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Chapter 1 

General Introduction and Literature Review 

A part of this chapter has been published: 

Elhami, V.; Antunes, E.C.; Temmink, H.; Schuur, B., “Recovery Techniques 
Enabling Circular Chemistry from Wastewater”, Molecules,  2022, 27. 
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1. Motivation

This thesis is about valorization of the chemicals in wastewater, thereby 

providing an approach for wastewater remediation and as well opening an 

avenue towards renewable chemicals. For me, this topic is of importance, 

because I grew up in Iran while witnessing its extreme struggles with global 

warming, water shortage, and environmental issues mainly associated to the 

waste/wastewater of the industries. Not only Iran, but many countries face 

these problems these days. To contribute to maintaining a habitable earth 

for the next generations, I am eager to contribute to any project aiming to 

develop sustainable and eco-friendly technology. During my master 

assignment, I worked on preparing a catalyst for wastewater treatment. For 

the PhD thesis, I was keen on functioning in this project which aims to utilize 

waste/wastewater and contribute to developing a circular economy value 

chain. The value chain addressed in this thesis is producing 

Polyhydroxyalkanoates (PHAs), trans-crotonic acid (CA) and 2-pentenoic acid 

(2-PA), PHAs being bio-plastics and CA and 2-PA being monomers for bio-

based plastics.  

Currently, there is a remarkable growing demand for renewable and 

environmentally sustainable chemical production pathways, due to the 

limited supply of the fossil fuel-based materials and their associated 

environmental issues. Figure 1-1 illustrates the linear and circular economy 

approaches to produce the fossil based plastics in general. CO2 emission is 

one of the main challenges in production and incineration of the oil-based 

plastics and, it is estimated to reach 56 billion tons of CO2 per year in 2050 

[1]. Although recycling of the plastic can reduce CO2 emission to some extent, 

this approach is in its early stages tackling the difficulties due to the 
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complexity of the plastic waste. Therefore, developing bio-based pathways 

towards bio-plastics is being investigated in parallel with plastic recycling. 

This approach can go through two routes. One is to obtain raw materials from 

the renewable and bio-based sources which is expressed as “Bio-refinery”. 

Another one is to replace the petrochemical-based plastics with bio-plastics 

with similar properties. 

Figure 1-1. Schematic view of linear and circular economy approaches for plastic production 



General Introduction and Literature Review 

4 

PHAs are one of the well-studied bio-polymers which can be produced from 

vegetable oil, starch proteins and different types of biomass [2]. Poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) co-polymer is the 

predominant type of PHA which can be obtained through waste 

fermentation. It consists of two monomers namely hydroxybutyrate (HB) and 

hydroxyvalerate (HV) [3]. Polymers with a low HV content < 10% are hard and 

brittle resembling unplasticized polyvinyl chloride (PVC), mid range HV 

content(10-25%) materials maintain a good balance of toughness and 

resemble polypropylene (PP), whilst high HV content (25-40%) PHBVs are 

soft and tough having a polyethylene (PE) like feel [4]. 

Next to the use of PHA, an alternative route towards value-added chemicals 

is through the pyrolysis of the PHAs, which results in 2-alkenoic acids. For 

instance,  trans-2-butenoic acid or CA and 2-PA can be produced by 

depolymerization of PHBV. CA and its esters have a wide range of application 

in various industries [5]. However, its current production pathway is neither 

straightforward nor renewable which includes many synthesis and 

purification steps. Therefore, providing sustainable and renewable pathways 

is essential to enhance the market of these platform chemicals and reduce 

CO2 emission associated to their petrochemical production routes.  

Figure 1-2 represents an overview of the entire project, starting with waste/ 

wastewater towards CA and 2-PA production. It is a multistep process, 

including anaerobic digestion of waste/wastewater to produce VFAs, 

followed by recovery of these VFAs from the fermentation broth using an 

adsorption-desorption technique. Afterwards, the VFAs are fed into an 

aerobic bio-reactor in which the microorganisms convert them into PHBV. 
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The intracellular PHBV is afterwards extracted by a solvent extraction 

approach and pyrolyzed towards CA and 2-PA.  

Figure 1-2. An overview of the process to produce CA from waste/wastewater 

In this chapter, the general introduction and literature review for each 

individual step is given as following sections:  

2. Volatile fatty acids (VFAs) from wastewater

Short-chain carboxylic acids, so called VFAs are used in a wide range of 

industries producing products such as polymers, food, chemicals, and 

agriculture [6]. Figure 1-3 summarizes the application of the VFAs obtained 

by mixed microbial culture (MMC) using waste/wastewater as a feedstock [6-

8]. VFAs are used as a building block in manufacturing pesticides, rubber, 

paint, plastics, and polymers, and can also be used as a preservative and 



General Introduction and Literature Review 

 
6 
 

flavor in food and beverage industries [8,9]. Among them, acetic acid 

experienced a global market demand of about 15.924 kiloton in 2020 and it 

is estimated that the demand will increase with a compound annual growth 

rate (CAGR) of 5% from 2021 until 2026 [10]. 90% Of its global market is 

supplied by chemical synthesis from petroleum feedstocks which is mainly 

methanol carbonylation [11].  

 

Figure 1-3. Scope and application of bio-based volatile fatty acids described in [6] 

 

The bio-based VFAs can be obtained via the fermentation of a carbon source 

such as glucose, xylose, sucrose, etc. Fermentation can occur either in pure 
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cultures or in mixed cultures. The former requires sterile conditions to grow 

a mono-culture, containing a single species of microorganism which are then 

fed with pure substrates such as glucose. Therefore, this biological pathway 

cannot economically compete with the petrochemical routes due to its low 

productivity and high manufacturing cost [8]. To improve competitiveness, 

researchers have focused on providing an inexpensive bio-based alternative 

which is mainly fermentation of an organic-rich waste/wastewater using 

MMC [12-15]. 

MMC is preferred over the pure cultures as it does not require sterile 

conditions and enables to apply an inexpensive carbon-rich waste as a 

feedstock such as whey, biomass, food waste (FW), sewage sludge (SS) and 

organic fractions of municipal solid waste (OFMSW) [15,16]. SS from 

municipal wastewater treatment plant (WWTP) and FW are the most 

abundant organic wastes with an annual production of about 11ₓ109 and 

2ₓ109 metric tons, respectively [17]. Due to their high organic content, they 

are the optimal candidates to be used as a carbon source for the 

microorganisms. Besides FW and SS, various solid and liquid wastes have 

been researched for VFA production including municipal solid waste, palm 

and olive oil, wood and paper mill effluent and dairy wastewater [12,16].  

In MMC, the conversion of an organic substrate takes place gradually by 

different microorganisms which results in a complicated microbial ecosystem 

with a versatile metabolic capacity. Figure 1-4 illustrates the possible 

fermentation pathways that can occur in MMC. First, the hydrolytic 

microorganisms hydrolyze the complex biodegradable organics in the waste 

to their corresponding simple monomers, followed by acidogenic 

fermentation of these monomers into VFAs, called primary fermentation 
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[16]. Afterwards, the VFAs can either be separated from the fermentation 

broth or undergo several secondary fermentation pathways to produce 

methane, syngas, alcohol and medium chain carboxylic acids (MCCAs).  

 

 

Figure 1-4. Possible fermentation pathways in mixed microbial culture (MMC) [18] 

 

The acid content of the fermentation broth, obtained by waste digestion is 

reported to be about only 1 wt% as a result of the limited carbon content of 

waste/wastewater [19]. From an economic point of view, the separation 

method must thus be highly selective towards the acids over water. This 

selectivity can be achieved by affinity separation techniques which enable to 

recover a target compound from a relatively complex mixture. The main 

affinity separation techniques which have been applied to recover VFAs from 

the fermentation broth include liquid-liquid extraction [20-23], adsorption 
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[19,24,25] and membrane assisted separations [26-28]. Liquid-liquid 

extraction of the carboxylic acids from a fermentation broth is well studied 

[23], with traditional solvents [20], ionic liquids (ILs) [21] and, deep eutectic 

solvents [22,29]. ILs are preferred due to the higher distribution than 

traditional organic solvents at highly diluted acid streams. However, the 

regeneration of ILs is still challenging [30]. Alternatively, membrane-based 

separations are feasible techniques to concentrate the acids to some extent. 

These methods can even provide in-situ separation of the VFAs from the 

fermentation broth and prevent inhibitory impact of the VFAs on the 

metabolism of the microorganisms and increase the acid production yield 

[31]. However, each of these methods bears some limitations towards 

application as a stand-alone economically viable separation technique to 

recover VFAs. The main drawbacks associated with the various membranes 

are membrane fouling, high energy demand, and not being selective enough 

towards VFAs in the complex mixture of the fermentation effluent. 

Furthermore high cost of membrane maintenance and replacement hinders 

economy of operation [32]. 

Adsorption is one of the affinity separation methods which has shown great 

potential to effectively recover VFAs from dilute solutions [19,24,25]. 

Depending on the physicochemical nature of the adsorbent and 

fermentation effluent, a high selectivity towards VFAs in the complex 

solutions can be achieved by adsorption. Adsorption is a surface-based 

process involving the adhesion of a compound from a liquid or gas to a 

surface [8]. The efficiency of an adsorption process depends on the 

physicochemical properties of both the adsorbate and the adsorbent, as well 

as on the fluid phase properties. Surface chemistry, pore size and internal 
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surface area are the relevant characteristics of an adsorbent which directly 

influences its capacity. The adsorption potential of a VFA on a specific solid 

matrix is defined as the equilibrium VFA loading (qVFA) on the resins as 

function of the equilibrium aqueous phase concentration, which is expressed 

as:  

𝑞𝑞𝑉𝑉𝑉𝑉𝑉𝑉[𝑔𝑔𝑉𝑉𝑉𝑉𝐴𝐴/𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟] = 𝑓𝑓([𝑉𝑉𝑉𝑉𝑉𝑉]𝑒𝑒𝑒𝑒)                                                                (1-1) 

Where [VFA]eq is the concentration of the VFA in the aqueous phase at 

equilibrium. Depending on the concentration, qVFA may be in the linear 

regime [33], but often multiparameter isotherms are applied to describe the 

loading as function of the concentration. Higher loadings indicate stronger 

interaction between the adsorbent and the solute. Various solid matrixes 

have been employed to recover VFAs from a dilute aqueous solution. Among 

them, non-functionalized styrene-divinylbenzene based copolymer with 

commercial name of Lewatit VP OC 1064 MD PH has shown a great potential 

to adsorb the VFAs from a complex mimicked fermentation broth [19,34]. It 

can attract undissociated carboxylic acids by physical interactions such as 

hydrophobic interaction between the acid hydrocarbon chain and solid 

matrix and hydrogen bond- interaction between their carboxyl groups and 

the aromatic ring of the adsorbent (see Figure 1-5) [19]. 

   

Figure 1-5. Possible interactions between a non-functionalized hydrophobic adsorbent and 
VFAs 

 

O

OH
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A total VFA capacity of 76 g/kg is reported for non-functionalized styrene-

divinylbenzene based adsorbent at an aqueous concentration of only 1 wt% 

total VFA loading [19]. This adsorbent is gaining more interest as it facilitates 

to selectively recover the acids in their undissociated form from a complex 

stream which contains mineral acids and salts as well. Moreover, a complete 

regeneration of the adsorbent is possible via thermal desorption without 

reducing the capacity of the adsorbent [19]. Reyhanitash et el. examined the 

application of a temperature program by hot nitrogen stripping, to directly 

fractionate the loaded acids during regeneration of the adsorbent [19]. It was 

found that indeed it is possible to recover the acids in high purity by applying 

a proper temperature profile based on the boiling point of the loaded 

components. The highest boiling of the VFAs in the mixture, butyric acid, was 

obtained in concentrations up to 90 wt% while its initial concentration in the 

feed was 0.25 wt%. Nonetheless, the quantity of the recovered acids in the 

most concentrated samples was not so high, because water physically fills 

the pores of the resin during adsorption and evaporates in earlier stages in 

thermal desorption due to its lower vapor pressure than the acids. The acid 

concentration in the condensed vapor recovered from the desorption 

continuously increases, meaning that it evaporates already partially in earlier 

stages. As a result, a large fraction of the acids has been co-desorbed during 

removal of water from the pores. Recently, Fufachev et el. [34] also applied 

non-functionalized PS-DVB resin to recover the volatile acids from the 

fermentation broth and convert them to ketones. The excess amount of 

water in the condensate deactivated the catalyst and decreased the 

efficiency of the ketonization reaction. Thus, to reduce the water content in 

the final condensate, they subjected the particles to a drying step at 70 ˚C 
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prior to thermal desorption. Although it facilitated to remove 80% of total 

water, up to 40% of the loaded acids were removed as well [34]. 

The current study aims at seeking other possible polymeric resins with acid 

loading capacities comparable to Lewatit VP OC 1064 MD PH. Furthermore, 

the main focus was on enhancement at the fractionation during thermal 

desorption to obtain larger amounts of acids with high concentrations. The 

heat diffuses from the surface of the resin into its core by hot nitrogen 

stripping. The heat-insulating character of polystyrene-based resins which 

results in a temperature gradient inside the particles that hinders sharper 

fractionation, because this gradient is in the opposite direction of the 

concentration gradients. In the present work, we describe the synthesis and 

application of new polymeric adsorbents, mainly a novel non-functionalized 

adsorbent that may heat particles from inside to facilitate separation of 

water and the acids during thermal desorption. Consequently, recovering the 

VFAs in highly concentrated form might be achieved.  

 

3. Bio-based polyhydroxyalkanoates (PHAs) 

PHAs are bio-polyesters that function as energy reserve, ensuring the long-

term survival of the bacteria during nutrient scarce conditions [35,36]. The 

general structure of the PHA is shown in Figure 1-6. PHA consists of (R)-

hydroxy fatty acids ranging between 600 - 35000 units length, where R is 

typically an unsaturated alkyl group [37]. Depending on the total carbon 

atoms within the monomer, they can be categorized into three groups. First 

being short chain length PHA (SCL-PHA) , consisting of 3-5 carbon atoms 

like C4 poly(3-hydroxybutyrate) and C5 poly(3-hydroxyvalerate). Second 
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being medium chain length PHA (MCL-PHA) which have between 6-14 

carbon atoms, and long chain length PHA (LCL-PHA) which is the third and 

have more than 15 carbon atoms [38]. 

So far, over 150 types of PHA monomers have been discovered. 

Polyhydroxybutyrate (PHB) which is a SCL-PHA, is the most common type 

of PHAs, discovered by Lemoigne in 1926, whilst he observed the granules 

inside a gram-positive bacterium [39,40].  

Figure 1-6. General structure of various PHAs, reproduced from [37] 

The PHAs can be produced by either chemical synthesis, use of transgenic 

plant cells or by bacterial fermentation [41]. PHAs produced via bacterial 
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fermentation through MMC is preferred over pure cultures as it reduces the 

fermentation cost, because it is not required to pre-treat the substrate and 

sterilization is also not necessary. These benefits make MMC an attractive 

route for PHA production, extending the possibility of using inexpensive 

carbon sources such as municipal solid waste and industrial wastewater 

[42]. Synthesis through a MMC such as a wastewater treatment plant 

(WWTP) occurs in three stages as depicted in Figure 1-7. First, the primary 

sludge undergoes acidogenic fermentation to produce VFAs using either an 

anaerobic-aerobic process, an aerobic dynamic feeding or through fed 

batch systems [42,43]. Afterwards, the secondary sludge which acts as an 

incubator for microorganisms is enriched with these VFAs, followed by 

accumulated growth of PHAs in the secondary sludge and finally polymer 

recovery in the downstream process where it can then be used in different 

materials [39]. During the fermentation process, VFAs with an even number 

of carbons will produce more PHBs, whilst those with an odd number will 

produce a Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate) (PHBV) 

copolymer with varying HV ratios [44]. 

Figure 1-7. Production process of PHA via a wastewater treatment plant (WWTP) taken from 
[45]
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During the synthesis by microorganisms, the PHAs bioaccumulate within the 

intracellular lipid as granules ranging between 0.2-0.5 µm [46]. The core of 

the granule predominately consists of PHAs (97.7%), with small amounts 

of proteins (1.8%) and phospholipids (0.5%). 

Various separation techniques have been proposed to extract the PHA 

granules from the cells [47-50]. Among them, Solvent extraction is considered 

to be one of the most mature methods for the recovery of PHAs. It can 

involve a pre-treatment to rupture cells so the PHA is more easily accessible 

[51]. Previously, halogenated solvents such as 1,2-dichloroethane, 

chloroform, methylene chloride and 1,1,2-trichloroethane have been used to 

extract PHAs. However, as they are not environmentally friendly, other 

halogen-free solvents have been investigated as an alternative. Examples of 

such solvents include cyclic carbonic esters like 1,2-propylene carbonate and 

ethylene carbonate, esters like ethyl and butyl acetate, ketones like methyl 

isobutyl ketone and cyclohexanone or acids like acetic acids. Afterwards, the 

polymer can be precipitated out by various approaches such as cooling and 

adding an anti-solvent which would decrease its solubility in the solution. 

Such anti-solvents could be ethers, hexane and acetone which are best for 

precipitating SCL-PHAs, while most MCL-PHAs are soluble in these 

compounds. Solvent extraction results in a high purity of the polymer as well 

as its ability to remove endotoxins thereby enabling the polymer to be used 

in high grade medical applications [52]. Table 1-1 summarizes the 

performance of these solvents to extract PHAs from the biomass.  

Ionic liquids were also investigated, these are salts which melt at or less than 

100 ˚C, dissolving water insoluble substances [53,54]. They have been 

researched as an alternative for extraction as they can substitute the need 
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for volatile solvents. Proctor & Gamble own a patent where PHAs are 

extracted by a stripping process with ionic liquid in a water free environment. 

Recovery is followed by traditional separation methods including an anti-

solvent and isolation method using centrifugation, sedimentation and etc. 

[55].  

The recent focus of the research is on providing renewable and biobased 

solvents. Dimethyl carbonate (DMC) is a green and eco-friendly solvent 

produced by catalytic oxidative carbonylation of methanol via a green 

process established by Enichem (IT) and UBE Industries (JP) [49]. As shown in 

Table 1-1, DMC has shown great potential to be an appropriate green 

candidate to replace the halogenated solvents, because it yields relatively 

high and pure polymer under mild extraction conditions. 
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Table 1-1. Summary of the solvent extraction of PHAs using non-halogenated solvents 

Culture Solvent Biomass/ solvent 

ratio [%g/mL] 

Conditions 

 

Yield 

[%] 

Purity 

[%] 

Ref. 

Ralstonia MIBK  2 50-100˚C, 84 99 [56] 
Eutropha Ethyl acetate - 4h 99 99  

Burkoholderia Anisole 1.5 120-130˚C,  97 98 [57] 
Sacchari Cyclohexanone - 0.5h 93 93  

Cupriavidus 
Nectator 

1,3 Dioxolane 5 80˚C, 6h 97.9 92.7 [58] 

Cupriavidus 
Nectator 

Propylene 
carbonate 

7.6 130˚C, 0.5h 95 84 [59] 

Cupriavidus 
Nectator 
 

Butyl acetate 1 103˚C, 0.5h 96 98 [60] 
[61] 

MMC DMC 2.5 90˚C, 1h 63 98 [62] 

R.Eutropha 
And 
Escherichia coli 

Methyl ethyl 
ketone 

1 60˚C, 1h > 90 > 90 [50] 

Cupriavidus 
Nectator 

Water and 
Ethanol 

2 30˚C, 1h 96 81 [63] 

Cupriavidus 
Nectator 

Cyclohexanone 1 120˚C, 3mins 95 95 [53] 

Cupriavidus 
Nectator 

DMC 2.5 90 C, 4h >85 >95 [49] 

Modified 
Escherichia coli 
BL21 (DE3) 

DMC 2.5 90˚C, 1.5h >67 81 [64] 

 

In this study, the application of two new bio-based solvents namely 2-

methyltetrahydrofuran (2-MTHF) and dihydrolevoglucosenone (cyrene) to 

extract PHBV from MMC-based biomass was examined. To identify the 

limiting stages in the extraction procedure, the mass balance closure over 
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the polymer was studied. However, the source of the biomass and the 

characteristics of the polymer can have a great impact on the solubility of the 

polymer in a solvent and consequently on the extraction efficiency, meaning 

that a certain solvent can result in different extraction efficiency from various 

biomass types. This has not been focused on in previous works. For instance, 

Somori et al. [62] found that using DMC to extract PHBV from a MMC allows 

49% recovery yield. Later, de Souza Reis et al. [47] reported 90% recovery 

under the same extraction conditions with DMC using MMC-based biomass. 

They concluded that the difference might be due to applying different 

wastewater as a feedstock for the microorganism and complex interactions 

between the PHBV and non-polymeric cell debris. Hence, in the current work, 

DMC and chloroform were used as reference solvents to compare the 

performance of the proposed solvents using the same batches of the biomass 

with different properties. 

Using wastewater as a feedstock for the microorganisms enables producing 

inexpensive biopolymer. However, due to the daily variation in the 

composition of the waste/wastewater, the produced PHBV copolymer varies 

in its monomer composition which can influence the properties of the 

polymer such as melting point and crystallinity. Clearly, a polymer with 

variable properties per batch cannot find a broad application window in the 

polymer market. Instead, it can be depolymerized towards other value-

added chemicals such as CA which is further discussed in the next section.  
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4. CA 

CA is mainly used in the synthesis of copolymers. Among them, crotonic acid-

vinyl acetate is the main copolymer, with trade names of Cevian, Gelva, 

Mowilith and Vinac [65]. They are commonly used in cosmetic and hair styling 

products. Apart from this, CA finds further applications in industries such as 

coatings, paint, textile, binders, adhesives, flocculants, ceramics and 

agrochemicals [66]. 

On industrial scale, CA is currently produced in a non-renewable pathway 

from fossil oil, requiring many synthesis steps which is a major drawback in 

the production process. It begins with the ethylene production by naphtha 

cracking, followed by the oxidation of ethylene into acetaldehyde, aldol 

condensation of acetaldehyde into acetaldol, dehydration of acetaldol into 

crotonaldehyde and lastly oxidation of crotonaldehyde into CA [65-67]. After 

all these steps, the current yield of CA is only 30%. Further purification 

involves fractional distillation and crystallization from water and causes 

product loss. Also highly contaminated effluent is formed during the 

crystallization step [67].  

Other, not yet industrial scale production pathways of CA include 

isomerization of vinylacetic acid with sulfuric acid , photochemical oxidation 

or oxidative irradiation of crotonaldehyde with ultrasound, dehydration of 2-

hydroxybutanoic acid, the condensation of acetaldehyde and malonic acid 

with pyridine as catalyst (85% yield), by the oxycarbonylation of propene 

with transition metal complex catalysts, the reaction of acetic anhydride with 

acetaldehyde with basic aluminum acetate as catalyst, the carbonylation of 

propylene oxide, the oxidation of butene with a heteropolymolybdic acid 
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containing catalyst system, and the carbonylation of allyl alcohol in a two-

phase system with a nickel containing phase - transfer catalyst or a palladium 

catalyst [65]. All the aforementioned pathways are based on non-renewable 

sources.  

Research has been done into bio-based CA. Several bacterial species 

(Ralstonia Eutropha, Escherichia coli, Corynebacterium Glutamicum and 

Clostridium Acetobutilicum) are capable of producing CA [66,68]. However, 

the quantitative yield and purity of CA were not reported, and a proper 

separation method is still needed to recover CA from the fermentation broth.  

Mamat et al.[66] proposed a different bio-based method, namely by direct 

pyrolysis of PHB, obtained from the fermentation broth of Cupriavidus 

Necactor. They found a yield of 63% CA which is about 30% higher than the 

conventional petrochemical route. In the next sub-section, the production of 

the bio-based CA through thermal decomposition of PHB/PHBV will be 

discussed in more detail.  

 

5. PHB/PHBV pyrolysis  

Depolymerization of PHA can be achieved by hydrolysis, alcoholysis and 

thermolysis, resulting in 2-hydroxyalkanoic acids, 2-hydroxyalkanoic esters 

and 2-alkenoic acids, respectively. So far, production of CA and cis-CA [66,69-

74], methyl acrylate [75], methyl crotonate [75,76], propylene [77-79], 3-

hydroxybutyric acid [66,70], methyl 3-hydroxybutanoate [80], cyclic and linear 

oligomers [69,81], and hydrocarbon oil [82] from PHB depolymerization have 

been reported. PHBV is the main bio-polymer which can be obtained by 

MMC. It consists of two monomers, HB and HV and both monomers are 
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converted during thermal breakdown of PHBV, producing CA and 2-PA, 

respectively [69].  

Owing to the low cost, associated with the synthesis of PHB/PHBV by MMC 

using inexpensive feedstocks, the conversion of MMC-based PHB/PHBV into 

CA by pyrolysis seems to be a promising alternative for the complicated oil-

based route. Pyrolysis is a thermal degradation process of organic materials 

in an inert (i.e. oxygen free) atmosphere [83]. An inert atmosphere is required 

to prevent thermo-oxidative reactions [84]. By subjecting organic material to 

high temperatures, the molecules are heavily stretched and shaken in such a 

way that the molecules are decomposed into smaller molecules [83]. The 

pyrolysis products can be categorized into three categories: char, non-

condensable gasses and condensable gasses [83]. The yields of the products 

formed depend on many factors, such as the raw material used, 

temperature, reaction time, heating rate and cooling rate.  

Several studies were performed on the thermal degradation mechanism of 

PHB/PHBV, in which different reaction paths were considered. Overall, it was 

concluded that a beta elimination, followed by an unzipping beta elimination 

at the crotonyl chain end is the dominant reaction path [85,86]. This path is 

schematically shown in Figure 1-8. The degradation rate of PHB/PHBV 

depends on the reactivity of the beta hydrogen. The relative acidity of the 

removed hydrogen atom determines the reactivity of the beta elimination. 

The carbonyl group which nucleophilically attacks the beta hydrogen can be 

interpreted as the Lewis base.  
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Figure 1-8. Thermal degradation of PHB towards CA, by H. Ariffin et al. reproduced with 
permission from [85]; published by Elsevier, 2008. 

Several heterogeneous catalysts have been studied to enhance CA 

production through pyrolysis of PHB/PHBV such as Mg(OH)2, Ca2+, Mg2+ and 

Na+ [72,87-89]. It was found that some metal ions act as electrophiles, and 

thereby increase the reaction rate. The metal ions act as Lewis acids that 

interact with the carbonyl group, thereby enhancing the reactivity of the beta 

hydrogen towards the carbonyl group. Next to the heterogeneous catalysts, 

acetic acid was also investigated as a homogeneous catalyst [84]. Liquid 

catalysts with Lewis acidic behavior similar to the solid catalysts and their 

ability to dissolve the polymer or loosen up the structure, may catalyze the 
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thermal degradation of PHBV even better. 

Table 1-2 summarizes PHB/PHBV pyrolysis experiments which are reported 

by now. As can be seen, CA production yield without using a catalyst varies 

from 57 to 65 wt%, whilst the catalyzed pyrolysis leads to 83 wt% CA yield 

with a purity of 97.7% [72]. The produced side-products are terminally 

unsaturated oligomers and iso-CA acid. 2-PA is also formed from the 

polymers that contain HV monomer. Secondary products can also be formed 

by further decomposition of the initial products, including: propylene, CO2 

and acetaldehyde [84]. The formation of CA is favored over the formation of 

iso-CA as the trans form is more stable, which is beneficial for synthesis of 

co-polymers with vinyl acetate which requires CA and not iso-CA. Aiming at 

production of CA by thermal treatment of PHB/PHBV, it should be considered 

that when temperatures exceed 100 °C largely, iso-CA can be formed through 

an isomerization reaction [90]. The use of catalysts such as MgO, Mg(OH)2 

[72] and Ca2+ [89] that lead to selective production of CA, is desired because

various authors reported that uncatalyzed thermal degradation of PHB/PHBV

occurs at a temperature range of 240 till 310 °C. With the use of catalysts, a

significant reduction was observed in the degradation temperature of

PHB/PHBV [72,89].
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Table 1-2. An overview of pyrolysis PHB/PHBV towards CA 

In the present study, to possibly ease the downstream purification of 

produced bio-based CA, direct depolymerization of PHBV towards CA and 2-

Ref. HB 
[mol%] 

Catalyst Temp. 
[°C] 

CA 
Yield 
[%] 

Pyrolyzate composition 
[wt%] 
CA Iso-

CA 
2-
PA 

other 

[85] 100 No 260 - 67.7 3.1 - 29.2

[66] 100 No 290 62.5 63.8 1 - 35.2

[87] 88 No 280 - 60.34 - 7.13 32.53 

[87] 88 Mg(OH)2 260 - 85.31 - 10.9
2 

3.77 

[72] 100 No 280 57 57.1 3.6 - 39.3

[72] 100 Mg(OH)2 240 83 97.7 0.6 - 1.7

[86] 98.95 No 290 - 58.09 - 0.51 41.28 

[67] 100 No 310 65 57.1 5 - 37.9

[67] 100 No, NaOH 
pretreatment 

310 80 86.6 1.9 - 11.5

[91] 100 No 250 - 64.4 - - 8.4

[74] 100 No 170 @ 
150 
mbar 

58 92 0.1 - 0.5

[92] 100 Cyclohexane 210 89 91 - - -

[93] 100 IL, 
[EMIM][AcO] 

140 97 >90 - - -
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PA was investigated using a custom-built oven pyrolyzer set-up. The direct 

pyrolysis of the biomass was carried out either under vacuum condition or 

nitrogen stripping, allowing one to manipulate the mean residence time of 

the vapor phase in both oven and the condenser to obtain the highest acid 

production yield. Shorter residence times may not allow complete 

decomposition of the polymer and longer residence times may result in 

secondary cracking reactions. Therefore, various nitrogen gas flow rates 

were applied to vary the mean residence time of the vapor phase and study 

its effect on the acid production yield. Furthermore, the pyrolysis of the 

extracted polymer was performed using a vigreux distillation column, 

connected to the oven to examine the possibility of direct purification of CA 

in vapor phase. 

Although the synthesis of CA via PHB/PHBV thermal decomposition has been 

examined over the last decades, its separation from the complex pyrolysis 

mixtures with relatively high purity has not been that well studied yet. Mullen 

et al.[71] have developed a fluidized bed set-up on pilot scale to pyrolyze a 

PHB/switchgrass blend and produce CA enriched bio-oil. They applied 

multistep condensation using water cooled (4 ˚C) condensers connected to 

an electrostatic precipitator for in-situ fractionation of the pyrolyzate 

mixture and production of bio-oil enriched with CA. The schematic view of 

this process is shown in Figure 1-9. The use of an electrostatic precipitator 

can be explained considering the melting point of CA, being 72 ˚C. Cooling of 

a vapor stream containing CA with cooling water of 4 ˚C will not only result 

in condensation, but also in partial precipitation. The presence of 

precipitated CA in aerosols that escaped the condensers through the vapor 

phase was confirmed experimentally [71]. The maximum CA yield of 45% was 
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obtained from a mixture of 10% PHB and 90% switchgrass using fine PHB 

particles at 375 ˚C. However, significant fractionation of CA from the total 

pyrolysis liquid was not achieved with this multistep separation procedure. 

The concentration of CA reduced from 11.2 to 8.7 wt% over the series of 

condensers, without following a pattern based on either water solubility or 

vapor temperature.  

