i);

g _acet (i) = y (Nx+1+i);

P but (i) = y(2*Nx+2+1);

g but (i) = y(3*Nx+3+1i);

P eth(i) = y(4*Nx+4+1i);

g eth(i) = y(5*Nx+5+1i);

P wat (i) = y(6*Nx+6+1i);

g wat (i) = y(7*Nx+7+1i);
end
for i = 1:Nx+1

noemer (i) = (K but * P but(i) + K eth * P eth(i) + K wat * P wat(i) +
1);

g eq acet (i) = K acet * gsat acet * P acet(i) / noemer(i);

q eq but(i) = K but * gsat but * P but(i) / noemer(i);

g eq eth(i) = K eth * gsat eth * P _eth(i) / noemer(i);

g eq wat(i) = K wat * gsat wat * P _wat (i) / noemer(i);

Rg _acet (i) = h _acet * (g eq acet (i) - g acet(i));

Rg but (i) = h but * (g eq but(i) - g but(i));

Rg eth(i) = h eth * (g _eq eth(i) - g eth(i));

Rg wat(i) = h wat * (g _eq wat(i) - g wat(i));

R _acet (i) = (l-eps)/eps * (R*Temp) * CHA density * Rg _acet(i);

R but (i) = (l-eps)/eps * (R*Temp) * CHA density * Rqg but(i);

R eth(i) = (l-eps)/eps * (R*Temp) * CHA density * Rqg eth(i);

R wat (i) = (l-eps)/eps * (R*Temp) * CHA density * Rqg wat(i);
end
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[

R e implementatie discretisatie ---------------- g

for i=1:Nx
if i==
u i 1=P acet(l)-dx*v/Dm acet* (P _acet(l)-P_in acet); % LBC

Fu i 1 C _inlet neumann randvoorwaarde: massabalans op het eerste
punt;
dy (1) = Dm_acet/ (dx*dx)* (P_acet (i+1)-2*P acet(i)+u i 1)-
v/eps/dx* (P_acet(i)-u i 1) - R acet(i);
else
dy (i) = Dm_acet/ (dx*dx)* (P_acet (i+1l)-2*P acet (i)+P_acet (i-1))-
v/eps/dx* (P_acet (i) -P_acet (i-1))-R acet(i);
end
end
% RBC ---> U(x+2) = U(x+1)
dy (Nx+1) = Dm_acet/ (dx*dx)* (P _acet (Nx+1)-2*P acet (Nx+1)+P acet (Nx)) -

v/eps/dx* (P_acet (Nx+1)-P_acet (Nx))-R_acet (Nx+1);
% —-—-—-- mass balance amount adsorbed ---- %
for i=1:Nx+1

dy ((Nx+1)+1i) = Rg_acet(i);

% % % % % % % Butanol

for i=1:Nx

if i==
u i 1=P but(l)-dx*v/Dm but* (P but(l)-P_in but); % LBC
u i 1 = C inlet neumann randvoorwaarde: massabalans op het eerste
punt;
dy(l + 2* Nx + 2) = Dm _but/ (dx*dx)* (P _but (i+1)-2*P but(i)+u i 1)-
v/eps/dx* (P_but(i)-u i 1) - R but(i);
else

dy(i + 2* Nx + 2) Dm but/ (dx*dx)* (P_but (i+1)-2*P but (i)+P_but (i-
1)) -v/eps/dx* (P_but (i) -P_but(i-1))-R but(i);

end
end
% RBC -—---> U(xt+t2) = U(x+1)
dy (3*Nx+3) = Dm_but/ (dx*dx)* (P_but (Nx+1)-2*P_but (Nx+1)+P but (Nx) ) -

v/eps/dx* (P_but (Nx+1) -P_but (Nx))-R_but (Nx+1) ;

