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 Introduction  

 The conversion of lignocellulosic biomass and plant-oil based triglyceride to 

commodity chemicals and transportation fuels is a sustainable way to reduce the burden on 

fossil fuels.1,2 The lignocellulosic biomass comprises of cellulose, hemicellulose, and 

lignin in varying proportions depending on the source. The pentose (C5) and hexose (C6) 

sugars extracted from non-edible biomass sources are further converted to furan-based 

chemicals such as hydroxymethylfurfural, furfural, methylfuran, or furan. These furan 

containing molecules can be transformed to liquid alkanes and other aromatic compounds, 

which are of commercial value.1 Furthermore, the fatty acids, anhydrides, and glycerol 

obtained via hydrolysis of triglycerides derived from plant oils, etc. are important sources 

of high-molecular weight alkanes for fuel range products as well as consumer products 

such as soaps, detergents, etc.3 These pathways toward platform chemicals are a way of 

upgrading a low-cost feedstock such as biomass to commodity chemicals.  

 The light oxygenates (C2-C5) in biomass derived streams obtained through thermal 

conversions usually must be separated from the fuel range (C6-C12 or C10-C21) mixtures 

adding extra steps to the process. These lighter fractions such as acetic acid and furans are 

catalytically transformed to aromatics, biofuels or fuel additives through C-C coupling 

reactions, reduction, deoxygenation, etherification, etc.1 A way around these additional 

processes is to find a way of directly upgrading these oxygen containing compounds into 

new chemicals. This approach has been researched to convert a low-cost material such as 

biomass to various value-added chemicals.4   
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 The C-C bond forming reactions are important for the functionalization of the 

biomass derived platform chemicals as well as attaining the desired molecular weight for 

liquid fuels. The C-C coupling chemistries important for conversion of furans has been 

reviewed by Resasco et al.5 Some of the examples are aldol condensation of furans and 

ketones, acylation, alkylation, Diels-Alder reaction to form aromatics, Piancatelli ring 

rearrangement to form ketones, partial oxidation to form high molecular weight carboxylic 

acids, etc.5  

 These reactions are conducted using heterogeneous catalysts due to significant 

advantages over homogeneous phase reactions such as simplified separation of solid 

catalysts, catalyst reuse, and reduction in waste streams.6 The evident challenge in the case 

of furan containing streams is their polymerization reactions leading to the formation of 

humins, a carbonaceous compound that deactivates the catalyst.5,7 The presence or 

formation of water or other acidic medium in condensed phase reactions at high 

temperatures can degrade the catalyst structure leading to loss of activity and catalyst 

stability. So, there is scope for better understanding and solutions to the problems 

associated with the presence of water, specifically for furan containing chemical 

reactions.5,6,8 

 Based on this discussion, one such method of converting biomass derived 

chemicals into a consumer product is the synthesis of oleo-furan sulphonate (OFS)  

surfactants using solid acid catalysts (Figure 1.1).9,10 Similar to a commercial linear 

alkylbenzene sulphonate (LAS) surfactant, their structure consists of a long hydrophobic 

carbon chain and the polar headgroup. In OFS surfactants, the hydrophilic furan linker as 
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well as the long carbon chain fatty acid are obtained from a renewable source such as 

biomass and plant-oils respectively. The heteroaromatic furan molecule substitutes the 

petrochemical derived benzene molecule in LAS surfactants as the linker.  

 

Figure 1.1. Oleo-furan sulphonate (OFS) surfactants are a new class of biorenewable surfactants 

composed of biomass derived furan ring as a linker molecule between the polar headgroup (e.g. 

sulphonate) and the long fatty acid carbon chain obtained from the hydrolysis of triglycerides. 

 These biorenewable surfactant molecules exhibit improved detergency properties 

such as critical micelle concentration (CMC), Krafft point (TK), foaming and wetting 

ability, and hard water stability.9,10 These enhanced properties have been hypothesized to 

be attributed to the polar furan molecule in OFS surfactants.9 Critical micelle concentration 

is the minimum amount of surfactant concentration required to form a micellar structure, 

and Krafft point is the temperature required to ensure the solubility of the surfactants.11 In 

comparison to LAS surfactants, OFS surfactants have shown comparable CMC values and 

lower Krafft point. As a result, they can be used at lower temperatures (Krafft point < 30 
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°C) and under dilute aqueous conditions, which is the optimum zone for detergency 

application.9 Additionally, when tested for stability in hard water ([Ca]2+ > 230 ppm), OFS 

surfactants demonstrated unexpected solubility. This is important because LAS surfactants 

are often accompanied by chelating agents or water softeners, which bind to ions such as 

Ca2+ to enable their use in hard water.  

 The demand for sustainable products and the growing surfactant market are some 

of the factors promoting the launch of new “green” or “oleochemical based” 

surfactants.12,13 The OFS surfactants are a new class of biorenewable surfactants with the 

potential to be used in laundry detergents and other cleaning products due to their selective 

chemical synthesis, high yields (~90%), and superior performance in hard water. The raw 

material cost and operating cost have been identified as the major hurdles to their scale-up 

and economic profitability with furfural as the starting material.14  

 The bottleneck chemistry in their synthesis is the Friedel Crafts acylation or the C-

C coupling reaction of furans with an acylating agent such as the long-chain anhydrides or 

acids. The resulting surfactant precursors can further be functionalized by commercial 

processes to tune their surface-active properties in their final anionic form. The Friedel 

Craft acylation reaction of furan occurs via an acylating agent, for example, an acid or 

anhydride to form ‘alkyl furan ketone’. Park et al.9 demonstrated the use of fatty acid (C7-

C18) along with trifluoroacetic anhydride as a co-reactant to first form a mixed anhydride 

followed by the reaction with furan to form the surfactant precursor, alkyl furan ketone. 

This homogeneous process forms undesired trifluoracetic acid that needs to be separated. 

The authors reported the reaction of furan with lauric anhydride forming 2-



5 

 

dodecanoylfuran with solid acid catalysts such as Sn-MWW, Sn-SPP, Sn-BEA, Al-BEA, 

Al-MWW, and Al-SPP in a batch reactor.9 The yield was highest (~90%) in cases the 

hierarchical Al-SPP catalyst. The start-up company, Sironix Renewables, focuses on the 

commercialization and further development of these new class of surfactants. 

  The direct use of fatty acid and a solid acid catalyst in a single step to acylate the 

furan or 2-methylfuran molecule15 is a more desired pathway as it only produces water as 

a benign by-product. There is an opportunity to understand the mechanism of this 

condensed phase reaction, obtain kinetics, optimize the catalytic conditions, as well as 

devise water mitigation strategies with heterogeneous catalysts. These efforts will not only 

benefit the scale-up of OFS surfactants, but also contribute to the fundamentals of Friedel 

Crafts acylation of furan containing compounds for biomass upgradation strategies.  
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 Thesis scope and objective  

 The conversion of heteroatom containing biomass derived compounds to value 

added products is one of the research areas aligning with the green chemistry principals.16 

One such example is the acylation of furans (biomass-derived) with long-carbon chain 

carboxylic acid derivatives (plant-oil derived) with micro/mesoporous aluminosilicate 

catalysts to produce OFS surfactant precursors. Surfactants find application in several 

industries, specifically the cleaning and personal care industry. The surfactant market 

demand has created a multibillion-dollar industry, which is expected to keep growing 

(Chapter 3). Chapter 3 is a review on surfactants from sustainable sources with 

applications as laundry detergent or cleaning products. The maximum utility of surfactants 

is in these areas. It highlights some of the academic and industrial examples of surfactants 

from renewable sources, key contributors for the development of green cleaning products, 

and challenges for the launch of new bio-based surfactants.  

 OFS surfactants are synthesized through the indirect route of using an anhydride as 

the source of acylium species with heterogeneous catalysts. These acyl species formed on 

the Brønsted acid catalyst are the key intermediates in Friedel Crafts acylation reaction of 

aromatics. Chapter 4 focuses on understanding the kinetics and mechanism for this 

indirect acylation reaction using a mesoporous solid acid catalyst. The influence of using 

a long chain anhydride (C8) is studied using a continuous liquid flow reactor set-up. An 

Eley-Rideal mechanism with a modification is proposed and a kinetic model is reported 

based on the experimental data.  
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 The indirect use of anhydride under mild reaction conditions is suitable for the 

acylation reactions, however, the direct use of the long carbon chain acid with furans 

utilizes a cheaper starting material (fatty acid) and is more atom efficient. Chapter 5 and 

Chapter 6 focus on the effect of catalyst structure and the role of the solvent in promoting 

the direct acylation reaction. The vapor phase acylation reaction of acetic acid and furan is 

used as the model chemistry in an automated gas chromatography micro-reactor setup to 

efficiently compare the effect of catalyst framework and strength. This method helps to 

compare the catalytic activity and evaluate the catalyst stability, both relevant to their 

industrial use. In Chapter 6, the effect of a solvent in improving the catalytic activity is 

discussed for the acylation of fatty acids and 2-methylfuran.  
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 Surfactants from Sustainable Resources for Cleaning 

Applications 

 

3.1 Introduction 

 Surfactants or surface-active agents are an integral part of many consumer products and 

industrial processes. Their amphiphilic structure allows them to function as interfacial agents 

between oil-water interface. The structure of a surfactant has two characteristic parts – the 

hydrophilic/polar head group and the hydrophobic/non-polar tail. There are four main categories 

of surfactants- anionic, cationic, non-ionic, and amphoteric depending upon the charge of the 

headgroup. Their customizable aqueous surface-active properties as well as the self-assembly 

behaviour of each category dictates their use for several different applications.17  

 The largest application of surfactants has been in the cleaning and personal care product 

market. Surfactants have been the largest contributor to the detergent market, which has a large 

share in the cleaning industry.18 Our household detergents and cleaning products contain different 

ingredients to enhance their cleaning action.19 The surfactant present in the formulation adheres to 

the oils or dirt and is mainly responsible for the cleaning action (Figure 3.1).  