Figure 1-9. Schematic view of a fluidized bed PHB pyrolysis process. The Figure is reproduced 
with permission from [71], published by Elsevier, 2014. 

Recently, Parodi et al.[74] developed a novel thermolytic distillation process, 

enabling pyrolysis of PHB and PHB-enriched biomass at 170 ̊ C under reduced 

pressure of 150 mbar to yield CA. In thermolytic distillation under mild 

conditions (170 ̊ C and 150 mbar), the pyrolysis of PHB occurs simultaneously 
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with the separation of volatile pyrolyzates such as CA. The integrated product 

removal at such mild conditions limits the isomerization of CA to iso-CA as 

the isomerization reaction happens mostly at elevated temperature. By 

means of this integrated technique, the authors could recover CA with a yield 

of 58% and purity of 92% from MMC-based biomass, containing 30 wt% PHB 

on dry basis. Indeed, pyrolysis of MMC-based PHB/PHBV enriched biomass 

using this novel method can increase both the yield and purity of CA. 

However, the vapor stream will still contain 2-PA as well as other side 

products, originated from HV monomer. Therefore, a next purification step 

is required to separate these carboxylic acids.  

Table 1-3 presents the molecular properties of CA and 2-PA. The difference 

in their boiling and melting point is sufficient to consider distillation and 

crystallization as a separation approach, although a careful analysis of the 

vapor-liquid equilibria and solid-liquid equilibria should be performed. For 

affinity-based separation techniques (e.g., extractive distillation, liquid-liquid 

extraction and adsorption) to work, their similar molecular properties such 

as pKa and both having a double C=C bond are expected to limit the 

operational window. For extractive distillation the difference in pKa may 

either be too small or just enough [94]. The difference in hydrocarbon 

backbone length may result in a feasible difference in distribution over a 

polar phase and an apolar phase.  
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Table 1-3. Properties of CA and 2-PA 

Property  CA  2-PA 
Molcular weight [g.mol-1]  86.0892 [95] 100.117 [96] 
Boiling point [°C @760mmHg]  184.7 [95] 200-203 [97]  
Melting point [°C]  72 [95] 8-10 [97] 
Water solubility [g.L-1 @25°C]  94 [95] 62.9 [96] 
Density [g.ml-1 @ 25°C]  1.027 [98] 0.99 [99] 
pKa [@ 25°C]  4.817 [95] 5.02 [100] 

 

In this work, the separation of a CA/2-PA mixture was examined by 

distillation. Initially, the vapor liquid equilibria (VLE) data of the mixture were 

obtained with a custom-designed VLE apparatus. Subsequently, a spinning 

band distillation column (SBC) was applied to further study this acid mixture 

separation.  

 

6. Thesis outline 

The following chapters describe the various project elements in this 

dissertation: 

Chapter 1- This chapter includes an introduction and literature review for 

each step, including VFAs and their recovery, PHAs and their recovery, 

pyrolysis of PHA to produce CA and 2-PA, and the separation of CA and 2-PA 

mixtures. 

Chapter 2- An adsorbent evaluation was performed using various polymeric 

resins with mild basic functionality, synthesized by Sylwia Ronka from 

Wrocław University of Technology. The experiments were carried out in 

batch using mimicked fermentation broth. From previous studies it was 

known that stronger basic resins adsorb mineral acids, limiting the capacity 
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for VFAs, and the goal was to identify whether these mildly basic resins have 

high affinity towards VFAs in highly diluted wastewater streams, while not 

adsorbing mineral acids.  

Chapter 3- Separation of the VFAs by adsorption is studied in this chapter as 

well, intending to enhance the regeneration of the resin. It was aimed to 

develop an adsorbent which allows thermal desorption by magnetically 

heating. A superparamagnetic adsorbent is synthesized to recover the VFAs 

from a mimicked fermentation broth. Loading the superparamagnetic 

magnetite nanoparticles in the matrix of the resin allowed to perform the 

thermal desorption in two steps. First, water was removed using an 

alternating magnetic field (AMF), followed by acid recovery using hot 

nitrogen stripping.  

Chapter 4- In this chapter, extraction of the PHBV from MMC-based biomass 

is investigated using bio-based solvents namely 2-MTHF and cyrene 

(dihydrolevoglucosenone). Various operation conditions have been 

optimized. Moreover, as the nature of the biomass and the average MW of 

the polymer have a great impact on the efficiency of the solvents in the 

extraction, diverse batches of the biomass possessing PHBV with different 

average MW have been used to examine the performance of the solvents.  

Chapter 5- Thermal decomposition of the extracted PHBV from a MMC-

based biomass towards CA and 2-PA production was investigated in this 

chapter. A custom-designed pyrolysis set-up was built, aiming to study the 

effect of the operation parameters on the polymer pyrolysis. The optimum 

mean residence time of the vapor phase in the hot oven was investigated to 

aid process design in the follow-up work. 
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Chapter 6- This chapter focuses on the final purification of the produced CA 

from pyrolysis of MMC-based PHBV. The main products in the thermal 

decomposition of PHBV are CA and 2-PA, origination from HB and HV 

monomers, respectively. Therefore, the goal was to investigate the feasibility 

of a distillation technique to separate these acids. First, the isobaric-VLE data 

of CA/2-PA mixture was collected using a custom-designed set-up. 

Afterwards, the separation of the acids was further studied using SBC. 

Moreover, the thermal stability of the acids was investigated under 

distillation conditions, because exposing the unsaturated acids at elevated 

temperatures at a certain contacting time results in isomerization or 

dimerization of the acids. 

Chapter 7- The final conclusions and perspectives are presented in this 
chapter.  
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Nomenclature: 

CA Trans-Crotonic Acid 
CAGR Compound Annual Growth Rate 
DMC Dimethyl Carbonate 
FW Food Waste 
HB Hydroxy Butyrate 
HV Hydroxy Valerate  
Iso-CA Iso-Crotonic Acid 
ILs Ionic Liquid 
LCL-PHA Long carbon Chain Length Polyhydroxyalkanoates 
MMC Mixed Microbial Culture 
MCCAs Medium Carbon Chain carboxylic Acid 
MIBK Methyl Isobutyl Ketone 
2-MTHF 2-Methyltetrahydrofuran 
MCL-PHA Medium carbon Chain Length Polyhydroxyalkanoates 
OFMSW Organic Fraction Of Municipal Solid Waste  
PHAs Polyhydroxyalkanoates 
PHB Poly(3hydroxybutyrate) 
PHV Poly(3-hydroxy Valerate) 
PHBV Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate) 
2-PA 2-Pentenoic Acid 
SS Sewage Sludge 
SBC Spinning Band Column  
SCL-PHA Short carbon Chain Length Polyhydroxyalkanoates 
VLE Vapor Liquid Equilibria  
VFAs Volatile Fatty Acids 
WWTP Wastewater Treatment Plant 
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Chapter 2 

Methacrylonitrile-based Adsorbents for 
Recovery of VFAs from Fermentation Broth 

This chapter is adapted from: 

Elhami, V.; Ronka, S.; Schuur, B.; “Methacrylonitrile-based Adsorbents for 
Recovery of VFAs from Fermentation Broth”, 2023, (under preparation). 
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Abstract  
 
Adsorption is a promising affinity separation technique to target a sorbate in 

extremely dilute solutions. In this chapter, methacrylonitrile (MAN)-

functionalized resins were investigated to recover volatile fatty acids (VFAs) 

from a mimicked fermentation broth as an alternative for the already known 

amine-based resins and non-functionalized crosslinked polystyrene-divinyl 

benzene (PS-DVB) based resins, aiming for high VFA capacity and selectivity. 

Next to comparison with commercial PS-DVB resin, also several PS-DVB 

resins were synthesized as non-functionalized analogues for the new MAN-

functionalized resins. For MAN-functionalized resins, a maximum equilibrium 

VFA loading of about 153 was found, which is higher than the 125 [g Acid/kg 

Adsorbent] for the PS-DVB non-functionalized resins. Overall, the MAN-

functionalized adsorbents retained higher loading capacity for corresponding 

acids, compared to the PS-DVB resins. It is due to the hydrogen bonding 

between the nitrile groups of the resins with the carboxyl group of the acids. 

Moreover, none of the adsorbents displayed an affinity towards the salts, 

presented in the fermentation broth.  

 

1. Introduction  

Valorizing waste/wastewater is an interesting approach to the circular 

economy model, allowing to recover valuable chemicals from waste [1-7]. 

Over the last decades, researchers have been focused on converting 

waste/wastewater to value-added chemicals by fermentation. Various 

organic-enriched wastes have potential to be anaerobically fermented into 

Volatile fatty acids (VFAs) which are short carboxylic acids with a wide range 
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of applications in industry [4,8-12]. Every year, 50.3 M tons of waste are 

produced at the urban level in EU-27 with the organic fractions of municipal 

solid (OFMSW) and sewage sludge (SS) being the predominant wastes [8]. 

Anaerobic digestion of this carbon-rich waste/wastewater towards VFAs 

have been well studied [8,11,13-15]. Indeed, the bio-based pathways through 

fermentation of inexpensive feedstocks appears to be a feasible approach to 

produce such essential platform chemicals [16]. However, a robust recovery 

technique is still necessary to recover the produced VFAs from the 

fermentation broth. This is because, anaerobic fermentation of 

waste/wastewater results in extremely dilute aqueous solutions of VFAs (~1 

wt%) due to their low carbon content [17]. Thus, affinity separation 

techniques such as liquid-liquid extraction (LLE) and adsorption, targeting the 

VFAs rather than water can be economic routes to recover the VFAs [17-21]. 

LLE using Ionic liquids (ILs) has also been investigated to recover the 

carboxylic acids [22-24]. From the extraction point of view, ILs appear to be 

an interesting solvent class to recover the acids from the broths with limited 

acid content [23-25]. However, the regeneration of ILs remains still 

challenging [25].  

Adsorption has displayed a promising potential to separate VFAs from 

extremely dilute solutions [17,26,27]. Various adsorbents have been 

employed to recover the VFAs from the fermentation broth [19,28]. Ahasa 

Yousef et al. [28] reported 42.68 mg/g adsorption capacity with activated 

carbon to separate butyric acid from a broth obtained by dark fermentation 

of food waste, containing 6.6 g/L butyric acid. A total VFA capacity of 76 g/kg 

is reported for non-functionalized styrene-divinylbenzene based adsorbent 

with the commercial name of Lewatit VP OC 1064 MD PH (called “Lewatit” in 
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this work) [17]. Lewatit is a microporous hydrophobic resin with high surface 

area and large pore volume. Its high thermal stability and remarkable 

capacity towards VFAs made it as a promising adsorbent to separate VFAs 

from the aqueous solutions, followed by thermal regeneration of the resin 

and recovering the acids in highly concentrated solution [17]. The 

hydrophobic interaction between the carbon chain of the acids and the 

aromatic ring of the resin is the main affinity responsible for separation of 

VFAs from water using Lewatit while water physically fills the pores. 

Therefore, it is worthwhile to investigate hydrophobic resins with small pore 

volumes and high surface area to limit the water up-take during adsorption 

and consequently obtain acids in concentrated solution in a final thermal 

regeneration step.  

Furthermore, various amine functionalized ion exchange resins have also 

been proposed to extract carboxylic acids from the fermentation broth 

[26,29-31]. Quaternary ammonium based adsorbent attracts the carboxylates 

via anion exchange. Whilst the primary, secondary and tertiary amines can 

form either hydrogen bonding with the acids or transfer protons with the 

carboxylates to maintain the charge neutrality of the resin [32]. These ion 

exchangers are interesting adsorbents, since the pH of the fermentation 

broth is usually between 5-7 and consequently the VFAs are in their 

dissociated form [30]. However, the regeneration of the ion exchangers 

requires another ion exchange reaction using an extra agent (e.g. mineral 

acids) to protonate them and recover the VFAs which produces a 

stoichiometric amount of salts [31]. Moreover, these resins can attract not 

only the acids, but also the minerals (salts) present in the fermentation broth 

via ion exchange reactions [17]. Therefore, we aimed to apply resins 
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functionalized with nitrile instead of amine groups, where it is aimed to 

prevent ion exchange reactions while introducing another interaction 

mechanism between the acids and the adsorbent to enhance the recovery 

yield and the acid selectivity. The nitrile based active sites can form hydrogen 

bonding with the carboxyl group of the acids, but proton transfer is not 

expected. 

In this chapter, the main goal is to explore whether the possible adsorbents 

based on nitrile functionality can perform similar to amine functionalized 

Lewatit in terms of adsorption capacity, but without co-adsorption of mineral 

acids. Different adsorbents with either methacylonitrile (MAN) or styrene 

(ST) crosslinked with divinyl benzene (DVB) were provided by Wrocław 

University of Science and Technology. The MAN-functionalized adsorbents 

were aimed to enhance VFA recovery by hydrogen bonding between the 

carboxyl group of the acids and nitrile group of the resins. The PS-DVB resins 

were synthesized, aiming to control the morphology and possibly reduce the 

water up-take with introducing small pore volumes, while maintaining a 

reasonable internal surface area. The performance of MAN-functionalized 

resins was compared to the PS-DVB adsorbent by conducting batch 

adsorption experiments using a mimicked fermentation broth.  

 

2. Materials and methods 

2.1. Chemicals  

Butyric acid (HBu, >99%), Acetic acid (HAc, >99.7%), propionic acid (HPr, 

>99.5%), anhydrous sodium phosphate dibasic (>99%), anhydrous sodium 
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sulfate (>99%), potassium chloride (>99%), were purchased from Sigma-

Aldrich. Crystalline lactic acid (HLa, >98%) was provided by Corbion. 

Potassium hydroxide (1 M) was supplied by Merck. The water used was 

ultrapure (Milli-Q, with a resistance of 18.2 μΩ cm at 25 °C). Lewatit VP OC 

1064 MD PH adsorbent was purchased from Lennteck. The resins have been 

synthesized by Sylwia Ronka from Wrocław University of Science and 

Technology. 

 

2.2. Adsorbent screening to recover VFAs from 

fermentation broth 

Following the method described by Reyhanitash et al. [17], the batch 

adsorption experiments were performed for each resin to determine their  

equilibrium loading using a model solution as a feed. The composition of the 

feed is given in Table 2-1. 0.5 g Of each adsorbent was contacted with 11 g 

feed for 1 h at >500 rpm. Afterwards, a sample was taken from the eluent 

and analysed by high pressure liquid chromatography (HPLC) and ion 

chromatography (IC) to determine the concentration of the acids and salts, 

respectively.  

Table 2-1. The composition of the concentrated mimicked fermentation broth 

solution Concentration [wt%] Concentration [mol/L] pH 
HAc HPr HBu HLa KCl Na2SO4 Na2HPO4  

Feed  1.25 1.25 1.25 1.25 0.25 0.25 0.5 4.98 
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The capacity of the adsorbent was calculated using Eq. (2-1): 

  𝑞 = (𝐶0−𝐶𝑒)×F

𝑚
                                                                                            (2-1)                                                                                          

Where q is the amount of adsorbate adsorbed by the adsorbent [g of 

Acid/kg of adsorbent], F is the mass of feed [g], m is the mass of resin 

[kg] used for batch adsorption, C0 [wt%] is the initial concentration of 

each acid in the feed and Ce [wt%] is the equilibrium concentration of 

corresponding acid in the eluent.  

 

2.3. Analysis 

The Brunauer-Emmett-Teller (BET). Specific surface area of commercial 

Lewatit was obtained using N2 adsorption isotherms determined at 77K using 

a Micromeritics Gemini VII 2390a. First, the commercial resins were washed 

with water and dried using N2 at 100 ̊ C and 0.2 L/min. Afterwards, the sample 

was degassed at 180 ˚C for 15 h and analyzed by BET equipment.  

High Performance Liquid Chromatography (HPLC). The concentrations of 

HPr, HBu, HAc and HLa were measured with an inaccuracy of < 0.5% using a 

HPLC [Agilent Hi-Plex H column (300 × 7.7 mm) using a refractive index 

detector on an Agilent 1200 series HPLC system; mobile phase, 5 mM H2SO4 

solution; column temperature of 65 ˚C at a flow rate of 0.6 mL/min].   

Ion chromatography (IC). Cl−, PO4
3– and SO4

2− concentrations were quantified 

with IC (Metrosep A Supp 16-150/4.0 column on a Metrohm 850 Professional 

IC; mobile phase, 7.5 mM Na2CO3 + 0.75 mM KOH solution; column 

temperature, 45 ˚C; flow rate, 0.8 mL/min). Na+ and K+ concentrations were 

measured with IC as well (Metrosep C6-150/ 4.0 column on a Metrohm 850 
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Professional IC; mobile phase, 1.7 mM HNO3 + 1.7 mM dipicolinic acid 

solution; column temperature, 20 ±1 ˚C; flow rate, 1.0 mL/min). 

pH values were measured with a Metrohm pH probe (6.0234.100) connected 

to a Metrohm 780 pH-meter. 

 

3. Results and discussion  
3.1. Characterization of the adsorbents  

The separation efficiency of an adsorption process depends on the 

physicochemical properties of both the adsorbate and the adsorbent, as well 

as on the fluid phase properties. Surface chemistry, pore size and internal 

surface area are the relevant characteristics of an adsorbent which directly 

influence its capacity. These properties have been determined, and are 

summarized in Table 2-2. In total, 8 resins have been synthesized, of which 

five MAN-functionalized and three PS-DVB-based resins. The PS crosslinked 

with DVB resins have been synthesized using various porogens to vary the 

porosity in the particles. Toluene (δ=18.3 MPa1/2), octanol (δ=20.9 MPa1/2), 

and solutions of poly(ethylene glycol) (PEG, oligomer; δ=20.8 MPa1/2) and 

polystyrene (PS, polymer; δ=18.3 MPa1/2) have been applied to produce the 

resins which are examined in the present work.  

As shown in Table 2-2, using PEG dissolved in toluene as a porogen resulted 

in the highest BET surface area for both MAN and PS-DVB-based resins, whilst 

PS solution in THF yields resins with remarkably low surface area and small 

mesopores. The function of each diluent depends mainly on their solubility 

parameters. The Hildebrand solubility parameters (δ) for MAN, ST and DVB 

are 21.9 MPa1/2, 19.0 MPa1/2and 18.2 MPa1/2, respectively. Solvents having a 



Methacrylonitrile-based Adsorbents for Recovery of VFAs  

 
47 

 

solubility parameter (δ) similar to the δ of the monomer (good solvents) yield 

small pores (inducing micropores) and a high surface area. The non-solvating 

diluents result in worse solvation of monomer and consequently, the average 

pore size becomes large (inducing macropores or mesopores), and the 

surface area decreases [33]. Usually, the pore sizes are designed using 

different types of solvent mixtures [34-36]. Another possibility is to use 

porogens, containing large size molecules, such as oligomers [37]. Using an 

oligomer as co-porogen with a good solvent can induce phase separation in 

two stages: an early event in which the oligomer phase separates to produce 

macropores and a late event in which the solvent phase separates to produce 

micropores. Optimally a bimodal pore size distribution might be achieved. 

This increase in surface area by increasing the population of mesopores in 

these polymers, which probably makes previously inaccessible or closed 

micropores accessible, while also contributing directly to the surface area 

[37]. Polymer solutions, such as a toluene solution of polystyrene, can 

generate pores in polymers with diameters usually greater than 50 nm (i.e., 

macropores) [33,38].  

Overall, the average pore size and pore volume of the synthesized particles 

are smaller than the ones for the commercial resin Lewatit. Unfortunately, 

there is no information available about the polymerization mechanism and 

the type of the diluent used in the synthesis of Lewatit.  
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Table 2-2. Summary of the characterization of the various adsorbents.  

 
Resins  

Water 
up-take 
[g/g] 

N content 
[mmol/g] 

BET 
Surface 
area 
[m2/g] 

Mesopores  Micropores  Porogen  

Pore volume 
[cm3/g] 

Pore size 
[nm] 

Pore volume 
[cm3/g]  

Pore size 
[nm]  

MAN-DVB 1 1.38 5.14 550 0.88 6.41 0.08 0.69 PEG in toluene 
MAN-DVB 2 1.17 4.83 412 0.29 2.78 0.07 0.69 PS in toluene 
MAN-DVB 3 0.99 4.68 2 0.004 7.10 - - PS in THF 
MAN-DVB 4 1.19 5.19 526 0.87 6.64 0.08 0.69 Toluene  
MAN-DVB 5 1.85 4.93 327 0.54 6.63 - - Octanol  
PS-DVB 1 0.60 - 502 0.55 4.39 0.07 0.72 PEG in toluene  
PS-DVB 2 0.87 - 429 0.31 2.93 0.07 0.69 PS in toluene 
PS-DVB 3 0.53 - 6 0.009 6.00 - - PS in THF 
Lewatit 1.00 - 931 - - 1.50 8.74 N/A 

 
 

The water up-take of the investigated co-polymers is due to the retention of 

water in the pores of the polymer. As shown in Table 2-2, MAN-based co-

polymers have relatively high water up-take (0.99-1.85 g/g) which is almost 

twice greater water up-take than PS-DVB resins. This is because of the more 

polar nature of MAN compared to ST. Moreover, the water up-take of the 

synthesized PS-DVB is lower than commercial Lewatit due to their small 

pores volumes. The determination of nitrogen content by the Kjeldahl 

method enables to determine the content of nitrile groups, present in the 

MAN-based co-polymers structure. They can play a key role in sorption 

intensification due to the possibility of forming hydrogen bonds. The 

nitrogen present in this group as a strongly electronegative atom is a proton 

acceptor. The number of nitrile groups in synthesized MAN-based particles 

are also presented in Table 2-2. They contain 4.68 - 5.19 mmol/g nitrogen, 

which indicates a satisfactory amount of the nitrile groups in the adsorbents 

structure. These groups can increase the adsorption capacity by creating 

specific interactions between the sorbent and sorbate.  

 



Methacrylonitrile-based Adsorbents for Recovery of VFAs  

 
49 

 

3.2. VFAs recovery using the synthesized resins 

Figure 2-1 represents the capacity of each resin to recover VFAs from a 

mimicked fermentation broth. The maximum loading capacity is observed for 

HBu in all the resins applied in batch adsorption. It indicates the hydrophobic 

interaction between the carbon chain of the acids and aromatic rings of the 

resins. The longer the carbon chain, the higher the capacity of the resins 

[17,39]. Lewatit has the highest equilibrium loadings of 115±9 and 44±3 [g 

Acid/kg Adsorbent] for HBu and HPr, respectively. The equilibrium capacity 

of Lewatit has previously been reported to be 65.2 [g Acid/kg Adsorbent] and 

26.5 for HBu and HPr, respectively [17]. The difference might be because of 

using different batches of Lewatit which possibly differ in the surface area.  

The maximum loadings of 106±3, 98±7 and 104±3 [g Acid/kg Adsorbent] were 

achieved for MAN-DVB 1, MAN-DVB 2 and MAN-DVB 4, respectively. 

Considering the difference in the BET surface area of Lewatit and these MAN-

based resins, their capacity for HBu and HPr is significant, indicating extra 

affinity between the acids and the adsorbents. The nitrile groups in the 

structure of MAN-based resins enable the formation of hydrogen bonds with 

the acids. In comparison, the capacity of the PS-based resins is relatively low 

with PS-DVB 3 having the lowest loading of 25 [g Acid/kg Adsorbent] as well 

as the lowest surface area. In terms of HPr and HAc adsorption capacity, it is 

approximately in the same order of magnitude for all MAN-based resins and 

Lewatit. Generally, MAN-based adsorbents have higher loading values than 

non-functionalized PS-DVB-based resins for the corresponding acid. 
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Figure 2-1. Measured capacity of various hydrophobic resins to recover the VFAs from a 
concentrated mimicked fermentation broth, the concentration of each acid in the feed is 1.25 

wt%, batch adsorption is performed with resin to feed mass ratio of 0.5:11 at room 
temperature, contact time of 1 h and >500 rpm.  
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Figure 2-2. Determination of the capacity of various hydrophobic resins to adsorb salts from 
the concentrated mimicked fermentation broth during VFA recovery, batch adsorption is 
performed with resin to feed mass ratio of 0.5:11 at room temperature, contact time of 1 h 
and >500 rpm. 

 

Next to the acid loading, it is also relevant to study the impact of the salts on 

the capacity of the resins, as these salts are usually present in wastewaters. 

The ions Cl-, SO4
2-, Na+, K+ and H2PO4-/HPO4

2-/PO4
3- are representing the salts 

as they are the dissociated form of their corresponding salts in the aqueous 

solution. Therefore, comparing their concentration before and after 

adsorption can provide more information on whether or not there is a 

competitive adsorption between the VFAs and the salts. Figure 2-2 shows the 

concentration of the ions, determined by IC. The concentration of the ions in 

the “Feed” represents their concentration before starting batch adsorption. 

As can be clearly seen from the graph, the concentration of all the ions 

remains constant before and after adsorption for each adsorbent. It 

illustrates that there is no interaction between the resins and the salts which 
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is a benefit to have high capacity for the VFAs. This observation is highly 

interesting, since it was previously reported that amine-based adsorbents 

have high affinity towards the mineral acids, originating from the salts [17]. 

In fact , the amine-based ion exchange resins attract the salts via ion 

exchange reaction with their corresponding mineral acid form to comply to 

the charge neutrality constraint [17]. For example, the competitive 

adsorption capacity of amine-functionalized resins for H3PO4 is reported to 

be about 200 [g Acid/kg Adsorbent], reducing the VFAs loading capacity 

significantly [17]. In the present work, the nitrile-based particles did not 

attract the mineral acids which can be explained by the lower basicity of the 

nitrile groups than the amine groups [40,41]. It implies a higher selectivity of 

the nitrile-based adsorbents towards VFAs rather than minerals (salts). Since 

also a higher adsorption was measured for the VFAs than with non-

functionalized PS-DVB, the use of nitrile functionality for VFA adsorption 

appears to represent a new direction for future research and application of 

adsorption technology in VFA recovery from diluted broths. 

 

4. Conclusion  

In this chapter, the recovery of the VFAs from a mimicked fermentation broth 

is studied by an adsorption technique. The loading capacity of various 

adsorbents was examined by performing batch experiments. The maximum 

equilibrium VFA loading of about 153 [g Acid/kg Adsorbent] was obtained 

using MAN-based resins. While having a comparable surface area to MAN-

based resins, the non-functionalized PS-DVB-based adsorbents exhibited 

lower adsorption capacity. This observation is tentatively explained by 
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assuming that hydrogen bonding interactions are operational between the 

acid constituents and the MAN-based particles, involving nitrile groups of the 

adsorbents. 

In this study, low water up-take was the great feature of the synthesized PS-

DVB due to their high hydrophobicity and small pore volume. They displayed 

3-4 times lower water-up take, compared to MAN-functionalized resins. 

Moreover, their water up-take was less than commercial Lewatit. The low 

water loading implies PS-DVB resins with small pore volume and high surface 

area can also be an appropriate candidate to selectively separate the acids 

from a dilute aqueous solution, followed by thermal regeneration to 

effectively recover the VFAs at high concentration.  
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Nomenclature: 

BET Brunauer-Emmett-Teller  
DVB Divinylbenzene  
HBu Butyric acid  
HPr Propionic acid  
HAc Acetic acid 
HLa Lactic acid 
HPLC High Pressure Liquid Chromatography  
IC Ion Chromatography  
MAN Methacrylonitrile  
OFMSW Organic Fraction of Municipal Solid Waste  
PS Polystyrene  
PEG Polyethylene Glycol  
SS Sewage Sludge 
ST Styrene  
THF Tetrahydrofuran  
VFAs Volatile Fatty Acids 
δ Solubility Parameter  
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Chapter 3 

Recovery of Dilute (Bio-Based) Volatile Fatty 
Acids by Adsorption with Magnetic 

Hyperthermal Swing Desorption 

This chapter is adapted from: 

Elhami V., Hempenius M.A., Vancso G.J., Krooshoop E.J.G., Alic L., Qian X., 
Jebur M., Wickramasinghe R., Schuur B., “Recovery of Dilute (Bio-Based) 

Volatile Fatty Acids by Adsorption with Magnetic Hyperthermal Swing 

Desorption”, 2023, (under preparation).    
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Abstract  
 
In this study, we describe the preparation of superparamagnetic porous 

adsorbent beads to recover volatile fatty acids (VFAs) in concentrated form 

from dilute aqueous streams. Our system is based on poly(divinylbenzene) 

(PDVB) impregnated with superparamagnetic magnetite nanoparticles 

(MNPs). The MNPs were synthesized by the coprecipitation method and 

functionalized with oleic acid (OA). Following this step, the OA-MNPs (OA 

grafted MNPs) were embedded in the matrix of the polymer during 

suspension polymerization. The porous particles had an average size of 

222±40 µm with a surface area of 496±10 m2/g. Furthermore, they contained 

11±1 wt% MNPs with an average core size of 10 nm. VFAs were adsorbed 

from a dilute aqueous solution (containing 0.25 wt% of each acid). A 

corresponding total saturation capacity of 43 g carboxylic acid per kg 

adsorbent was found, with the highest capacities for butyric acid at 30 [g 

acid/kg adsorbent]. Desorption was performed in two steps, starting with 

alternating magnetic field (AMF) heating at 25 mT and 52 kHz, followed by a 

hot N2 stripping stage. During AMF heating, it was found that 90 ±9% of the 

water in the pores was removed which physically filled the pores during 

adsorption of VFAs, while only 11±2% of total loaded VFAs were removed by 

AMF heating. Subsequently, the remaining VFAs were completely recovered 

in concentrated form using hot N2 stripping.   
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1. Introduction  

VFAs are short chain carboxylic acids consisting of less than six carbon atoms 

and have a wide range of applications in the food, pharmaceutical and 

chemical industries. For instance, they may be used in the production of 

biodiesel, biogas, bioplastics, biohydrogen and electricity [1-4]. VFAs are one 

of the main intermediates during anaerobic sludge fermentation [3,5-7]. 

However, producing VFAs via fermented wastewater streams yields a broth 

with low VFA contents [8]. Therefore, there is a great need for a robust 

recovery and concentration technique to produce VFAs in a profitable 

biological process, promoting circular chemistry. Implementing green 

chemistry is identified as one of the most important demands for the 

chemical manufacturers [9]. 

Affinity separation techniques enable to recover the target chemicals from 

dilute and relatively complex streams [10,11]. Adsorption is one of the 

affinity separation methods, which demonstrated a great potential to 

effectively recover VFAs from dilute solutions [12-14]. Various adsorbents 

were reported for adsorption of carboxylic acids from a fermentation broth 

[12,15,16]. For example, anion exchange resins can separate dissociated 

acids in carboxylate form, which is interesting as the pH of the mixed 

microbial culture is usually higher than the pKa of the VFAs [17,18]. However, 

the recovery of the carboxylates in acid form from anion exchange resins is 

challenging, because they must be protonated by adding extra chemicals 

(e.g. H2SO4) which produce a stoichiometric amount of salt waste [17]. 

Cabrera-Rodrígues et al. proposed a regeneration method for anion 

exchange resins loaded with acetate which prevents salt waste production 

[17]. The authors applied CO2-expanded methanol to recover acetic acid in a 
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solution of methanol and CO2, followed by direct esterification of the acid to 

produce methyl acetate. Although it simplified the effective regeneration of 

the resin, the acids were obtained as ester, and not as pure and protonated 

acid. For certain applications this route is a good solution. In cases when the 

acids in pure form are required, recovery through the vapor phase enables a 

simpler downstream fractionation which was observed using a non-

functionalized polystyrene divinyl benzene resin [13].  