% —---- mass balance amount adsorbed ---- %
for i=1:Nx+1
dy ((3*Nx+3)+1) = Rg but(i);
end
$ % % % % % % Ethanol

for i=1:Nx
if i==
u i 1=P eth(1l)-dx*v/Dm _eth* (P_eth(1l)-P_in eth); % LBC

Fu i1 C inlet neumann randvoorwaarde: massabalans op het eerste
punt;
dy (4*Nx + 4 + 1) = Dm eth/ (dx*dx)*(P_eth(i+1)-2*P eth(i)+u i 1)-
v/eps/dx* (P _eth(i)-u i 1) - R eth(i);
else
dy (4*Nx + 4 + i) = Dm_eth/ (dx*dx)* (P_eth(i+1)-2*P eth(i)+P _eth (i-
1))-v/eps/dx* (P_eth(i)-P _eth(i-1))-R eth(i);
end
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end

% RBC -—---> U(x+2) = U(x+1)
dy (5*Nx+5) = Dm_eth/(dx*dx)*(P_eth(Nx+l)—2*P_eth(Nx+1)+P_eth(Nx))—

v/eps/dx* (P_eth (Nx+1)-P eth (Nx))-R eth (Nx+1);

% —-—-—-- mass balance amount adsorbed ---- %
for i=1:Nx+1
dy ((5*Nx+5)+1) = Rqg eth(i);

end

o\
o\

Q Q Q Q Q Q Q
T 3T 5 5 5 %5 3 5 Water

for i=1:Nx

if i==
u i 1=P wat(l)-dx*v/Dm wat* (P wat(l)-P_in wat); % LBC
u_1 1 = C _inlet neumann randvoorwaarde: massabalans op het eerste
punt;
dy (6*Nx + 6 + 1) = Dm_wat/(dx*dx)*(P_wat(i+l)—2*P_wat(i)+u_i_1)—
v/eps/dx* (P_wat(i)-u i 1) - R wat(i);
else
dy (6*Nx + 6 + 1) = Dm wat/ (dx*dx)* (P_wat (i+1)-2*P wat (i)+P wat (i-
1)) -v/eps/dx* (P_wat (i) -P_wat (i-1))-R wat (i);
end
end
% RBC ---> U(x+2) = U(x+1)
dy (7*Nx+7) = Dm_wat/(dx*dx)*(P_wat(Nx+l)—2*P_wat(Nx+1)+P_wat(Nx))—

v/eps/dx* (P_wat (Nx+1) -P_wat (Nx))-R_wat (Nx+1) ;

% —---- mass balance amount adsorbed ---- %
for i=1:Nx+1

dy ((7*Nx+7)+i) = Rqg wat (i);
end
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Appendix 3 — Matlab® code for multicolumn adsorption

function ABE doorbraak

close all
clear all

global R Nx N_comp

L column D column Temp mbed eps

dx x

gsat acet K acet gsat but K but gsat eth K eth gsat wat K wat
h acet h but h eth h wat Dm acet Dm eth Dm but Dm wat

v Flow

P in wat P_in acet P_in but P _in eth

crystal density

P tot

dynamic tijd eerste kolom index

P acet eerste kolom P but eerste kolom P eth eerste kolom
P wat eerste kolom

R = 8.314; %J/K mol

Nx = 30.0;

N comp = 4.0;

dynamic = 0;

index = 1;

G—m e — Systeem parameters SAPO-34--—-—————--———————————— %
% L column = 10E-02; %m

L column = 36E-02; 3%m

D column 0.2159E-02; S%m
R column = D column/2.0; %m
Temp = 273+40; SK

mbed = 0.23E-03; % kg

crystal density = 1.506E03; %$kg/m3

volume column = 3.14 * R column”2.0 * L column;
bulk density = mbed / volume column;

eps = 0.67;

dx = L column/Nx; %$stap dx in ruimte
x = 0:dx:L_column;
gm— oo Adsorptie parameters ----------—----—-—-—- %

o)

%$Single component langmuir fitting: zie fitting alle isothermen

gsat_acet 0.6832; %mol/kg %$Acetone proxy = Si CHA data
% K acet = 5.9607E-02; % Pa"-1
K acet = 5.9607E-04;

gsat but = 0.0001; %mol/kg %$BuOH adsorbeert niet
K but = 0.00001; % Pa"-1

gsat eth = 4.1; %mol/kg
K eth = 7.48E-03; %Pa’-1
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gsat _wat = 13.4; %mol/kg
K wat = 1.95E-03; % Pa"-1