 Surfactants form micellar structures in aqueous solutions that adhere to the oil-based 

dirt/grease/soil through the hydrophobic part and stabilise the oils in the interior of this spherical 

orientation. The water-soluble micelles and mechanical washing action then help to keep the dirt 

away from the clean surface.19 In summary, surfactants improve the wetting ability of water, help 

solubilise dirt/oils, and prevent the dirt from redepositing. In addition to the surfactants, detergents 

contain additives such as chelants (to help remove the metal salts so that they do not deactivate 

surfactants) or builders (which act as emulsifiers, water softeners, pH stabilizers), solvents (to keep 

the oil away from the clean surface), optical brighteners (to add brightness to clothes), etc.  



9 

 

  

Figure 3.1. (A) Oily dirt particles attach to the fabric strands. (B) Surfactants in water orient around dirt 

attached to the fabric. (C) Micelles are formed and suspend the oily substrate in the hydrophobic interior. (D) 

Micelles are washed away along with the oily dirt particles because of washing action leaving a cleaner 

fabric. 

 Since the widespread use of synthetic laundry detergent in USA by 1950s, the recipe of a 

laundry detergent has been continuously revised.20 For example, phosphate-based surfactants once 

prevalent were banned in the 1980s as water eutrophication and toxicity to aquatic eco-system 

started becoming a problem. The innovation in the surfactants that go into detergents has been 

driven by the changes in the consumer needs, washing methodologies, and the fluctuating 

conditions of the petrochemical industry. The availability of machines as well as the different 

washing cycles (water temperature, cycle duration or hand washing) has caused the detergent 

formulations to differ by the geographical area. Consumer awareness about the negative 

environmental impacts of ingredients present in the personal care products has increased.21,12,22,13 

Consumers are trying to buy more eco-friendly products if on par with other conventional products 

in terms of their performance and cost. 
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 There are several keywords or categories when referring to eco-friendly surfactants. 

Biobased surfactants are the ones wherein biomass derived feedstocks (plants, microbes, algae, 

etc.) are used in manufacturing instead of petroleum derived feedstocks. The words renewable and 

sustainable have two different meanings. A renewable source replenishes itself and hence can be 

viewed as a never-ending source. For example, we consider biomass to be a renewable source, but 

fossil fuels are not. Sustainable is the ability to satisfy the demand of the present while preparing 

to meet the future demand as well. Sustainability can be achieved by making a current process/ 

product more efficient or designing an alternative process/ product which is more effective. 

Alternative green chemistry processes with a better life cycle analysis are sustainable. Accordingly, 

biobased surfactants can then be classified as renewable, sustainable, biodegradable, or eco-

friendly as per the government laws or international standards.  

 Companies have recognised this demand from consumers and are innovating to launch and 

market biobased products. This action aligns well with the global sustainability goals. Companies 

obtain an ecolabel or certification such as the EU Eco-label, USDA BioPreferred®, Nordic Swan, 

Green Product Certification label in India, and RSPO Mass Balanced Certification for ingredients 

(Table 3-1) to validate their products and adhere to standardization for the different keywords/ 

definitions. Some of these ecolabels are established nationally, while some have global affiliations. 

Ecolabelling is a way of informing the consumers to choose a sustainable product ensuring 

additional scrutiny on a regulatory and scientific basis as decided for the product category.23 Tide’s 

PureClean™ has the BioPreferred certificate granted by the USDA bio-preferred program. Seventh 

generation has a USDA Certified Biobased product label indicating that the ingredients are obtained 

from renewable biological sources. ECOSURF™, a biodegradable and non-toxic alcohol 

ethoxylate surfactant launched by DOW is approved by the US EPA’s Safer Choice Surfactant 

Screen and one of the CleanGredients (https://cleangredients.org/). It has wetting and foaming 
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properties suitable for application in cleaning products and comparable to the commercial 

surfactant, alkylphenol ethoxylate (APE). Such information is available to the consumers through 

the SmartLabel initiative that promotes transparency of product ingredients.  

 International Association for soaps, detergents, and maintenance products (A.I.S.E) has set 

guidelines to help companies comply with the sustainable (social, economic, and environmental) 

manufacturing or sourcing of starting materials for their biobased products. European Commission 

for Standardization (CEN) set a self-explanatory standard (EN17035) for bio-based surfactant to 

quantify the carbon incorporated from plant-based raw materials in the product. It is categorized as 

wholly biobased surfactants (>95%), majority bio-based (50-95%), minority bio-based (5-50%), 

and non-bio-based surfactant (<5%). The 14C isotope content is used to distinguish the bio-based 

carbon (ASTM D6866-12).24  

 The increasing consumer demand for sustainable or greener cleaning products is expected 

to result in the growth of the natural surfactant market. This market valued at USD 15.02 billion in 

2019 is projected to be valued at USD 21.84 billion by 2027 as per ‘Reports and Data’ analysis.25 

The different factors driving this change in the market to natural surfactants by the manufacturers 

are the consumer demand, environmental regulations, and the compliance to global sustainability 

goals or standards. For example, New York state passed a law to reduce the toxins like 1,4-dioxane 

present in detergents to prevent water contamination.26  
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Table 3-1. Examples of ecolabels applicable to detergents and personal care products. 

 

Ecolabel Symbol Details 

 
https://www.greenseal.org/ 

Green Seal, a pioneer in ecolabeling is a global 

sustainability label for industrial cleaners, sanitizers, 

paints, etc. It is lifecycle analysis based. The products are 

judged based on the international standard, ISO 

14020:2000 (https://www.iso.org/standard/34425.html), 

for environmental labels and the global ecolabelling 

network’s internationally coordinated ecolabelling 

system (GENICES, https://globalecolabelling.net/). 

 
https://www.epa.gov/saferchoice 

 

Safer Choice label is the new name of the Design for the 

Environment (DfE) label by the US EPA since 2015. The 

products (laundry, floor and other all-purpose cleaners, 

etc.) have to meet the Safer Choice Standard 

(https://www.epa.gov/saferchoice/standard) and product 

performance should be comparable to conventional 

products. 

 

 

 
https://www.biopreferred.gov/BioPreferred/ 

 

U.S. Department of agriculture’s BioPreferred program 

aims at encouraging the use of biobased products. The 

label or certification as Biobased Product indicates the 

quantity of biobased (amount of renewable ingredient) 

content to the consumers in detergents, paints, lubricants, 

etc. based on the ASTM D6866 test method. 

 

 

 
https://ec.europa.eu/environment/ecolabel/ 

 

European Commission’s Ecolabelled cleaning products 

gain the label after a complete life cyle analysis 

assessment and criteria specific to the product category. 

For example, in  laundry detergents, the ingredients are 

the crucial factor. They should be able to wash at 30 °C to 

avoid the wastage of water and energy. 

 

 
https://www.nordic-ecolabel.org/ 

 

Nordic Swan Ecolabel is used in the Nordic countries for 

~60 different product groups including laundry detergents 

and other industrial cleaners. It is based on the life cycle 

assessment and 3rd party verification, and one of the 

founding members of the ecolabel initiative through the 

Global Ecolabelling Network (GEN). 

 

  

  

https://www.epa.gov/saferchoice
https://www.epa.gov/saferchoice/standard
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 The largest portion of the surfactant application is in detergents and personal care,27 while 

the other areas include institutional cleaning, agricultural chemicals, oil drilling, environmental 

remediation, etc. The aim of this mini review is to highlight the sustainable solutions to surfactants 

used in laundry detergents. The challenges and the trends in the world of green laundry detergents 

are also discussed. 

3.2. Composition and challenges of commercial surfactants 

3.2.1. Surfactants in laundry detergents  

 The composition of the laundry detergent is complex and is region dependent.20 The 

different ingredients serve several different purposes, however, the active ingredients responsible 

for the cleaning the clothes are the surfactant. The different surfactants structures such as anionic, 

non-ionic, cationic, or amphoteric are used in detergent formulations (Figure 3.2).19,28,18,20 Anionic 

surfactants such as linear alkylbenzene sulphonate (LAS) and alkyl ether sulphates (AES, eg. 