Non-functionalized polystyrene divinylbenzene based polymers with the 

commercial name Lewatit VP OC 1064 MD PH displayed high selectivity 

towards carboxylic acids in a mineral rich aqueous stream [13]. It was found 

that it is possible to recover the acids through the vapor phase by thermal 

desorption. During adsorption with this hydrophobic polymer, the pores 

become filled with the dilute solution of VFAs. The VFAs then bind to the 

surface of the particle through hydrophobic interactions and hydrogen 

bond−π interactions, but the pores of the particle remain filled with water. 

When these particles are directly regenerated using an efficient recovery 

technique such as hot N2 stripping, both the water and the VFAs evaporate 

from the particle, resulting in a product stream with 10 wt% VFAs. This 

indicates that the VFAs are already significantly (ten times) more 

concentrated than the fermentation broth, while for propionic acid and 

butyric acid the concentration factor was even higher [13]. However, 

further reducing the amount of water and obtaining an even stronger 

concentration factor would be desired. In order to achieve even higher 

concentration factors, it would be beneficial to remove the water in the 

pores of the particle prior to recovering the VFAs that bind to the 
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surface of the particles. A product obtained this way with a lower water 

content reduces the energy use in further processing. 

Reyhanitash et el. investigated the possibility of varying the 

temperature of the hot nitrogen stripping, similar to the temperature 

profile used in gas chromatography, to directly fractionate the loaded 

acids during regeneration of the adsorbent [13]. The authors found that 

indeed it is possible to recover the acids in high purity by applying a 

proper temperature profile based on the boiling point of the loaded 

components. The highest boiling of the VFAs in the mixture, butyric 

acid, was obtained in concentrations up to 90 wt% while its initial 

concentration in the feed was 0.25 wt%. However, this high acid 

concentration is only achieved for a fraction of the total loaded acid. 

During the desorption stages in the process, the acid concentration in 

the condensed vapor recovered from the desorption continuously 

increases, meaning that they evaporate already partially in earlier 

stages. As a result, a large fraction of the acids has been co-desorbed 

during removal of water from the pores and the quantity of the 

recovered acids in the most concentrated samples was not so high. 

Therefore, further improvement of the adsorption-desorption 

technique is desired, especially aiming at developing an improved 

desorption approach to effectively recover larger fractions of the 

adsorbed VFAs at high concentration. 

The current study aimed at substantially enhancing the fractionation 

efficiency during desorption to obtain larger amounts of acids with high 

concentrations. One hypothesis is that the heat-insulating character of 

polystyrene-based resins limits heating up the interior of the resin 
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particles by hot N2 stripping, resulting in a temperature gradient inside 

the particles that hinders sharper fractionation. Because the 

temperature profile shows the lowest temperature in the center of the 

resins and the highest temperature at the outer surface, a gradient is 

formed that is opposite to the concentration gradient which is directed 

from higher concentration in the center towards lower concentration 

on the outside of the particles. At the increasing temperature towards 

the outer radius of the particles, the carboxylic acids exhibit higher 

volatility, and for that reason the selectivity of water removal is 

reduced. 

Ideally, the thermal and concentration gradients should be aligned in 

the same direction. In the present work, we achieve this alignment by 

synthesis and application of a novel adsorbent that may heat particles 

from inside to facilitate separation of water and the acids during 

thermal desorption. A superparamagnetic adsorbent was synthesized 

by impregnating poly(divinylbenzene) (PDVB) polymer with oleic acid 

coated magnetic nanoparticles (OA-MNPs). Loading the adsorbent with 

MNPs that are coated with a bio-based shell provides an opportunity 

to generate heat inside the particles by applying an alternating 

magnetic field (AMF) [19], while part of the actual mass of fossil-based 

polymers in the resins is replaced by molecules of bio-based nature and 

MNP that are so safe that they are also applied in medicine [20-22].   

Heat generation via an AMF was previously used to locally produce heat 

for hyperthermia treatment whereby cancer cells are disrupted by 

injecting MNPs in the tumor and exposing the patient to an oscillating 

magnetic field [20-22]. Magnetite particles contain Weiss domains in 
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which magnetic spins are aligned [23]. After temporal magnetic 

actuation, upon relaxation the MNPs can release heat. Theoretically, 

the single domain MNPs can produce heat in the presence of an 

oscillating magnetic field via two relaxation mechanisms, i.e. Brownian 

and Neel relaxations [21,24]. In Brownian relaxation, the heat is 

generated due to the energy loss produced by the rotation of the whole 

MNPs to align along the external magnetic field direction. Neel 

relaxation involves the internal rotation of the magnetic moments of 

the MNPs [25]. By immobilizing the MNPs in the polymer matrix, they 

are no longer free to rotate. Therefore, the relaxation mechanism is 

dominated by Neel relaxation [26,27]. 

The possibility to generate bubbles inside the porous resin by 

evaporation of water upon inducing the magnetic hyperthermia was 

also considered as an opportunity to mechanically remove water from 

the pores of the polymer. Bubble formation due to evaporation of part 

of the water will then drive liquid water mechanically from the pores, 

without having to evaporate the corresponding fraction of the water. 

The focus of the present work is to explore temperature swing-based 

desorption where heating is generated inside the resin matrix. We 

achieve this by synthesis and characterization of the 

superparamagnetic resin. Using model fermentation broths, we 

determine adsorption capacity and investigate desorption due to 

magnetically induced heating followed by hot N2 stripping as shown in 

Figure 3-1. 
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Figure 3-1. Schematic overview of adsorption and thermal desorption of VFAs from 
superparamagnetic polymer  

During the first desorption stage, the resins were visually inspected to 

detect whether liquid water was expelled from the resin particles, and 

overall mass balances over the acids were calculated to conclude on 

the applicability of this new magnetically actuated approach in 

desorption.  
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2. Material and Methods 

2.1. Chemicals    

Hydrochloric acid (37%) was purchased from Honeywell Fluka. 

Ammonium hydroxide solution (28.0-30.0% NH3 basis), methanol 

(MeOH, >99%), diethyl ether (>99%), anhydrous iron(III) chloride (97%), 

butyric acid (HBu, >99%), Acetic acid (HAc, >99.7%), propionic acid (HPr, 

>99.5%), anhydrous sodium phosphate dibasic (>99%), anhydrous 

sodium sulphate (>99%), potassium chloride (>99%), poly(vinyl alcohol) 

(PVA; 88% hydrolyzed, Mn∼125000 (Mowiol 18-88)), sodium chloride 

(>99%), Polydimethylsiloxane (PDMS) (viscosity 200/100 cSt), 

azobis(isobutyronitrile) (AIBN), and Divinylbenzene 80% (DVB) were 

purchased from Sigma-Aldrich. Crystalline lactic acid (HLa, >98%) was 

provided by Corbion. Potassium hydroxide (1 M) and toluene (≥99.9%) 

were supplied by Merck, iron(II) chloride tetrahydrate (99>%) by Acros 

Organics and Oleic acid (70%) by Fisher Scientific. The water used was 

ultrapure (Milli-Q, with a resistance of 18.2 μΩ cm at 25 °C).  

 

2.2. Synthesis of OA-MNPs 

MNPs were synthesized by a coprecipitation method [28]. Briefly, the 

pH of 50 mL Milli-Q water was adjusted to pH = 2 by adding a few drops 

of hydrochloric acid solution. Afterwards, 1.6326 g of iron(III) chloride 

and 1.0241 g iron(II) chloride tetrahydrate with a molar ratio of 2:1 

were dissolved in the prepared solution at room temperature and 

sonicated under nitrogen gas for 1 h. Subsequently, 20 mL of 
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ammonium hydroxide solution was rapidly added to the mixture and 

sonicated for another 1 h.  

To functionalize the nanoparticles, the mixture was heated to 80  °C and 

0.5989 g OA was added to the solution [29]. After 1 h, the OA-MNPs 

were collected from the solution using a static magnet, washed several 

times with Milli-Q water and ethanol, and dried in a vacuum oven for 

12 h at 50 °C. The yield of synthesized MNPs was calculated using Eq. 

(3-1):  

𝑌𝑖𝑒𝑙𝑑 [%] =
(𝑚𝑂𝐴−𝐹𝑒3𝑂4×𝑤𝐹𝑒3𝑂4)×100

𝑚𝐹𝑒3𝑂4
𝑡                                                           (3-1) 

Where 𝑚𝑂𝐴−𝐹𝑒3𝑂4
 is the mass of collected OA-MNPs after drying, 

𝑤𝐹𝑒3𝑂4
 is the MNPs weight fraction of the OA-MNPs as determined by 

analysis and 𝑚𝐹𝑒3𝑂4

𝑡  is the theoretical mass of MNPs at 100% 

conversion of all ferric and ferrous ions in the following coprecipitation 

reaction: 

𝐹𝑒2+ + 2𝐹𝑒3+ + 8𝑂𝐻− → 𝐹𝑒3𝑂4 + 4𝐻2𝑂                                                 (3-2)      

                                                                          

2.3. Polymerization of magnetic PDVB resins 

Magnetic PDVB resins were prepared via suspension polymerization as 

reported by Macintyre and Sherrington [30] with a modification in 

terms of adding hydrophobic OA-MNPs. The aqueous phase was 

prepared by dissolving 0.52 g PVA and 2.31 g sodium chloride in 70 mL 

Milli-Q water in the reactor. The organic phase containing 1.75  mL DVB, 

0.14 mL PDMS, 1.61 mL toluene, 0.0175 g AIBN and 0.175 g OA-MNPs 
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was sonicated for 15 minutes, and then added to the continuous 

aqueous phase dropwise while vigorously stirring with a mechanical 

stirrer at 350 rpm. The polymerization was performed at 80  °C for 6 h 

under nitrogen atmosphere. The resulting beads were separated from 

the solution using a static magnet. Subsequently, they were washed 

with water and methanol, and then extracted overnight in a Soxhlet 

apparatus using toluene to remove any unreacted monomers and the 

porogens. Afterwards, the polymer beads were washed with methanol 

and diethyl ether and dried in a vacuum oven at 50 ˚C. Eq.(3-3) was 

used to calculate the yield of suspension polymerization: 

𝑌𝑖𝑒𝑙𝑑 [%] =
𝑚𝑃𝑜𝑙𝑦𝑚𝑒𝑟×(1−𝑤𝐹𝑒3𝑂4)

𝑚𝑀𝑜𝑛𝑜𝑚𝑒𝑟
× 100                                                    (3-3)                            

Where 𝑚𝑃𝑜𝑙𝑦𝑚𝑒𝑟 is the mass of the collected dry polymer, 𝑤𝐹𝑒3𝑂4
 is the 

weight fraction magnetite content of the polymer based on AAS 

analysis and 𝑚𝑀𝑜𝑛𝑜𝑚𝑒𝑟  is the mass of DVB used for the polymerization. 

 

2.4. Adsorption in a packed bed column  

Figure 3-2 represents the schematic of the setup used for adsorption 

and hot N2 stripping. While in a previous study only hot N2 stripping was 

applied [13], in the current work, we included a magnetic hyperthermal 

desorption phase by AMF between the adsorption and the desorption 

by hot N2 stripping. The setup for AMF desorption is displayed in Figure 

3-3. The capacity of the adsorbent to adsorb VFAs was determined in a 

packed bed column using a model fermentation broth with the 

composition as shown in Table 3-1, which is referred to as the feed. The 
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adsorbent (0.5 g) was loaded into the column (d=1 cm, l=3 cm, ¾ filling 

allowing for some swelling), and the feed was pumped through it at a 

flow rate of 0.2 mL/min at room temperature for >200 minutes. 

Sampling was done from the outlet of the column over time and 

analysed to measure the concentration of the acids. 

 
Table 3-1. Composition of the mimicked fermentation broth. 

solution Concentration [wt%] Concentration [mol/L] pH 
HAc HPr HBu HLa KCl Na2SO4 Na2HPO4  

Feed  0.25 0.25 0.25 0.25 0.05 0.05 0.1 4.98 
 

After a complete breakthrough, and stopping of the pump, the major 

fraction of the remaining feed was removed from the dead volume of 

the column by flushing with nitrogen at room temperature. Afterwards, 

a sample of the particles was washed with 1M KOH to measure the total 

mass of the loaded acids. The ratio of the base solution to the 

adsorbent was 15 mL to 1 g based on a previously published method 

[13]. The capacity of the adsorbent was calculated using Eq. (3-4): 

  𝑞 =

(𝐶𝑒×𝑚𝑠)×𝑀

𝑚𝑝

𝑊
                                                                                           (3-4) 

Where q is the amount of adsorbate in the adsorbent [g of Acid/Kg of 

adsorbent, ms is the total mass of liquid after base washing of the 

particles, mp is the mass of loaded adsorbent used for KOH washing, Ce 

is the final concentration for the VFAs expressed in weight percent of 

the corresponding compound in the base solution, W [kg] is the total 
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mass of the resins used for adsorption and M is the total mass of loaded 

adsorbents after adsorption.  

 

 

Figure 3-2. Schematic view of the setup used for adsorption and hot N2 desorption 
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2.5. Thermal desorption experiments 

Thermal desorption was performed using magnetic heating followed by 

hot N2 stripping. An AMF was applied to generate the heat inside the 

particles. Subsequently, hot-nitrogen stripping was used to recover the 

adsorbed acids. A custom-designed set-up was built to generate an 

AMF illustrated in Figure 3-3. A hollow copper coil (6 mm outer 

diameter, and 4 mm inner diameter) was used to allow circulating 

chilled water to pass through to keep the temperature of the coil at an 

acceptable level. The copper coil with 30 mm diameter contained 7 

turns with a distance of 2 mm between the turns. It was attached to a 

heat station which was connected to a 320 W power supply (Bench, EA 

Electro-Automatik, EA-PS 2000 B series). The voltage and current were 

set at 25 V and 13 A, respectively. The actual values fluctuated between 

24.5 < V < 25.3 and 11.8 < I < 12.9. Thus, a magnetic field with 25 mT 

and 52 kHz was produced. The loaded particles from the adsorption 

step were transferred to the column which featured an adiabatic shield 

(double walled, vacuum shielded), which was placed inside the copper 

coil. The adiabatic shield around the column prevented heat loss 

between the column and the coil. Subsequently, the magnetic field was 

employed to remove most of the water present in the pores of the 

resin. 
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Figure 3-3. Schematic view of the alternating magnetic field setup used for magnetic 
desorption step 
 

After magnetic hyperthermic desorption, the particles were 

transferred to another column and placed in the desorption section of 

the setup as shown in Figure 3-2. Afterwards, hot nitrogen gas was 

flushed at 0.1 L/min to desorb the VFAs from the adsorbent and collect 

them by condensation at 2 ˚C. In essence, this is the same procedure as 

published earlier [13]. Of course, in future applications, the magnetic 

coil should be integrated in a column that can also facilitate the 

adsorption step and the nitrogen stripping step. However, here we 

applied the adiabatic shield and cooled the coil to demonstrate the 

concept of magnetically induced heating without affecting the 

measurements by significant heat losses from the column and the 

generated heat by the coil. Table 3-2 represents the temperature 

profile which was employed for hot N2 stripping. After completing the 

thermal desorption step, KOH washing was performed on the 

regenerated particles to determine the mass of remaining acids.  
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Table 3-2. Temperature profile used for thermal desorption by stripping with 0.1 L/min hot 
N2. 

Temperature [˚C] Duration [h] 
50 
120 
180 

1 
1 
1 

 

The desorption efficiency of both regeneration steps for each of the 

acids was calculated by Eq.(3-5): 

𝜂𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛  [%] =
𝑚𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑎𝑐𝑖𝑑

𝑚𝑙𝑜𝑎𝑑𝑒𝑑 𝑎𝑐𝑖𝑑
× 100                                                       (3-5)  

where the mass of the loaded acid [g] was calculated from the capacity 

determination experiment in section 2.4 and the mass of recovered 

acid [g] was measured by analysis of collected condensate after each 

desorption step.  

 

2.6. Analysis 

Atomic absorption spectroscopy (AAS). The iron content of the 

synthesized particles was determined using a Varian SpectrAA 220. The 

preparation of the sample was performed based on a previously 

reported method [31]. Briefly, a mixture of HCl and HNO3 was applied 

to completely digest the particles. A strong acidic medium was required 

for the reduction of the magnetite nanoparticles to ferrous ions. A 

ferrous chloride standard was used for the calibration curve.   
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The Brunauer-Emmett-Teller (BET). Specific surface areas of the 

synthesized adsorbents were obtained using N2 adsorption isotherms 

determined at 77K using a Micromeritics Gemini VII 2390a. 

Scanning electron microscope (SEM). The morphologies of the 

magnetic polymers were examined by SEM using a Jeol JSM-6010LA 

analytical electron microscope at a magnification of 45 and 11000, 

respectively. 

Transmission electron microscope (TEM). The core size of magnetite 

nanoparticles was assessed by TEM. The particles were first dispersed 

in toluene and then TEM images were taken using a Philips CM300ST-

FEG Transmission Electron Microscope 300 kV. The obtained images 

were analyzed by ImageJ software to calculate the size of the MNPs.  

Vibrating-sample magnetometer (VSM). The magnetic susceptibility of 

the nanoparticles was measured with a Physical Properties 

Measurement system magnetometer (Quantum Design) at 300 K. The 

measurement range was-2 T to 2 T. The magnetization was assessed 

using small vials with weighed amounts of particles added.  

High Performance Liquid Chromatography (HPLC). The concentrations 

of HPr, HBu, HAc, HLa, and H3PO4/H2PO4
–/HPO4

2–/PO4
3– were measured 

to an inaccuracy of < 0.5% using a HPLC [Agilent Hi-Plex H column (300 

× 7.7 mm) using a refractive index detector on an Agilent 1200 series 

HPLC system; mobile phase, 5 mM H2SO4 solution; column temperature 

of 65 °C at a flow rate of 0.6 mL/min].  
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Karl- Fischer Titration (KFT). The water content of the condensate was 

determined by Karl- Fischer Titration using a Metrohm 787 KFTitrino. 

Hydranal composite 5 was titrated from a 20 mL burette filled with a 

mixture of methanol and dichloromethane in volume ratio of 3 to 1. 

The sample was analyzed in triplicate with a relative error less than 1%. 

 pH values were measured with a Metrohm pH probe (6.0234.100) 

connected to a Metrohm 780 pH-meter. 

 

3. Results and discussion 

3.1. Characterization of the adsorbent 

The synthesized OA-MNPs were characterized by TEM before using 

them in polymerizations. The MNPs are classified as 

superparamagnetic when their size is less than approximately 15 nm, 

being single Weiss domain particles [32]. The core size of the OA-MNPs 

as measured by TEM was 10 nm demonstrating that 

superparamagnetic magnetite nanoparticles had been formed.  

A series of polymers with various loadings of MNPs was synthesized by 

varying the mass of OA-MNPs in the polymerization. Table 3-3 is a 

summary of the synthesized and characterized superparamagnetic 

polymers. The polymerization yield calculated by Eq. (3-3) was >95% for 

all batches. The loading of OA-MNPs in the polymer matrix was 

determined by AAS. It varied from 0 to 15  wt%, resulting in polymer 

beads with average BET surface areas between 581.98 and 476.34  

m2/g. The BET N2 adsorption- desorption isotherm is included in the 
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supporting information in the appendix Figure S-3 . Despite the 

sufficient surface area of the superparamagnetic polymer containing 

high content of MNPs, it was experimentally observed that by 

increasing the loading of MNPs above 11 wt%, the resulting beads were 

not completely spherical and uniform. Therefore, the 

superparamagnetic polymer with 11 wt% MNPs and 496±10 m2/g was 

selected as an optimum adsorbent for further study. The average pore 

diameter of the optimum particles was calculated using the BJH 

(Barrett, Joyner and Halenda) method, and was found to be 8.3 nm, 

indicating a mesoporous polymer [33]. To control the porosity of the 

particles, it is possible to adjust the ratio of the porogens in the 

polymerization method [34,35]. There are three types of porogens, 

consisting of solvating porogens, non-solvating porogens and linear 

polymer [36]. The solvating porogens which are a good solvent for the 

corresponding polymer, result in high porosity with a small pore 

diameter and a relatively low pore volume [34]. Using a linear polymeric 

porogen results in a low internal surface area, low pore volume and a 

large pore dimeter [36]. In this work, a mixture of toluene as a solvating 

diluent and PDMS as a linear polymer was applied, aiming at high 

internal surface area with a limited pore volume and a large average 

pore diameter. 
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Table 3-3. Summary of the Characterization of the particles obtained in this study. a 

Component   Batch 
No. 

Component picture Yield 
[%] 

Fe3O4 [wt%] by 
AAS 

N2 BET surface 
area [m2/g] 

N2 BJH average 
pore diameter 
[nm] 

N2 BJH average 
pore Volume 
[cm3/g] 

OA-Fe3O4 1 

 

97 75 - - - 

PDVB 2 

 

97 0 582 8.3 0.41 

PDVB+2 wt% OA-
Fe3O4 

3 

 

95 2 578 8.5 0.53 

PDVB+5 wt% OA-
Fe3O4 

4 

 

96 5 540 8.4 0.51 

PDVB+11 wt% 
OA-Fe3O4 

5, 7,8b 

 

95±3 11±1 496±10 8.3±0.005 0.4±0.002 

PDVB+15 wt% 
OA-Fe3O4 

6 

 

95 15 476 8.7 0.63 

 

aAll polymers synthesized once, except for PDVB+11 wt% OA-Fe3O4. The photos were taken by a Digital Microscope camera 2.0 Scale with 200x 

magnification. 
bAs the polymer PDVB+11 wt% OA-Fe3O4 visually represented the polymer with high Fe content and uniform particle shape and size distribution, this batch 

was reproduced.
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The morphology of the magnetic polymer was analyzed by SEM. The 

images are presented in Figure 3-4 which shows that the microspheres 

are spherical with a smooth surface and with an average particle size 

of 222±40 µm. Figure 3-4.b shows that there are many pores on the 

surface of the magnetic polymer beads. 

  

Figure 3-4. Scanning electron microscopy images of (a) magnetic polymer microspheres and 
(b) surface detail. 

 

 The magnetic hysteresis loops of the synthesized Fe3O4 and the 

superparamagnetic polymer microspheres were recorded by VSM and 

are shown in Figure 3-5. As can be clearly seen from the graph, no 

hysteresis is visible for both Fe3O4 and superparamagnetic polymer 

which confirms the production of superparamagnetic particles [37,38]. 

The saturation magnetization of the OA-MNPs was 69 emu/g while it 

was 17 emu/g for the fixed OA-MNPs in the matrix of the polymer. The 

lower saturation magnetization of the fixed OA-MNPs might be due to 

reduced contribution of Brownian relaxation in the overall relaxation 

after magnetization of the fixed MNPs and oxidation of the surface of 

the nanoparticles, which leads to a non-magnetic outer layer on the 

MNPs [39]. 
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Figure 3-5. Magnetization curve for OA-MNPs (solid line) and OA-MNPs immobilized in the 
polymer matrix (dashed line). The magnetization was measured in the range of -2 T to 2 T at 
300 k. 

 

3.2. Capacity determination in column  

The adsorption capacity of the superparamagnetic polymer beads was 

examined in the packed bed column configuration using approximately 

0.5 g magnetic adsorbent. The feed was continuously pumped to the 

column at a flow rate of 0.2 mL/min at room temperature. By 

determining the concentration of the eluent over time, breakthrough 

curves of the acids were obtained which are shown in Figure 3-6. The 

slowest breakthrough curve was observed for HBu, representing the 

highest adsorbent capacity towards this acid. 
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Figure 3-6. Breakthrough curves for the acids in a packed bed column using 0.5 g adsorbent, 
feed flow rate 0.2 mL/min at room temperature with initial concentration of 0.25 wt% for each 
carboxylic acid. 

 

The highest capacity for HBu, the acid with the longest carbon chain, 

supports the assumption that the hydrophobic interaction between the 

aromatic rings of the adsorbent and carbon chains of the acids are 

dominant.  

The capacity of the adsorbent for each acid after a complete 

breakthrough is displayed in Table 3-4. Generally, the particles are 

saturated with all the adsorbates after 27 bed volumes with a total 

saturation capacity of 43 g carboxylic acid per kg adsorbent using a 

model fermentation broth containing 1wt% carboxylic acids. Although 

the commercial non-functionalized polystyrene divinyl benzene 

polymer had shown a capacity of 76 [g carboxylic Acids/kg adsorbent] 
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trend was observed for adsorption of the VFAs, with the highest 

capacity for HBu, followed by HPr, and lower capacities for HAc and HLa 

[13]. Competitive adsorption of the VFAs resulted in the highest loading 

for HBu and limited capacity for HAc. Due to partial dissociation of 

H3PO4, there was an interaction between the adsorbent and H3PO4, 

yielding a capacity of 10 [g Acid/Kg adsorbent]. It can be explained by 

hydrogen bond−π interactions between undissociated acids and the 

aromatic rings of the adsorbent which illustrates the potential of the 

synthesized adsorbent to remove phosphorous from wastewater as 

well. In this type of hydrogen bonding, the hydrogen attached to the 

oxygen in the acid structure is attracted by π-electron density which is 

a poor acceptor [40].  

Table 3-4. Capacities determined after a complete breakthrough at room temperature 

 

 

 

 

 

3.3. Regeneration of the adsorbent 

Thermal regeneration of the adsorbent was done in two steps, as 

indicated in the general outline of the procedure in Figure 3-1. Figure 

3-7 displays desorption efficiency for the acids for the two sequential 

steps. The error bars in Figure 3-7 represent the standard deviation of 

Adsorbate  Loading [gAcid/Kg 
adsorbent] 

HBu 
HPr 
HAc 
HLa 
H3PO4 

30 
8 
3 
2 
10 



VFA Adsorption with Magnetic Hyperthermal Swing Desorption 

 
83 

 

duplicate experiments. First, internal heating was conducted using 

AMF. The loaded particles were subjected to the magnetic field with 25 

mT field intensity and 52 kHz frequency under vacuum condition for 1 

h, during which from time to time, the column was visually inspected 

(see also the photographs, Figure S-4 in the appendix). Almost 

immediately after switching on the magnet, vapor condenses on the 

walls of the column. We had anticipated that bubbles might be formed 

inside the particles, so that a significant amount of water could be 

mechanically pushed out of the particles, without having to evaporate 

it. This would be manifested by “sweating” of the particles. Due to the 

condensate on the walls of the column, this hypothesis could 

unfortunately not be verified by direct visual inspection. On the other 

hand, the quick condensate formation was an excellent proof that 

significant amounts of heat were generated by the MNPs inside the 

polymer matrix, resulting in evaporation of water from the pores of the 

resin. Following these experiments, the condensate was analyzed by 

KFT and HPLC to determine water and acids content, respectively. The 

results indicate that the condensate consists of 1 wt% VFAs and 98 wt% 

water. 

Over the period of magnetic heating, about 90±9% of the total water 

on the adsorbent was removed, while only 11±2% of total loaded VFAs 

were co-removed. When N2-stripping at 70 ˚C was applied instead of 

AMF, only 68% of the water was removed, while also 28% of the loaded 

VFAs were co-evaporated (see Table 3-5 for the comparison). These 

results are comparable with results of Fufachev et al. [41] who 

regenerated a very similar PS-DVB resin by direct thermal regeneration 
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with N2 stripping. This very clearly illustrates the advantage of the 

magnetic heating, offering a much stronger concentration of VFAs 

during the regeneration, which will positively enhance downstream 

fractionations, requiring much less energy due to the significantly 

reduced amount of water in the stream. Furthermore, conversions can 

benefit, as follows from the work of Fufachev et al. [41] who applied 

non-functionalized PS-DVB resin to recover the volatile acids from the 

fermentation broth and convert them to ketones. The excess amount 

of water in the condensate deactivated the catalyst and decreased the 

efficiency of the ketonization reaction. Thus, to reduce the water 

content in the final condensate, these authors subjected the particles 

to a drying step at 70 ˚C prior to thermal desorption. Although it 

facilitated the removal of 80% of total water, up to 40% of the loaded 

acids were removed as well [41]. Magnetic actuation of the MNPs thus 

results in a water removal with much higher selectivity.  

Table 3-5. Comparison of the water removal step before acid recovery in two stage 
approaches. For the water removal AMF-based regeneration is compared with N2-stripping 
at 70 ˚C similar to Fufachev et al.’s procedure [41]. 

Approach Water removal [%] VFAs removal [%] 

N2-stripping at 70 ˚C 

AMF heating 

68 

90±9 

28 

11±2 

In order to gain insight in the origins of this difference, the theoretical 

impact of physical removal of water without evaporation needs to be 

considered. As a starting point, it was determined what would be the 

theoretical loss of HBu in the condensate when both water and HBu 
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were just physically present in the pores of the resin and not adsorbed 

on the polymer surface in the pores (HBu was taken as it is the highest 

boiling of the VFAs). Since the evaporation process took place over 

multiple hours, it is safe to assume that at the boiling surface the liquid 

composition is at equilibrium, and concentration gradients in the liquid 

phase are absent. Then, using the non-random two-liquids (NRTL) 

activity coefficient model, the evaporation of water and HBu was 

simulated by stepwise evaporation of 1% of the total loaded liquid per 

step. Assuming a 10 wt% HBu mixture, the mol fraction of water in the 

mixture is 0.98, and using these starting conditions, the residual 

concentration profiles were plotted in Figure S-6 in the appendix, while 

in the Tables S-3 and S-4 supporting data is presented.  

The results confirm that due to an evaporation selectivity for water that 

is below 1, it is impossible to selectively remove water just by 

evaporation from extremely dilute aqueous solutions of HBu. In fact, 

about 82% of HBu co-evaporates during the process, assuming that the 

mixture is just present in the pores and no molecules are adsorbed on 

the resin. The co-evaporation of HBu being much more severe than 

experimentally observed in previous studies [13,41] is a proof of the 

hypothesis that HBu is adsorbed on the surface of the resin, while water 

is essentially physically present in the pores. Due to the adsorption on 

the resin, the activity of HBu inside the resin pore is much lower than 

calculated for the vapor liquid equilibrium, which allows one to 

selectively remove water during N2 stripping.  
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In the present work, the magnetic heating step enables the removal of 

about 90±9% of the total water while only 11±2% of total loaded 

volatile acids are discharged. The high standard deviation in the 

quantity of desorbed water is due to the small scale of the experiments. 

The quantity of the loaded water was determined by measuring the 

difference in the mass of adsorbent before and after adsorption and 

taking into account the mass of the adsorbed acids while neglecting the 

amount of the salts present in the pores. Still, if the regeneration would 

proceed purely through evaporation, then the balance between 

adsorption energy and the activity coefficient of HBu in the liquid phase 

should result in the same selectivity for both experimental methods. 

This indicates that there must actually be a difference in the 

regeneration mechanisms, and the most logical assumption is that the 

efficient separation of water by AMF might be explained with a 

significant fraction of water being physically pushed out of the pores by 

the bubbles formed in the vicinity of the hot nanoparticles. Therefore, 

it can be assumed that first relatively pure water moves in the liquid 

state from the pores to the surface of the particles and then evaporates 

under the applied conditions. As shown in Figure 3-7, the desorption 

efficiency for HAc, the most volatile acid in the solution, was less than 

40% illustrating that an excellent balance was found between removing 

as much water as possible, without desorbing the acids. This is 

attributed to the fact that small superparamagnetic nanoparticles were 

not able to generate very high quantities of heat under the applied mild 

magnetic field conditions [42]. Thus, the acids remain largely adsorbed 

during the AMF treatment, while nearly all water was removed. 
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Recovering the acids subsequently by more harsh heating with an 

alternating magnetic field can result in a high local temperature in the 

polymer matrix. The adsorbent might melt from the inside. Therefore, 

a hot nitrogen stripping step was added after the magnetic heating to 

apply sufficient energy for recovering the volatile acids without 

damaging the resins. 