[ [

b Massaoverdracht------—-—--—---—---——-—-——————— g

h acet = 0.0009; %1/s %expres laag
Dm_acet = 1.090E-05; %m2/s

h but = 0.000005; %$1/s %expres laag
Dm_but = 8.40E-05; %m2/s

% h eth = 0.1; %1/s
h eth = 0.0002;

Dm_eth = 1.10E-05; %m2/s

h wat = 0.005; %1/s
Dm wat = 2.40E-05; %m2/s

[

il et LT Doorbraak adsorptie ---————--------"-"-""""""""-"""--——- >

% Flow = 15.9 * 10"(-6) / 60; % m3/s
Flow = 15.53 * 107(-6) / 60; % m3/s

P tot = 2.760E05; %Pa

P in acet = 0.001939207E05; %Pa
P in but = 0.00301362E05; %Pa
P in eth 0.00050214E05; S%Pa
P in wat 0.04209472E05; %Pa

v = Flow/(3.14 * (R column)”2.0); % lege buissnelheid m/s;

G Beginvoorwaarden —--—--—----—--—-—-———-—-———————————— %
Conc 0 = zeros(2*N_comp* (Nx+1),1); Svector bvw conc en ads onder elkaar
Gmm s Oplossen tijdsdifferentiaalvgl ---------------- %

t start doorbraak 0.0;

% t _end doorbraak = 6000.0;
t_end doorbraak = 30000.0;
t stap = 1.0;

tspan = [t start doorbraak : t stap : t end doorbraak];

tic

[T,Y] = odelb5s (@rigid, tspan, Conc_0);

toc

§mmmm Resultaten------------—-—-—--—-—-——-——————————————————— %

for 1 = 1:Nx+1

P acet eerste kolom(:,1i) = Y (:,1);

g_acet eerste kolom(:,i) = Y(:,Nx + 1 +1i);
P but eerste kolom(:,1i) = Y(:,2*Nx+2+1i);
g _but eerste kolom(:,1) = Y (:,3*Nx+3+1);
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P eth eerste kolom(:,1i) = Y (:,4*Nx+4+1);
g _eth eerste kolom(:,1) = Y(:,5*Nx+5+1);
P wat eerste kolom(:,1) = Y(:,6*Nx+6+1);
g _wat eerste kolom(:,1i) = Y (:,7*Nx+7+1);

end

tijd eerste kolom T;

X _acet = P_acet eerste kolom/P_tot;
x _but = P _but eerste kolom/P tot;
X _eth = P _eth eerste kolom/P tot;
x wat = P _wat eerste kolom/P tot;

ads _acetone =
ads butanol
ads_ethanol
ads water

o N

Il
o o oo
o o o
~

~e

(@)

’

% berekening geadsorbeerde hoeveelheden in mol!

% 15601 = tijdstip 200 min
for i = 1:Nx
acet gem = (g _acet eerste kolom(15601,1i) +

g acet eerste kolom(15601,i+1))/2;

but gem = (g but eerste kolom(15601,1i) +
g but eerste kolom(15601,1i+1))/2;

eth gem = (g eth eerste kolom(15601,1i) +
g eth eerste kolom(15601,1i+1))/2;

wat gem = (g wat eerste kolom(15601,1i) +

g wat eerste kolom(15601,i+1))/2;

ads_acetone ads_acetone + crystal density
(1-eps) * acet gem;

ads_butanol = ads butanol + crystal density
(1-eps) * but gem;

ads_ethanol
(1-eps) * eth gem;
ads water ads_water + crystal density * 3.