SLES) are largely used in cleaning formulations such as detergents. In LAS surfactants, particularly 

the 2-phenyl isomer is used whereby the benzene ring connects the long alkyl chain to the polar 

sulphonate group (SO3H). The sulphonate bond present in alkyl sulphonates is resistant to 

hydrolysis. The alpha-olefin sulphonates (AOS) are less sensitive to the concentration of calcium 

or magnesium minerals in the water or also defined as hardness of water, and have a higher foaming 

ability.28  

 Alkylphenol polyethylene glycol ether, alkyl polyethylene glycol ether (AEO), and fatty 

acid alkanol amine are the various non-ionic surfactants present in detergent formulations.19,28 

Cationic surfactants are added as fabric softening agents, anti-static agents or disinfectants (eg. 

dialkyl dimethylammonium chloride (DSDMAC), imidazolium derivatives, alkyldimethyl benzyl 

ammonium chloride).19,28 Amphoteric surfactants (alkyl betaines, alkyl sulpho betaines) are also 

used.19,28 
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 The cleansing action of a surfactant in a detergent powder/liquid is aided by other 

ingredients as has been reviewed by Ranji et al.20 and Bajpai et al.19 The different ingredients that 

are present in the formulation are builders, anti-redeposition agents, zeolite, corrosion inhibitors, 

alkaline agents, processing aids, colorants, fragrances, oxygen bleach, optical brighteners, 

enzymes, suds control agents, opacifiers, bleaching agents, etc (Figure 3.3).19,20  
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Figure 3.2. Structure of various surfactants present in detergent formulations.28 Anionic surfactants are 

majorly used in detergents along with cationic, non-ionic and/or amphoteric surfactants.  
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Figure 3.3. Typical formulation of a laundry detergent. 
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3.2.2. Ecotoxicology and biodegradability  

 Biodegradability is the ability of the product to be broken down to smaller components 

such as water, carbon dioxide or methane with the help of microorganisms. There are different 

levels of reporting it such as primary biodegradation (molecule loses its properties) and ultimate 

biodegradation (complete breakdown to molecules such as water, carbon dioxide, biomass).29 The 

biodegradability of various categories of surfactant varies. The extent of biodegradability depends 

on their structure (branched versus linear) as well as the conditions used for treatment (aerobic 

versus anaerobic).30 Most of wastewater treatment plants use anaerobic digestion to treat the waste. 

So, it is important that the surfactants are easily degradable in a waste-water treatment plant before 

it enters the environment. For example, alkyl benzene surfactants finding their way into sewage 

waste, branched ones were non-biodegradable, so the switch to linear alkyl benzene sulphonate 

(LAS) was made.31 There are commercial biodegradable laundry detergents (eg. Seventh 

generation, Sun and EARTH, Ecover, ECOS, etc). 

 The ecotoxicity of surfactants has been studied as it the main active ingredient in cleaning 

products along with all other components.30,32,33 The EC50 or LC50 is evaluated to gauge the risk 

to aquatic life or the ecotoxicity of a product. EC50 is the median effective concentration that 

affects 50 % of the test population of algae growth and LC50 is median lethal concentration that 

kills 50 % of the test population (fish or daphnia). It is necessary that the wastewater treatment 

plant is able to lower the LC50 value of the surfactants before they enter the water bodies. The 

standard is that the pertinent environmental concentration (PEC) value or the risk characterization 

ratio (RCR) should be less than 1, which classifies the surfactant as not a risky chemical to the 

environment.  

 Nonylphenol ethoxylate (example of APE), a type of non-ionic surfactant is no longer in 

use in cleaning products due to the harmful ecotoxicological effects of the resulting degradation 
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products from it.29 Amphoteric surfactants have a comparable LD50 to common anionic 

surfactants. Ester-quats or ester group containing quaternary ammonium salts are examples of 

cationic surfactants that are used as fabric softeners. Ester-quats are biodegradable as the ester 

group can be easily hydrolysed.34 Builders, used to tackle the hardness of water due to the presence 

of calcium and magnesium ions, can be an environmental concern. For example, triphosphate was 

discontinued as the presence of phosphate was linked with eutrophication. Other builders like 

zeolite A, polycarboxylates, nitrilotriacetate, citrates, etc have a lower acute toxicity.30 The eco-

toxicity of other detergent components such as bleaching agents like TEAD, EDTA, optical 

brighteners, dyes, enzymes, polymeric anti-deposition agents, solvents, inorganic agents (sodium 

sulphate), acids, solubilizers, perfumes, etc has been evaluated and have low ecotoxicity.30  

 The alternative to any of these detergent ingredients, for example, surfactants or chelating 

agents, should not aggravate the concern for ecotoxicity and biodegradability. LAS surfactants are 

synthesized from fossil fuel derived feedstock via alkylation of benzene resulting in the formation 

of isomers.31 The synthesis of 2-phenyl isomer is desired as it is the biodegradable isomer.31,35,29 

Since these surfactants are widely used, the fluctuating cost and the depleting nature of the 

petroleum-based feedstock is a concern. An alternative or substitute for these surfactants should 

address these concerns.  

2.2 Lab scale research for bio-based surfactants 

 There are multifold reasons to develop environmentally friendly alternatives to surfactants 

in laundry detergents: (1) reduce burden on fossil fuels, (2) scope to reduce CO2 emissions during 

utilization,36 (3) market demand for eco-friendly goods, (4) support from governmental agencies to 

use renewable raw materials, and (5) new slate of products derived from renewable raw materials 

with potentially better surfactant properties.37,38 
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 The application (detergents, industrial emulsifiers, personal care, etc) of a surfactant is 

decided by its surface-active properties and the physicochemical properties. These properties vary 

across the surfactant’s functional groups as well as the structure (chain length, branching, 

unsaturation, etc). The newly synthesized surfactant candidates are evaluated for their interfacial 

properties using standard tests and methods and compared with their commercially available 

analogues. The evaluated surface properties are all or some of the following: critical micelle 

concentration (CMC), surface tension, Ross Miles foaming test, cloud point, Krafft point, solubility 

in hard water (hard water tolerance), fabric wetting ability, emulsifying properties, and percent 

detergency or laundry performance.  

 The aqueous solutions of the surfactants are tested for their surface tension with respect to 

their concentration. The lower the CMC values the lesser the amount of surfactant required for 

formation of micelles. The Ross Miles test (ISO 696:1975) is used to gauge the foaming ability and 

foam stability by measuring the drop in the foam height after a 5 min interval. The solubility of the 

surfactant in the increasing concentration of Ca+2 ion is measured to determine the hardwater 

tolerance of the surfactants. Wetting test is performed to determine the ability to wet the cotton disk 

(ISO 8022:1990) for different soap solution concentrations. The application of the new surfactant 

structure as laundry detergents is understood by performing stain removal tests on standard fabrics 

and stains. The detergency is then the ability of the surfactant to clean the dye/soil stain compared 

to the industrial surfactant. The fabric pieces are stirred with the fixed surfactant solution at a given 

temperature and the absorbance of the solution is measured at the maximum absorption wavelength 

of the dye.39 Another method is to compare the diffuse blue reflectance factor (Wr) of the fabrics 

before and after washing in surfactant solution using a tergotometer.40 It is these surface properties 

that are considered when deciding the formulation of a cleaning solution for a particular application 

(for example, manual washing vs machine washing, liquid detergent vs powder detergent, dish soap 
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vs hand soap vs industrial cleaners). Table 3-2 lists the properties of some commercial and lab 

scale surfactants. 

 The synthesis of  bio-based surfactants from renewable resources is a multistep process. 

The base structure of the surfactant is formed by linking the hydrophobic part of the molecule to 

the hydrophilic part, further modified as required to form the ionic, non-ionic or zwitterionic 

structures. Biosurfactants, on the other hand, have the polar and non-polar part inherent in the same 

molecule. So, the bio-based surfactants can be classified based on the source of the renewable 

feedstock for their non-polar part, polar part, or as biosurfactants. 