 

Figure 3-7. Desorption efficiency of the acids determined for the subsequent regeneration 
steps. First AMF was applied, then hot N2-stripping. KOH washing is not an envisioned process 
step, but just applied to analyze how much acid is remaining after stripping. 

 

Table 3-2 presents the temperature profile applied for desorption by 

N2 stripping. This temperature profile was chosen to fractionate the 

acids during regeneration of the adsorbent. However, there was an 

insufficient amount of the acids to individually collect the different 

fractions at each temperature ramp due to the small scale of the 

experiment. As the majority of the water was already removed by AMF 

heating, the remaining VFAs are highly concentrated. It was 
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experimentally challenging to collect concentrated acids in a 

condensate receiver as they left the receiver with nitrogen gas at the 

end of desorption due to their high volatility. This means that the 

receiver container should also be cooled to extremely low temperature 

to completely prevent evaporation of the acids. Due to the 

configuration of the set-up, it was not possible to place the condensate 

container in a very low temperature cooled bath such as liquid 

nitrogen.  

Here, a strong base was placed in the condensate receiver to accurately 

quantify the acids. After a complete thermal desorption, KOH washing 

was performed on regenerated particles to determine the remaining 

acids in the adsorbent and the desorption efficiency was calculated 

using Eq. (3-5). The overall results can be found in Figure 3-7. As can be 

seen from the histograms, no volatile fatty acid was detected in the 

solution from the alkaline washing of the regenerated particles which 

implies that the combination of magnetic heating and hot nitrogen 

stripping is a robust method to completely recover the volatile acids. 

The removal of the majority of the loaded water by AMF enabled us to 

obtain as much as 89% of the HBu, 81% HPr and 68% HAc essentially 

water-free during the N2 stripping phase. With a larger setup a stronger 

variation in temperature steps during nitrogen stripping will be 

possible, but this is outside the scope of this work. In terms of HLa and 

H3PO4, as expected, these compounds did not completely desorb by 

thermal desorption and were quantified by final KOH washing. 
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3.3. Reusability of the adsorbent 

The stability of the adsorbent was examined by reusing it for four 

adsorption- desorption cycles. After each cycle, the regenerated 

particles were washed with milliQ water using the adsorption section 

of the set-up depicted in Figure 3-2 and the pH of the eluent was 

measured over time. To ensure complete removal of the loaded acids, 

the washing was continued until the pH of the eluent reached 

approximately 7. Afterwards, the particles were first dried using the 

desorption section of the set-up at 90 ̊ C with a N2 flow rate of 0.2 L/min 

and then applied in the next cycle.  

 

Figure 3-8. Reusability of the magnetic adsorbent over four successful adsorption-desorption 
cycles. Adsorption was performed in a packed bed column using 0.5 g adsorbent, feed flow rate 
0.2 mL/min at room temperature with initial concentration of 0.25 wt% for each carboxylic 
acid, followed by desorption in two steps using AMF heating and hot N2 stripping. 
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Figure 3-8 presents the results including the error bars which show the 

standard deviation of duplicated experiments. It can be clearly seen 

from the histogram that the capacity of the adsorbent remains 

constant for four cycles. The capacity of the adsorbent for HBu and 

H3PO4 slightly increased in the first three cycles which might be either 

due to gradually releasing the nanoparticles from the polymer matrix 

or due to removal of the remaining porogens from the pores. To verify 

these hypotheses, the particles were analysed by AAS and BET after 

each cycle to determine the content of the remaining nanoparticles and 

surface area, respectively. 

The results shown in Table 3-6 confirm an increase in surface area after 

each cycle. According to an AAS analysis taken from a small sample of 

the resins, the content of magnetite nanoparticles is constant during all 

four cycles indicating stable immobilization of the nanoparticles in the 

matrix of the polymer. Therefore, the minor increase in surface area 

can be attributed to washing out the remaining PDMS porogen from 

the pores during adsorption. Overall, it can be concluded that the novel 

magnetic adsorbent can be used for at least four adsorption-desorption 

cycles.  

Table 3-6. Characterizations of the adsorbent after each adsorption-desorption cycle 
determined by BET and AAS techniques. 

cycle NP content 
of polymer 
[wt%] 

N2 BET surface 
area [m2/g] 

N2 BJH average 
pore diameter 
[nm] 

N2 BJH average 
pore Volume 
[cm3/g] 

1 11±1 496± 10 8.3±0.005 0.4±0.002 
2 11±0.5 503±7 8.3±0.005 0.45±0.002 
3 11±1 514±4 8.2±0.08 0.45±0.002 
4 10±1 517±2 8±0.08 0.44±0.0004 

 



VFA Adsorption with Magnetic Hyperthermal Swing Desorption 

 
91 

 

4. Conclusion  

Circular chemistry is one of the main focuses of the researchers to 

achieve green chemistry goals. This study explored a novel magnetic 

adsorbent to separate volatile fatty acids (VFAs) from dilute 

waste/wastewater-based solutions. The PDVB adsorbent incorporating 

bio-based oleic acid functionalized magnetite nanoparticles was 

obtained by suspension polymerization using toluene and PDMS as 

porogens. The fabricated adsorbent showed high selectivity and 

capacity towards VFAs in dilute aqueous solution. A two-step 

regeneration procedure was utilized to remove the water that 

physically filled the pores prior to recovering the VFAs. By magnetic 

actuation of the magnetite nanoparticles at 25  mT field intensity and 

52 kHz frequency, it was possible to generate enough heat inside the 

resins to remove 90±9% of the water from the pores, while 89% of the 

adsorbed VFAs remained in the particles. In constrast, only 80% water 

removal with 60% retention of the adsorbed acids is achieved for 

traditional stripping. Afterwards, hot N2 stripping was employed to 

recover the VFAs at high concentration. Overall, a desorption efficiency 

of 100% was achieved for all the VFAs by combining hot N2 stripping 

with an AMF heating step, and a much larger fraction of the VFAs could 

be obtained at high concentration, than when only hot N2 stripping was 

used. This adsorbent enabled us to remove a large fraction of water 

from the pores by physically pushing it out the pores without having to 

evaporate the water. At the optimized process, physical water removal 

can save a significant amount of energy for thermal regeneration. 



VFA Adsorption with Magnetic Hyperthermal Swing Desorption 

 
92 
 

Nomenclature: 

AIBN Azobisisobutyronitrile 
AAS Atomic Absorption Spectroscopy  
AMF Alternating Magnetic Field 
BET Brunauer-Emmett-Teller 
HBu Butyric acid 
HPr Propionic acid  
HAc Acetic acid 
HLa Lactic acid  
HPLC High Pressure Liquid Chromatography  
KFT Karl-Fischer Titration 
MNPs Superparamagnetic Magnetite Nanoparticles 
NRTL Non-Random Two-Liquids 
OA Oleic Acid 
OA-MNPs OA grafted MNPs 
PDMS Polydimethylsiloxane  
PDVB Poly(divinylbenzene) 
PVA Poly Vinyl Alcohol  
TEM Transmission Electron Microscopy  
VFAs Volatile Fatty Acids 
VSM Vibrating Sample Magnetometer  
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Chapter 4 

Extraction of Low Molecular Weight 
Polyhydroxyalkanoates from Mixed 

Microbial Cultures using Bio-based Solvents 

This chapter is adapted from: 

Elhami, V.; van de Beek, N.; Wang, L.; Picken, S.J.; Tamis, J.; Sousa, J.A.B.; 
Hempenius, M.A.; Schuur, B., “Extraction of low molecular weight 

polyhydroxyalkanoates from mixed microbial cultures using bio-based 

solvents” Separation and Purification Technology, 2022, 299, 121773. 
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Abstract  
 
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) was obtained in a 

mixed microbial culture (MMC) using food waste as a feedstock. The average 

molecular weight (MW) of PHBV was purposely reduced from about 1 MDa 

to about 200 kDa by drying the PHBV-rich biomass at elevated temperature 

of 120 ˚C for 18 h to ease extraction and handling. The bio-based solvents 2-

methyltetrahydrofuran (2-MTHF) and dihydrolevoglucosenone (cyrene) 

were used to extract PHBV from MMC-based biomass. The maximum 

extraction yield of 62±3% with a purity of >99% was achieved with 2-MTHF 

at 80 ̊ C for an hour with a high biomass to solvent ratio of 5% [g/mL]. Cyrene-

based extractions resulted in the highest yield of 57±2% with a purity of >99% 

at 120 ˚C in 2h with 5% [g/mL] biomass to solvent ratio. The mass balance 

closure over the extraction process indicated that about 15% and 10% of 

polymer remained in the residual biomass after extraction by 2-MTHF and 

cyrene, respectively. The performance of these new solvents to extract 

polymers with various average MW was compared to the benchmark 

extractions using chloroform and dimethyl carbonate (DMC). It was found 

that for the polymers with low average MW the extraction efficiency of the 

proposed solvents exceeds the benchmark solvents. 

 

1. Introduction 

Polyhydroxyalkanoates (PHAs) are a class of thermoplastics derived from 

renewable biomass sources [1]. The variability in the applications of PHA's is 

diverse, ranging from biodegradable packaging to medical products [2]. PHAs 

are considered as an attractive alternative to conventional fossil fuel derived 

polymers due to their biodegradability and biocompatibility, as well as their 
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renewable character, thereby reducing fossil feedstock dependency and its 

associated environmental impact [3]. Two routes exist for PHAs produced via 

bacterial fermentation, being either through pure cultures, or via mixed 

cultures. Sterile conditions are used to grow monocultures in the pure 

culture-route, which contains a single species of microorganism. The 

monocultures are fed with substrates like glucose, starch, or vegetable oil to 

produce PHA rich biomass. Whereas via a mixed culture, more than one type 

of microorganisms is grown on the same substrate, using volatile fatty acids 

(VFAs) as ideal precursors for PHA synthesis. This approach is characterized 

by reduced fermentation costs as it is not required to pre-treat the substrate 

and sterilization is not necessary. These benefits make mixed cultures an 

attractive route for PHA production, extending the possibility to use cheaper 

carbon sources such as municipal solid waste and industrial wastewater [4]. 

Food waste is currently a global concern due to the rapid growth of urban 

population and economic development [5]. Although the number of food 

waste treatment plants has also increased, traditional treatment techniques 

come with several limitations. Greenhouse gases emission, odor production 

and leaching are the main issues driven from conventional food waste 

treatment techniques such as incineration, composting and landfilling [6]. 

Therefore, valorizing these waste streams by fermentation to produce high-

value bio-based platform chemicals increasingly gains interest [7,8]. For 

instance, food waste is a potential feedstock for microorganisms due to the 

large quantity of VFAs production during its anaerobic digestion process [9-

11]. In 2012, Paques Biomaterials B.V. established a pilot plant to produce 

PHA from different waste streams, such as industrial wastewater and food 

waste. From 2015 to 2021, the pilot plant operated continuously using 
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source separated organics, which are dominated by food and garden waste. 

This process on source separated organics, including food waste, has the 

potential to produce a biomass with high PHBV content e.g. up to 77±18 

gPHA.gVSS-1 (n=3) in pilot-scale trials [12].  

During the fermentation process in the MMC, the ratio between VFAs with 

an even number of carbons and with an odd number of carbons, will impact 

the ratio of HB (hydroxybutyrate) and HV (hydroxyvalerate) monomers in the 

final PHBV copolymer [13]. When a waste stream is used as feedstock, it is 

challenging to produce PHBV copolymer with a constant quality in large scale 

due to the daily variation in the composition of the waste stream. 

Alternatively, it is possible to obtain highly valuable chemicals by pyrolysis of 

PHBV copolymers[14]. CA and 2-PA are the main pyrolysates in thermal 

decomposition of PHBV. CA and its esters have a wide range of applications 

in textile, paint, coating and as a building block in synthesis of co-polymers 

with vinyl acetate [14,15]. The esters of 2-pentenoic acid can be used in 

flavoring essences. However, its function is currently limited to use as a raw 

chemical in biomedical and pharmaceutical research purposes [16,17]. 

Despite their great potential to be employed in various applications, the 

current market of these unsaturated carboxylic acids is limited as a result of 

their complex production routes. Thus, providing a relatively straightforward 

and bio-based pathway is expected to enhance their market. In the current 

chapter, we focused on the solvent extraction of MMC-based PHBV with 

various average MW. The thermal decomposition of the polymer towards 2-

alkenoic acids will be studied in the next chapter. 

The average MW of PHBV copolymers is one of the crucial characteristics 

determining their solubility. The higher the MW, the lower the solubility of 
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polymer, which leads to lower extraction yields in the solvent extraction 

method for polymer recovery. Solvent extraction of PHA from biomass has 

been widely studied [18,19]. It involves dissolution of the polymer in a solvent 

followed by an appropriate recovery technique, for which mostly 

precipitation techniques are used to retrieve the polymer in the solid form. 

Various types of solvents have been reported to extract PHA from a MMC 

[20]. Among them, DMC is gaining more interest as a green solvent [20-23]. 

Samori et al. [24] reported an extraction yield of 49% with a purity of 94% for 

PHB recovery from a MMC using DMC. Although applying a good solvent such 

as DMC enhances the extraction yield of the polymer, next to the extraction 

also the recovery from the solvent should be considered. To retrieve the 

polymer from the solvent in high purity, an antisolvent must be applied. For 

solvents such as DMC and chloroform (not green, but often reported as a 

reference solvent [22,25,26]), it can be challenging to precipitate out the 

polymers when they have a lower MW due to their high solubility. Overall, 

the performance of a solvent- antisolvent couple can be affected by the 

nature of the biomass as well as the characteristics of the polymer.  

In this study, three batches of biomass containing PHBV with different MW 

were produced. The recovery of low molecular weight polymer has been 

investigated using two biobased solvents, 2-MTHF and cyrene. Cyrene is a 

new bio-based solvent produced by reduction of levoglucosenone which is a 

pyrolyzate from the fast pyrolysis of cellulose [27]. The application of this new 

solvent is dramatically growing over the time. It is used in lipase-catalyzed 

bio-transformations [28], polymerization of the methacrylic derivative of 

cyrene [29] and as a solvent for polyethersulfone and poly(vinylidene 

fluoride) membrane preparation via phase inversion [30]. Cyrene has also 
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been used as a diluent in extractive distillation to purify bio-based levulinic 

acid [31]. Moreover, it was found that cyrene can be a promising candidate 

in separation of aromatic/aliphatic systems [32]. To the best of our 

knowledge, these solvents have never been employed to extract PHA from 

MMC. Thus, the effect of several operational conditions on PHA recovery 

from MMC using cyrene and 2-MTHF were investigated. Furthermore, 

chloroform and DMC based extractions were performed as benchmark 

extractions for the comparative assessment of the biobased solvents in terms 

of extraction yield, polymer purity and characterizations of the extracted 

polymers. Lastly, the performance of all four solvents was assessed for 

extraction of PHBV with various average MWs from a MMC. 

 

2. Material and methods 
2.1. Chemicals  

2-Methyltetrahydrofuran (2-MTHF, (≥99%)), chloroform (CHCl3,(≥99.8%)), 

dimethyl carbonate (DMC, (≥99%)), n-heptane (≥99%), n-hexane (≥ 95%), 

benzoic acid (≥99.5%), sulfuric acid (95-98%), poly(3-hydroxybutyrate) (PHB 

(99%)), methyl(R)-3-hydroxyvalerate (≥98%), chloroform-D (≥99.8%), 

methanol (MeOH, (≥99.9%)), ethanol ( EtOH,(≥99.9%)), trans-crotonic acid 

(≥98%), trans-2-pentenoic acid (≥98%), acetone, 1,2,4,5-tetrachloro-3-

nitrobenzene and tetrahydrofuran were purchased from Sigma-Aldrich. 

Cyrene (≥98.5%) was kindly provided by the CIRCA Group. The water used 

was ultrapure (Milli-Q, with a resistance of 18.2 μΩ cm at 25 °C). The 

chemicals and nutrient composition used for PHA production are described 

in the latest publication of the Paques Biomaterials pilot plant [12]. 
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2.2. PHBV production using mixed microbial culture 

Three separate batches of dry biomass were used in this work. Batch 1 and 2 

contained PHBV-rich biomass that was produced in a pilot bioreactor system 

with a liquid volume of ca. 200 L (Biocel Orgawold, Lelystad, The Netherlands) 

from leachate from organic waste [12]. They were obtained by mechanical 

dewatering with a centrifuge at 3000 g and dried in a tray oven for 18 h at 

120 ˚C. Batch 3 was produced in a different 4 m3 bioreactor system from 

Paques Biomaterials according to the procedure described by Werker et al. 

[33] and the PHBV biomass was stabilized with acid [34] and dried with a 

contact type dryer at around 100 ˚C for 1 min. 

2.3. Recovery of PHBV from biomass 

A schematic view on the recovery process is shown in Figure 4-1. In all 

experiments, first the polymer was extracted from the biomass by solvent 

extraction. After extraction, the solution was separated from the residual 

biomass by either centrifugation or filtration. Next, an antisolvent was added 

to the solution to precipitate the PHBV. The precipitated polymer was 

separated from the supernatant (the remaining solution) using a centrifuge 

at 7000 rpm for 10 minutes.  
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Figure 4-1. The schematic view of the extraction process to recover PHBV from the biomass. 

For selection of solvent extraction conditions to obtain PHBV from biomass, 

an important consideration is that there is not one generalized method that 

can be applied for all solvents to compare the performance of these solvents 

with each other. The optimum conditions vary from solvent to solvent. 

Therefore, for the biobased solvents investigated in this study, a range of 

conditions was applied, and for the reference solvents chloroform and DMC, 

the methods reported by Mongili et al.[22] were used.  

Investigations on the extraction conditions with the biobased solvents 2-

MTHF and cyrene were executed using biomass from batch 1. The 

optimization was carried out in two steps. First, the precipitation step was 

enhanced by varying solvent to antisolvent volume ratio (1 to 5), time (24 to 

48 h) and temperature (20 to 4 ˚C). To consider the possible impact of the 

impurities associated to the soluble non-polymeric part of biomass on 

precipitation efficiency, a preliminary extraction was carried out at a certain 

condition for all the experiments, followed by precipitation at various 

conditions. Second, the operation parameters of extraction (time, 
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temperature, and biomass to solvent ratio) were optimized. The 

temperature was kept constant at 80 ˚C for 2-MTHF and differed from 80 to 

140 ˚C for cyrene based extraction experiments.   

In the solvent extraction experiments, a quantity of 1 to 6% [g/mL] of dry 

biomass was suspended in 5 mL of the selected solvent in a borosilicate glass 

screw cap tube lined with a polytetrafluoroethylene (PTFE) rubber cap. The 

solution was heated using a block heater and agitation was carried out with 

a magnetic stirrer at 800 rpm. After the chosen extraction time (0.5 – 3 h), 

the solution was hot filtered through a pre-damped Whatman filter paper (8-

12 µm retention) to remove the cell debris. Afterwards, the polymer was 

precipitated by adding a desired amount of an antisolvent to the filtered 

solution. Finally, the polymer was separated by centrifuge at 7000 rpm for 10 

minutes followed by washing with ethanol and dried in a vacuum oven at 50 

˚C for 24 h. 

The mass balance over the extraction process was investigated to discover 

the limiting stages during the extraction. The initial PHBV content of the 

biomass and remaining quantity of the PHBV in residual biomass and 

supernatant was determined by gas chromatography (GC). The fraction of 

the polymer that was lost during the handling was calculated based on mass 

balance closure over the PHBV for the entire process.  

 

2.4. PHBV quantification 

 GC and thermal gravimetric analysis (TGA) were applied to quantify PHBV. 

Following the method of Braunegg et al [35], about 10 mg of a sample was 
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treated with 2 mL of acidified methanol with H2SO4 (3%[v/v]), 2 mL of 

chloroform and an internal standard of 50 μL benzoic acid (2 g benzoic acid 

in 50 mL methanol). The samples were placed in screw cap borosilicate glass 

tubes and heated to 100 °C for 4 h. The tubes were vortexed every 30 minutes 

for roughly 15 seconds. After the solution had cooled down, it was 

transferred to a falcon centrifuge tube followed by adding 2 mL of milli-Q 

water to remove non-reacted acid. Then, the solution was centrifuged for 5 

minutes at 8000 rpm. Afterwards, the bottom layer of the solution was 

transferred to a GC vial using a syringe. An amount of 1 μL of the sample was 

injected in a Thermo Scientific Trace 1300 gas chromatograph equipped with 

a Flame ionization detector (FID) and an Agilent DB-Wax column (60 m, 0.25 

mm, 0.25 µm). The carrier gas was helium at a flow rate of 35 mL/min. The 

temperature gradient started at 30 °C with a constant heating rate of 5 

°C/min until it reached 120 °C and then at a rate of 25 °C/min till it reached 

250 °C. The samples were analyzed in triplicate. A calibration curve for PHB 

and PHBV was produced using pure PHB and methyl(R)-3-hydroxyvalerate, 

respectively. 

The fraction of PHB and PHBV in the sample were defined by: 

𝑥𝑃𝐻𝐵 =
𝑚𝑃𝐻𝐵,𝐺𝐶

𝑚𝑆𝑎𝑚𝑝𝑙𝑒
                                  (4-1) 

𝑥𝑃𝐻𝑉 = 1 − 𝑥𝑃𝐻𝐵                                                                                                 (4-2) 

𝑃𝑢𝑟𝑖𝑡𝑦 % = (𝑥𝑃𝐻𝐵 + 𝑥𝑃𝐻𝐵𝑉) × 100                                                              (4-3) 

Where mPHB,GC is the amount of PHB calculated from the GC, mSample is the 

amount of extracted material applied for analysis. Eq.(4-4) was used to 

determine the recovery yield of the polymer: 
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𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 % =
𝑚𝑃𝐻𝐵𝑉,𝐸×𝑃𝑢𝑟𝑖𝑡𝑦

𝑚𝐷𝐵×𝑥𝑃𝐻𝐵𝑉,𝐷𝐵
× 100                                            (4-4) 

Where mPHBV,E is the total amount of the collected polymer after extraction, 

mDB is the mass of dry biomass used for extraction and xPHBV,DB is the polymer 

fraction in the biomass. 

 

2.5. PHBV qualification  

Thermal Gravimetric Analysis (TGA) The degradation temperature of the 

extracted polymers was measured using a TGA-550 instrument operated 

under nitrogen flow and heating samples from room temperature to 400 °C 

at a rate of 10 °C/min. 

Gel Permeation Chromatography (GPC) The sample was dissolved in 

tetrahydrofuran (THF) with 6 mg/mL concentration and filtered through 0.2 

µm disc filters into a vial. In the case of high molecular weight polymers, the 

samples were prepared in the screw cap vials and heated at 55 ̊ C until about 

90% of the polymer is dissolved. GPC analysis was done at room temperature 

by injecting 20 µL of the dissolved polymer in an Agilent 1200 series GPC 

using THF as the eluent at a flowrate of 0.35 mL/min. Well-defined 

polystyrenes were used as calibration standards. The analysis was done in 

triplicate to determine the analysis error which was less than 0.5%. 
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3. Results and discussion  
3.1. Optimization of the extraction with 2-MTHF and cyrene 

To the best of our knowledge, 2-MTHF and cyrene have not been used before 

to recover PHA from biomass. In this study, the capability of these new bio-

based solvents to extract PHBV was examined, and the extraction conditions 

were optimized to achieve the highest yield. 

3.1.1. 2-MTHF 

Initially, the precipitation step was optimized. By performing an extraction 

experiment using 2-MTHF at 80 ˚C, 1 h, and biomass to solvent ratio of 5% 

[g/mL], followed by precipitation of the polymer at various conditions. Due 

to the insolubility of the polymer in alkanes and full miscibility of 2-MTHF and 

alkanes, n-pentane and n-heptane were selected as antisolvent. Moreover, 

the solubility of the polymer in the solvent reduces by decreasing the 

temperature. Therefore, the precipitation was examined at room 

temperature (20 ˚C) and in the refrigerator (4 ˚C). Finally, the ratio of the 

antisolvent to solvent was varied from 1 to 4. The contact time for all the 

samples were kept constant at 24 h. As can be seen from Figure 4-2, n-

heptane performs better than n-pentane in precipitating the PHBV dissolved 

in 2-MTHF. Moreover, the precipitation efficiency increases about 10% by 

decreasing the temperature from ambient condition to 4 ˚C. Regarding the 

required amount of the antisolvent, the volume ratio of the antisolvent to 

solvent varied from 1 to 4. As shown in Figure 4-2.C, the yield gradually rises 

by increasing the antisolvent to solvent ratio from 1 to 3. However, further 

increasing the amount of the antisolvent does not result in higher yields. 

Overall, it was found that n-heptane results in a high precipitation efficiency 

at an antisolvent to solvent ratio of 3, and a temperature of 4 ˚C within 24 h. 
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Figure 4-2. optimization of the precipitation step for the extraction using 2-MTHF at 80 ˚C, 1 h, 
and biomass to solvent ratio of 5% g/mL). 

After obtaining the optimum precipitation conditions, the extraction 

parameters were optimized. One of the critical operation parameters is 

extraction temperature. The higher the temperature, the higher dissolution 

capacity of the polymer in the solvent and consequently the higher the 

extraction yield. However, PHBV is a polyester which is not a thermally stable 
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polymer, meaning that at too high temperature, the polymer will thermally 

degrade and there is an optimum extraction temperature to achieve the 

highest recovery yield without degrading the polymer. The boiling point of 2-

MTHF is 87 ˚C. In order to operate it at atmospheric pressure, 80 ˚C was 

selected for extraction. The thermal stability of the polymer was examined 

by a preliminary extraction experiment and sampling over the course of time. 

The samples were analyzed by GPC to measure the average MW and PDI of 

the extracted polymer. As shown in Figure 4-3, the average MW and PDI of 

the polymer are approximately constant within the extraction. This indicates 

that the PHBV is stable under these extraction conditions and 2-MTHF is 

capable to dissolve PHBV with average MW of 80 kDa at 80 ˚C. 

Figure 4-3. Extraction of PHBV from the biomass (batch 1) using 2-MTHF at 80 ˚C with a 
biomass to solvent ratio of 5% [g/mL] and n-heptane as an antisolvent with a volume ratio of 
1:3 at 4 ˚C for 24h. 
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Figure 4-3 displays the molar weight and PDI, while the extraction yield as 

function of time is presented in Figure 4-4. As can be clearly seen from Figure 

4-4, the extraction yield reaches a steady value within the first hour, and

while the extraction yield increases from 54 to 62% during the first hour, it 

does not increase further beyond 1 hour extraction time. The stabilized yield 

around 60% is likely due to saturation of the solvent. Therefore, 1 h was 

considered as an optimum extraction time. In a next series of experiments, 

the minimum required amount of the solvent was investigated by varying the 

ratio of biomass to solvent from 1 to 6% [g/mL]. The results are shown in 

Figure 4-5, the yield is improved by about 3% by decreasing the ratio from 5 

to 2%. However, from an economic point of view, gaining only 3% more 

polymer by increasing the volume of the solvent with a factor 2.5 is not 

efficient. In the next experiment, the ratio of the biomass to solvent was 

increased to 6% [g/mL]. As shown in Figure 4-5, the recovery yield is slightly 

decreasing from about 62 to 55% by increasing the ratio from 5 to 6% [g/mL]. 

Although the reduction in the yield might not be statistically significant, 

performing the experiments at a ratio higher than 5% [g/mL] was challenging, 

because of the formation of a sludge when a limited volume of the solvent 

was applied. Thus, the optimum biomass to solvent ratio with regards to 

experimental handling was set at 5% [g/mL]. Overall, the maximum yield of 

62±3% was obtained at optimum operation conditions (including both 

extraction and antisolvent precipitation). Since this yield is far from the 

theoretical maximum yield of 100%, the polymer should remain either in the 

biomass or in the solvent. To gain more information, the mass balance over 

the complete recovery process was studied to identify the limiting stages 

during the recovery. 
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Figure 4-4. Optimization of the extraction time to recover PHBV from the biomass using 2-
MTHF at 80 ˚C with a biomass to solvent ratio of 5% [g/mL] and n-heptane as an antisolvent 
with a volume ratio of 1:3 at 4 ˚C for 24h. 

Figure 4-5. Optimization of the biomass to solvent ratio to recover PHBV from the biomass 
using 2-MTHF at 80 ˚C for 1 h with and n-heptane as an antisolvent with a volume ratio of 1:3 
at 4 ˚C for 24h. 
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A schematic view of the process is shown in Figure 4-1. The polymer content 

of each step was measured as explained in section 2.4. After each extraction 

experiment, the polymer content of the residual biomass and supernatant 

were determined by GC. Regarding the extraction process using the biomass 

from batch 1 with 2-MTHF, it was found that about 15% of the polymer was 

left in the supernatant after the precipitation by antisolvent. The large 

fraction of polymer not precipitating upon addition of the antisolvent can be 

explained through the relatively low average MW and resulting high 

solubility of the polymer. For this PHBV it can be concluded that the main 

limiting stage in the overall process is likely the precipitation. Moreover, 

about 15% of the polymer remains in the residual biomass after extraction at 

optimum operation conditions. This content did not reduce significantly even 

by applying a second extraction with 2-MTHF. The cross flow multistage 

extraction with 2-MTHF on the residual biomass increased the yield only by 

about 3%. It confirms that a strong and complex cellular matrix is formed that 

results in an impenetrable barrier around the polymer in MMC. This 

formation of the complex cellular matrix was first suggested by Patel et al. 

[36] and later confirmed by Samori et al [24]. Mass balance closure over the

polymer in a single stage extraction indicates that less than 10% of polymer 

was lost during the handling. To confirm the mass balance closure of the 

PHBV, the extraction was repeated without the antisolvent precipitation. The 

polymer was retrieved by evaporating the solvent leading to 85±7% recovery 

yield with a purity of 79±5% which is in line with the previous method.  
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3.1.2. Cyrene 

For optimization of the precipitation, a preliminary extraction was performed 

at 180 ˚C, 15 minutes, and solvent to antisolvent ratio of 5% [g/mL] for all the 

experiments, followed by precipitating the polymer at various conditions. 

Due to insolubility of the PHBV in water and ethanol, and full miscibility of 

cyrene with water and ethanol, they were chosen as an antisolvents. The 

performance of each antisolvent alone and as a mixture was examined. As 

can be seen from Figure 4-6,ethanol is not able to precipitate the majority of 

the dissolved polymer. On the other hand, water retrieves not only the 

polymer but also biomass residuals resulting in non-pure brown polymer. 

However, a mixture of these two antisolvents in the ratio of 1:1 delivers the 

highest yield. Due to the low average MW of the polymer, it was not possible 

to completely precipitate the polymer. Moreover, reducing the temperature 

resulted in the precipitation of dissolved residuals of the biomass as well. 