* wat gem;

ads _ethanol + crystal density

eps)
end

%omzetting naar gewicht g met MW in g/mol

ads_acetone = ads_acetone * 58.08;
ads_butanol = ads _butanol * 74.12;
ads_ethanol = ads_ethanol * 46.07;

ads water ads water * 18;

% naar workspace exporteren
assignin('base', 'ads_acetone SAPO',ads_acetone);
assignin('base', 'ads_butanol SAPO',ads butanol);
assignin('base', 'ads ethanol SAPO',ads ethanol);
assignin('base', 'ads water SAPO',ads water);

% zuiverheid butanol

purity ethanol ads_ethanol /
ads water);

assignin('base', 'purity ethanol',purity ethanol)
xlswrite ('SAPO_voor Si LTA.xlsx',purity ethanol,

Q

Tijd = T/60.0;

e Figuren---------—-----

* 3.14 * R column”2 * dx *
* 3.14 * R column”2 * dx *
* 3.14 * R column”2 * dx *

14 * R column”2 * dx * (1-

(ads_acetone + ads _butanol + ads_ethanol +

'Summary', 'U18")

Q

°
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o o° o o°

o

xlswrite ('SAPO_voor Si LTA.
xlswrite ('SAPO_voor Si LTA.
xlswrite ('SAPO_voor Si LTA.
xlswrite ('SAPO_voor Si LTA.
xlswrite ('SAPO_voor Si LTA.

x1lsx',Tijd, 1)

xlsx',P acet eerste kolom(:,Nx+1),
xlsx',P_but eerste kolom(:,Nx+1),3
x1lsx',P_eth eerste kolom(:,Nx+1),4
x1lsx',P wat eerste kolom(:,Nx+1),5

gmm e Systeem parameters Si LTA --—--—-—-—-—-—-—-——-———-—

L column = 10E-02; %m
D _column 0.2159E-02; %

R _column = D column/2.0; %m

Temp = 273+40; %K

mbed = 0.108E-03; % kg

m

crystal density = 1.29E03; %kg/m3
volume column = 3.14 * R column”2.0 * L column;

bulk density = mbed / volume column;

eps = 0.45;

dx = L column/Nx;
x = 0:dx:L_column;

[

Q

gsat _acet = 1.2474; %mol/kg

K acet = 0.0003; % pPa"-1

gsat but = 2.0498; %mol/kg

K but = 0.0529; % Pa"-1

e Adsorptie parameters —--—————————————————— >

%$stap dx in ruimte

)

$Single component langmuir fitting: zie fitting alle isothermen

gsat _eth = 0.8591; %mol/kg %$fitting uit alle isothermen met punten tot 500
Pa en dan aanpassen K tot doorbraak goed

K eth = 0.04; % pPa”-1

gsat wat = 0.9841; %mol/kg
Pa”-1

o

K wat = 0.0005395;

§mm oo Massaoverdracht--------------—--——-—-—————- g

0.01; %1/s

Dm acet = 1.090E-05; %m2/s

h but = 0.003; %1/s
Dm_but = 8.40E-05; %m2/s

h eth = 0.5; %1/s

Q

Dm_eth = 1.10E-05; %m2/s

h wat = 0.18; %1/s

Dm wat = 2.40E-05; %m2/s

T BVIW— == === == ——m—m—m e %
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Conc_0 = zeros(2*N_comp* (Nx+1),1); %vector bvw conc en ads onder elkaar

[

e Oplossen tijdsdifferentiaalvgl ---------------- %

t start doorbraak = 0.0;
t eind doorbraak = 30000.0;
t stap = 1.0;

dynamic = 1;

tspan = [t start doorbraak : t stap : t eind doorbraak];

tic

[T,Y] = odelbs (Qrigid, tspan, Conc_ 0);

toc

Fm—m e Resultaten----—-—-—-=—""---"-—""-"-""—"—"—"—"—"—"—"—"—(—(——~———————— %

for 1 = 1:Nx+1

P acet tweede kolom(:,1) Y(:,1);
g _acet tweede kolom(:,i) = Y (:,Nx + 1 +i);
P but tweede kolom(:,1i) = Y(:,2*Nx+2+1i);
g_but tweede kolom(:,1i) = Y(:,3*Nx+3+1i);
P eth tweede kolom(:,1i) = Y (:,4*Nx+4+1);
g _eth tweede kolom(:,1i) = Y(:,5*Nx+5+1);
P wat tweede kolom(:,1i) = Y(:,6*Nx+6+1);
g wat tweede kolom(:,1i) = Y (:,7*Nx+7+1);

end

N dT = length(T);

x _acet = P _acet tweede kolom/P_tot;

x but = P but tweede kolom/P_tot;
X _eth P eth tweede kolom/P_tot;
x _wat P wat tweede kolom/P tot;

T(N_dT) /N_dT;

x0 acet = P _in acet/P tot;
x0 but = P_in but/P tot;
x0 _eth P in eth / P tot;
x0 wat = P_in wat/P_tot;

ads _acetone =
ads butanol
ads _ethanol =
ads water =

o O O
~e  Ne

~e

Il
o o oo

(@)
.