 While there are a variety of molecules that can classify as the model structure of a 

surfactant, the focus for this review is on those structures that have been demonstrated to be 

promising candidates for use in fabric cleaning or personal care cleaning formulations in the 

literature.  
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Table 3-2. Properties of commercial and bio-based ssurfactants 

Surfactant CMC** 
Krafft 

point 

Micelle 

stability 
Detergency* 

 mg/L °C ppm Ca2+ % 

Sodium lauryl sulphate (SLS) a 2010 15 33 NR 

Sodium dodecylbenzene sulfonatea 460 20 100 NR 

Sodium lauryl ether sulphate (SLES)a 380 <0 >50000 NR 

Methyl Ester Sulfonates (MES)a 130 <0 500 NR 

Laurylpolyethoxylate-7 ether (AEO7) 23 NR NR NR 

Cardanol sulfonate (CDS)c 0.372  mol/ L NR 300 93.7 

Decyl glucoside (APG)d 319 NR NR NR 

Oleo Furan Sulphonate (OFS-12)a 720 30 >50,000 NR 

Sodium citronellyl sulfoacetate (SCSA)b 0.01803 mol/L NR NR ~99 

Monoalkyl polyglyceryl ether (MAGE4)e 24 NR NR NR 

(a=9, b=41, c=42,d=43, e=44) 

*Laundry performance with respect to a commercial surfactant  

**Critical Micelle Concentration  

NR: Not reported  
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3.2.3. Hydrophobic part sources 

 Triglyceride (TG), transformed into long chain fatty acids or fatty acid esters are sourced 

from vegetable oils or animal fat for a carbon chain length suitable for use in surfactants.38 The 

typical plant oils such as palm oil, coconut oil, and palm kernel oil used as raw materials have 

different fatty acid distribution ranging from C8 to C18.45,46 Saturated triglycerides undergo 

hydrolysis or transesterification with methanol and a base (potassium hydroxide) to form fatty acids 

of desired chain length or fatty acid methyl esters (FAME) respectively (Scheme 3.1).46 MES 

(Methyl ester sulfonates), an example of anionic surfactants in detergents are produced by 

sulphonation of fatty acid methyl esters.38 Fatty alcohols are formed by hydrogenation of fatty acid 

esters (FAME). Alkyl polyglucosides (APG) and fatty alcohol sulfates (FAS) are the two anionic 

surfactants obtained using fatty alcohol as the building blocks through glycosylation and sulfation 

respectively (Scheme 3.1). 28,38,47 

 Fatty acids (FA) when treated with an alkali are known as soaps or the salt of the carboxylic 

acids. 48,49 The fatty acids are obtained by the hydrolysis of triglycerides along with glycerol. Fatty 

acids chlorides have been used as acylating agents with aromatic substrates, although the resulting 

by-product, HCl can cause corrosion and requires further separation with a base.49 Fatty acids when 

reacted with fatty acid chloride in a basic solvent or dehydrated with another fatty acid in the 

presence of acetic anhydride form fatty acid anhydride,50 which is also used an acylating agent. 

Acylation is the reaction that adds the long chain hydrophobic part to the polar end of the surfactant.  

For example, oleo furan sulphonate surfactants (OFS)9,10 are synthesized using biomass derived 

furans and acylation with fatty acid anhydrides over heterogeneous Brønsted acid catalysts. The 

formed intermediates (alkyl furan ketones) are further tuned by hydrogenation, aldol condensation, 

and sulphonation reactions to form the anionic structure. Another pathway of producing these OFS 
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precursor molecules from 2-furoic acid (biomass based) and lauric acid (vegetable oil based) 

through cross-ketonization with iron oxide catalyst has been reported.51 

 Similar to the final form of OFS, there are other examples where the entire structure is 

originated form a renewable source. Cardanol sulfonate42 derived from cashew nut shell liquid has 

been reported to be an alternative anionic surfactant, similar in structure to the linear alkylbenzene 

sulfonates (Scheme 3.2A). Sodium citronellyl sulfoacetate (SCSA)41 are biodegradable surfactants 

sourced from citronellol, a naturally found monoterpene, which have potential as a detergent 

(Scheme 3.2B). High oleic soybean oil when used as a source of epoxidized methyl oleate (C18 

carbons) and reacted with triethyl citrate forms a high oleic citric-acid surfactant.52 These 

surfactants are attractive as it utilizes a high oleic soybean oil as opposed to olive oil (which is more 

expensive). The ether linkage in the final surfactant is advantageous to increase the miscibility of 

the C18 chains in water and detergency properties. Algal oils, similar in structure to TG but with a 

higher degree of unsaturation and a source of phospholipids are a promising candidate for 

conversion to new value added chemicals.53  
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Scheme 3.1. Common reactions (in bold black) in the production of surfactants (in blue) from 

renewable raw materials (in green) 
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3.2.4. Hydrophilic part sources  

 Alkylpolyglyceryl ethers synthesized from glycerol and dodecanol by direct etherification 

are another category of surfactants with potential application as cleaning agents (Scheme 3.2C). 

These surfactants demonstrated comparable results when tested for cleaning of cotton fabric with 

laurylpolyethoxylate-7 ether (alkyl ethoxylate), a commonly used detergent.44 Glycerol is produced 

during hydrolysis of TG to form fatty acids or also as a by-product in biodiesel formation. Glycerol 

based cationic surfactants also show potential for various surfactant application such as DNA 

extraction based on their surface properties and biocompatibility.54 

 Alkylpolyglucosides, carbohydrate-based surfactant, are being used in laundry detergents, 

dishwashing liquid, all-purpose cleaners, and industrial cleaners. They are mild on skin, 

biocompatible, and have good detergency characteristics. These non-ionic surfactants are produced 

directly from glucose and fatty alcohol through an acid catalysed acetalization of glucose (Scheme 

3.1). Glucose is extracted from starch (corn, etc) and fatty alcohols from TG (palm kernel, etc) 

making this surfactant fully biobased. The number of glucose units and the fatty alcohol chain 

lengths vary during manufacturing resulting in a mixture of mono, di, tri and oligomeric units of 

various isomers.22,38,47  

 N-methylglucamine derived from amino acids and sucrose used in the synthesis of non-

ionic surfactants have promising properties and can form a different class of surfactants.55 Several 

other sugar based surfactants such as sorbitan esters, fatty acid glucamides, methyl glucoside esters 

have also been reported, however there is not much reported for their application as cleaning or 

washing formulations. There are literature reviews38,56,12 on several other surfactant sourced from 

renewable raw materials with applications in various industries.  
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Scheme 3.2. (A) Cardonal sulphonate synthesized from cardanol present in cashew nut shell liquid 

(CNSL)42 (Adapted from Peungjitton, P.; Sangvanich, P.; Pornpakakul, S.; Petsom, A.; 

Roengsumran, S. Sodium Cardanol Sulfonate Surfactant from Cashew Nut Shell Liquid. J. 

Surfactants Deterg. 2009, 12 (2), 85–89.) (B) Surfactants from naturally occurring citronellol41 

(Adapted from Bhadani, A.; Hokyun, J.; Kafle, A.; Ogura, T.; Yoneyama, Y.; Hashimoto, S.; Sakai, 

K.; Sakai, H.; Abe, M. Synthesis and Properties of Renewable Citronellol Based Biodegradable 

Anionic Surfactant. Colloid Polym. Sci. 2020, 298 (11), 1543–1550.) (C) Glycerol and fatty alcohol 

derived bio-based surfactants44 (Adapted from Fan, Z.; Zhao, Y.; Preda, F.; Clacens, J. M.; Shi, H.; 

Wang, L.; Feng, X.; De Campo, F. Preparation of Bio-Based Surfactants from Glycerol and 

Dodecanol by Direct Etherification. Green Chem. 2015, 17 (2), 882–892.) 
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3.2.5. Biosurfactants  

 The biosurfactant market, valued at more than USD 1.5 billion in the 2019 is expected to 

grow at more than 5.5% CAGR between 2020 and 2026, as per the market report.57 These are the 

surfactants obtained from microbes through fermentation. This category of surfactants are attractive 

as non-toxic and biodegradable alternatives.58  

 Rhamnolipids, sophorolipids, and lipopeptides are some of the biosurfactants with 

potential applications in household detergents. Rhamnolipids and sophorolipids are a type of 

glycolipid with a sugar unit linked with fatty acid derivatives.59 Rhamnolipids demonstrate anti-

microbial properties, foaming and wetting ability, and are good emulsifying agents. They are 

synthesized from different bacterial strains such as P. aeruginosa, P. clororaphis, P. putida, and 

Burkholderia pseudomallei with a variety of substrates such as glycerol, rapeseed oil, oil refinery 

waste, ethanol and used olive oil, etc.28,60,61 The resulting yields as well as the surfactant properties 

vary with the reaction conditions.62 

 Sophorolipids are produced by a yeast, C. bombicola using glucose along with safflower 

oil, rapeseed oil, sunflower oil or refinery waste, oleic acid, soy molasses, etc. as the feedstock.63–

66 They are formed either as free acid or in the lactone form with a carbon chain length varying 

between 16 to 24.63 Both glucose and oil sources give high yields depending on the rection 

conditions.64 An example of cyclic lipopeptide (CLP) is surfactin made up of peptides (hydrophile) 

and β-hydroxy fatty acids as hydrophobic tails produced by Bacillus subtilis.67 It has been reported 

as an effective detergent additive and showed thermal and alkaline pH stability.68 The lack of 

widespread production of biosurfactants had been due to their expensive purification processes 

posing a challenge to the economic viability. However, companies such as Evonik and Unilever 

have been pioneers in producing a rhamnolipid based dishwashing detergent for consumer use.69 
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NatSurFact® developed by Logos and being commercialised by Stepan are based on rhamnolipids 

as well.70,71 

3.3. Sustainable Industrial products:  

3.3.1. Eco-friendly industrial products 

 As discussed in the previous sections, there is a spectrum on which the bio-based 

alternatives fall, depending on the source of the hydrophobic tail, hydrophilic head group, or the 

entire molecule.  The companies are motivated by the increasing awareness of the consumers, 

industry competition, government regulations and certifications as well as non-renewable nature 

and fluctuations in the fossil fuel based raw materials cost. Many existing processes or the launch 

of novel green principal-based alternatives or drop-in chemicals are gaining focus because of the 

sustainability targets set by the companies.  