Therefore, all the precipitation experiments were done at room temperature 

for 24 h. In general, the highest precipitation efficiency was achieved an 

equal volume ratio of solvent (cyrene) to antisolvent (water: ethanol (1:1 

[v:v])) at 20 ˚C within 24 h.  
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Figure 4-6. Optimization of the precipitation for cyrene based extraction at 180 ˚C and 15 min 
using ethanol and water as an antisolvent at 20 ˚C. 
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Figure 4-7. Extraction yield as function of extraction time and temperature. Displayed is the 
amount of PHBV recovered from the biomass using cyrene with a biomass to solvent ratio of 
5% [g/mL] and in the antisolvent precipitation stage a water: ethanol (1:1 [v: v]) mixture as an 
antisolvent with a volume ratio of 1:1 at 20 ˚C for 24 h. 

After optimizing the precipitation step, the extraction parameters were 

further investigated to obtain the highest extraction yield using cyrene. 

Figure 4-7 represents the extraction yield at different temperatures over the 

course of time. As can be seen from the graph , there is a clear increase in 

the extraction yield over time at 80 ˚C (the lowest temperature), while the 

initially much higher yield at 140 ̊ C (the highest temperature applied) clearly 

drops after more than 1h. The time-dependent yield profiles are much less 

pronounced for the intermediate temperatures of 100 and 120 ˚C. Overall, 

the highest yield seems to be obtained at 120 ˚C. The opposite trends at 
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cyrene is observed at increasing temperature, while at the higher 

temperatures the limited thermal stability of the polymer reduces the yield 

after prolongued exposure to such high temperatures. When 120 ˚C was set 

as an extraction temperature, the recovery yield reached a plateau after 2 h 

which might be because of the saturation of the solvent. Thereupon, the 

proper mass ratio of the biomass to solvent was further examined by keeping 

the mass of the biomass constant at 0.5 g while the solvent amounts were 

adjusted to achieve a ratio of 4 to 8% [g/mL]. As can be seen from Figure 4-

8, there is not a remarkable reduction in the yield by increasing the ratio from 

3 to 5% [g/mL]. However, a further increase in the ratio led to both reduction 

in yield and to processing problems due to the high concentration of the 

mixture. It leads to the conclusion that the minimum required amount of 

solvent is 10 mL which is equal to 5% [g/mL] of biomass to solvent ratio. 

Overall, the highest yield of 57±2% was obtained at 120 ˚C and 2 h. 

Figure 4-8. Optimization of biomass to solvent ratio to recover PHBV from the biomass using 
cyrene at 120 ˚C for 2 h with water: ethanol (1:1[v: v]) as an antisolvent with a volume ratio 
of 1:1 at 20 ˚C for 24 h. 
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The analysis of the residual biomass illustrated that about 10% of the 

polymer was left in the residual biomass at optimized extraction conditions. 

The quantification of the polymer by GC requires a transesterification 

reaction in the presence of a strong mineral acid. Due to the instability of 

cyrene under acidic conditions, the remaining polymer in the supernatant 

was not measured by GC. However, it is reasonable to assume that a quantity 

of polymer was lost during handling. The lost polymer is expected to be of 

similar amount as observed during handling after extraction with 2-MTHF 

(which was about 7% loss). Based on this assumption, it is calculated that 

about 26% of the polymer did not precipitate from the supernatant. 

3.2. Comparative assessment of the solvents for extraction 
of PHBV from mixed microbial culture 

The average MW of a polymer has a great impact on its solubility in 

corresponding solvent and consequently on the maximum capacity of the 

solvent to extract it. In this study, the average MW of the PHBV is much lower 

than what has been reported in the literature. Therefore, it was not possible 

to fairly compare the performance of these new solvents with previously 

discovered solvents. Furthermore, the capacity of the solvent can be affected 

by the nature of the biomass as well. For instance, Somori et al. [24] found 

that using DMC to extract PHBV from a MMC allows 49% recovery yield. 

Later, de Souza Reis et al. [23] reported 90% recovery at the same extraction 

condition with DMC. They concluded that the difference might be due to 

applying different wastewater as a feedstock for the microorganism and 

complex interaction between the PHBV and non-polymeric cell debris. To 
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allow for direct comparison of the yields with the solvents DMC and 

chloroform and to eliminate the impact of unknown parameters associated 

to biomass-specific effects on extraction efficiency of each solvent, also 

extractions with DMC and chloroform were performed. The extraction 

condition for chloroform and DMC were based on the latest work by Mongili 

[22]. The results are shown in Table 4-1. The biomass named batch 1 and 

batch 2 were both produced via fermentation of food wastes. They differ 

only in average MW which is higher for batch 2. On the other hand, batch 3 

was prepared by fermentation of a secondary sludge of a municipal 

wastewater treatment plant which possessed the highest average MW. It 

became clear that by decreasing the average MW of the polymer, the 

extraction yield with chloroform and DMC decreased because of the 

difficulties encountered in the precipitation of highly soluble molecules. An 

inverse trend was observed for 2-MTHF and cyrene, showing the highest 

yield for lowest MW PHBV of 62 and 57%, respectively. However, the 

solubility of the polymers with high average MW is limited for these solvents. 

It leads to the conclusion that there is an optimum average MW for every 

solvent-antisolvent pair to achieve the highest recovery yield. Up to that 

point the yield is limited by the precipitation using an antisolvent and above 

that MW, the solubility of the polymer in the solvent is limiting the 

extraction.  

For batch 3 with the highest average MW, the maximum quantity of the 

polymer was harvested using chloroform with a yield of 74% and purity of 

96%. Similar results were obtained with DMC, illustrating that indeed DMC 

has a high potential to replace chlorinated solvents [20,23]. Also, the effect of 

the extraction procedure on monomer composition of the polymer and its 
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thermal degradation temperature were investigated by GC and TGA, 

respectively. According to the GC results for the biomass, the mass ratio of 

HB to HV monomer before the extraction is 2, 3 and 3 for batch 1, batch 2 

and batch 3, respectively. The mass ratio of the monomers for the polymer 

after extraction by various solvents is presented in Table 4-1. There is an 

increase in the monomer ratio for some polymer meaning that the 

corresponding solvent has possibly dissolved more HB units. Regarding the 

thermal analysis of the polymer, the degradation temperature (Tdeg) of 

polymers was determined by TGA in which the inflection point of the curve 

was considered as Tdeg. As can be seen from Table 4-1, the Tdeg. of the polymer 

with low average MW does not vary for various solvent-antisolvent couples. 

However, the Tdeg. for the polymer extracted from batch 3 by 2-MTHF is about 

35 ˚C lower than the polymer extracted by other solvents using the same 

batch of biomass. It might be due to the relatively low average MW of the 

polymer obtained by 2-MTHF. 
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Table 4-1. Solvent extraction of PHBV from mixed microbial culture with chloroform, DMC, 2-MTHF and cyrene at their optimum operation 
conditions using three biomass batches with different average MW. 

Biomass solvent Extraction condition Precipitation condition Yield 
[%] 

Purity 
[%] 

HB/HV 
[g/g] 

Mw 
[kDa] 

Mn 
[kDa] 

PDI Tdeg. 

Batch 1 

Chloroform 2h, 60˚C, 5% [g/mL] n-Hexane,1:3 [v: v], 24h, 4˚C 32 >99 4  100  40  2.5 240 

DMC 1.5h, 90˚C, 2.5% [g/mL] EtOH,1:3 [v: v], 24h, 4˚C 20 >99 4  148  78  1.9 240 

2-MTHF 1h, 80˚C, 5% [g/mL] n-Heptane,1:3 [v: v], 24h, 4˚C 63 >99 3  74  19 3.9 235 

Cyrene 2h, 120˚C, 5% [g/mL] Water: EtOH 1:1:1 [v: v], 24h, 20˚C 57 >99 3  79  25 3.16 240 

Batch 2 

Chloroform 2h, 60˚C, 5% [g/mL] n-Hexane,1:3 [v: v], 24h, 4˚C 44 >99 4  146  41  3.5 245 

DMC 1.5h, 90˚C, 2.5% [g/mL] EtOH,1:3 [v: v], 24h, 4˚C 39 >99 4  178  81  2.2 245 

2-MTHF 1h, 80˚C, 5% [g/mL] n-Heptane,1:3 [v: v], 24h, 4˚C 64 >99 4  122  25 4.9 240 

Cyrene 2h, 120˚C, 5% [g/mL] Water: EtOH 1:1:1 [v: v], 24h, 20˚C 65 >99 3  120  28 4.29 243 

Batch 3  

Chloroform 2h, 60˚C, 5% [g/mL] n-Hexane,1:3 [v: v], 24h, 4˚C 74  96 5  581  298  2 265 

DMC 1.5h, 90˚C, 2.5% [g/mL] EtOH,1:3 [v: v], 24h, 4˚C 71  96 4  526 260  2 260 

2-MTHF 1h, 80˚C, 5% [g/mL] n-Heptane,1:3 [v: v], 24h, 4˚C 11  99 3  475  208 2.3 230 

Cyrene 2h, 120˚C, 5% [g/mL] Water: EtOH 1:1:1 [v: v], 24h, 20˚C  40  98 4 525  238  2.2 265 
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3.3. Mass balance over the benchmark extraction process 

The mass balance closure over the PHBV was applied for the extraction 

process with reference solvents using the biomass from batch 1. The overall 

results are displayed in Table 4-2. Based on the highest fraction of the 

polymer remaining in the supernatant, the main limiting stage in extraction 

with the benchmark solvents is the precipitation. Because of the high 

solubility of the polymer with low average MW, the applied antisolvents are 

not capable of completely retrieving the polymer. It may be possible to 

improve the recovery of the polymer from the solvent by applying another 

antisolvent such as an alkane. The optimization of the precipitation step for 

the reference solvents was out of this work’s scope. The focus of the present 

work is to investigate the impact of average MW of PHBV on the extraction 

yield for the investigated solvents and to select a proper solvent-antisolvent 

couple and extraction process.  

The amount of remaining polymer in the residual biomass is much lower for 

DMC and chloroform than reported by Samori et al. [24]. They achieved an 

extraction yield of 49% with DMC followed by solvent evaporation. The 

second extraction from residual biomass with DMC improved the yield up to 

61%. The third extraction did not increase the yield any further, meaning that 

about 39% of the polymer remained in the residual biomass and is not 

extractable. Such a large amount of polymer not being extractable is most 

likely due to the complex interaction between polymeric and non-polymeric 

parts of the microbial cells in MMC. It is noteworthy that the source of 

biomass and particularly the average MW of the polymer are very different 

in our study. As already mentioned, a similar behavior for DMC was also 

found by Souza Reis et al. [23]. 
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Table 4-2. The summary of the mass balance closure over PHBV during extraction from batch 
1 with chloroform, DMC, 2-MTHF and cyrene at corresponding optimum extraction 
conditions. 

3.4. Investigation the combined solvent evaporation-
antisolvent as precipitation method 

2-MTHF showed a great potential to recover PHBV with low average MW.

However, obtaining pure polymer requires using n-heptane as an antisolvent 

with a volume ratio of 3. From an economic point of view, a lower antisolvent 

usage is preferred. Therefore, we investigated further how to reduce the 

required amount of antisolvent while still obtaining relatively pure polymer. 

Combing two precipitation methods, namely solvent evaporation and 

applying an antisolvent is the approach that was taken to lower the 

antisolvent consumption for retrieving pure polymer. At the optimized 

condition, 2-MTHF and DMC based extraction experiments were carried out, 

followed by evaporating a fraction of the solvent using a vacuum oven at 30

˚C. Afterwards, 3 volumes of antisolvent to remaining solvent were added to 

retrieve the polymer. As shown in Table 4-3, regarding 2-MTHF based 

extractions, the yield slightly increased from 63 to 67% by evaporating the 

majority of the solvent prior to adding antisolvent. Also, the purity dropped 

from >99 to 94% by removing 91% of the solvent meaning that it is possible 

to obtain relatively pure polymer with less antisolvent consumption by 

Extraction 
solvent 

Yield 
[%] 

PHBV in residual 
biomass [%] 

PHBV in 
supernatant [%] 

PHBV lost during 
handling [%] 

2-MTHF 63 15 15 7 
Cyrene 57 10 33 
Chloroform 32 6 58 4 

DMC 20 6 69 5 
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removing a large fraction of the solvent beforehand. Recovering the polymer 

with complete solvent evaporation resulted in 85±7% extraction yield with a 

purity of 79±5%. A picture of the polymer obtained by solvent evaporation 

and antisolvent precipitation is shown in Figure 4-9. Precipitating the 

polymer with an antisolvent yields white granules while the one obtained by 

solvent evaporation has a yellowish cake-like appearance. Similarly, for DMC 

based extractions, removing 91% of the solvent before adding the 

antisolvent increases the yield from 20 to 80% with a relatively high purity of 

98%. It is in line with the previous conclusion that the precipitation is the 

main limiting stage to recover low average MW polymer by DMC. Moreover, 

the precipitation of the polymer by complete evaporation of DMC results in 

94±5% extraction yield and 98±1% purity.  

Table 4-3. Extraction with 2-MTHF (1 h, 80 ˚C and 5% [g/mL]) and DMC (1.5 h, 90 ˚C, 2.5%
[g/mL]) retrieving the polymer by evaporation of a fraction of the solvent, followed by 
precipitation using the antisolvent. 

Solvent Evaporated fraction of the 
solvent [%] 

Yield [%] Purity [%] 

2-MTHF 0 63 >99
2-MTHF 75 67 96
2-MTHF 91 67 94
2-MTHF 100 85±7 79±5
DMC 0 20 >99
DMC 80 32 98
DMC 91 80 98
DMC 100 94±5 98±1
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Figure 4-9. A picture of the polymer extracted by 2-MTHF at 80 ˚C for 1 h, A) retrieving the 
polymer by solvent evaporation and B) with n-heptane as an antisolvent with a volume ratio 
of 1:3 at 4 ˚C for 24 h. 

 

3.5. PHBV extraction from wet biomass 

Extraction of PHBV directly from a wet biomass is preferred to reduce the 

cost associated with the drying of the biomass. Cyrene is fully miscible in 

water and therefore it is not recommended to apply cyrene for polymer 

extraction from a wet biomass. However, the solubility of 2-MTHF in water is 

limited. Therefore, the performance of 2-MTHF (at 80 ̊ C, 1 h, 2.5 %[g/mL]) to 

recover the polymer from a wet biomass was compared to DMC (at 90 ̊ C, 1.5 

h, 2.5 %[g/mL]). The wet biomass contained 90 wt% water and 43% PHBV on 

dry basis. It was found that 2-MTHF is capable to extract PHBV with 73±1% 

yield and a purity of >99% which is a similar performance compared to DMC, 

since DMC based extraction resulted in 66±8% yield and >99% purity. The 

polymer obtained by 2-MTHF and DMC have an average MW of 535 and 555 

kDa, respectively.  

 

 

A B 
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3.6. Solvent and antisolvent recovery consideration  

The recovery and reusability of the solvent and antisolvent is crucial for an 

economic extraction process. 2-MTHF is a volatile solvent with a boiling point 

of 87 ˚C. The extraction was performed at 80 ˚C in a closed vial with a 

sufficient volume to prevent the evaporation of the solvent. After the 

extraction, the remaining 2-MTHF in the biomass residual can be easily 

recovered by drying the residuals and condensing the vapor phase. The 

separation of 2-MTHF and n-heptane can be also done by distillation. 

Regarding cyrene, it is not volatile and has a high boiling point of 227 ˚C. The 

remaining solvent in the residual biomass can be obtained by rinsing the 

residuals with ethanol, followed by ethanol/cyrene separation with 

distillation. Similarly, the mixture of the antisolvent (ethanol/water) can be 

also separated from cyrene by distillation, where it is noted that a small part 

of the cyrene will be in the geminal diol state [37]. 

 

4. Conclusion  

In this study, bio-based PHBV-enriched biomass was prepared using organic 

waste leachate as a feedstock. The wet produced biomass was subjected to 

an elevated temperature of 120 ̊ C for 18 h to simultaneously dry the biomass 

and reduce the average MW of the polymer, as the reduction of the average 

MW can enhance the solubility of the polymer and increase the extraction 

efficiency by solvent extraction. The extraction of the polymer with low 

average MW was optimized using 2-MTHF and cyrene as a solvent. The 

maximum extraction yield of 62±3% with a purity of >99% was achieved with 

2-MTHF at 80 ̊ C for an hour with a high biomass to solvent ratio of 5 %[g/mL]. 
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Cyrene-based extractions resulted in the highest yield of 57±2% with a purity 

of >99% at 120 ˚C in 2h with 5 %[g/mL] biomass to solvent ratio. The mass 

balance closure over the extraction process indicated that about 15% and 

10% of polymer remained in the residual biomass after extraction by 2-MTHF 

and cyrene, respectively. 

Moreover, the performance of these proposed bio-based solvents was 

compared with chloroform and DMC as benchmark solvents using different 

batches of the PHBV-enriched biomass with various average MW. The results 

indicate that the proposed new solvents are preferred over the benchmarks 

when the average MW of polymer is low. For example, 2-MTHF resulted in 

62±3% extraction efficiency for PHBV with MW of about 100 kDa while it was 

only 32 and 20% for chloroform and DMC, respectively. It can be explained 

with the difficulties in precipitating out the small polymer molecules from 

the good solvents due to their high solubility. In fact, the mass balance 

closure over the extraction process confirmed that the precipitation step is 

the main limiting stage when a good solvent is used to recover a polymer 

with relatively low average MW. About 58 and 69% of the polymer remained 

in the supernatant using respectively chloroform and DMC to extract PHBV 

with the average MW of 100 kDa while it was only 15% for 2-MTHF based 

extraction for the same batch of the biomass. This leads to the conclusion 

that selecting a proper solvent-antisolvent couple to recover pure polymer 

strongly depends on the average MW of the polymer.  

To reduce the antisolvent usage, the solvent evaporation and adding an 

antisolvent were combined for 2-MTHF based extraction experiments. It was 

found that by evaporating 91% of the solvent prior to adding the antisolvent, 
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it is still possible to recover the PHBV with a relatively high purity of 94%. 

Moreover, applying 2-MTHF for the PHBV extraction from wet biomass 

resulted in 73±1% yield and a purity of >99% which is a performance 

comparable to results obtained by DMC based wet extraction.  
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Nomenclature: 

CA Trans-Crotonic Acid 
DMC Dimethyl Carbonate 
FID Flame ionization detector 
GC Gas Chromatography  
GPC Gel Permeation Chromatography  
HB Hydroxy Butyrate 
HV Hydroxy Valerate 
MW Molecular Weight 
MMC Mixed Microbial Culture 
Mn Number of average MW 
2-MTHF 2-Methyltetrahydrofuran 
PTFE Polytetrafluoroethylene 
PHB Poly(3-hydroxybutyrate) 
PHV Poly(3-hydroxyvalerate) 
PHBV Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate) 
2-PA 2-Pentenoic Acid 
 PHAs Polyhydroxyalkanoates 
PDI Polydispersity Index  
TGA Thermal Gravimetric Analysis 
THF Tetrahydrofuran  
VFAs Volatile Fatty Acids 
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Abstract  
 
Due to sustainability issues regarding petroleum-based materials, providing 

renewable alternatives to produce platform chemicals is essential. Crotonic 

acid (CA) and trans-2-pentenoic acid (2-PA) are examples of such renewables, 

and can be obtained by pyrolysis of the bio-based poly(3-hydroxybutyrate-

co-3-hydroxyvalerate) (PHBV) copolymer. In this study, aiming at obtaining 

high yields of both CA and 2-PA from mixed microbial cultures (MMC), direct 

pyrolysis of the PHBV-enriched biomass into CA and 2-PA was studied either 

under an inert atmosphere using N2 carrier gas flow or under reduced 

pressure. The average residence time of the hot vapor phase was 

manipulated by changing the nitrogen flow rate. The highest yields of 80±2% 

for CA and 67±1% for 2-PA were obtained at 0.15 L/min nitrogen flow rate 

corresponding to a mean residence time of 20 s, 240 ˚C for 1 hour. A similar 

acid yield was achieved when the pyrolysis was performed under reduced 

pressure (150 mbar) instead of using nitrogen gas. The combined pyrolysis of 

extracted PHBV at 220 ˚C and 90 minutes with vapor fractionation by 

distillation resulted in yields of 81% and 92% for CA and 2-PA, respectively. 

The top product of the distillation column was enriched with CA (76%) and 

the bottom product with 2-PA (51%), meaning that it is possible to separate 

these acids by distillation and produce them with relatively high purity by this 

bio-based approach. A detailed distillation study will be available in follow-

up work. 
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1. Introduction 

Polyhydroxyalkanoates (PHAs) are a class of biodegradable and renewable 

polymers which can be produced by various bacteria as an energy reserve, 

ensuring the long-term survival of the bacteria during nutrient-scarce 

conditions [1,2]. These bio-based polymers are considered as green polymers 

of the future due to their potential to replace conventional polymers [3]. It 

has been shown that the bacteria can yield high quality PHAs using pure 

substrates and sterile conditions, but under these expensive growth 

conditions the polymers are not economically competitive with the 

conventional polymers [4]. Alternatively, it is possible to apply an open mixed 

microbial culture (MMC) to produce low cost PHAs. MMC enables the use of 

inexpensive feedstocks such as waste/wastewater under non-sterile 

conditions [5-10]. This approach involves anaerobic fermentation of 

waste/wastewater to produce volatile fatty acids (VFAs), followed by aerobic 

conversion of the VFAs into the PHAs. During the fermentation process in the 

MMC, VFAs with an odd number will produce poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) copolymer with varying hydroxyvalerate (HV) 

ratios, and those with an even number of carbons will yield poly(3-

hydroxybutyrate)(PHB) [3]. Polymers with a low HV content (< 10% HV) are 

hard and brittle, resembling unplasticized polyvinyl chloride (PVC), mid-

range HV content (between 10-25%) polymers maintain a good balance of 

toughness and resemble polypropylene (PP), whilst high HV content (25-

40%) polymers are soft and tough having a polyethylene (PE) like feel [11]. 

In most cases, PHBV is the main bio-polymer spontaneously produced by 

fermentation of VFA enriched waste/wastewater. Naturally, the composition 

of waste/wastewater varies from day to day which can affect the quality of 
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the polymer. For instance, the monomer composition of the co-polymer 

might vary per batch and consequently the thermal and physical properties 

of the polymer differ, which can limit the application window of the bio-

based polymer. Alternatively, it is still possible to valorize the biopolymers of 

low quality by depolymerizing them to produce other value-added chemicals 

such as 2-alkenoic acids. 2-Butenic acid/ crotonic acid (CA) is the main 

product of PHB decomposition [12]. CA is used in textile, cosmetic, painting, 

and coating applications and as building block in the synthesis of co-

polymers, for example by copolymerization with vinyl acetate [13]. 

Regardless of its wide range of application, the current production pathway 

of CA through a petrochemical route is neither renewable nor 

straightforward. The 2021 selling price in Europe was about USD 15.4 per kg, 

while the selling price of CA produced via thermal degradation of the bio-

based PHB obtained from a pure culture was estimated to be USD 7.80-11.05 

per kg in 2014 [12]. With such high market prices, it is worthwhile to further 

investigate the efficient production of CA from bio-based PHB/PHBV. For 

example, by replacing a pure culture with and open MMC and applying 

waste/wastewater as feedstock, the production cost of CA can be reduced, 

and sustainable valorization of waste may be realized [14]. Over the last 

decades, the thermal degradation mechanism of PHBV/PHB has been 

investigated in several studies using thermogravimetric analyses (TGA) and a 

pyrolysis gas chromatography-mass spectroscopy (Py GC-MS) apparatus, in 

which different reaction paths were considered [15-17]. Generally, it is 

concluded that a random beta elimination, followed by an unzipping beta 

elimination at the crotonyl chain end is the dominant reaction path [15-18]. 

First, a random beta elimination occurs in which the PHB/PHBV undergoes 
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chain scission. With the beta elimination, the beta hydrogen linked to the 

ester oxygen is nucleophilicly attacked by the ester carbonyl group. In this 

way, two new chain-ends are formed, one having a carboxyl chain end and 

the other a crotonyl chain-end. Finally, if the molecule with the crotonyl 

chain-end undergoes a beta elimination at the ester group neighboring the 

crotonyl chain-end, CA or 2-pentenoic acid (2-PA) is formed depending on 

which monomer (hydroxybutyrate (HB) or HV) is present at the chain-end. 

The CA production yield through pyrolysis of PHB/PHB-enriched biomass at 

310 ˚C is reported to be about 63% which is 30% higher than the yield 

obtained by the conventional petroleum based route [12,19,20]. Moreover, 

the biobased CA yield can be increased to about 80% using a catalyst [19] or 

a pretreatment technique [20]. Solvent based pyrolysis of the commercial 

PHB can increase the CA yield even further [21,22]. Thermal decomposition 

of the PHB in cyclohexane solvent at 210 ˚C and 5h, followed by solvent 

separation by distillation, resulted in 89% CA yield with a purity of 91% [22]. 

Ionic liquid based media were also examined as green solvent and catalyst to 

obtain CA from PHB [21]. About 97% yield of CA was obtained by applying an 

ionic liquid named [EMIM][AcO] as a solvent and catalyst at 140 ˚C and 90 

min. Based on these PHB-pyrolysis results, showing promising potential to 

obtain CA on scales beyond analytical, we decided to study PHBV pyrolysis 

from MMC-based PHBV to obtain a mixture of CA and 2-PA, originating from 

PHB and poly(3-hydroxyvalerate) (PHV) repeating units, respectively. 

Recently, Parodi et al. [23] developed a thermolysis method to directly 

pyrolyze PHB/PHB-enriched biomass and obtain relatively pure CA. By means 

of this approach, it was possible to produce CA with a purity of 92% from 

pyrolysis of a PHB-enriched biomass containing 30 wt% PHB on dry basis. 
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Since both catalytic and non-catalyzed thermal approaches have shown 

highly interesting results for either pure PHB, or for PHBV on an analytical 

scale, it was decided to study direct pyrolysis for PHBV co-polymers and 

examine the impact of process conditions to aid further process design. 

Moreover, PHBV is the main co-polymer usually obtained from a waste 

digestion in MMC. Thus, it is worth to investigate the possibility of producing 

relatively pure CA from MMC-PHBV which might provide an economic 

approach due to the low cost of polymer synthesis.  Figure 5-1 shows the 

schematic overview of the process to produce CA through MMC-based PHBV 

depolymerization. To the best of our knowledge, the production of CA from 

MMC-based PHBV using a lab scale pyrolysis set-up has not been studied yet,

and such a study can aid process design because aspects like thermal 

degradation, as well as optimum mean residence time of the hot vapor phase 

in the oven need to be understood on lab scale aiming at before further 

development. As PHBV is the main polymer which can be naturally produced 

by fermentation of VFA enriched waste/wastewater, it is worthwhile to 

investigate the possibility of obtaining relatively pure CA from PHBV 

depolymerization. 

Figure 5-1. Schematic overview of the CA/2-PA production from MMC-based PHBV. 
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In the present study, we developed a lab scale pyrolysis set-up to study CA 

production from decomposition of MMC-based PHBV/PHBV-enriched 

biomass. The thermal degradation experiments were performed under an 

inert atmosphere using either N2 gas or vacuum. The effect of the vapor 

phase residence time on the acid production yield was studied by varying the 

flow rate of the N2 gas. As 2-PA is the main byproduct in the PHBV pyrolysis, 

a Vigreux was applied to upgrade the purity of the CA by distillation and to 

study the possibility of in-situ separation of CA and 2-PA from the vapor 

phase. 

2. Material and methods

2.1. Chemicals 

Crotonic acid (≥98%) and trans-2-pentenoic acid (≥98%) were purchased 

from Sigma Aldrich. Acetone (>99%, extra pure) was supplied by Thermo 

Fischer Scientific. Chemical were used as received.  

2.2. MMC-based PHBV/PHBV-enriched biomass preparation 

The dry PHBV-enriched biomass containing 30 wt% PHBV (35 wt% HV) on dry 

basis was obtained from Paques Biomaterials, which was produced from 

municipal food waste [24]. For the experiments in which pure PHBV was used, 

the polymer was extracted using 2-methyltetrahydrofuran (2-MTHF) and 

characterized according to the procedure described in chapter 4 [25]. Briefly, 

a certain quantity of the biomass was added to 2-MTHF solvent to reach a 

concentration of 5% (g/mL), followed by heating the mixture at 80 °C for 1h. 
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Afterwards, n-heptane was used as an antisolvent to precipitate the polymer. 

Finally, the collected polymer was dried in a vacuum oven at 50 °C for 24 h. 

The water content of the biomass was measured by drying it in an oven at 

105 °C for an hour. The difference in the mass of the biomass before and 

after drying was used to calculate the water content. 

2.3. Pyrolysis of PHBV and PHBV-enriched biomass 

A custom-built oven pyrolyzer set-up was applied to pyrolyze the MMC based 

PHBV/PHBV enriched biomass. As depicted in Figure 5-2, the oven pyrolyzer 

set-up consisted of a temperature-controlled oven, a round bottom flask 

loaded with the PHBV/PHBV-enriched biomass and placed inside the oven, 

and a thermocouple to monitor the round bottom flask temperature with an 

accuracy of ± 1 °C, a condenser at -5 ˚C to condense the vapor phase and a 

receiving flask to collect the products. The set-up was connected to either a 

vacuum pump or N2 supply, depending on the experimental procedure.  

First the PHBV and PHBV-enriched biomass were analyzed by thermal 

gravimetric analysis (TGA) to determine the degradation temperature of the 

polymer and to set the oven at the required decomposition temperature. 

Then, the pyrolysis experiment was started by heating the PHBV/PHBV-

enriched biomass to the set temperature for 1 h. Various nitrogen gas flows 

(0.05 to 0.2 L/min) were applied, or reduced pressure (either 50 or 150 

mbar). After 1 h of pyrolysis, the condenser was flushed with acetone to 

collect the pyrolyzates that had crystallized there. Pyrolyzates refers to all 

the materials which condensed in the condenser and were collected there. It 

includes CA, 2-Pa and other side products. Acetone was removed from the 
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samples by overnight atmospheric evaporation, followed by final 

evaporation in a vacuum oven at maximum vacuum for 2 hours at room 

temperature. Subsequently, the pyrolyzates were analyzed by various 

analysis techniques to determine the yield and purity of the produced acids. 

Each experiment was duplicated. 

Figure 5-2. A schematic view of the custom-built oven pyrolyzer set-up to produce CA from 
MMC based PHBV / PHBV-enriched biomass. 

2.4. Integrated pyrolysis-distillation approach for PHBV 

decomposition 

In the next step, the goal was to not only obtain relatively pure CA from 

MMC-based PHBV, but also to retrieve 2-PA as a side product. Thus, a

vacuum-insulated Vigreux distillation column was placed between the oven 

pyrolyzer and the condenser. To limit the byproduct formation due to 
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reactivity between the formed CA and 2-PA, The experiments were 

performed at a reduced pressure of 50 mbar and the main fraction of CA was 

collected after it passed the condenser, while the majority of 2-PA remained 

at the bottom of the heated flask. 

2.5. Analysis 

High Performance Liquid Chromatography (HPLC). The concentrations of CA 

and 2- PA were measured using a HPLC [Agilent Hi-Plex H column (300 × 7.7 

mm) with a refractive index detector on an Agilent 1200 series HPLC system;

mobile phase, 5 mM H2SO4 solution; column temperature of 65 °C at a flow 

rate of 0.6 mL/min].  