’

% berekening geadsorbeerde hoeveelheden in mol!
% 15601 = tijdstip 200 min
for i = 1:Nx

acet gem = (g_acet tweede kolom(15601,1i) +
g acet tweede kolom(15601,i+1))/2;

but gem = (g but tweede kolom(15601,1i) +
g but tweede kolom(15601,1i+1))/2;

eth gem = (g eth tweede kolom(15601,1i) +
g eth tweede kolom(15601,1i+1))/2;

wat gem = (g _wat tweede kolom(15601,1i) +
g wat tweede kolom(15601,1i+1))/2;
ads _acetone = ads _acetone + crystal density * 3.14 * R column”2 * dx *

(1-eps) * acet gem;
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ads_butanol = ads _butanol + crystal density * 3.14 * R column”2 * dx *

(1-eps) * but gem;
ads_ethanol = ads ethanol + crystal density * 3.14 * R column”2 * dx *
(1-eps) * eth gem;

ads_water = ads _water + crystal density * 3.14 * R column”2 * dx * (1-

eps) * wat gem;
end

%$omzetting naar gewicht g met MW in g/mol

ads_acetone = ads_acetone * 58.08;
ads_butanol = ads butanol * 74.12;
ads_ethanol = ads _ethanol * 46.07;

ads _water = ads water * 18;

% naar workspace exporteren

assignin('base', 'ads_acetone LTA', ads acetone);
assignin('base', 'ads _butanol LTA',ads butanol);
assignin('base', 'ads_ethanol LTA',ads ethanol);
assignin('base', 'ads_water LTA', ads water);

% zuiverheid butanol
purity butanol = ads _butanol /
ads water);

(ads_acetone + ads butanol + ads_ethanol +

assignin('base', 'purity butanol',purity butanol)
xlswrite ('SAPO _voor Si LTA.xlsx',purity butanol, 'Summary', 'Ul5")

Tijd = T/60.0;

xlswrite ('SAPO_voor Si LTA.
xlswrite ('SAPO_voor Si LTA.
'SAPO_voor Si LTA.
xlswrite ('SAPO_voor Si LTA.
xlswrite ('SAPO_voor Si LTA.

(
(
xlswrite (
(
(

x1lsx',Tijd, 6)

x1lsx',P acet tweede kolom(:,Nx+1),7)
xlsx',P_but tweede kolom(:,Nx+1),8)

xlsx',P_eth tweede kolom(:,Nx+1),9)

x1lsx',P wat tweede kolom(:,Nx+1),10)

Q

e differential equations-—------------——-——-—-——- g
function dy = rigid(t,vy)

global R Nx N_comp

L column D column Temp mbed eps

dx x

gsat acet K acet gsat but K but gsat eth K eth gsat wat K wat
h acet h but h eth h wat Dm acet Dm _eth Dm but Dm wat

v Flow

P in wat P in acet P_in but P _in eth

crystal density

P tot

dynamic tijd eerste kolom index

P acet eerste kolom P but eerste kolom P eth eerste kolom
P wat eerste kolom

dy = zeros(2*N_comp*Nx+2*N comp, 1) ;

if dynamic == 1
if t > tijd eerste kolom(length(tijd eerste kolom))
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P in acet = P _in acet;

P in but = P _in but;

P in eth = P_in eth;

P in wat = P_in wat;
else

end

if t < tijd eerste kolom(index+1)