 The different biosurfactants (sugar and microbe based) that have been introduced in the 

market with the application in personal care products or other cleaning applications have the 

advantages of being non-toxic and biodegradable. Established companies such as Evonik, Croda, 

Dow, BASF, Proctor and Gamble, Clariant, Unilever, etc. have launched the biodegradable 

surfactant alternatives to certain petroleum-based counterparts. In addition to these companies, 

several start-ups such as Sironix Renewables, Glycosurf, C16 BioSciences, etc. are in process of 

scaling up their processes. For example, Glycosurf manufactures sugar and plant oil-based bio 

surfactants such as rhamnolipids comprising of the rhamnose unit as the head group and the rest of 

the molecule derive from natural oils. Rhamnolipid surfactants by Evonik are used in Quix dish 

soap by Unilever in Chile demonstrating the feasibility of their large-scale production. Dow’s 

ECOSURFTM is an alcohol ethoxylate with excellent wetting and cleaning properties and is 

biodegradable with low toxicity. BASF too aims to expand its biobased surfactants product 

portfolio from algal oil derived betaines, alkylpolyglucosides to sophorolipids. Clariant’s 96% bio-
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based Glucopure Sense is an example of a sugar-based surfactant that uses sunflower oil for the 

hydrophobic part. TerraVia (Solazyme), a company involved in producing sustainable algal oil 

together with Unilever are involved in using biosurfactants in personal body care products. The 

algal oil is also sustainable sourced. Dehyton® AO 45 (Oleic amidopropyl betaine) is another 

example of an amphoteric surfactant derived from microbial algal oil by BASF. It finds application 

in liquid soaps and personal care products as a replacement to the commercial cocamidopropyl 

betaine surfactant.  

3.3.2. Challenges in commercialization 

 The drop-in replacements or the novel slate of green surfactants face challenges from the 

time they are invented till they enter the everyday consumer or industrial market. The various 

challenges are listed as follows.13,47,53,72–74  

1. Cost. One of the reasons for the heavy reliance on the fossil fuel-based chemicals is that they 

can be relatively cheap due to mature manufacturing processes and established end use in the 

consumer market. However, their volatile prices can complicate this comparison.75 The renewable 

alternatives have to be cost competitive, but also exhibit the same properties and performance.  

 

2. Availability of feedstock. A lot of the alternatives depend on the use of fatty acid derivates 

obtained from triglycerides present in fats and oils. Also, the sugar-based surfactants utilise glucose 

or fructose, which also are a major food group (carbohydrate). It is important that the feedstock is 

sustainably sourced without intensifying problems of deforestation or utilization of  food resources.  

 

3. Non-toxicity and degradability. A major feature of the alternatives based on one of the 

principles of green chemistry76 is that they should be biodegradable and non-toxic to the aquatic 

life, once treated in the waste-water treatment plants. For example, the states of New York and 
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California have made changes to the permissible mount of 1,4-dioxane, a likely carcinogen that is 

present in detergent formulations as an impurity. It is a side product formed when using ethylene 

oxide in the surfactant structures such as alcohol ethoxylates or ethoxy sulphates. The law aims to 

reduce the concentration of 1,4-dioxane in all personal care items below 10 ppm by 2022 and then 

below 1 ppm by 2023.77,78  

   

4. Performance. The properties of the renewable alternatives such as hard-water tolerance, 

foaming and wetting ability, and the cleaning or emulsifying action may not match with the fossil 

fuel-based commercial surfactants. The purity and the structural features such as the carbon chain 

length are known to affect the properties.  

 

5. Scale-up challenges. This challenge is related to the cost of the raw materials as well as the 

infrastructure to process new chemistries. For example, the microbial fermentation to produce 

biosurfactants faced problem of batch chemistry not translating well to large scale production as 

the enzymatic action strongly depends on the type of substrates used and the reaction conditions. 

As a result, the outcome is low yields and higher costs.58  

 

6. Limited application. There is a demand for surfactants in various applications justifying the 

continued production, and the widespread utilization is evident. However, the new patents on bio-

based or renewable raw material-based surfactants are reported to have niche applications until 

further research and testing is carried out.73 Renewable alternatives might not have a wide range of 

application.  
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3.3.3. Sourcing of chemical feedstocks   

 As evident in all the surfactant structures, the primary source of the hydrophobic long 

carbon chains (C8-C18) are the fatty acid derivatives obtained from plant oils. The palm kernel oil 

(lauric acid source) obtained from the palm seed can be produced in larger volumes (oil tonnage 

per hectare) compared to coconut oil, as well as has many versatile uses in food products and 

cooking.79 Hence it is grown in greater proportion leading to negative impact on the land’s 

biodiversity and natural ecosystems, labour exploitation, and deforestation. The expansion of the 

oil palm plantations is needed to meet the global food and non-food uses of palm and palm kernel 

oil. Indonesia, Malaysia, Africa, and South America have land conducive for the production of 

palm trees. Interestingly, of all the oil crops produced, palm oil meets 35% of the demand on just 

10% of land use.79 So, using an alternative oil will only worsen the problem as more land 

consumption will be required to meet the global demand for an alternative oil.  

 To solve this issue and to source the palm kernel oil in a controlled manner, the Roundtable 

on Sustainable Palm Oil (RSPO) was founded. The RSPO certification ensures that the companies 

that use palm oil are sourcing it in a sustainable way. Similarly, the Forum for Sustainable Palm 

Oil (FONAP) works towards introducing sustainably sourced palm oil in Germany, Austria and 

Switzerland.   

 The International Sustainability and Carbon Certification (ISCC) is another global 

sustainability certification system for all the feedstocks supplied in a sustainable manner used in 

the various markets (food, energy, industrial applications, etc). This is important because sugars 

such as glucose, sorbitol, and sucrose acting as building blocks in surfactants are obtained by 

processing the starch in food crops. The Roundtable on Sustainable Biomaterials (RSB) is another 

organisation that ensures that the shift towards a circular economy based on renewable resources 

occurs in a sustainable way.  
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3.3.4. Sustainable approaches to existing technology 

 Another approach to sustainability in the surfactant industry is to look for improvement or 

alternatives to produce the same chemicals used in their synthesis. This is not the complete solution 

if the approach cannot be scaled up effectively or the problem is the final product itself.  

 For example, it is not beneficial that palm oil is replaced with another plant oil such as 

sunflower, soybean, or rapeseed. Our everyday products such as shampoos, toothpaste, detergents, 

food, and cosmetics rely on the properties of palm oil for extended shelf life and consistency. To 

solve this problem, a start-up company C16 Biosciences had devised an alternative way of brewing 

palm oil in the lab through fermentation by yeast. Their technology, yet to be fully commercialised, 

is believed to partly mitigate the problem.80  

 Similar to sourcing renewable feedstock, ethylene oxide used to make alcohol ethoxylates 

and ethoxy sulphates can be made from bioethanol instead of petroleum. Bioethanol is first 

converted to bio ethylene, which is oxidised to produce ethylene oxide.81 The cost of bioethanol 

production can make this expensive. Croda’s launched its ECO Range of ethoxylated surfactants 

that are 100% renewable and bio-based, as the ethylene oxide is produced through the renewable 

bioethanol route.82  

3.4. Summary and outlook 

 The different categories of sustainable surfactants contribute to the goal of transitioning to 

a range of environmentally friendly consumer products such as laundry detergents. There has been 

a growth in synthesis and commercialization of bio-based surfactants by the leading surfactant 

manufacturing companies as well as of reports on new surfactant structures using a combination of 

known natural ingredients and catalytic processes. These bio-based alternatives are attractive from 

a social, ecological, and global sustainability view-point. The growing consumer awareness to opt 

for non-polluting and sustainably sourced ingredients with comparable or better characteristics with 
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respect to fossil fuel derived counterparts is one of the factors driving the innovation in the laundry 

detergent formulations. The new surfactant structures have different properties depending upon the 

source of their hydrophilic and hydrophobic moiety. The fatty acid derivates with long carbon 

chains majorly form the source of the hydrophobic part, while the polar functional groups vary 

depending on the biomass, sugar, enzymatic or plant-based source. The synthetic structures that fit 

into the framework of a laundry detergent surfactant are tested for their efficacy as cleaning, 

foaming, emulsifying, or wetting agents. Their properties will influence the wash results under 

different washing procedures and conditions based on the geographical location.  Biosurfactants 

are particularly favoured because of their biodegradability and being fully bio-based. The economy 

of scale and technical challenges with biosynthesis have been a hurdle in their widespread 

application. The new bio-based surfactant candidates face the challenge of competing with the low 

cost of the fossil fuel-based chemicals. It is also important to study their adverse environmental 

effects that will vary depending on their purity and structure. Industries have already launched bio-

based cleaning formulation and bio-based biodegradable surfactant candidates to replace certain 

commercial analogues. The natural surfactant industry as well as the corresponding research area 

is expected to continue to grow over the next years. The biobased surfactants are classified on a 

rather simple definition, however their application as consumer products warrants a life cycle 

assessment. In addition to the novel candidates, drop-in solutions obtained from renewable sources, 

are simultaneously being explored.  