Due to overlapping of the peaks of the acids with side products, symmetrical 

peaks were fitted with a Gaussian function using OriginPro 2019b software 

(see Figure S-13 in the appendix for more details). Afterwards, the fitted 

peaks were integrated to quantify the acids. The acid yield was defined as 

Eq.(5-1): 

𝐴𝑐𝑖𝑑 𝑦𝑖𝑒𝑙𝑑(𝑤𝑡%) =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑎𝑐𝑖𝑑(𝑔)

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑐𝑖𝑑(𝑔)
× 100   (5-1) 

Where the amount of the collected acid was determined by HPLC and the 

theoretical amount of the acid was defined based on the HB content in the 

PHBV for CA and the amount of HV repeat units for 2-PA. Thus, a 100% CA 

yield means that the total quantity of HB units present in the PHBV is 

completely converted into CA.  
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Gas chromatography-Mass Spectroscopy (GC-MS) analyses were performed 

to determine the main side products from the PHBV/PHBV-enriched biomass 

pyrolysis. The pyrolyzate samples were dissolved in acetone with 

concentrations of less than 500 ppm and analyzed using a GC-FID/MS (GC – 

7890A, MS – 5975C Agilent Technologies system) equipped with an Agilent 

HP-5MS HP19091S-433 capillary column (60 m, ID 0.25 mm, Film thickness: 

0.25 μm). The column was packed with (5%-phenyl)-methylpolysiloxane. 

Helium was used as carrier gas with a constant flow rate of 1.95 mL/min. The 

oven temperature was programmed from 45 °C (4 min) to 280 °C at a heating 

rate of 3 °C/min and was held at 280 °C for 20 min. The injector and the 

column to the MS interface were maintained at a constant temperature of 

250 °C and 280 °C, respectively. A sample of 1 μL was injected into the GC. 

The MS was operated in electron ionization mode, and ions were scanned in 

a m/z range from 15 to 500.  

 Refinery GC was used to identify the non-condensed gases. A sample was 

taken from a N2 stream in the outlet of the condenser and injected in a Varian 

450-RGA. Details of the instrument were previously provided elsewhere [26].

Thermal Gravimetric Analysis (TGA) was employed to measure the 

degradation temperature of the polymers using a TGA-550 instrument 

operated under nitrogen flow. The samples were heated from room 

temperature to 400 °C at a rate of 10 °C/min under nitrogen atmosphere 

Karl-Fischer titration (KFT) was used to analyze the water content of the 

pyrolyzate mixture using a Metrohm 787 KFTitrino. Hydranal composite 5 

was titrated from a 20 mL burette filled with a mixture of methanol and 

dichloromethane in a volume ratio of 3 to 1. The samples were analyzed in 

triplicate with a relative error less than 1%. 
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3. Results and discussion

3.1. Pyrolysis of the PHBV-enriched biomass 

The characteristics of the PHBV and PHBV-enriched biomass are given in 

Table 5-1. The polymer content of the biomass, the composition (repeat unit 

ratio) of the polymer, average molecular weight (MW) and polydispersity 

index (PDI) are taken from our previous work as the same batch of the 

biomass was used for pyrolysis experiments [25]. The composition, polymer 

content of the biomass and water content of the polymer and biomass were 

taken into account in the calculation of the yield in each experiment. The 

PHBV and PHBV enriched biomass are known to be hygroscopic. Therefore, 

their water content was measured beforehand, resulting in about 4±1% and 

<1% for the biomass and extracted PHBV, respectively. To apply a proper 

temperature range for the pyrolysis of the polymer, the degradation 

temperature (Tdeg) of the biomass and the extracted PHBV was determined 

by TGA in which the inflection point of the curve was considered as Tdeg. As 

shown in Table 5-1, the Tdeg of the polymer in PHBV-enriched biomass is 240 

˚C, thus, the experiments of direct pyrolysis of the biomass were performed 

at 240 ˚C. The Tdeg of extracted PHBV increased by 5 ˚C, possibly due to the 

purification of the polymer during the extraction, as it is known that metal 

ions present in the biomass can accelerate thermal degradation of the 

polymer [17] and perhaps other molecules in the biomass. 
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Table 5-1. The characteristics of the PHBV-enriched biomass and the extracted PHBV used in 
the pyrolysis experiments. 

Material PHBV 

[wt%]  

Tdeg. 

[˚C] 

HB/HV 

[mol] 

MW 

[kDa] 

PDI Water 

[%] 

PHBV-enriched biomass 30 240 65/35 146 3.5 4±1 

Extracted PHBV >99 245 65/35 122 4.9 <1 

The heating time of the polymer in the set-up and the residence time of the 

produced, thermally sensitive monomers in the vapor phase in the hot set-

up are crucial parameters to be controlled in order to achieve a complete 

degradation of the polymer and maximize monomer yields. To establish an 

estimate for the heating time for the polymer pyrolysis, a preliminary 

experiment was carried out using about 5 g biomass at 240 ˚C and 1 h of 

heating. Afterwards, the residual biomass was analyzed by TGA to determine 

whether or not a significant fraction of the polymer remained in the biomass 

after pyrolysis. In Figure 5-3, two TGA experiments are shown, one of 

biomass before pyrolysis, and one of the residue remaining after pyrolysis. In 

the temperature range of 180 to 280 ˚C the line for the biomass before 

pyrolysis shows a distinct reduction in weight, occurring in the temperature 

range where PHBV degrades. The mass reduction of the residue of biomass 

after pyrolysis is not as pronounced as that of the biomass before pyrolysis. 

Most likely, this indicates that the polymer content of the residual biomass 

is not significant anymore and from that, it can be concluded that 1h of 

pyrolysis at 240 ˚C sufficed to pyrolyze the vast majority of the polymers in 

the biomass. Thus, the contact time and temperature for pyrolysis were kept 

constant at 1 h and 240 ˚C in all experiments. 
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Figure 5-3. TGA graph of the biomass before and after pyrolysis at 240 ˚C for 1 h under a 
nitrogen flow rate of 0.1 L/min. 

To study the influence of the residence time of the vapor phase in the hot 

zone on the acids yield, pyrolysis of the PHBV-enriched biomass and 

extracted PHBV was carried out under either a N2 stream or under vacuum, 

and the obtained results were compared. Applying nitrogen as a carrier gas 

allows varying the residence time of the vapor phase both in the hot 

pyrolyzer and in the condenser. CA and 2-PA are unsaturated acids which are 

not thermally stable. At long residence times in the hot zone these 

monomers can undergo decomposition, isomerization and polymerization 

[27]. On the other hand, short residence times might result in only partial 

decomposition of the polymers, yielding oligomers as the main side product 

instead of the desired monomers. Therefore, the influence of the hot vapor 

residence time was experimentally examined by varying the flow rate of the 

nitrogen carrier gas and assuming that the produced vapor phase has the 
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same flow rate. Figure 5-4 represents the yield obtained under various 

pyrolysis conditions. As can be clearly seen from the graph, the acid yield is 

lowest when there is neither carrier gas (e.g. nitrogen) nor reduced pressure 

to pull out the vapor phase. The yield increased about 15% at a N2 flow rate 

of 0.05 L/min as compared to the experiment where no carrier gas was used. 

Increasing the flow to 0.15 L/min resulted in 80±2% and 67±1% yield of CA 

and 2-PA, respectively. A further increase of the nitrogen flow rate did not 

significantly enhance the pyrolysis yield. Following the method of Parodi et 

al.[23], a few pyrolysis experiments were also performed under reduced 

pressures of 150 mbar and 50 mbar. As shown in Figure 5-4, at 150 mbar 

similar yields were obtained in comparison with applying nitrogen gas at flow 

rates of 0.15 and 0.2 L/min. However, the acid yields were low at 50 mbar, 

which may be, because they are not condensing in the condenser, for which 

two explanations may be given. First, it might be due to the short residence 

time of the vapor phase in both the hot zone and the condenser. Second, due 

to the pumping out of vapor molecules by the pump as it maintains the 

setpoint pressure of 50 mbar, or by adding N2 flow, in both cases, the system 

may not reach the dewpoint [28]. For situations where the rate of pyrolysis is 

relatively low compared to the flow of N2, the mol fraction of the acids also 

becomes low, which may result in portions of the acids that do not condense 

due to thermodynamic equilibrium (Eq. (5-2)), not reaching the dewpoint 

[28]. 

𝑦𝑖𝑃 = 𝛾𝑖𝑥𝑖𝑃𝑠𝑎𝑡,𝑖   (5-2) 
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When the kinetic effect is the major cause, this could be countered by adding 

a longer condenser, but when nitrogen flows are applied, some of the vapors 

do not condense due to the dewpoint not being reached. In that case longer 

condensers do not help. As a check to calculate whether this would be a 

significant amount of CA not condensing, the dewpoint was calculated as 

function of the vapor fraction CA in N2 (see section 17 in the appendices). It 

was determined that at -5 ˚C the dewpoint corresponds to a mol fraction CA 

of 5.2 × 10-5 and at 0.2 L/min N2 flow, this corresponds to a loss of only 

0.085% of the CA. this calculation shows that any significant effect must be 

due to kinetics, as the equilibrium would dictate that most CA would 

condense and crystallize. 

Figure 5-4. CA and 2-PA yield obtained by direct pyrolysis of the PHBV-enriched biomass at 
various operation conditions. 
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and comparable to the yield obtained by either catalytic thermal degradation 

(83%) [19] or by thermal decomposition of pretreated PHB (80%) [20]. 

Although differences in yield may be explained by different characteristics of 

the polymer and biomass used in this work, the distinct pyrolysis set-up and 

experimental procedure used here also contribute to the high monomer 

yields. Especially considering the significant impact that process conditions 

have on the yields, as can be seen in Figure 5-4, optimization of the 

procedure is essential. As a further example, Mamat et al. [12] performed 

pyrolysis experiments at a high temperature of 310 ˚C which can accelerate 

the isomerization and polymerization of CA, resulting in low CA production 

yields. As the reported CA yields from direct pyrolysis of the biomass [12,23] 

are similar to the ones we obtained under less favorable conditions (hot 

vapor residence time of 61 s corresponding to N2 flow rate of 0.05 L/min), the 

configuration of the pyrolysis set-up and the residence time of the vapor 

phase in the hot oven are indeed major parameters determining the 

differences in yield obtained in the literature and in this work. 

When comparing the polymer used in this study with other studies, the most 

distinctive properties of the polymer in this study are its high HV content and 

low average MW, obtained by MMC, using food waste as a feedstock. It has 

been found that the HV content in PHBV polymers does not affect the Tdeg of 

the polymer [29]. The glass transition temperature [30], crystallinity and 

melting point [29] of the polymer, however, are lowered by increasing the 

HV content, and these thermal characteristics may have an impact on the 

pyrolysis process. Therefore, a generalized conclusion on the impact of the 

HV content on the thermal decomposition of PHBV polymers can not be 

presented yet. 
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To gain more information regarding the possible reasons for different yields 

obtained from various experiments, the composition of the pyrolyzates was 

investigated, followed by a mass balance closure over the biomass during 

pyrolysis. Pyrolyzates refers to all the materials which condensed in the 

condenser and were collected there. It includes CA, 2-PA and other side 

products. Table 5-2 represents the composition of the pyrolyzate mixture 

obtained at various pyrolysis conditions, which illustrates that the pyrolysis 

at different nitrogen flow rates results in mixtures with a similar acid content. 

The mixture from the experiment at 50 mbar has the lowest acids content 

and the largest amount of condensed side products which might be due to 

the short residence time in the condenser, leading to partial condensation of 

the vapor phase. To verify this hypothesis, the samples were analyzed by GC-

MS to identify the side products present in the pyrolyzate mixture. According 

to GC-MS, isocrotonic acid, 3-butenoic acid, 3-pentenoic acid, 4-pentenoic 

acid, crotonoamide and 2,2,6,6-tetramethyl-4-piperidone are the main side 

products in all the experiments, regardless of the pyrolysis conditions. To 

compare the quantity of the aforementioned side products in each 

experiment, their corresponding peak areas were normalized to the area of 

the 2-PA peak in each sample. It was found that the operation conditions do 

not have a significant impact on the pyrolyzate composition in terms of the 

dominant side products masses. Regarding water content in the pyrolyzate 

mixture which originated from the moisture content of the biomass, it is <1% 

based on Karl-Fischer analysis which is lower than the water content of the 

starting biomass (4±1%). It can be explained by the evaporation of water 

while removing acetone from the pyrolyzate mixture using a vacuum oven at 

room temperature. Furthermore, it is also expected that a fraction of the 
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water in vapor phase leaves the condenser without condensing during 

pyrolysis (same reasoning as for the acid yields being limited by a fraction of 

the acids not condensing). 

Table 5-2. Summary of the composition of the pyrolyzate mixtures obtained by direct pyrolysis 
of the PHBV-enriched biomass at various operation conditions. 

Exp. 
RTa [s] Composition [wt%] 

CA 2-PA water condensed by-
products 

N2-0 L/min - 50 21 <1 28 
N2-0.05 L/min 61 53±1 27±1 <1 19±0.3 
N2-0.1 L/min 30 52±8 25±2 <1 22±6 
N2-0.15 L/min 20 52±1 24±1 <1 24±1 
N2-0.2 L/min 15 54±5 26±2 <1 19±8 
Vacuum-50 mbar - 36±1 21±0.3 <1 41±1 
Vacuum-150 mbar - 45±2 24±0.1 <1 31±2 

aRT is the mean residence time of the vapor phase in the hot zone of the oven pyrolyzer. 

The mass balance closure over the biomass pyrolysis was performed to 

compare the performance of the various pyrolysis conditions in terms of the 

overall conversion. As can be seen from Figure 5-5, the char formation is high 

(~62%) at low nitrogen flow rates due to the long residence of the vapor in 

the hot zone. The vapor phase contains mainly CA and 2-PA which are not 

thermally stable and can undergo isomerization and polymerization at 

elevated temperatures during prolonged residence times [27]. Moreover, it 

was observed that a brown layer forms on the walls of the glassware at low 

nitrogen flow rates which can be explained by possible dimerization of the 

acids. The char formation is around 53% in the experiments under reduced 

pressures of 50 and 150 mbar, and nitrogen flow rates of 0.15 and 0.2 L/min 

which is about 10% less than other experiments. The largest quantity of 
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pyrolyzate mixture collected under N2 flow was around 28% on the basis of 

the starting biomass amount, using flow rates of 0.15 and 0.2 L/min, while 

the highest pyrolyzate mass obtained under vacuum (150 mbar) was around 

33%. Considering that the amount of polymer in the biomass was estimated 

at approximately 30 wt% (discussion on results in Figure 5-3), this yield is 

excellent. In all experiments with various pyrolysis conditions, a fraction of 

the small molecules derived from the PHBV-enriched biomass did not 

condense in the condenser at -5 ˚C. Therefore, a gas sample was taken to be 

analyzed with Micro-GC to identify the non-condensed gases. Since the set-

up was an open system with a continuous flow of nitrogen, it was not 

possible to precisely quantify the non-condensed gas phase. According to 

Micro-GC, the vapor phase at a nitrogen flow rate of 0.1 L/min contained 

ethylene, methane, propylene, 1-butene, 1,3-butadiene and 1-butyne. 

Figure 5-5. Mass balance closure over the PHBV-enriched biomass pyrolyzed at various 
operation conditions. 
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3.2. Integrated pyrolysis of PHBV and distillation of 

pyrolyzates under vacuum conditions 

To directly produce the acids with high purity from pyrolysis of the PHBV, a 

vacuum-isolated Vigreux column was placed in the outlet of the oven 

pyrolyzer to in-situ separate CA and 2-PA in vapor phase by distillation. A 

vacuum-isolated Vigreux column prevents crystallization of CA within the 

column because it loses much less heat to the surroundings compared to 

unisolated Vigreux columns. This approach was already mentioned by Parodi 

et al. [23]. However, these authors used PHB/PHB-enriched biomass to obtain 

CA, and not the copolymer PHBV. We aimed to produce CA and 2-PA with 

the highest possible purity from a MMC-PHBV, as the PHBV is the dominant 

polymer usually produced in MMC, using VFA-rich waste streams as 

feedstock. Therefore, preliminary integrated pyrolysis of PHBV and 

distillation experiments were performed to examine the fractionation of the 

vapor phase containing mainly CA and 2-PA. The experiments were carried 

out at 50 mbar (instead of using a nitrogen flow). In the first experiment, the 

temperature was set at 170 ˚C following the method of Parodi et al. [23]. 

However, there was no vapor flow entering the column after an 1 hour. Thus, 

the temperature was gradually increased until a vapor flow was observed 

which occurred at 220 ˚C. The experiment was repeated in which the 

temperature was set at 220 ˚C from the starting point.  
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Figure 5-6. Pyrolysis of PHBV at 220 ˚C, 50 mbar and 90 minutes with in-situ fractionation of 
the vapor phase by distillation. F, C, T and B represent the mass of PHBV used for pyrolysis, 
mass of the acids remained in the column, total mass of the top and bottom products, 
respectively. 

After 90 minutes at 220 ˚C, the flow of vapor was diminished. Thus, the 

experiment was stopped and samples were taken to be analyzed by HPLC. 

The yields of 2-CA and 2-PA were 81 and 92%, respectively.  The Ooverall 

mass balance closure indicated that 85% of the PHBV was converted into the 

CA and 2-PA, including both top and bottom products. About 6% can be 

accounted for the side products in the bottom stream and 6% is converted 

into a non-condensed gas products. 3% was remained as a char in the round 
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bottom flask. Moreover, a small fraction can be also considered to be lost 

during handling and collecting the products. As shown in Figure 5-6, the top 

product is rich in CA (76 wt%) while the bottom product contained 2-PA in 51 

wt%, meaning that it is possible to separate these acids by distillation and 

produce them with relatively high purity from MMC-based PHBV. In the 

current setup, only a limited number of distillation stages are available, and 

further distillation studies are recommended for follow-up work to reach 

higher purities. 

4. Conclusion

In this work, the direct pyrolysis of the PHBV-enriched biomass produced by 

an open MMC, using food waste as feedstock, was studied in a custom-made 

oven pyrolyzer, operated either under reduced pressure conditions or a 

nitrogen atmosphere. Applying nitrogen as a carrier gas enabled the 

manipulation of the mean residence time of the hot vapor phase and the 

experimental optimization of the thermal depolymerization of the PHBV 

towards CA and 2-PA. At low nitrogen flow rates <0.1 L/min, the acid yield is 

lower and the char formation is higher than with experiments performed at 

N2 flow rates of 0.15 and 0.2 L/min. According to the mass balance closure 

over the pyrolysis system, the non-condensed vapor phase is almost constant 

in all the experiments performed under nitrogen gas. It indicates that 

regardless of the operation conditions, a part of the biomass forms non-

condensable gases at 240˚C. The GC analysis of the gas phase in the outlet of 

the condenser indeed confirmed the formation of non-condensable gases 

such as ethylene, methane, propylene, 1-butene, 1,3-butadiene and 1-

butyne. The maximum acid yields of 80±2% and 67±1% for CA and 2-PA were 
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achieved at a nitrogen flow rate of 0.15 L/min, 240 ˚C and 1 h. By replacing 

the nitrogen gas with a vacuum of 150 mbar, similar acid yields were 

obtained. The highest obtained CA yield is comparable with the results 

achieved by catalyzed prolysis, and by pyrolysis of pretreated PHB/PHB-

enriched biomass. However, due to the nature of the PHBV, 2-PA is also 

formed, requiring an appropriate downstream separation technique to yield 

pure CA. Therefore, the suitability of distillation was investigated by 

integrated pyrolysis-distillation experiments. The integrated pyrolysis-

distillation approach indeed allowed to directly fractionate the vapor phase, 

originating from pyrolysis of the extracted PHBV. The product at the top of 

the column was mainly CA (76%), indicating that distillation is a viable 

technique for separating CA and 2-PA and thereby producing relatively pure 

CA and 2-PA from MMC based PHBV. It is expected that the purity of CA can 

be increased even further by using a proper distillation column with more 

equilibrium stages. 
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Nomenclature: 

CA Trans-Crotonic Acid 
GC-MS Gas Chromatography  
GPC Gel Permeation Chromatography  
HB Hydroxy Butyrate 
HV Hydroxy Valerate 
HPLC High Pressure Liquid Chromatography 
KFT Karl-Fischer Titration 
MW Molecular Weight 
MMC Mixed Microbial Culture 
2-MTHF 2-Methyltetrahydrofuran
PHAs Polyhydroxyalkanoates
PHB Poly(3-hydroxybutyrate)
PHV Poly(3-hydroxyvalerate)
PHBV Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate)
Py GC-MS Pyrolysis Gas Chromatography-Mass Spectroscopy
2-PA 2-Pentenoic Acid
PDI Polydispersity Index
PP Polypropylene
PVC Polyvinyl chloride
PE Polyethylene
TGA Thermal Gravimetric Analysis
THF Tetrahydrofuran
VFAs Volatile Fatty Acids
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Chapter 6 

Separation of Crotonic Acid and 2-Pentenoic 
Acid Obtained by Pyrolysis of Bio-based 
Polyhydroxyalkanoates using a Spinning 

Band Distillation Column 

This chapter is adapted from: 

Elhami, V.; Neuendorf, L.M.; Kock, T.; Kockmann, N.; Schuur, B.,“Separation 
of crotonic acid and 2-pentenoic acid obtained by pyrolysis of bio-based 
polyhydroxyalkanoates using a spinning band distillation column”, 
Sustanable Chemistry and Engineering, 2023, (the manuscript is submitted). 
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Abstract 

In the search for renewable alternatives to produce platform chemicals, 

various types of biomass have shown great potential to be used as feedstock 

for value-added chemicals. For instance, aerobic digestion of aqueous 

volatile fatty acid-enriched waste yields a biomass, that under appropriate 

growth conditions can be rich in the co-polymer poly(3-hydroxybutyrate-co-

3-hydroxyvalerate) (PHBV). Pyrolysis of PHBV yields a mixture of crotonic

acid (CA) and 2-pentenoic acid (2-PA). Aiming to apply CA and 2-PA as bio-

based monomers, requires a purification step to obtain the pure acids. 

Vapor-liquid equilibria (VLE) of CA and 2-PA have not been published in the 

open literature. Furthermore, the high melting point of CA (72 ˚C) in 

combination with the high polymerization potential limits the operation 

window for distillation severely. In this study, we have experimentally 

explored the use of a spinning band distillation column (SBC) under vacuum 

operation to separate these acids. The thermodynamic feasibility for the 

distillation was first studied by measuring VLE-data of the mixture at process-

relevant pressures of 50 and 100 mbar using a custom-designed VLE set-up. 

The separation in SBC was accomplished at 50 mbar and 40-110 ˚C for about 

5h. A successful recovery of CA with high purity of >98% was achieved using 

a synthetic mixture of acids with a mass ratio of 80/20 (CA/2-PA). 

Furthermore, applying the actual pyrolyzate mixtures obtained by pyrolysis 

of the biomass and extracted pure PHBV as a feed for the distillation column 

resulted in separation of CA with relatively high purity of 96% and 93%, 

respectively. 



 Separation of CA/ 2-PA mixture using spinning band distillation column 

163 

1. Introduction

There is a pronounced growth in industrial interest for renewable and 

environmentally sustainable pathways to produce chemicals. Driven by the 

desire to move away from linear economic models based on the supply of 

fossil fuel-based materials, renewable sources for chemicals are being 

explored. Major classes of bio-based chemicals include bio-based solvents 

[1,2], bio-based platform chemicals [3], and bio-based carboxylic acids,[4-6] 

and bio-based polymers [7-9]. In most cases, poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) co-polymer is the main bio-based co-polymer that 

can be obtained during fermentation of volatile fatty acids (VFAs)-enriched 

wastewater. Starting from wastewater as an inexpensive feedstock for the 

microorganisms can result in a low-cost bio-based pathway to produce PHBV. 

However, the drawback of wastewater as feedstock for PHBV-production is 

a varying product composition and quality, which are important 

characteristics of the produced PHBV. It is because during the fermentation 

process in the mixed microbial cultures (MMCs), VFAs with an even number 

of carbons will be converted to poly(3-hydroxybutyrate) (PHB). The ones with 

an odd number will be converted into a PHBV copolymer with varying 

hydroxyvalerate (HV) contents [10]. It is possible to adjust the composition of 

the wastewater prior to the fermentation to produce polymers with certain 

properties. However, controlling the feed would increase the cost of the bio-

based production pathway. For a process based on fermenting a mixture of 

odd and even VFAs, PHBV with varied properties are the main bio-polymers 

produced in the MMCs without controlling the feed composition.  

An alternative to direct use, the PHBV grown without well-controlled 

conditions in MMCs can be pyrolyzed to produce their corresponding 2-
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alkenoic acids. Crotonic acid (CA) and 2-pentenoic acid (2-PA) are the main 

pyrolyzates during pyrolysis of the PHBV, originating from hydroxybutyrate 

(HB) and HV monomers, respectively.  

CA, or trans-2-butenoic acid, is mainly used in the synthesis of co-polymers. 

Among the known co-polymers based on CA, crotonic acid-vinyl acetate is the 

main copolymer, with the trade names of Cevian, Gelva, Mowilith, and Vinac 

[11], which are used in cosmetic and hair styling products. Apart from this, CA 

finds further applications in industries such as coatings, paint, textile, binders, 

adhesives, flocculants, ceramics, and agrochemicals [12]. The esters of 2-PA 

can be used in flavoring essences and its current application is mainly in 

medicine studies [13,14]. The ongoing market of these unsaturated carboxylic 

acids is limited due to their complex production routes. Therefore, providing 

a relatively straightforward and bio-based pathway is expected to enhance 

their market. 

Although the synthesis of CA via PHB/PHBV thermal decomposition has been 

examined over the last decades [12,15-20], its separation from the complex 

pyrolysis mixtures has not been that well studied. A fluidized bed set-up was 

developed by Mullen et al. [21] to pyrolyze a PHB/switchgrass blend and yield 

CA-enriched bio-oil on a pilot scale. In-situ fractionation of the pyrolyzate 

mixture was achieved by multistep condensation using water-cooled (4 ˚C) 

condensers connected to an electrostatic precipitator. Considering the 

melting point of CA (72 ˚C), cooling a vapor stream containing CA to 4 ˚C will 

result in condensation as well as partial precipitation. An optimum CA yield 

of 45% was achieved from a mixture of 10% PHB and 90% switchgrass with 

fine PHB particles at 375 ˚C. However, recovery of CA from the total pyrolysis 

liquid was not significant with this multistep separation procedure.  
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Recently, Parodi et al. [22] developed a thermolytic distillation process to 

pyrolyze PHB and PHB-enriched biomass at 170 ˚C under vacuum conditions 

at 150 mbar to produce CA. The pyrolysis of PHB occurs simultaneously with 

the separation of volatile pyrolyzates such as CA during thermolytic 

distillation. The researchers recovered CA with a yield of 58% and a purity of 

92% using this integrated method from MMC-based biomass containing 30

wt% PHB on a dry basis. Indeed, pyrolysis of MMC-based PHB/PHB-enriched 

biomass with this method can increase both the yield and purity of CA. 

However, in the case of MMC-based PHBV/PHBV-enriched biomass, the 

vapor stream will also contain 2-PA, originating from the HV monomers. 

Therefore, an additional purification is required to separate these carboxylic 

acids. Considering various separation techniques for the desired 

fractionation, membranes might work, and low temperature membrane 

solutions are available for bio-based saturated volatile fatty acids [23-25]. 

However, because the vapor stream is prone to polymerization due to the 

unsaturation in the fatty acids CA and 2-PA, and the solidification of CA at 

72˚C is a factor to be considered as well, operating a membrane separation 

for the vapor fractionation appears difficult. Given the high temperature from 

the pyrolysis, distillation appears as most attractive primary separation, since 

high temperature liquid-liquid extraction with these reactive monomers 

would impose a risk of unwanted chemical reactions. While crystallization 

appears strong given the large difference in the melting points, it only applies 

at lower temperatures, and therefore may be the secondary separation 

technique. 

Therefore, in this work, we studied the possibility to do the separation of a 

CA/2-PA mixture by distillation based on differences in the relative volatility. 
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The natural boiling points of CA and 2-PA are 184.7 ˚C [26] and 200–203 ˚C 

[27], respectively. The described study is comprised of an equilibrium study 

to determine the thermodynamic feasibility of the distillation, and a 

multistage distillation study in a novel spinning band distillation column (SBC) 

[28,29]. The core idea of a SBC is the use of rotating internals as opposed to 

using packed or tray columns. The advantages of SBCs over the other two 

mentioned columns are their low holdup, very low pressure drop, and still 

high separation efficiency. Usually, this type of fractionating columns are used 

for analytical purposes with small amounts particularly. Since with the CA and 

2-PA from PHBV, we face a separation system with a very limited amount of

available chemicals, and the low holdup is ideal. The acids are not only polar, 

but also organic molecules with a small hydrocarbon chain. The 

polytetrafluoroethylene (PTFE) spinning band, that is known to improve the 

separation efficiency for several organic systems [30,31]. Thus, it is also 

expected that PTFE band is suitable for this system. Spinning bands which stir 

only the vapor phase and also hinder the vapor flow directly to the top are 

suited for operation under vacuum conditions [29]. By using vacuum 

conditions it is possible to shift the mixture to temperatures where a 

separation becomes possible (at too high temperatures, the acids are not 

stable).  

In the current study, the used SBC was operated batch-wise, where the feed 

mixture was placed in the reboiler, and boiled up. CA was collected in the 

distillate outlet, while 2-PA remained in the final bottom product. The use of 

the SBC in vacuum operation was first explored for the distillation of a model 

mixture prepared with a commercial CA and 2-PA system. Afterwards, the 

purification of the acids from an actual pyrolyzate mixture obtained by 
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pyrolysis of PHBV-enriched biomass and extracted pure PHBV were 

investigated using the same distillation column to demonstrate the proof of 

concept for distillative purification of CA. 

2. Material and methods
2.1.  Chemicals

Crotonic acid (≥98%), trans-2-pentenoic acid (≥98%), acetone (99.5%), 

1,2,4,5-Tetrachloro-3-nitrobenzene and chloroform-D were purchased from 

Sigma Aldrich. The water used was ultrapure (Milli-Q, with a resistance of 

18.2 μΩ cm at 25 ˚C). 

2.2. VLE measurement for CA/2-PA mixture 

Initially the VLE measurement of a CA and 2-PA mixture was performed in a 

Fischer Labodest VLE 602 ebulliometer. Due to the high melting point of CA 

(72 ̊ C), crystallization occurred in the cold spots of the ebulliometer resulting 

in inaccurate VLE data for the samples with a high concentration of CA. 

Therefore, an equilibrium cell was developed to perform the isobaric-VLE 

study, which is depicted in Figure 6-1. First about 15 mL of a mixture of the 

acids was prepared with a desired ratio of the acids (0 < x < 1) and placed in 

the heating mantle. The mixture was heated and stirred using a magnetic 

stirrer. The temperature of the gas and liquid phases were measured using 

Pt-100 sensors with an accuracy of ±0.5 ̊ C. The pressure was set at either 100

mbar or 50 mbar using a the vacuum pump PC 3001 VARIO select 

(Vacuubrand GmbH, Wertheim, Germany). For each mixture at the set 

pressure, the power of the heater was increased until there was no change 

in the temperature of the acid mixture upon further increasing the heater set 
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point. Afterwards, the mixture was kept at that temperature for about 40 min 

to ensure equilibrium conditions (this was experimentally validated). 