P in acet = P _acet eerste kolom(index,Nx+1);
P in but = P _but eerste kolom(index,Nx+1);
P in eth = P_eth eerste kolom(index,Nx+1);
P in wat = P _wat eerste kolom(index,Nx+1);

elseif t < tijd eerste kolom(length(tijd eerste kolom))
while t > tijd eerste kolom(index+l)

index = index + 1;
end
P in acet = P acet eerste kolom(index,Nx+1);
P in but = P _but eerste kolom(index,Nx+1);
P in eth = P_eth eerste kolom(index,Nx+1);
P in wat = P_wat eerste kolom(index,Nx+1);
else

end
end

for 1 = 1:Nx+1

P acet (i) = y(1);

g _acet (i) = y(Nx+1+i);
P but (i) = y(2*Nx+2+1);
g but (i) = y(3*Nx+3+1i);
P eth(i) = y(4*Nx+4+i);
g eth(i) = y(5*Nx+5+1i);
P wat (i) = y(6*Nx+6+1);
g wat (i) = y(7*Nx+7+1i);

end

for 1 = 1:Nx+1

noemer (i) = (K but * P but(i) + K eth * P eth(i) + K wat * P wat(i) +
1);

g eq _acet (i) = K acet * gsat _acet * P acet(i) / noemer(i);

g eq but(i) = K but * gsat but * P _but(i) / noemer(i);

g eq eth(i) = K eth * gsat eth * P _eth(i) / noemer(i);

g eq wat(i) = K wat * gsat wat * P _wat (i) / noemer(i);

Rg _acet (i) = h _acet * (g eq acet (i) - g acet(i));

Rg but (i) = h but * (g eq but(i) - g but(i));

Rg eth(i) = h eth * (g _eq eth(i) - g eth(i));

Rg wat(i) = h wat * (g _eq wat(i) - g wat(i));

R _acet (i) = (l-eps)/eps * (R*Temp) * crystal density * Rg acet(i);

R but (i) = (l-eps)/eps * (R*Temp) * crystal density * Rg but(i);

R eth(i) = (l-eps)/eps * (R*Temp) * crystal density * Rg eth(i);

R wat (i) = (l-eps)/eps * (R*Temp) * crystal density * Rg wat(i);
end
e implementatie discretisatie - ———----------———— %

% % % % % Aceton

for i=1:Nx
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if i==1
u i 1=P acet(l)-dx*v/Dm acet* (P _acet(l)-P_in acet); % LBC

u_1 1 = C _inlet neumann randvoorwaarde: massabalans op het eerste
punt;
dy (1) = Dm_acet/ (dx*dx)* (P_acet (i+1)-2*P acet(i)+u i 1)-
v/eps/dx* (P_acet(i)-u i 1) - R acet(i);
else
dy (i) = Dm_acet/ (dx*dx)* (P_acet (i+1l)-2*P acet (i)+P_acet (i-1))-
v/eps/dx* (P_acet (i) -P_acet (i-1))-R acet(i);
end
end
% RBC ---> U(x+2) = U(x+1)
dy (Nx+1) = Dm_acet/ (dx*dx)* (P _acet (Nx+1)-2*P acet (Nx+1)+P acet (Nx))-

v/eps/dx* (P_acet (Nx+1)-P_acet (Nx))-R_acet (Nx+1);

% —-—--- mass balance amount adsorbed ---- %
for i=1:Nx+1

dy ((Nx+1)+1i) = Rg_acet(i);
end

$ % % % % % % Butanol

for i=1:Nx
if i==
u i 1=P but(l)-dx*v/Dm but* (P but(l)-P_in but); % LBC
u_ 1 1 = C_inlet neumann randvoorwaarde: massabalans op het eerste
punt;
dy (1l + 2* Nx + 2)

Dm_but/ (dx*dx) * (P_but (i+1) -2*P_but (i)+u_i 1)~

v/eps/dx* (P _but(i)-u i 1) - R but(i);

else

dy(i + 2* Nx + 2) = Dm but/(dx*dx)*(P_but (i+l)-2*P but (i)+P but (i-

1)) -v/eps/dx* (P_but (i) -P_but(i-1))-R but(i);

end
end

% RBC -—---> U(xt+t2) = U(x+1)

dy (3*Nx+3) = Dm_but/ (dx*dx)* (P_but (Nx+1)-2*P_but (Nx+1)+P but (Nx) ) -

v/eps/dx* (P_but (Nx+1) -P_but (Nx))-R_but (Nx+1) ;