 The definitions or keywords such as biobased do not imply 100% sustainable sourcing of 

feedstocks or sustainable synthesis procedures. Irrespective of the several varieties of plant oils and 

plant seed oils, the bulk of the fatty acids are derived from palm kernel oil. There is scope for 

incorporating other types of oils and enzymatic source of palm kernel oil to avoid competing with 

the food-based demand on palm cultivation. The changing regulations, need for cutting down the 
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complexity of formulations, and the demand for cleaner and safer products has caused the change 

in the type of surfactants in detergents. This mini review summarises the different categories of 

surfactants with potential application in laundry detergents, their chemical structures, chemical 

reactions to synthesize surfactants from renewable raw materials, key considerations in terms of 

their properties, and challenges for their commercial use. 
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 Indirect acylation kinetics of octanoic anhydride and 2-

methylfuran with Al-MCM-41  

Reprinted with permission from Naik, A. V.; Joseph, K. E.; Shetty, M.; Ardagh, M. A.; 

Dauenhauer, P. J. Kinetics of 2-Methylfuran Acylation with Fatty Acid Anhydrides for 

Biorenewable Surfactants. ACS Sustain. Chem. Eng. 2020, 8 (50), 18616–18625. 

Copyright (2020) American Chemical Society 

 

4.1. Introduction 

Surfactants or ‘surface active agents’ are the active ingredient in many chemical industries 

like food, detergents, textiles, and cosmetics.83 Given the practical utility of surfactants, 

there has been significant interest towards developing biorenewable surfactants to reduce 

the burden on fossil fuel resources and to meet the consumer demand for sustainable 

products.3,11,56 The current commercial linear alkyl-benzene sulphonate surfactants (LAS) 

are produced from petroleum-derived molecules such as benzene and alpha-olefins. The 

alkylation chemistry used for their synthesis results in a distribution of products rather than 

the targeted structure.31,84–86 Alternatively, new biorenewable surfactants are structured for 

precise chemical design with enhanced surfactant properties. To this end, Park et al. 

synthesized a new class of surfactants called ‘oleo furan sulphonates’ (OFS) that are 

derived from renewable resources such as biomass and plant oils.9 

 In OFS surfactants, a biomass-derived furan molecule replaces benzene as the 

aromatic linker between the polar end group (e.g., sulphonate) and the long non-polar 

carbon chain of the molecule. The non-polar long carbon chain is derived from fatty 

carboxylic acid derivatives that are obtained from natural oils. In addition to their 

renewable sources, OFS surfactants garner appeal due to their characteristics such as 100-
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fold stability improvement in hard water (i.e., high Ca2+ concentration) compared to 

commercial surfactants.10 This property obviates the need for additional chelating agents 

present in detergent formulations. The use of such chelating agents has detrimental 

environmental effects apart from adding to the complexity and cost of the surfactant 

mixture.87  

OFS surfactants are synthesized through the Friedel Crafts acylation reaction of 

furanic substrates and fatty acids (direct) or anhydrides9,10 (indirect) as the acylating agent 

to form ‘alkyl furan ketones’ using solid Brønsted acid catalysts (Scheme 4.1). These 

acylated furans or 2-methylfuran15 can be further tuned using established synthetic routes 

such as hydrogenation, aldol condensation, and sulphonation to form different branched 

and unbranched structures thereby targeting specific properties. The acylated furan 

molecule is the important precursor for the rest of the synthetic route and the entire slate of 

OFS products.  

 Friedel Crafts acylation of aromatic compounds is a known organic chemistry 

reaction to form ‘aryl alkyl ketones’. It is an electrophilic aromatic substitution reaction88,89 

in which an electrophile reacts with an aromatic substrate to form an acylated aromatic 

ketone. Several solid acid catalysts have been studied for the acylation of aromatics as 

reviewed by Sartori and Maggi.83 Factors such as the polarity of the solvent, nucleophilicity 

of the substrate, and the catalyst pore size and environment have been proposed to influence 

the reaction. Although batch reactor experiments have been used to screen such catalysts, 

flow reactors are industrially relevant as the continuous flow of the feed solution minimizes 

catalyst deactivation and improves throughput. The drawback of using a solid acid catalyst 
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is the deactivation of the catalyst due to the formation of coke and other high molecular 

weight side products formed as a result of ketene (R2C=C=O) type off-cycle reactive 

intermediates.6,90,91 Additionally, the competitive adsorption of product causes reversible 

deactivation during acylation.92 The chain length effect for carboxylic acids with zeolites 

(MOR, FAU, and BEA) and cerium exchanged HY zeolites has been studied by 

Wagholikar et al.93 and Chiche et al.94 respectively. The use of large pore zeolites and 

mesoporous aluminosilicates is preferred to enable access to the acid sites and desorption 

of the products. 

 The acylation mechanism involving the Brønsted acid proton has been reported to 

proceed  through the formation of the ‘acyl-solid acid catalyst’ intermediate/complex.90,95–

98 As has been previously reported in the literature97,99 in a liquid phase reaction in a zeolite 

catalyst, it is imperative to consider the competitive adsorption of all the polar reactants 

and products even though only one reactant is activated to participate in the surface 

reaction. Koehle et al.100 investigated the effect of Brønsted versus Lewis acid zeolites for 

the liquid phase acylation of 2-methylfuran or 2MF (used interchangeably) with small 

acetic anhydride and attributed the catalytic activity to Brønsted acid sites. Kinetic isotope 

studies with furan indicated that deprotonation to form the acylated product is the rate-

limiting step of the overall reaction. In the case of 2-methylfuran, however, they suggested 

that the formation of acyl intermediates is the rate-limiting step. 

 There are only a few examples of liquid phase acylation reactions using furan as a 

substrate, especially where longer chain fatty acids or acid anhydrides are used as the 

source of acyl species.101–103 The possible reaction mechanism involves the following 
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steps: (i) adsorption of the anhydride, (ii) the activation of the anhydride to form an acyl 

intermediate, (iii) electrophilic attack of the acyl species on the furanic substrate to form a 

Wheland intermediate/ sigma complex, followed by (iv) deprotonation to regenerate the 

acid site and desorption of the product. Acyl species formation or the surface reaction with 

the aromatic substrate have also been proposed as the rate-limiting steps for Friedel Crafts 

acylation.  

 The study of the kinetics and mechanism of liquid phase furan acylation using long 

chain fatty carboxylic acid derivations (C8 to C18) has not been studied to the best of our 

knowledge. As this is the key step in the production of biomass-derived OFS surfactants, 

the scale-up and design of its commercial process requires a deeper understanding of the 

mechanisms of furan acylation, the kinetics of reaction, and the impact of long-chain fatty 

acids on the overall rate of conversion. The direct acylation using fatty acid as the acylating 

agent produces water as the by-product and has better carbon atom efficiency when 

compared to the fatty acid anhydride, since the anhydride produces one mole of fatty acid 

byproduct for every mole of reaction. However, the formation of the acyl species is more 

favorable on a Brønsted acid site from an anhydride reactant.104  
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Scheme 4.1. Conversion of triglyceride (natural oils) to surfactants occurs via the pathways of 

direct and indirect acylation with furan or methyl-furan to form the key intermediate, alkyl-furan-

ketone. Subsequent reduction and/or branching of the hydrophobic tail 

In this work, we focus on elucidating the kinetics and reaction mechanism for the 

liquid phase acylation reaction of 2-methylfuran with n-octanoic anhydride as the acylating 

agent in the presence of a non-polar solvent heptane (Scheme 4.2). This model system was 

selected to minimize coke formation due to furan polymerization, since the alpha carbon 

of 2-methylfuran is blocked by the methyl group. Al-MCM-41, a mesoporous 

aluminosilicate, was selected as the Brønsted solid-acid catalyst for the longer chain length 

anhydride. The steady state kinetic data under varying reaction conditions was collected in 

a liquid phase fixed-bed reactor, and an Eley-Rideal mechanism was consistent with the 

observed kinetics. 

 

 



47 

 

 

Scheme 4.2. n-Octanoic anhydride (C8) reacts with 2-methylfuran in solvent heptane to form 2-

octanoyl-5-methylfuran (2O5MF) and n-octanoic acid in the presence of a mesoporous solid acid 

catalyst (Al-MCM-41) 

4.2. Materials and methods 

  Experiments were conducted within a continuous upflow fixed-bed reactor with 

offline chemical product analysis as follows.  

Chemicals. Heptane (anhydrous, 99%), hexane (95%), n-octanoic acid (98%), 

trifluoroacetic anhydride (99%), tert-butylamine (≥ 98%), and Si-MCM-41 were purchased 

from Millipore Sigma. 2-Methylfuran (98%) and n-octanoic anhydride (95%) were 

purchased from Tokyo Chemical Industry (TCI). n-Decane (99%) was purchased from 

ACROS Organics. All the chemicals were used without purification unless specified 

otherwise. Mesostructured Al-MCM-41 (2-4 nm pore size, ~3 wt% aluminum) and quartz 

chips (Silicon dioxide, fused (granular), 4-20 mesh size) purchased from Millipore Sigma 

and deactivated quartz wool purchased from Quantachrome were calcined before use.  