Subsequently, a small glass tube was cooled by liquid nitrogen. By opening 

the valve, the glass vial was carefully moved into the vapor phase through a 

mounted septum. As the valve was opened only after placing the glass tube, 

the reduced pressure in the system could be maintained. Then, samples were 

taken from the vapor and liquid phases. The vapor phase sample was 

collected by freezing the vapor phase on the cooled vial. The samples were 

dissolved in milliQ water to be analyzed by high performance liquid 

chromatography (HPLC). 

   Figure 6-1. Schematic view of the custom-designed VLE measurement set-up. 

Sampling vial 

Heater-Magnet 

Vacuum pump 

Liquid nitrogen 

Liquid Gas 



 Separation of CA/ 2-PA mixture using spinning band distillation column 

169 

 The experimental isobaric-VLE data was fitted using the Aspen Plus V12.1 

regression tool to predict the parameters of the non-random two-liquid 

(NRTL) model. 

2.3. Thermal stability study 

The thermal stability of the acids during the distillation process was 

examined. About 5 g of CA/2-PA mixture was prepared in a vial with a mass 

ratio of 80 to 20, respectively. Afterwards, the vial was subjected to 110 ˚C 

and 145 ̊ C for a certain contact time in the range of 0-10 h. The samples were 

taken before and after heating and analyzed by Proton Nuclear Magnetic 

Resonance (1H-NMR) to investigate the isomerization and polymerization of 

the acids. 1,2,4,5-Tetrachloro-3-nitrobenzene was added as an internal 

standard. The peaks were identified using ChemDraw 20.0 software. 

2.4.  Distillation of the CA/2-PA mixture using the spinning 

band column 

The distillation in the SBC from NORMAG (now Pfaudler Group, Ilmenau, 

Germany) was performed in a batch-wise operation mode inside of a mobile 

fume-hood. The PTFE spinning band consists of seven segments of each 95.8 

mm height, screwed together thus adding up to a length of 670.6 mm as an 

active separation length. The whole band was mounted to a bearing with a 

downside direction and driven by a stirrer motor (IKA Eurostar 200, Staufen, 

Germany) connected by a shaft at the top side. Rotation speed of the 

spinning band is set to 50 rpm for the whole time. The column’s heating 
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jacket is located over the whole column, except for the sump. It was pre-

heated to 110 ˚C by a glass heat exchanger connected with a thermostat 

(Ministat 125 cc, Huber, Offenburg, Germany). 

The most crucial part was to ensure that the column was operated under a 

high vacuum condition of 50 mbar. There-fore, the vacuum pump PC 3001 

VARIO select (Vacuubrand GmbH, Wertheim, Germany) was connected to 

the reflux condenser via a cold trap. To begin the distillation process, at first 

the column's heating jacket was filled with silicone oil (Lauda Ultra 350) to 

preheat the distillation column to 110 °C. Moreover, deionized water was fed 

into the column to heat up the column from the inside, and evaporated and 

then removed from the system at the top outlet. 

Figure 6-2. Experimental set-up of the insulated vacuum distillation plant in batch operation 

mode, right side scheme of a batch distillation column adapted after [32]. 

The feed mixture runs down the column in the gap between the glass wall of 

the column and the spinning band, guided by the helical band. By rotation of 

the band, a thin liquid film is formed on the glass wall and continuously 

refreshed by the rotation. The vapor streaming upwards follows along the 
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path of the spinning band and continuously contacts the liquid film. This 

effect is similar to an Archimedean screw, where the rotation induces upward 

force to the liquid. Flooding is always caused because of an excessive 

accumulation of liquid at a specific location that negatively affects the desired 

separation process. It occurs due to the liquid level being too high, either due 

to high rotation speed or the evaporation rate. At this point, the vapor cannot 

pass through the gap and a high pressure drop and flooding along the column 

occurs, similar to conventional industrial scale columns [30,31] Since mass 

transfer in the column takes place primarily in the falling film on the glass 

wall, it is particularly important to minimize the heating loss as much as 

possible. Due to this, the DN25 glass column was insulated with a DN50 

vacuum double jacket over the whole active separation area. Moreover, 

aluminum cladding and a combination of 10 mm Spaceloft and 30 mm 

rockwool insulation surrounded the whole column during operation, as seen 

in Figure 6-2. 

The vapor leaves the column at its top, enters the reflux condenser and 

condenses there. Depending on the valve’s position (see Figure 6-2) the 

condensate flows back into the column (when the reflux value is larger than 

zero) or is led to the distillate condenser and leaves the column as the top 

product. 

2.5.  Analysis 

High Performance Liquid Chromatography (HPLC), The concentrations of CA 

and 2- PA were measured using a HPLC [Agilent Hi-Plex H column (300 × 7.7

mm) with a refractive index detector on an Agilent 1200 series HPLC system;
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mobile phase, 5 mM H2SO4 solution; column temperature of 65 ˚C at a flow 

rate of 0.6 mL/min]. 

Gas Chromatography – Mass Spectroscopy (GC-FID/MS), The acid mixture 

samples were dissolved in acetone and analyzed by using GC-MS (GC – 

7890A, MS – 5975C Agilent Technologies system) equipped with an Agilent 

HP-5MS HP19091S-433 capillary column (60 m, ID 0.25 mm, Film thickness: 

0.25 μm). The column was packed with (5%-Phenyl)-methylpolysiloxane. 

Helium was used as carrier gas with a constant flow of 1.95 mL.min-1. The 

oven temperature was programmed from 45 ̊ C (4 min) to 280 ˚C at a heating 

rate of 3 ˚C.min-1 and was held at 280 ˚C for 20 min. The injector and the 

column to the MS interface were maintained at a constant temperature of 

250 ˚C and 280 ˚C, respectively. A sample of 1 μL was injected into the GC. 

The MS was operated in electron ionization mode, and ions were scanned in 

an m/z range from 15 to 500.  

Proton Nuclear Magnetic Resonance (1H-NMR), The final purity of CA 

collected as a top product was further evaluated by 1H-NMR. Moreover, to 

study whether or not the polymerization and the isomerization occur during 

distillation of this unsaturated acids mixture, thermal stability experiments 

were performed in which the samples were analyzed by 1H-NMR as well. All 

the samples were dissolved in deuterated chloroform and analyzed by 1H-

NMR, using a Bruker Ascend 400 (400.1316 MHz).  

Karl- Fischer Titration (KFT), The water content of the condensate was 

determined by Karl- Fischer Titration using a Metrohm 787 KFTitrino. 

Hydranal composite 5 was titrated from a 20 mL burette filled with a mixture 
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of methanol and dichloromethane in volume ratio of 3 to 1. The sample was 

analyzed in triplicate with a relative error less than 1%. 

3. Results and discussion

3.1.  VLE study for CA/2-PA mixture 

The isobaric-VLE behavior of the acids mixture was investigated under 

reduced pressures of 50 and 100 mbar. To test the performance of the newly 

developed VLE set-up, the isobaric-VLE data for the CA/2-PA mixture with 

mass ratio of 10 to 90, was first measured using a Fischer Labodest VLE 602 

ebulliometer. At this composition, also the ebulliometer could be applied, 

while at high CA compositions the crystallization in the cold zones of the 

ebulliometer caused operational problems. Then, VLE data of the same 

mixture was obtained with the custom-designed set-up. As shown in Table 6-

1, the difference in mass fraction of CA in the vapor phase (y) obtained by 

both apparatuses for the same mixture was only 0.0125. Therefore, it can be 

concluded that the newly designed set-up provides comparable isobaric-VLE 

data to the Fischer Labodest VLE 602 ebulliometer. Thus, the isobaric-VLE 

data was collected for CA/2-PA mixtures at various compositions ranging up 

to pure CA using the custom-designed VLE equilibrium cell. 

Table 6-1. Comparison of the performance of Fischer Labodest VLE 602 ebulliometer and 
custom-designed equilibrium cell, using CA and 2-PA mixture with mass ratio of 10:90, at 50
mbar and 110 ˚C. 

x yEbulliometer yCell 

0.10 0.203±0.012 0.216±0.020 
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The x-y and T-xy diagrams of the mixture are shown in Figure 6-3 and 6-4, 

respectively. Based on the VLE-results, it can be concluded that ordinary 

distillation appears to be a feasible method to separate CA and 2-PA mixture, 

as no azeotrope is observed, and appropriate relative volatility is shown 

without severe pinch-point(s). 

A data regression of the experimental VLE data was made using the Aspen 

Plus V12.1 regression tool to predict the binary interaction parameters of the 

NRTL model. The parameter Cij was fixed at 0.3 which found to be a suitable 

value for the carboxylic acid mixture [33]. The other parameters were 

modeled using the default equations in the simulator and the convergence 

algorithm of Britt-Leucke with a tolerance of 0.0001. The estimated NRTL 

binary parameters are given in Table 6-2. These parameters can be used to 

design a distillation process for separation of the CA/2-PA mixture. 
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  Figure 6-3. y-x diagram for CA/2-PA mixture at 50 and 100 mbar. 

Table 6-2. Estimated NRTL parameters for CA/2-PA mixture over the temperature range is 
between 101 to 127 °C.a  

aBy regression of experimental isobaric-VLE data at 50 and 100 mbar using the Aspen Plus
V12.1 regression tool. The standard deviation of VLE data obtained by equilibrium cell are 
about 0.0006 and 0.005 for x and y, respectively  
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   Figure 6-4. T-xy diagram for CA/2-PA mixture at 50 and 100 mbar. 

As shown in Figure 6-3 and 6-4, there is a very good agreement between the 

experimental data and the model predictions based on the NRTL-model that 

was fitted on the data obtained at 50 and 100 mbar. The relative volatility of 

CA over 2-PA is similar at both experimental pressures, and no significant 

improvement was achieved at lower CA compositions with reducing the 

pressure by a factor of two. However, as can be clearly seen from the graph, 

the increase in vapor phase mass fraction (y) at highly concentrated CA 

mixtures (x>0.6) is considerable when the pressure is reduced from 100 mbar 

to 50 mbar. It seems there is a pinch point at x>0.9 at a pressure of 100 mbar, 
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while being much less pronounced or even absent at 50 mbar. Since the 

lower pressure is also beneficial in terms of product stability (the acids tend 

to polymerize at higher temperatures), a minimum achievable vacuum was 

applied in the subsequent SBC studies, allowing us to obtain the highest 

purity of CA in the top product and limiting polymerization as much as 

possible. 

3.2. Theoretical stages for full separation 

Using the McCabe-Thiele method and NRTL-based fitted y-x diagram of 50 

mbar, the total number of stages was calculated at reflux ratio of 2. The 

results are shown in Figure 6-5. Accordingly, the total number of equilibrium 

stages is almost 9, including the partial condenser. Based on this analysis, and 

the results obtained in a previous study where the SBC was developed [28,29], 

performing a distillation in the SBC set-up to obtain CA with high purity 

appears to be well-feasible. However, this stage construction should be taken 

as a first orientation for process design, but has to be validated for scale-up 

purposes. 



Separation of CA/ 2-PA mixture using spinning band distillation column 

178 

Figure 6-5. y-x diagram for CA/2-PA mixture (mass ratio: 80/20) at 50 mbar, fitted by the 
NRTL model. The stages are calculated by the McCabe-Thiele method with reflux ratio of 2. 

3.3.  Investigation of thermal stability of CA/2-PA mixture 

CA and 2-PA are unsaturated carboxylic acids which can undergo 

dimerization (eventually polymerization) and isomerization at elevated 

temperature [34]. Thus, the thermal stability of the CA/2-PA mixture was 

investigated under applied distillation conditions. A mixture of CA/2-PA 

(mass ratio of 20:80) was exposed to elevated temperatures of 110 and 145

˚C for contact times up to 10 h. The 1H-NMR spectrum of the samples before 

and after heating are shown in Figure 6-6. In the first trial, the actual 

distillation process was simulated in which the acid mixture was subjected to 

110 ˚C and 50 mbar for 5 h. As can be seen from the graphs, a peak appears 
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at around 1.3 ppm which corresponds to CA dimers, according to the 

ChemDraw 1H-NMR spectrum prediction tool. By performing the 

experiments at ambient pressure, similar results are found. By increasing the 

temperature to 145 ˚C, the isomerization and polymerization can be 

accelerated as these reactions mainly happen at elevated temperatures[34]. 

For the samples which were subjected to high temperature for 10 h, a few 

more peaks are visible at 0.89, 2.5, 5.3 and 6.9 ppm. Based on ChemDraw 

prediction, the peak at 0.89 ppm is related to methyl group of the dimers of 

2-PA, while the peaks at 2.5, 5.3 and 6.9 ppm can be assigned to the dimers

of both acids. In terms of the isomer of both acids, their methine group shift 

should occur one at around 5.9 ppm and another one at about 6.5 ppm [12]. 

The peak at 5.9 ppm is overlapped for all the isomers. There is no 

distinguishable peak at around 6.5 ppm. However, it is only an estimation 

and the peak might be shifted in the real mixture. It could be that the peak 

at 6.9 ppm is the overlapped methine group of the acids, isomers and dimers. 

Overall, it can be concluded that during distillation of a CA/2-PA mixture at 

110 ˚C and 50 mbar for about 5h, 2-pentenoic acid is thermally stable, while 

for CA a small quantity of the acid undergoes a dimerization reaction. Due to 

the complexity of the simulated mixture after heating, containing the acids, 

their corresponding isomers and dimers, and overlapping their 1H-NMR 

peaks, the quantification of the isomers and dimers was not possible. 
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Figure 6-6. 1H-NMR spectra of CA/2-PA mixture at 110 and 145 ˚C, d-peak corresponds to -CH3 
group of CA dimer and d´-peak corresponds to -CH2 group of the dimers of both CA and 2-PA. 
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3.4.  Separation of CA/2-PA by distillation 

The distillation column is operated under a reduced pressure of about 50-60 

mbar. When the column’s bottom temperature reaches a stable 100 ˚C, a 

mixture of CA/2-PA was prepared at the mass ratio of 80 to 20, and filled into 

the bottom of the column. 

Figure 6-7. Temporal course of the distillation process, showing (top figure): temperatures in 
the bottom temperature in yellow, mid-section temperature in green, top temperature 
indicated in blue; (middle figure): bottom pressure in the distillation column; (bottom figure): 
The reflux ratio, depicted as the ratio of valve open time divided by valve closed time. The valve 
opens the distillate exit. 

The process was run for about 5 h and during this time, the temperature was 

monitored in the top, the middle, and the bottom of the column. The 

pressure in the bottom was monitored, and the reflux was controlled by 
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alternating the opening and closing of the valve towards the distillate exit. 

From the profiles shown in Figure 6-7, it can be concluded that the 

temperature at the bottom was stable at around 108-110 ˚C. The 

temperature in the middle of the column started significantly lower at about 

75 ˚C, and after about 20 min the temperature rose to about 102 ˚C, just 

under the bottom temperature, and stayed there during the next hours. The 

temperature is well in agreement with the VLE behavior reported in Figure 6-

4.  

While initially the temperature in the top of the column was also 75 °C, like 

in the middle section of the column, during the first hour of operation the 

temperature dropped to 40 °C at an infinite reflux operation. It takes a long 

time for the vapor from the bottom to the top because on its way upwards 

the spinning band there is a small front of crystals forming that needs to be 

brought upward. The temperature rise marks the point at the experiment 

where the vapor gradually arrives at the top section. After the vapor has 

arrived, the reflux ratio is increased from 0 to 0.5 s·s-1, which occurred 

approximately after three hours. Then, the middle sections temperature 

increased slightly to 106 °C.  

The increase of the reflux means that the cooler now divides one part of the 

liquid back into the column and the other to the distillate cooler. Then the 

top temperature almost immediately increased to 100 °C. This occurs 

because the temperature sensor only measures the liquid phase temperature 

and with zero reflux there was no liquid phase present. During process 

operation the bottom pressure remained relatively constant at around 50-

60 mbar. For the first three hours of operation of this batch-wise distillation, 
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no distillate product was obtained since the vapor phase had not yet arrived 

at the column top. 

Furthermore, the overall mass balance of the process is not closed. Of 146.8

g feed  in the beginning of the process, afterwards 78.26 g at the bottom and 

40.94 g top product was obtained, resulting in an average mass loss of 27.6 g 

(18.80 % of the feed mixture). We found the pH of the washing water to be 

around 3-4. Hence, a sample of washing water was analyzed by HPLC which 

established that indeed a fraction of CA left the condenser in vapor phase. 

However, its quantity is <1 g which is not that significant. We assume the main 

fraction of the lost mass remained in the middle section of the column in 

form of crystals remaining on the spinning band and column wall. Moreover, 

some amount might be still attached to the gaskets as well as maybe in the 

tubes behind the condensers. Furthermore, a part should be accounted for 

the lost during handling such as in collecting the top products from the 

condensers. 

Table 6-3. Separation of the CA/2-PA mixture with a mass ratio of 80/20 at 5h by distillation 
using a SBC. 

P[mbar] 
T[˚C] 

Top/ 
Bottom 

Composition [wt%] 

CA 2-PA water

50 
110  

Top 98.2 <0.5 <1 

Bottom 61 30 <1 

Regarding the separation efficiency, as depicted in Table 6-3, GC-MS analysis 

of the top and bottom product confirms the successful separation of the acid 

mixture, as the top product is mainly CA with a purity of >98%. To ensure 

about the 2-PA content in the top product, 1H-NMR analysis was also 
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conducted to calculate the purity. According to 1H-NMR and GC-MS, 2-PA 

content in the top product is less than 0.5 wt%. The water content is <1 wt% 

based on KFT analysis. Thus, it can be concluded that distillation is definitely 

an appropriate technology to recover CA with high purity from CA and 2-PA 

mixture.  

3.5.  Purification of CA obtained by pyrolysis of PHBV/PHBV-

enriched biomass by distillation 

Even though the separation of CA and 2-PA was successfully done using the 

commercial acids in SBC, the actual mixture obtained by pyrolysis of either 

the extracted PHBV or the PHBV-enriched biomass contains not only these 

acids, but also other side products. Therefore, it is worthwhile to investigate 

the purification of CA using the actual mixture. The pyrolysis was performed 

following the procedure reported in chapter 5. Briefly, a certain quantity of 

the PHBV-enriched biomass was separately loaded in the oven and pyrolyzed 

at around 240 ̊ C under a nitrogen flow rate of 0.15 L/min. In the case of using 

the extracted PHBV, pyrolysis was conducted under reduced pressure of 50 

mbar at 220 ˚C. Finally, the pyrolyzate (the vapor phase) was condensed and 

collected to be applied in the distillation process. Due to the scale of the 

pyrolysis set-up and limited amount of the bio-based materials, it was not 

possible to produce a high quantity of pyrolyzate which can be applicable in 

SBC. Therefore, a certain quantity of CA/2-PA mixture were added to the 

pyrolyzate mixtures, allowing a proper amount of feed to be used in SBC. 

Table 6-4 represents the distillation results for these mixtures. The purity of 

CA gained using the pyrolyzate mixture of PHBV and PHBV-enriched biomass 
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are 96 and 93%, respectively. Compared to CA achieved by distillation of the 

commercial chemicals, there is a slight reduction in the purity of CA obtained 

from the pyrolyzate mixture distillation. This can be explained by other 

possible volatile side-products, originating from the pyrolysis step. According 

to GC-MS, isocrotonic acid, 4-pentenoic acid and 3-butenoic acid are the 

main volatile by-products that can end up in the top product and 

consequently decrease the purity of CA. Furthermore, the 2-PA purity that 

was obtained was much lower than the CA purity, which is due to the drying 

up of the vapor stream, which prohibited continued distillation. Future work 

on a continuous distillation process would allow us to also obtain 2-PA in high 

purity. Overall, the achieved purity is similar to the results obtained by Parodi 

et al. [22] using MMC-based PHB in thermolytic distillation, meaning that a 

relatively pure CA production is also feasible using MMC-based PHBV which 

can be an excellent candidate to reduce acid production cost through the 

bio-based pathway.  

Table 6-4. Recovery of CA from the pyrolyzate mixtures obtained by pyrolysis of pure MMC-
based PHBV and PHBV-enriched biomass using SBC at 50 mbar, 110 ˚C and 5h. 

Feed (CA/2-PA) [wt%] Material used 
for pyrolysis 

Top/ 
Bottom 

Composition [wt%] 

CA 2-PA water 

80/20 + 2% PyPHBV PHBV Top 96 0.06 <1 

Bottom 65 22 <1 

80/20 + 6% PyBiomass-

PHBV

PHBV-enriched 
biomass 

Top 93 16.5 <1 

Bottom 60 25 <1 
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4. Conclusion

The production of pure CA through thermal depolymerization of bio-based 

PHBV co-polymer requires downstream purification steps because of the 

various side-products, originating from each monomer. 2-PA is the main by-

product, arising from thermal decomposition of the HV monomer. Therefore, 

separation of CA/2-PA mixtures via distillation was investigated in this study. 

To assure thermal stability of these unsaturated acids, distillation must be 

performed under reduced pressure conditions. The results indicate that 

indeed distillation appears to be a feasible technique to recover CA with a 

purity of >98% from CA/2-PA mixture using the SBC at 50 mbar. Moreover, 

the purification of CA obtained by pyrolysis of either PHBV-enriched biomass 

or extracted PHBV itself was also studied under the same applied conditions. 

It was found that CA can be recovered from pyrolysis oil with a purity of 96 

and 93% using the pyrolyzate mixture, obtained from pyrolysis of the PHBV-

enriched biomass and extracted pure PHBV from the same biomass batch, 

respectively. Regarding the operation condition of the SBC for this mixture at 

semi-batch mode, overall, the distillation process under vacuum is 

controllable. A stable operation can be achieved during distillation for several 

hours. Although the entire column was insulated, crystallization of CA still 

was observed at the top section of the column, which may be prevented by 

further improvement of the insulation. The observed product purity was very 

high. Further optimization potential could be offered by further increasing 

the temperature of the silicone oil at the bottom of the column. To minimize 

the mass loss in the process, potentially renewed gaskets might help to a 

small extent. Due to the vibrations of the rotation of the spinning band it is 

assumed though that it can never be perfectly sealed. Maybe it would 
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possible to use vacuum distillation but no spinning band distillation to 

minimize vibrations. On the other hand, it could be investigated further 

whether after the process the column can be washed with acetone and the 

product can be obtained out of the acetone as well and if that is feasible to 

do. 

Considering all technical results on the CA and 2-PA separation, we conclude 

that it is certainly possible to separate these two acids by distillation after 

pyrolysis of PHBV. The future availability of much more starting materials 

from pilot scale PHBV production and extraction studies at Paques 

Biomaterials BV will also enable studies on fully continuous distillation, which 

is expected to be easier to control. The distillation may be combined with 

crystallization of CA for the final purification. Further studies towards bio-

based polymer production from these bio-based monomers could include a 

more general sustainability analysis. 
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Nomenclature: 

CA Trans-Crotonic Acid 
GC-MS Gas Chromatography-Mass Spectroscopy 

GC- FID/MS Gas Chromatography-Flame IR Detector/Mass Spectroscopy 
HV Hydroxy Valerate 
HB Hydroxy Butyrate 
HPLC High Performance Liquid Chromatography 
1H-NMR Proton Nuclear Magnetic Resonance 
KFT Karl- Fischer Titration 
MMC Mixed Microbial Culture 
NRTL Non-Random Two-Liquid model 

PHB Poly(3-hydroxy butyrate) 
PHBV Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate) 
2-PA 2-Pentenoic Acid
PTFE Polytetrafluoroethylene 
PyPHBV Pyrolyzate mixture of PHBV  

PyBiomass-PHBV Pyrolyzate mixture of PHBV-enriched Biomass 
SBC Spinning Band Column 
VLE Vapor Liquid Equilibrium 
VFA Volatile Fatty Acid 
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1. Conclusions and outlook  

The aim of this thesis was to provide a bio-based pathway to produce 

crotonic acid (CA) from a waste/wastewater. Anaerobic digestion of a 

carbon-rich waste results in production of volatile fatty acids (VFAs)  [1]. 

These VFAs can be used as feedstock for bacteria operating in an aerobic 

digestion. Under manipulated fluctuating stressful conditions (feast and 

famine), where in periods bacteria are given a limited amount of nutrients, 

alternated with periods of abundance, during the abundance periods some 

of these bacteria convert VFAs into polymers of the family 

Polyhydroxyalkanoates (PHAs) as a storage of carbon and/or energy source 

[2,3]. Such PHAs are bio-based and green polymers which can be appropriate 

replacement for conventional polymers such as polyethylene (PE) and 

polypropylene (PP) [4]. Nonetheless, the price of PHA bio-polymer from sugar 

solutions in single sterile cultures is still about three to four times higher than 

the aforementioned fossil-based polymers [5]. An alternative to dedicated 

sugar solutions in single sterile cultures to reduce the total price of PHA is to 

use a carbon-enriched waste/wastewater (e.g. food waste) as a feedstock for 

the microorganisms in an open mixed microbial culture (MMC) [6]. However, 

the main drawback of this approach is daily variation in the composition of 

the waste which results in production of PHAs with variation in properties. If 

the produced polymer does not meet the polymer market requirement, it 

can be alternatively further valorized by depolymerizing it towards its 

corresponding monomers [7]. In most cases, Poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) co-polymer is the type of PHA which is produced in 

MMC using a waste as a feedstock. Since it consists of two monomeric units, 

the thermal depolymerization of PHBV yields into the two monomeric 
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products CA and 2-pentenoic acid (2-PA), which have a wide range of 

applications in various industries. In this study, these monomers have been 

produced by a multistep process. The main conclusions and prospective for 

each step are given in the following sub-sections.  

 

1.1. Recovery of the VFAs from a fermentation broth by 

adsorption 

Adsorption is an affinity separation technique, enabling to separate a target 

molecule from highly dilute solutions [8-10]. Therefore, it was selected to 

recover the VFAs from a fermentation broth as the VFA content of these 

broths are usually less than 1%. In the previous work in SPT group, the 

separation of VFAs from a mimicked fermentation broth was studied using 

poly(styrene divinylbenzene) (PS-DVB) based adsorbents (referred as 

Lewatit) [11]. It was found that the amine functionalized resins attracted not 

only the VFAs but also the mineral acids (the salts) which are typically present 

in the fermentation broth. Thus, their capacity towards VFAs was limited. A 

different trend was observed for the non-functionalized adsorbent, where 

no affinity towards minerals was found and a high loading capacity for the 

VFAs. The physical interaction between the VFAs and the Lewatit (and not 

ion exchange) enabled regenerating the resins by thermal desorption and 

recovering the loaded acids through the vapor phase. In the previous work, 

the findings of the author displayed that it is possible to fractionate the 

loaded acids during thermal regeneration to obtain them in concentrated 

form by applying a proper temperature profile based on the boiling points of 

the loaded components. Although there is no interaction between the water 
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and hydrophobic Lewatit, water physically filled the pores during adsorption. 

Hence, the fractionation of the water and VFAs was challenging in thermal 

desorption. Because a large fraction of the loaded VFAs were desorbed 

during water removal, meaning that a limited amount of VFAs were obtained 

in highly concentrated form. Therefore, in the current study, the goal was to 

enhance the concentration factor during adsorption-desorption of VFAs by 

improving the balance between the acids and water either in adsorption step 

or during desorption. 

To enhance the adsorption stage, there were two directions; either 

increasing the affinity between the adsorbent and VFAs to increase the 

capacity, or limiting the water uptake by the adsorbent to increase the 

selectivity. In this thesis, the methacrylonitrile (MAN) and styrene (ST), 

crosslinked with DVB were investigated which were provided by Wrocław 

University of Science and Technology in a collaborative study. The MAN-DVB 

was applied aiming to enhance adsorption stage by increasing the VFAs 

loading via hydrogen bonding between the nitrile groups of the MAN-DVB 

and the acids. While ST-DVB with small pore volume was applied aiming to 

reduce water uptake during adsorption. A maximum VFAs loading capacity 

of about 153 [gAcid/kgAdsorbent] was found for the MAN-DVB resins which 

is comparable to the ones obtained by Lewatit. Whilst the maximum surface 

area of MAN-DVB particles was about twice lower than Lewatit. It indicates 

that hydrophobic interaction is not the only separation mechanism for MAN-

DVB resins. The nitrile groups of the adsorbent also enabled hydrogen 

bonding between the resin and the carboxyl group of the acids. Moreover, 

the MAN-DVB resins showed no affinity towards the mineral acids (salts) 

which is an excellent finding as there is no competitive adsorption between 
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the VFAs and the salts. However, the nitrile groups increase the polarity of 

the adsorbent, resulting in high water uptake for MAN-DVB resins.  

The second hypothesis to enhance the adsorption step was to limit the water 

uptake of ST-DVB while maintaining the VFAs loading constant. Thus, ST-DVB 

with small pores were employed to adsorb the VFAs from a mimicked broth. 

The results illustrated that indeed the water uptake of ST-DVB resin reduces 

significantly by reducing the average pore size and pore volume of the 

particles. ST-DVB resin with limited water uptake can also be a proper 

candidate to separate the acids from a dilute aqueous solution, followed by 

effective thermal desorption to recover the VFAs at high concentration due 

to their limited water uptake. Overall, at similar surface area, the MAN-DVB 

adsorbents retained a higher loading capacity for corresponding acid, 

compared to the ST-DVB resins, due to the hydrogen bonding between the 

adsorbent and the acids. It can be concluded that selecting MAN-DVB or ST-

DVB with small pores depends on the required final concentration of the 

recovered VFAs. If recovering highly concentrated acids is the goal, it is 

recommended to use ST-DVB with limited pore volume and reasonable 

surface area  to reduce water uptake and enhance thermal regeneration 

stage. If high VFAs adsorption capacity is the main focus, it is better to apply 

MAN-DVB resins due to their high selectivity towards the VFAs.  

In the next step, a superparamagnetic polymer was synthesized, aiming at 

enhancing the fractionation of water and acids during the thermal 

regeneration of the adsorbent and recovering the loaded VFAs in highly 

concentrated solution. Previously, the thermal desorption of the non-

functionalized PS-DVB adsorbent was performed by hot N2 gas stripping [11]. 

The heat-insulating character of PS-DVB resins limits heating up the interior 
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of the resin particles by hot N2 stripping, resulting in a temperature gradient 

inside the particles that hinders sharper fractionation. Loading the adsorbent 

with superparamagnetic nanoparticles provided an opportunity to generate 

heat inside the particles by applying an alternating magnetic field (AMF). 

Moreover, by heating the particles from inside, it was possible to generate 

water bubbles in the pores which can physically push out a fraction of water 

without evaporating. The main goal of this thesis was to recover water as 

much as possible without remarkably removing the loaded VFAs using AMF 

heating. Hence, recovering a significant quantity of the acids in concentrated 

form by hot N2 stripping in the next stage. Therefore, a superparamagnetic 

resin was synthesized, and an AMF set-up was designed.  

The basis of the superparamagnetic beads was poly(divinylbenzene) (PDVB) 

incorporated with oleic acid (OA) grafted superparamagnetic magnetite 

nanoparticles (OA-MNPs). The MNPs were synthesized by the co-

precipitation method and functionalized with oleic acid. Following this step, 

the OA-MNPs were embedded in the matrix of the polymer during 

suspension polymerization. Adsorption was conducted using the synthesized 

beads in a packed bed column. Desorption was performed in two steps, 

starting with AMF heating at 25 mT and 52 kHz to remove a large fraction of 

the loaded water, followed by a hot N2 stripping stage to recover the 

adsorbed VFAs. It was found that 90±9% of the water in the pores was 

recovered while only 11±2% of total loaded VFAs were removed by AMF 

heating. Although this preliminary study confirmed a successful fractionation 

of water and VFAs by AMF heating prior to hot N2 stripping, it is required to 

further optimize this approach. Due to the limited time and broadness of the 

thesis, optimization of the AMF powered fractionated regeneration could not 
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be realized. Therefore, the recommendations for possible future work on this 

approach are given in the following sub-sections: 

There are three different mechanisms for an MNP to generate heat during 

AMF, Brownian relaxation, Neel relaxation and Weiss domain relaxation. 