% —---- mass balance amount adsorbed ---- %
for i=1:Nx+1

dy ((3*Nx+3)+1) = Rg but(i);
end

% % % % % % % Ethanol

for i=1:Nx

if i==
u i 1=P eth(l)-dx*v/Dm_eth* (P _eth(l)-P_in eth); % LBC
u_ 1 1 = C inlet neumann randvoorwaarde: massabalans op het eerste
punt;
dy (4*Nx + 4 + 1) = Dm _eth/ (dx*dx)*(P_eth(i+l)-2*P eth(i)+u i 1)-
v/eps/dx* (P_eth(i)-u i 1) - R eth(i);
else
dy (4*Nx + 4 + i) = Dm eth/ (dx*dx)* (P_eth(i+l)-2*P eth(i)+P eth(i-
1))-v/eps/dx* (P_eth(i)-P _eth(i-1))-R eth(i);
end
end
% RBC ---> U(x+t2) = U(x+1)
dy (5*Nx+5) = Dmﬁeth/(dx*dx)*(Pieth(Nx+l)—Z*Pieth(Nx+1)+P7eth(Nx))—

v/eps/dx* (P_eth (Nx+1) -P_eth (Nx))-R eth (Nx+1) ;
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o\

-——-—- mass balance amount adsorbed ---- %
for i=1:Nx+1

dy ((5*Nx+5)+1) = Rqg eth(i);
end
% % %5 %% % % % % % Water

for i=1:Nx

if i==
u i 1=P wat(l)-dx*v/Dm wat* (P_wat(l)-P_in wat); % LBC
u_1 1 = C _inlet neumann randvoorwaarde: massabalans op het eerste
punt;
dy (6*Nx + 6 + 1) = Dm wat/ (dx*dx)* (P _wat (i+1)-2*P wat(i)+u i 1)-
v/eps/dx* (P_wat(i)-u i 1) - R wat(i);
else
dy (6*Nx + 6 + 1) = Dm wat/ (dx*dx)* (P_wat (i+1)-2*P wat (i)+P wat (i-
1)) -v/eps/dx* (P_wat (i) -P_wat (i-1))-R wat(i);
end
end
% RBC ---> U(x+2) = U(x+1)
dy (7*Nx+7) = Dm_wat/(dx*dx)*(P_wat(Nx+l)—2*P_wat(Nx+1)+P_wat(Nx))—

v/eps/dx* (P_wat (Nx+1) -P_wat (Nx))-R_wat (Nx+1) ;

% —-—-—-- mass balance amount adsorbed ---- %
for i=1:Nx+1

dy ((7*Nx+7)+i) = Rqg wat (i);
end
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Appendix 4 — Isotherms
Si CHA isotherms under N>
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Figure A4.1: Adsorption isotherms of water (<), butanol (A), acetone (O) and ethanol (O) on Si CHA using N as

carrier gas (Gelin, 2015).
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CO; isotherm on Si LTA
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Figure A4.2: CO; adsorption isotherm of Si LA at 40 °C. High pressure isotherm points were not at compete
equilibrium.
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Appendix 5 — Single column breakthrough profiles

Empty column breakthrough — data oscillations
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Figure A5.1: Empty column breakthrough profile showing oscillatory behavior of data. TCD detector signal
intensities of acetone (O), butanol (A), ethanol (O) and water (<) are plotted as function of time.
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Figure A5.2: Desorption profile of the Si-LTA column using CO:z as carrier gas during adsorption and desorption.