 

Catalyst characterization. Reactive gas chromatography (RGC) using tert-

butylamine titrant was used for measuring the active site density of the catalyst following 

the existing procedure.105 27Al spectra were acquired using a one pulse experiment on 700 

MHz Varian spectrometer using 4 mm MAS probe with 10 kHz spinning rate at the 

Minnesota NMR Center (total 50,000 scans). The recycle delay was set to 0.5 seconds with 

an acquisition time of 10 ms for each scan at 298 K. The duration of the excitation pulse 
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was set to 0.5 microseconds that corresponds to 10 degrees flip angle. The spectra were 

referenced with respect to external sample AlCl3 peak at 11.7 ppm. Argon physisorption 

data was collected at 87 K using an Autosorb 2 (Quantachrome) after outgassing the 

samples at 573 K overnight. The catalyst pore diameter and pore volume were determined 

by the BJH method, using the desorption data. The surface area was also reported using 

the BJH method and adsorption data. The size of the particles was estimated via Scanning 

Electron Microscopy (SEM, Hitachi SU8230) at the University of Minnesota 

Characterization facility and analyzed with ImageJ software (60 counts).  

 

Reactor setup.  Kinetic reaction experiments were performed in a continuous 

fixed-bed catalytic reactor made from 1/4” (0.18” i.d.) SS316 steel tubing (Figure A5). 

The catalyst was packed in the tubing using quartz wool and quartz chips. The top portion 

of this reactor tubing was fitted with a 1/16” Type K thermocouple to monitor the 

temperature of the catalyst bed. An aluminum tube wrapped with an electric heating tape 

served as the furnace. Additionally, pre-heating and post-heating zones were created using 

electric heating tape to minimize temperature fluctuations at the catalyst bed. The 

temperature of the furnace, post-heating section, and the pre-heating section were 

controlled independently by Omega (CN-7800) PID temperature controllers.  

 

Flow reactor experiments.  The solid catalyst was weighed (~75 mg) and packed 

inside the reactor tube. The assembled reactor tubing consisting of quartz wool, quartz 

chips, and the catalyst was calcined in-situ under an air (99.997 %, Minneapolis Oxygen) 
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flowrate of 63 sccm using a ramp rate of 1 °C/min to 723 K for four hours. The reactor was 

cooled to 378 K before switching to He gas (Ultra High Purity Grade 99.999%, Matheson) 

flow. After calcination, the feed solution composed of 2-methylfuran, n-octanoic 

anhydride, heptane, and n-decane (internal standard) was flowed upward using an HPLC 

pump at 1.0 ml min-1. The reactor pressure was maintained at 410 psig using a gaseous 

back-pressure regulator and helium gas flow rate of 3-4 sccm controlled using a mass flow 

controller (Brooks Instrument, SLA5850). This is a safety measure to ensure that the back-

pressure regulator safely maintains the pressure without exposure to liquids. The reaction 

was monitored by collecting liquid samples in gas chromatograph (GC) amber vials 

through a six-port valve. The liquid samples were collected every 15 min and analyzed 

offline along with the feed solution on a GC (Agilent 7890A, 7693 autosampler) equipped 

with a flame ionization detector (FID) as well as a quantitative carbon detector (QCD, 

POLYARC).106 Agilent HP-5 column (19091J-413, 30 m × 320 µm × 0.25 µm) was used 

in the GC for the separation of the components of the liquid mixture. The GC scans were 

analyzed for five components: 2-methylfuran (2MF), n-decane (internal standard), n-

octanoic anhydride (anhydride), n-octanoic acid (acid), and 2-octanoyl-5-methyl-furan 

(2O5MF). No other side product peaks were detected within quantifiable limits. The 

conversion was calculated with respect to moles of 2-methylfuran (n2MF) or the limiting 

reactant (Eq. 4.1).  

% Conversion =
n2MF,t=0 − n2MF,t=t

n2MF,t=0
× 100 (4.1) 

The carbon balance was calculated using Eq. 4.2 on a carbon number basis and the site-

normalized rate was calculated using Eq. 4.3. 



50 

 

Carbon balance =
5 × n2MF,t=t + 16 × nanhydride,t=t + 8 × nacid,t=t + 13 × n2O5MF,t=t

5 × n2MF,t=0 + 16 × nanhydride,t=0
  (4.2) 

Reaction rate =  
n2O5MF,t=t × volumetric flow rate

vol. of feed soln.  ×  mass of catalyst × Brønsted acid site density 
 (4.3) 

Activity factor =  
Rate for reference solution at tref
Rate for reference solution at time t

 (4.4) 

The steady state kinetic data were collected after an initial four-hour period (tref) on 

stream using a reference solution. The initial four-hour period was considered sufficient to 

allow the system to stabilize. The reference feed solution composed of 15.4 ml (51.8 mmol) 

n-octanoic anhydride, 3.0 ml (33.3 mmol) 2-methylfuran, 4.0 ml (20.7 mmol) n-decane as 

an internal standard in 485 ml heptane as the solvent. The reference solution used n-

octanoic anhydride in excess of 2-methylfuran to avoid polymerization reaction of 2-

methylfuran.103 The reactor bed was periodically subjected to the reference condition of 

378 K and 410 psig to calculate an activity factor (Eq. 4.4). The average rate for different 

reaction conditions (e.g. concentration or temperature) was corrected to the reference 

condition (tref) using the obtained activity factor. The switch to different reaction conditions 

was made by varying a single parameter at a time (concentration of one reactant/product 

or temperature) such that all the other parameters remained same as the reference state.   

 

Synthesis of the acylated product.  The acylated product (2O5MF) was 

synthesized using trifluoroacetic anhydride as a co-reactant following a previously reported 

procedure for acylation of furan using lauric (C12) anhydride.9 The reaction was carried out 

using 2-methylfuran (1.44 ml), n-octanoic acid (1.33 ml), and trifluoroacetic anhydride 

(3.63 ml) in the molar ratio of 1:0.5:1.6, respectively, in 6.0 ml hexane at room temperature. 
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After one hour, the solution was purified using a rotary evaporator (30 min at room 

temperature and two hours at 343 K) to remove the volatile components such as the residual 

solvent, 2-methylfuran (b.p.= 336 K), trifluoroacetic acid (b.p.= 345 K), and trifluoroacetic 

anhydride (b.p.= 313 K). The brown liquid obtained after the rotary evaporator was heated 

at 378 K overnight prior to use. The gas chromatograms, 1H NMR spectrum, and mass 

spectrum of the product are presented in the supporting information (Figure A1-A3). The 

inhibition effect was analyzed by co-feeding the product 2O5MF along with the feed 

solution. The retained octanoic acid in the product was accounted for during product 

inhibition experimental studies. The other unknown impurity peak area (~ 3% of the 

product peak area) was negligible and remained unaffected.  

4.3. Results & Discussion.  

Experiments addressed the characterization of solid acid catalysts and the kinetics of 

methyl-furan acylation with octanoic anhydride catalyzed on Brønsted acid sites. 

4.3.1. Catalyst characterization and stability  

While the structure of Al-MCM-41 is well known,107–109 the precise characteristics 

are important for predicting transport limitations and determining the reaction rate per 

active site or turnover frequency. Al-MCM-41 is a mesoporous aluminosilicate with 

hexagonal pores, selected in this work to reduce the potential for mass transport limitations 

with octanoic anhydride. Catalyst properties including aluminum content, pore properties, 

and active site density are listed in Table 4-1. With an aluminum content of 2.52 wt% as 

shown in Table 4-1, Brønsted acid site density (174 µmol/g) of Al-MCM-41 was obtained 
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using tert-butylamine titration. Argon physisorptionI indicated mesoporosity consistent 

with 3.5 nm pores in the hexagonal structure, as shown in Figure 4.1A. The catalyst formed 

aggregates with an intraparticle size estimated to be approximately 0.1 µm for Al-MCM-

41, determined by SEM, as depicted in Figure 4.1B.  