Brownian relaxation refers to the rotation of an MNP to align in the same 

direction of the applied external magnetic field. Neel relaxation is the 

rotation of the magnetic moments of a single MNP according to the external 

magnetic field lines. Domain rotation is only possible for the MNPs with 

larger diameters in which each single MNP can contain multiple Weiss 

domains where the magnetic moments are randomly aligned. Therefore, a 

fixed superparamagnetic particle subjected to an AMF can dissipate heat 

only by Neel relaxation mechanism. In the current study, the OA-MNPs are 

small superparamagnetic particles, fixed in the matrix of the polymer. It 

means the heat generation by these OA-MNPs was not optimal. Moreover, 

the function of the preliminary custom-built AMF set-up in this work was 

limited to a certain frequency (52 kHz) and magnetic field intensity (25 mT) 

using a small column. While the higher the frequency and magnetic field, the 

higher heat generation by MNPs. Therefore, the heat dissipation in AMF can 

be enhanced even further by following alternatives:  

1. Increasing the size of the OA-MNPs. The core size of OA-MNPs used 

in this study was about 10 nm. Tong et al. [12] explored that the 

magnetic nanoparticles with size greater than 20 nm have 

significantly high heat dissipation. By optimizing the synthesis of the 

MNPs to limit the size distribution and achieve the average size 

between 20-40 nm, the heat generation could most likely be 

remarkably enhanced. The particles with core size above 20 nm are 
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most likely not single domain superparamagnetic nanoparticle. They 

are ferromagnetic nanoparticles with multiple Weiss domains. 

Although the saturation magnetization of the particles with larger 

core diameters is lower than superparamagnetic particles, the total 

heat produced may be larger due to the rotation of the Weiss 

domains with respect to the applied magnetic field in AMF that can 

contribute to the heat production. It is worth mentioning that 

increasing the size of nanoparticles beyond 40 nm is not beneficial 

for this application. Because they require significantly high applied 

power to generate strong AMF and consequently dissipate heat. 

2. Physically incorporating the OA-MNPs in the pores, without 

encapsulating them in the polymeric matrix, and thus allowing them 

to rotate in the AMF. By physically entrapping the MNPs in the pores 

of already synthesized resin, it may be possible to prepare a 

superparamagnetic polymer in which the MNPs are able to rotate 

and increase heat generation by Brownian relaxation. This method is 

feasible using a porous resin with pore size greater than the size of 

the MNPs and by dispersing the NMPs in a solvent which can easily 

penetrate into the pores of the resins. Finally, by evaporating the 

solvent, the MNPs can be impregnated in the pores.  

3. Enhancing the AMF set-up to reach high frequency and magnetic 

field intensity. The higher the frequency and magnetic field intensity 

the higher produced heat by MNPs. The impact of the frequency is 

greater than the magnetic field intensity. According to linear 

response theory (LRT), the maximum heating efficiency of MNPs can 

be achieved when their relaxation time approaches the period of 
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AMF. This theory can be used to predict the required frequency for 

MNPs with certain core size to generate heat with optimal efficiency. 

For example, it is predicted by LRT that the highest heat dissipation 

by MNPs with 40 nm can be obtained at 300 kHz [12]. Moreover, the 

AMF set-up can be modified to monitor the temperature of the 

particles loaded in column by an infrared camera thermocouple 

during AMF. It can aid the calculation of the produced heat by 

measuring the increase in the temperature of the solution that the 

particles are dispersed. In the current set-up, the diameter of the 

outlet of the column is small (<1 cm). The system was working under 

reduced pressure, meaning that the outlet was well insulated. Thus, 

it was challenging to properly place an infrared camera to directly 

monitor the temperature change in the column during AMF.  

Another possible optimization of the total VFA recovery through the 

proposed method can be obtained by heat integration. In the current set-up, 

the cold water pumped through the hollow coil to cool it down during AMF. 

In the optimized process, it is recommended to integrate the induced heat in 

the coil in the process. For example, it can be used to heat up the N2 gas for 

the hot nitrogen stripping phase, allowing further optimization towards less 

power consumption in the overall process. 

 

1.2. Recovery of MMC-based PHBV using solvent extraction 

PHBV was obtained from a waste/ wastewater using a mixed microbial 

culture (MMC). In the current study, the average molecular weight (MW) of 

PHBV was purposely reduced from about 1 MDa to about 200 kDa by drying 
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the PHBV-rich biomass at elevated temperature of 120 ˚C for 18 h to ease 

extraction and handling. At the company Paques Biomaterials, drying time 

can be varied to manipulate the molar weight of the PHBV. As the final 

application of these PHBV co-polymer was to be pyrolyzed towards CA and 

2-PA, having high average MW was not essential. However, lowering the 

average MW can extremely affect the solubility of the polymer and 

consequently the extraction yield using a solvent. Because solvent extraction 

of PHBV requires a next step to retrieve the polymer in solid form which  can 

be done by either evaporating the solvent or adding an antisolvent, 

depending on the nature of the solvent and required purity of polymer. If a 

solvent has low boiling point, the polymer can be retrieved by solvent 

evaporation. However, its purity would be much lower than polymer 

obtained by using an antisolvent. For the polymers with low average MW, it 

can be challenging to fully recover them from good solvents using an 

antisolvent due to their high solubility. 

In this thesis, the bio-based solvents 2-methyltetrahydrofuran (2-MTHF) and 

dihydrolevoglucosenone (cyrene) were used to extract PHBV with low 

average MW. Moreover, the performance of these proposed bio-based 

solvents was compared with chloroform and dimethyl carbonate (DMC) as 

benchmark solvents using different batches of the PHBV-enriched biomass 

with various average MW. The results indicated that the proposed new 

solvents are preferred over the benchmarks for the extraction of PHBV with 

low average MW. For example, 2-MTHF resulted in 62±3% extraction 

efficiency for PHBV with MW of about 100 kDa while it was only 32 and 20% 

for chloroform and DMC, respectively. Based on the mass balance closure 

over the extraction process, the precipitation step is the major limiting stage 
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when a good solvent is employed to extract a polymer with relatively low 

average MW.  

In this study, the extraction with 2-MTHF and cyrene was optimized to 

recover the PHBV with the lowest average MW out of the samples available. 

However, due to the limited amount of the available PHBV-enriched biomass, 

the solvent extraction experiments were performed in small scales using 10 

mL solvent and about 0.5 g biomass. Therefore, it is recommended to scale 

up the extraction procedure at optimized conditions for both solvents to 

experimentally determine the maximum reusability of the solvent and its loss 

per cycle. These are also the required parameters for final process design and 

scale-up. Obviously, a fraction of solvent remains in the residual biomass 

after the extraction. For 2-MTHF based extractions, the remaining solvent in 

the biomass residue can be easily recovered by drying the residues and 

condensing the vapor phase. Regarding cyrene, it is not volatile and has a 

high boiling point of 227 ˚C. The remaining solvent in the residual biomass 

can be obtained by rinsing the residues with ethanol, followed by 

ethanol/cyrene separation with distillation. In terms of recovering solvent 

from the supernatant, the separation of 2-MTHF and n-heptane can be also 

done by distillation. Similarly, the mixture of the antisolvent (ethanol/water) 

can be also separated from cyrene by distillation, where it is noted that a 

small part of the cyrene will be converted in the geminal diol [13]. 

 

1.3. Pyrolysis of MMC-based PHBV towards CA and 2-PA 

Depolymerization of PHBV yields into CA and 2-PA, originating from hydroxy 

butyrate (HB) and hydroxy valerate (HV) repeating units, respectively. In this 
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thesis, aiming at obtaining high yields of both CA and 2-PA from MMC, direct 

pyrolysis of the PHBV-enriched biomass into CA and 2-PA was studied either 

under an inert atmosphere using N2 carrier gas flow or under reduced 

pressure using a custom-designed oven pyrolyzer. Applying nitrogen as a 

carrier gas enabled to experimentally optimize thermal depolymerization of 

the PHBV towards CA and 2-PA by manipulating the mean residence time of 

the hot vapor phase. The highest yields of 80±2% for CA and 67±1% for 2-PA 

were obtained at 0.15 L/min nitrogen flow rate corresponding to a mean 

residence time of 20 s, 240 ˚C for 1 hour. When the pyrolysis was conducted 

at a reduced pressure of 150 mbar instead of using nitrogen gas, a 

comparable acid yield was obtained. In this thesis, the highest yield of CA 

that was attained is comparable to those obtained by pyrolysis of pretreated 

PHB/PHB-enriched biomass and catalyzed pyrolysis. Overall, the custom-

built pyrolysis set-up displayed an excellent operation performance using 

both N2 flow and reduced pressure.  

 

1.4. Separation of CA and 2-PA mixture by distillation  

According to the results obtained in chapter 5, pyrolysis of PHBV yields a 

mixture containing CA, 2-PA, isocrotonic acid, 3-butenoic acid, 4-pentenoic 

acid, 3-pentenoic acid and oligomers with CA and 2-PA being the 

predominant products. Aiming to use CA and 2-PA as bio-based monomers, 

requires a purification step to obtain the pure acids. In this thesis, we have 

experimentally explored the use of a spinning band distillation column (SBC) 

under vacuum operation to separate these acids. First, the thermodynamic 

feasibility for the distillation was studied by measuring VLE-data of the 
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mixture at process-relevant pressures of 50 and 100 mbar using a custom-

designed VLE set-up. Due to the high melting point of CA, Fischer Labodest 

VLE 602 ebulliometer was not applicable for the mixtures with high CA 

concentration. Thus, a custom-designed VLE set-up was fabricated which is a 

small equilibrium cell. The performance of the custom-built VLE cell was 

compared with Fischer ebulliometer using a CA/2-PA ( mass ratio: 10/90) 

mixture in both apparatuses at 50 mbar. A similar equilibrium mass fraction 

was obtained using both set-ups which confirmed the custom-designed VLE 

cell is relatively accurate and can be used to obtain the equilibrium data for 

a mixture. However, the temperature of the gas and liquid phase in this set-

up were measured using Pt-100 sensors, connected to a reader. The 

corresponding measurement error was about ±1 ˚C which can be reduced by 

replacing the sensors with a thermometer with high accuracy (e.g., RS PRO 

RS1710 Wired Digital thermometer) in the follow-up studies. The VLE data 

obtained by this equilibrium cell showed that there was a reasonable relative 

volatility over the entire composition range and no severe pinch points for 

the CA/2-PA mixture, which indicated that separation is achievable by 

distillation. Thus, SBC was employed to further examine the separation of 

CA/2-PA by distillation. A successful separation of CA with extremely high 

purity was achieved using SBC at 50 mbar and 110 ˚C. 

Regarding the operation condition of SBC for this mixture at semi-batch 

mode, several hours of distillation can be completed with a stable operation. 

Although, the entire column was insulated, crystallization of CA still was 

observed at the top section of the column, which may be prevented by 

further improvement of the insulation. Moreover, implementing two 

condensers in series with different operation temperature might increase 
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the recovery yield. Because in this thesis, the temperature of the condenser 

was kept at 75-80 ˚C to collect CA in liquid form and provide reflux in the 

column. Therefore, a fraction of CA left the condenser without being 

condensed due to its high melting point (72 ̊ C). Installing a second condenser 

with lower temperature can improve the total recovery yield. According to 

the results obtained from batch-wise distillation with SBC, for the final 

process design, it is recommended to experimentally study the continuous 

distillation process using either SBC or a conventional distillation column with 

at least 10 stages, which is well insulated to prevent CA crystallization in the 

relatively cold spots (<72 ˚C).  
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Nomenclature:  

AMF Alternating magnetic field 
CA trans-Crotonic Acid 
DMC Dimethyl Carbonate 
DVB Divinylbenzene  
GC Gas-Chromatography  
HB Hydroxy Butyrate 
HV Hydroxy Valerate  
MAN Methacrylonitrile 
2-MTHF 2-Methyltetrahydrofuran 
MMC Mixed Microbial Culture 
MNP Magnetite nanoparticles 
MW Molecular weight  
OA Oleic Acid  
PHAs Polyhydroxyalkanoates 
PHB Poly(3hydroxybutyrate) 
PHV Poly(3-hydroxy Valerate) 
PHBV Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate) 
2-PA 2-Pentenoic Acid 
PP Polypropylene  
PE Polyethylene  
PDVB Poly(divinylbenzene) 
PS-DVB Poly(styrene divinylbenzene 
SBC Spinning Band Column  
ST Polystyrene  
VFAs Volatile Fatty Acids 
VLE Vapor Liquid Equilibria  
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1. BET N2 adsorption-desorption isotherm for Fe3O4 

 

 

Figure S-1. Nitrogen adsorption-desorption isotherm for the synthesized magnetite 
nanoparticles. The particles were degassed at 280 ˚C for 150 h in a nitrogen environment prior 
to analysis. 

 

2. Calculation of the monolayer coverage for oleic acid 
grafted magnetite nanoparticles 

The following equation was used to calculate the minimum required quantity 

of oleic acid for a full monolayer coverage around the nanoparticles. 

𝑚𝑂𝐴 =
𝑀𝑂𝐴∗𝑆𝐵𝐸𝑇∗1020∗𝑚𝑁𝑃𝑠

𝑆𝑃∗𝑁𝐴
                                                             (S-1) 

Where MOA is the molecular weight of oleic acid in [g/mol], SBET is the BET 

surface area of the nanoparticles [m2/gFe3O4], mNPs is the mass of the 

nanoparticles used for the functionalization in [g], SP is the grafted area for a 
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single oleic acid molecule in [Å] and NA is Avogadro's number. To ensure a 

complete coverage on the surface of the nanoparticles, about 1.5 fold of the 

calculated quantity of oleic acid was used in the experiments.  

3. TEM image of the oleic acid grafted magnetite 
nanoparticles 

 

Figure S-2. TEM images of the synthesized oleic acid grafted magnetite nanoparticles. The 
particles were dispersed in toluene. 
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4. Calculation of the nanoparticle content in 
superparamagnetic polymer 

Atomic absorption spectroscopy (AAS) was applied to determine the 

magnetite content of the synthesized superparamagnetic polymers. The 

nanoparticle content of the superparamagnetic polymer was calculated 

based on the method described by Kokate et al. [1] There are 8 Fe3O4 per unit 

cell. Total Fe and O atoms per unit cell is 24 and 32, respectively. The weight 

of one unit cell can be calculated using the atomic mass of individual Fe 

atoms (55.84/6.02e23=9.275e-23 g) and O atoms (16/6.02e23=2.3657e-23 

g). Thus, the weight of one unit cell is equal to 307.6e-23 g. An overview of 

the numbers involved in the calculation is given in Table S-1. 

Table S-1. Calculation of the magnetite content in the synthesized superparamagnetic polymer 
using AAS.   

 

 

 

 

 

 

The mass of 
magnetic 
polymer 
used for 
AAS [g] 

Mass of Fe 
based on 
calibration 
curve [g] 

No. of Fe 
atoms  in  
 

No. of 
unit 
cells 

No. of 
Fe3O4 
 

Moles 
of 
Fe3O4 

Mass of 
Fe3O4 
[g] 

Fe3O4 in 
sample 
[wt%] 

0.0123 0.0010 1.1e19 4.6e17 3.7e1
8 6.1e-6 0.0014 11 
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5. BET N2 adsorption-desorption isotherm for 
superparamagnetic polymer 

 

 

Figure S-3. Nitrogen adsorption-desorption isotherm for the synthesized superparamagnetic 
polymer. The particles are degassed at 130 ˚C for 24 h in a nitrogen environment prior to 
analysis. 
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6. Water desorption using an alternating magnetic field 
(AMF); Pictures from the AMF heating step  
 

 

Figure S-4. The pictures from the AMF heating step to desorb water. 
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7. Evaporation modeling of water – butyric acid (HBu)
mixtures using the NRTL activity coefficient model

The NRTL activity coefficient model was employed to study the binary 

equilibrium of the water-butyric acid (HBu) system, and the residual 

concentration profiles during evaporation of dilute HBu in water mixtures. 

The following assumptions were applied in the aforementioned model: 

1. The liquid contains only water and HBu

2. Water and HBu are physically present in the pores of the

adsorbent meaning that the adsorption of HBu on the surface of

the pores is not taken into account.

3. 1% of the total loaded liquid evaporates in each equilibrium

stage.
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7.1. Vapor liquid equilibrium diagrams 

Figure S-5. Vapor-liquid equilibrium (VLE) diagrams for the water-butyric acid system at 
various applied temperatures. 

Table S-2. The applied NRTL binary parameters for the water-butyric acid system. 

Component 
i 

Component j Aij Aji Bij Bji Cij Source 

Water HBu 2.6442 -2.1196 90.1091 735.809 0.3 APV110 
VLE-IG 
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7.2. Residual concentration of water during evaporation of 
dilute HBu in the aqueous mixtures 

To study the residual concentration of water and acid during evaparation, we 

calculated the composition of the residue during the evaporation process, 

using small steps in which 1% of the total loaded liquid evaporates per step. 

Figure S-6 and S-7 show the selectivity of water removal as function of the 

residual concentration of water during evaporation at various applied 

temperatures for an initial water content higher and lower than 0.96 mole 

fraction, respectively. The selectivity is defined as the ratio of the activity 

coefficients multiplied by the ratio of the saturated vapor pressures, 

according to Eq. (S-2). 

𝑆 =
𝛾𝑤

𝛾𝐻𝐵𝑢
×

𝑃𝑤
𝑠𝑎𝑡

𝑃𝐻𝐵𝑢
𝑠𝑎𝑡    (S-2) 

Where S is water selectivity, γw activity coefficient of water, γHBu activity 

coefficient of HBu, Psat
w vapor pressure of water and Psat

HBu vapor pressure of 

HBu.  

At concentrations higher than around 0.96 mole fraction, the selectivity of 

water is lower than 1 at all applied temperatures, while at concentrations 

below 0.96 mol fraction water, the selectivity of water is above 1. It indicates 

that the acid is selectively being removed at high water molar fractions, 

resulting in an increase in water concentration. For the mixture with initial 

water content less than 0.96, the opposite trend is observed. Below this 

water content, as the selectivity of water is higher than 1, water is selectively 

being evaporated. 
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Figure S-6. Selectivity of water removal during evaporation of a highly dilute solution of 
butyric acid in water with initial water content of 0.98 mole fraction at various applied 
temperatures. 

Figure S-7. Selectivity of water removal during evaporation of a highly dilute solution of 
butyric acid in water with initial water content of 0.95 mole fraction at various applied 
temperatures.
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Table S-3. Vapor liquid equilibrium calculation for an aqueous solution of HBu at constant 
temperatures and various water mole fractions using the NRTL model. 

Table S-4. Vapor liquid equilibrium calculation for an aqueous solution of HBu at various 
temperatures using the NRTL model. 

Table S-3 presents the modeling results for a system with water mole fraction 

of 0.98 at different applied temperatures where x is the mole fraction of 

water in the liquid, γ is the activity coefficient, S is the selectivity and ω is the 

molar ratio of evaporated water to evaporated HBu. The results indicate that 

to remove 80% of water content at 70 ˚C from the mixture which contains 90 

wt% water, about 82% of the acid also evaporates.  

In the next modelling, the temperature was kept constant while the mole 

fraction of water differed for the loaded liquid. The results are shown in Table 

S-4. Overall, it proves that it is impossible to selectively separate water

𝑥𝑤𝑎𝑡𝑒𝑟  Temp. 
[˚C] 

𝛾𝑤𝑎𝑡𝑒𝑟  𝛾𝐻𝐵𝑢 𝑃𝑤𝑎𝑡𝑒𝑟
𝑠𝑎𝑡  

[bar] 
𝑃𝐻𝐵𝑢

𝑠𝑎𝑡

[bar] 
𝑆𝑤𝑎𝑡𝑒𝑟 𝜔 Evaporated 

water [%] 
Evaporated 
HBu [%] 

0.98 70 1 14.38 0.31 0.32 0.96 47 80 82 
0.98 90 1 12.66 0.70 0.77 0.91 45 80 84 
0.98 110 1 11.21 1.44 1.66 0.86 42 80 85 
0.98 130 1 9.99 2.71 3.29 0.82 40 80 87 
0.98 160 1 8.51 6.21 8.09 0.77 38 80 89 

𝑥𝑤𝑎𝑡𝑒𝑟  Temp. 
[˚C] 

𝛾𝑤𝑎𝑡𝑒𝑟  𝛾𝐻𝐵𝑢 𝑃𝑤𝑎𝑡𝑒𝑟
𝑠𝑎𝑡  

[bar] 
𝑃𝐻𝐵𝑢

𝑠𝑎𝑡

[bar] 
𝑆𝑤𝑎𝑡𝑒𝑟 𝜔 Evaporated 

water [%] 
Evaporated 
HBu [%] 

0.98 100 1 11.90 1.01 1.14 0.89 43 80 85 
0.96 100 1 9.46 1.02 0.91 1.12 27 80 74 
0.94 100 1.02 7.69 1.03 0.74 1.40 22 80 61 
0.9 100 1.05 5.38 1.07 0.52 2.06 19 80 40 
0.8 100 1.18 2.83 1.19 0.27 4.39 17 80 19 
0.7 100 1.34 1.89 1.36 0.18 7.5 17 80 12 
0.6 100 1.54 1.46 1.56 0.14 11.11 17 80 9 
0.5 100 1.76 1.24 1.78 0.12 14.90 15 80 8 
0.4 100 1.98 1.12 2.01 0.11 18.63 12 80 7 
0.3 100 2.22 1.05 2.25 0.10 22.14 9 80 6 
0.2 100 2.45 1.02 2.49 0.10 25.33 6 80 6 
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without losing acid in extremely dilute aqueous mixtures of HBu due to the 

high activity coefficient of the acid. 

8. Calculating the power generated by MNPs in AMF

Table S-5 summarizes the equations used to calculate the power generated 

by MNPs in AMF which are taken from Suriyanto et al. [2]. 

Table S-5. The equations used to calculate the heat generation by MNPs in AMF. 

Parameter Equation Nomenclature 
Neel relaxation time 𝜏𝑁  
[s] 𝜏𝑁 =

√𝜋

2
𝜏0

𝑒𝑥𝑝 Γ

Γ1/2

𝜏0 time constant [s] 

Gamma, Γ 
Γ =

𝐾𝑉𝑀

𝑘𝐵𝑇

K anisotropy constant [J/m3] 
VM magnetic volume [m3] 
kB Boltzmann constant  
T absolute temperature [K] 

Volumetric power 
dissipation, P [W/m3] 𝑃 = 𝜋𝜇0𝜒0𝐻0

2𝑓
2𝜋𝑓𝜏

1 + (2𝜋𝑓𝜏)2

𝜇0 free space permeability  
H0 magnetic field strength [A/m] 
f magnetic field frequency [1/s] 
𝜏 is effective relaxation time [s], 

𝜏 = 𝜏𝑁  (in our case) 
Equilibrium 
susceptibility, 𝜒0  𝜒0 =  𝜒𝑖

3

𝜉
(𝑐𝑜𝑡ℎ𝜉 −

1

𝜉
)

Initial susceptibility, 𝜒𝑖 
𝜒𝑖 =

𝜇0𝜙𝑀𝑑
2𝑉𝑀

3𝑘𝐵𝑇

𝜙 nanoparticle volume fraction 
Md domain magnetization [A/m] 

Langevin parameter, 𝜉 
𝜉 =

𝜇0𝑀𝑑𝐻0𝑉𝑀

𝑘𝐵𝑇
Specific lose power 
[W/kg] 𝑆𝐿𝑃 =

𝑃

𝜌𝜙

𝜌 nanoparticle density [kg/m3] 

Volumetric power 
dissipation of a 
polydispersion, 
𝑃[W/m3] 

𝑃 = ∫ 𝑃𝑔(𝐷)𝑑𝐷
∞

0

D particle diameter (m) 
LnD0 median of lnD 

Particle size distribution 
function g(D) 

𝑔(𝐷)

=
1

√2𝜋 𝜎𝐷
exp [

− (𝑙𝑛 (
𝐷
𝐷0

))
2

2𝜎2
] 

𝜎 standard deviation of lnD 
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Figure S-8. The experimental power output distribution. The size distribution of MNPs was 
obtained by TEM analysis.  T = 298 [K], K = 30000 [J/m3], 𝜌 = 5180 [kg/m3], Md = 4.46e+5 

[A/m], 𝜙 = 1, H0 = 25 [mT], f = 52 [kHz].

The area of the graph in Figure S-8 is the average produced power in this 

experiment which is about 100 mW.  

9. Thermal gravimetric analysis (TGA) graph of the extracted
polymer by 2-MTHF

The TGA graphs of the polymer precipitated by various methods are shown 

here. The pure PHBV and non-pure PHBV refer to the polymer precipitated 

by an antisolvent and solvent evaporation, respectively. As can be seen from 

Figure S-9, there is no residual mass for pure PHBV after ~280 ˚C. Therefore, 

precipitation by the antisolvent enables the recovery of highly pure PHBV. 
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Figure S-9. TGA graph of the PHBV extracted by 2-MTHF (at 80 ˚C, 1h, 5%[g/mL]) using both n-
heptane as an antisolvent with a volume ratio of 1:3 at 4 ˚C for 24h (pure PHBV) and 
evaporating the solvent to recover the PHBV (non-pure PHBV). 

10. Fourier transform infrared (FT-IR) analysis of the
extracted polymer by 2-MTHF

The 2-MTHF based extracted PHBV which was either retrieved by solvent 

evaporation or adding antisolvent was analyzed with FT-IR. As can be seen 

from Figure S-10, there is no clear peak at around 1536 cm-1 for the polymer 

retrieved by solvent evaporation which is associated with Amide Band I of 

the cellular protein [3]. However, there is a small peak at around 1650 cm-1 

only in the spectrum of the polymer which is precipitated by evaporation of 

the solvent which might be an evidence of cellular proteins being a part of 

the impurities in the polymer, because the aforementioned peak belongs to 

the Amide Band II of the cellular proteins. 
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Figure S-10. FT-IR graph of the commercial PHBV (pure PHBV) and the PHBV extracted by 2-
MTHF ( at 80 ˚C, 1h, 5%[g/mL]) using both n-heptane as an antisolvent with a volume ratio of 
1:3 at 4 ˚C for 24h (PHBV-Antisolvent) and evaporating the solvent to recover the PHBV (PHBV-
Evaporation). 

11. Solubility of PHB with high crystallinity in 2-MTHF and
Cyrene

PHB is the type of PHA with high crystallinity, limiting its solubility in the 

solvents. Therefore, we examined the capability of 2-MTHF and cyrene to 



Appendices 

222 

dissolve a commercial PHB with high crystallinity. The results in Table S-6 

indicate that the aforementioned solvents can dissolve a limited amount of 

the polymer with high crystallinity. However, they are definitely able to 

dissolve the amorphous MMC based PHBV with low average MW. 

Table S-6. Solubility of the PHB with high crystallinity in 2-MTHF and cyrene. 

Polymer MW [kDa] Xc[%] Solubility [wt%] 

2-MTHF
80 ˚C

Cyrene 
120 ˚C 

PHB-Commercial 727 60.8 0.4 0.5 

PHBV-extracted from 
batch 2 by 2-MTHF  

122 - 7.1 >7.4a

a where for 2-MTHF solid residuals were observed, in cyrene we did not observe any solid 
residuals but ran out of the polymer from the same batch to increase the concentration 
beyond the reported value. 
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12. Gc- spectrum of pyrolyzate mixture

Figure S-11. GC-spectrum of the pyrolyzate mixture obtained by direct pyrolysis of the biomass 
at 240 ˚C, 50 mbar and 1h. 

13. HPLC spectrum of the pyrolyzate mixture

Figure S-12. HPLC spectrum of the pyrolyzate mixture obtained by direct pyrolysis of the 
biomass at 240 ˚C, 50 mbar and 1h. 
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14. Gaussian fit of CA and 2-PA HLPC peaks

As the CA peak in GC analysis was completely overlapped with other side 

products, HPLC analysis was used to quantify the acids in the pyrolyzate 

mixture. As shown in Figure S-13 and S-14, the acids peaks in the HPLC 

analysis are also slightly overlapped with the peaks of the side products. 

However, the HPLC peaks of the acids are totally symmetric, meaning that a 

Gaussian fit can be applied to integrate the acid peaks with relatively high 

accuracy. Therefore, the peaks were fitted with a Gaussian function using 

OriginPro 2019b. 

Figure S-13. Gaussian fit of the HPLC peaks for CA in the pyrolyzate mixture obtained by direct 
pyrolysis of the biomass at 240 ˚C, 50 mbar and 1h. 
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Figure S-14. Gaussian fit of the HPLC peaks for 2-PA in the pyrolyzate mixture obtained by 
direct pyrolysis of the biomass at 240 ˚C, 50mbar and 1h.
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15. GC-MS spectrum of CA purified by distillation

Figure S-15. GC-MS spectrum of CA/2-PA mixture and purified trans-CA by vacuum distillation 
at 50 mbar, 110 ˚C.



Appendices 

227 

16. 1H-NMR spectrum of CA purified by distillation

Figure S-16. 1H-NMR spectrum of CA purified by vacuum distillation at 50 mbar and 110 ˚C. 

17. Calculating dew point for acid mixture in vapor phase,
originating from pyrolysis

 The vapor phase generated by pyrolysis contains mainly CA and 2-PA. It 

is extremely diluted by N2 gas which was used as a carrier gas to 

CA
: -

CH
3 

2-
PA

: -
CH

3
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manipulate the mean residence time of the vapor phase in the hot oven-

pyrolyzer. The dew point of the vapor phase is calculated as following: 

Assumptions: 

1. CA is the predominant and most volatile compound in vapor mixture.

Therefore, the dew point is calculated for a mixture of CA/N2 and

assuming any condensing CA will be pure CA in the liquid phase, the

activity coefficient of CA is set equal to 1.

2. The total pressure is equal to the atmospheric pressure.

Table S-7. The equations used to calculate the dew point of CA/N2 vapor mixture. 

Equations Formula Parameters Units Ref. 

Raoult’s law 𝑦𝑖𝑃𝑡𝑜𝑡 = 𝛾𝑖𝑥𝑖𝑃𝑖
𝑠𝑎𝑡 𝛾𝐶𝐴=1 - 

Antoine 
𝑃𝑖

𝑠𝑎𝑡 = 10
(𝐴𝑖−

𝐵𝑖
𝑇+𝐶𝑖

) CA: A=8.60269, B=2430.085, 

C=239.62 

N2: A=6.93878, B=330.16, 

C=277.196 

T [˚C] 

P [mmHg] 

[4] 

[5]
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Figure S-17. The dewpoint of CA/N2 mixture at atmospheric pressure and various composition. 

The amount of CA not condensing in the N2 at -5 ˚C was calculated using the 

ideal gas law. At 0.2 L/min, and a mol fraction CA of 2.5×10-5 a CA outflow is 

realized of 2.24×10-7
 mol/min, which is 1.16×10-3

 g/h. this corresponds to 

0.085% of the potential CA that can be obtained (80 wt% of the 1.7g in the 

feed).  
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