Butanol (A), ethanol (®) and water (#) profiles are shown.
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Adsorption profile of ZIF-8 using CO> as carrier gas
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Figure A5.3: Adsorption breakthrough profile at 40 °C on the ZIF-8 column using CO> as carrier gas. Acetone (H),
butanol (A), ethanol (@) and water (#) profiles are shown. Vapor phase partial pressures at the column inlet
were 50 Pa for ethanol, 305 Pa for butanol, 196 Pa for acetone and 4185Pa for water.
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Figure A5.4: Desorption profile of ZIF-8 at 40 °C using He as carrier gas. Acetone (1), butanol (A), ethanol (O)
and water (<) desorption profiles are shown.
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Figure A5.5: Isothermal desorption profile using CO: as carrier gas during adsorption and desorption. Acetone
(M), butanol (A), ethanol (®) and water (#) profiles are shown.
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Appendix 6 — Chromatograms of catalytic products
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Figure A6.1: Chromatogram measured during desorption of the SAPO-34 column, showing the catalytic product
formed at higher temperature.
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Figure A6.2: Chromatogram showing the catalytic product formed during ABE adsorption using CO2 as carrier
gas.
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Appendix 7 — Multicolumn breakthrough profiles
SiLTA
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Figure A7.1: Desorption profile of the Si-LTA column in combination with the Si-CHA column for the whole
duration of the desorption using He as carrier gas. After a certain amount of time, ethanol starts desorbing from
the Si-CHA column, as is illustrated with a close-up in figure A7.2.
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Figure A7.2: Close up of the ethanol desorption profile of figue A7.1.
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Figure A7.1: Desorption profile of the combination of the Si-LTA column with the Si-CHA column (50 min). Water
(¢) and butanol (A) desorption profiles are shown, since only a trace amount of acetone and ethanol was
observed. He was used as carrier gas.
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Figure A7.2: Desorption profile of the Si-LTA column in combinations with the SAPO-34 column (50 min) using
He as carrier gas. Butanol (A), acetone () and ethanol profiles (O) are shown. No desorption of water was
observed.
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Figure A7.3: Desorption profile of the Si-LTA column in combination with SAPO34 using CO; as carrier gas.
Butanol (A), acetone (M) and ethanol (@) profiles are shown. No water breakthrough was observed.
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Figure A7.4: Isothermal desorption profile of ZIF-8 in combination with SAPO-34 (40 min). Butanol (A), acetone
(O) and catalytic product profiles (O) are shown. No desorption of water was observed. He was used as carrier
gas0
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Figure A7.5: Isothermal desorption profile of ZIF-8 in combination with SAPO-34 (40 min). Butanol (A), acetone
(M) and catalytic product (@) profiles are shown. No desorption of water was observed. CO2 was used as carrier

gas.
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Appendix 8 — Fitted isotherm models
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Figure A8.1: Comparison between fitted and experimental isotherm data on Si-LTA, acetone (), butanol (4),
ethanol (O) and water (<) data is shown. N2 isotherm data was used for model fitting.
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ZIF-8
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Figure A8.2: Comparison between fitted and experimental isotherm data on ZIF-8, acetone (), butanol (4),

ethanol (O) and water (<) data is shown. N2 isotherm data was used for model fitting.

148



Si-CHA

0.4 -
0.3 A
IS |
|

o0
=
o
€
3
T

0.0 4 T T |

0 200 400 600
Vapor phase pressure (Pa)

3.0 4
o
~
o
€
E
o

0.0 T T T 1

0 2000 4000 6000 8000

Vapor phase pressure (Pa)

q (mmol/g)

q (mmol/g)

1.6 +

0.0

7.0 1

6.0 1

5.0 A1

4.0

1.0 +

0.0

500 1000 1500 2000 2500
Vapor phase pressure (Pa)

° &

2000 4000 6000

Vapor phase pressure (Pa)

Figure A8.3: Comparison between fitted and experimental isotherm data on Si-CHA, acetone (), butanol (4),
ethanol (O) and water (<) data is shown. N2 isotherm data was used for model fitting.
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SAPO-34
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Figure A8.4: Comparison between fitted and experimental isotherm data on Si-CHA: ethanol (O) and water (<)
data is shown. Nz isotherm data was used for model fitting.
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Appendix 9 — Simulation results
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Figure A9.1: Close up of the simulated breakthrough profile on the ZIF-8 column in combination with a SAPO-34
column (short dotted lines) and a Si-CHA column (long dotted lines). The native breakthrough profile was also
added (uninterrupted lines). The only components shown are butanol (green) and ethanol (yellow). The shift of
the butanol breakthrough profile is marked by the two arrows.
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Appendix 10 — Isotherm classification
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Figure A10.1: Classification of adsorption isotherms (Ruthven, 1984).
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