 

Table 4-1. Catalyst characterization 

Catalyst Al-MCM-41 Si-MCM-41 

Al content (wt%)a 2.52  – 

H+ incorporation (%)c,d 42 – 

Active site density (µmol/g)d 174  – 

Pore diameter (Å)b 35  31 

Pore volume (ml/g) b 1.51 1.19 

Surface Area (m2/g) e 1448 1899 

a Reported by Sigma Aldrich (~ 3 wt%) and ICP-OES by Galbraith Laboratories, Inc 
b Ar physisorption data (calculated from the desorption branch of the isotherm using BJH method)1 
c 27Al NMR  
d Reactive gas chromatography with t-butylamine  
e Ar physisorption data (calculated from the adsorption branch of the isotherm using BJH method))1 

 

 

 The reaction rate of the catalyst for four hours on stream  (Figure 4.2A) indicated 

an initial rapid decrease in the rate of product formation followed by a steady rate of 

product formation under the reference conditions. The conversion of 2-methylfuran after 

four hours was less than 20%. The overall carbon balance between the input and output of 

the reactor remained above 95%. A typical concentration profile of the two reactants and 

 
I Conducted with ChoongSze Lee and Dr. Matheus Dorneles De Mello 
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the two products for a four hours’ time on stream (TOS) is shown in Figure 4.2B. While 

stoichiometry of the reaction would predict a 1: 1 ratio of product octanoic acid and 

2O5MF, the measured moles of octanoic acid were greater than the moles of 2O5MF 

(Figure 4.2B). This anhydride hydrolysis is potentially due to the residual moisture in the 

reactants and has been previously observed for acylation reactions by Rohan et al.92 as well 

as Chen et al.110 This also implies that the formed n-octanoic acid did not undergo any 

further acylation at the reaction conditions. The reaction rate profile with the helium gas 

flow bypassing the reactor was also included (Figure 4.2) to show that the use of inert gas 

did not change the time on stream rate profile. The reaction occurred in the liquid phase, 

and the inert gas does not influence the reactivity. It was possible to regenerate the catalyst 

using the in-situ calcination procedure as indicated by the restored catalytic rate for at least 

four hours at 378 K (Figure 4.2A), suggesting a reversible deactivation by coke formation. 

 

  

Figure 4.1. Textural properties and imaging of Al-MCM-41 and Si-MCM-41. (A) Argon 

physisorption isotherm of Al-MCM-41 and Si-MCM-41. (B) Scanning electron micrograph 

(SEM) of Al-MCM-41. Scale bar is 1.0 µm. 
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Figure 4.2. (A) Rate of formation of the acylated product (2O5MF) for four hours on stream over 

Al-MCM-41: (solid circles) condition used for kinetic data collection where 1 ml/min liquid is fed 

along with 3 sccm of  He gas, (empty triangle) only liquid is flowed over the reactor bed while the 

gas bypasses the reactor bed, (solid squares) catalyst is regenerated using the calcination procedure. 

The time on stream data overlaps appreciably. (B) Typical concentration profiles for the two 

reactants and products at the reference conditions. Reaction conditions: 378 K, 410 psig maintained 

using He gas flow, 75 mg Al-MCM-41, 1 ml/min liquid flow, 0.065 M 2-methylfuran, 0.096 M n-

octanoic anhydride in heptane (n-decane is used as internal standard for GC analysis). Carbon 

balance above 95%. Error bars are 95% confidence intervals from 3 experiments. 

4.3.2. Mass transfer limitations   

Analysis of reaction data was conducted at steady state conditions with conversion 

of the limiting reactant (2-methylfuran) less than 20%. The Mears criterion111 was used to 

establish the absence of external mass transport limitations. Particle characteristics 

required to evaluate the Mears criterion are tabulated in the supporting information in 

Table A2. Additionally, Weisz-Prater parameter111 was estimated (0.001); since it is 

appreciably less than unity (Table A1), intraparticle diffusion limitations are predicted to 

be absent.  

The Koros Nowak criteria112,113 was also used as an experimental validation for the 

absence of intraparticle diffusion limitation. Si-MCM-41 was used as the material for 
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dilution of the catalyst pellet. Si-MCM-41 was tested for its inertness for the acylation 

reaction. Additionally, the pore diameters for Si-MCM-41 and Al-MCM-41 were similar 

(Table 4-1). The intraparticle size of Si-MCM-41 was estimated to be approximately 0.05 

µm (Figure A7) using SEM. These similar textural characteristics of Si-MCM-41 make it 

viable to be used for the Koros Nowak test, because it is expected to have similar transport 

properties. The test was then conducted with a diluted pellet (250-500 µm) using 50 wt% 

Al-MCM-41 and 50 wt% Si-MCM-41. The rate of product formation scaled proportionally 

with the extent of pellet dilution (Figure 4.3). This indicates that the catalytic rate depends 

on the number of active sites and is not masked by internal diffusion limitations.  

 

 

Figure 4.3. (A) Rate of formation of product with 100% Al-MCM-41 (filled circles) and 50 wt% 

AlMCM41 + 50 wt% inert Si-MCM-41 (open circles). (B) The specific rate (site-normalized) drops 

by 50 % for the diluted pellet indicating the rate varies proportionally to the number of Brønsted 

acid sites. The horizontal line is to guide the eye. Reaction Conditions: 378 K, 410 psig, 75 mg 

catalyst, 0.06 M 2MF, 0.09 M n-octanoic anhydride. 
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4.3.3. Reaction kinetics 

The apparent activation barrier was determined by measuring the rate of 2-

methylfuran acylation with octanoic anhydride on Al-MCM-41 catalyst over a temperature 

range of 332−408 K. Reactions were limited to a conversion of 2-methylfuran of 20%, and 

the site-normalized rates were evaluated as an Arrhenius plot as shown in Figure 4.4. For 

all evaluated conditions, the measured kinetics produced straight, single-slope Arrhenius 

plots indicative of a single rate-controlling mechanism. An apparent activation barrier of 

15.5 ± 1.4 kcal mol-1 was obtained for the temperature range of 348−408 K. Similar 

apparent activation energy barriers were obtained for different reactant molar ratios such 

that the concentration of 2-methylfuran was 0.065 M (Figure 4.4), indicating the same 

rate-limiting step(s) over the concentration range. This barrier agrees with the apparent 

barrier of 16.9 kcal mol-1 for the acylation reaction of 2-methylfuran and acetic anhydride, 

as reported by Koehle et al.100 This barrier was suggested to correspond to the rate-limiting 

step of formation of the acyl species from acetic anhydride. The similar activation energy 

barriers potentially suggest (a) the existence of a similar mechanism and (b) the formation 

of acyl intermediate for both short as well as long chain anhydride. 



57 

 

 

Figure 4.4. Apparent activation energy (Ea,app) for acylation reaction of 2-methylfuran (2MF) with 

n-octanoic anhydride (Anhydride) was fairly constant (± standard error) for three different reactant 

molar ratios: [2MF]:[OctAnh]= 1: 1.5 (square), 1: 1 (triangle), 1: 0.4 (circle), [2MF]=0.065 M, and 

a temperature range of 332−408 K (error bars are standard deviation values, solvent: heptane) 

 

 The reaction rate dependence of 2-methylfuran and octanoic anhydride to form 

2O5MF was experimentally evaluated by varying the concentration of reactants and 

products.  As shown in Figure 4.5A and 4.5B, the reaction rate was measured under 

differential conditions by independently varying 2-methylfuran, octanoic anhydride, 

2O5MF, and octanoic acid. At 378 K, the apparent reaction rate order was ~0.6 and ~0.5 

in 2-methylfuran and n-octanoic anhydride concentrations, respectively. In case of n-

octanoic anhydride, variation in the site-normalized rate at higher concentration (> 0.3 M) 



58 

 

suggests a potential transition to an apparent zero-order regime. We note that the 

experimental error in this concentration range was high, possibly due to (a) the catalyst 

instability at high liquid phase reactant concentrations103 and (b) larger deviation from the 

reference condition used in the current method of data collection. The measured apparent 

reaction orders were consistent with the study by Richard et al.114 who have reported a 

similar half order in benzofuran reactant (0.1-1.2 M) and close to zero order in the 

anhydride co-reactant for acylation using acetic anhydride in H-Y zeolite catalyst. 

 The formation of acylated products has been proposed to be a source of product 

inhibition in batch reactions.98 To evaluate product inhibition for the acylation of 2-

methylfuran with n-octanoic anhydride, the product 2O5MF was independently 

synthesized and then used as a co-feed in reaction experiments. The turnover frequency 

was not affected significantly by co-feeding either of the two products, n-octanoic acid or 

2O5MF (Figure 4.5C and 4.5D). Since steady state rates are measured here, the products 

likely no longer suppress the reaction rate. For example, Gumidyala et al.8 have reported 

that the negative reaction order of the product (water) in the ketonization reaction of acetic 

acid changes with the progress of the reaction on the catalyst such that the inhibition effect 

is minimized. The near zero rate order in octanoic acid concentration agrees well with the 

negligible adsorption for the acid compared to the anhydride with other aromatic 

substrates.98,100,115 Otherwise, the competitive adsorption of the acylated product has been 

attributed to its inability to desorb from the pores because of their large molecular size.98 

This effect is expected to be minimal in the large mesopores of Al-MCM-41 used in this 

study.  
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Figure 4.5. Apparent reaction rate order with respect to (A) 2-methylfuran (2MF, 

[Anhydride]=0.096 M), (B) n-octanoic anhydride ( [2MF]=0.065 M), (C) acylated product 

(2O5MF), and (D) n-octanoic acid. Reaction is carried out at 378 K and ~75 mg catalyst. Co-

feeding the acylated product 2O5MF or octanoic acid did not drastically affect the rate of acylation 

([2MF]=0.065 M and [Anhydride]=0.096 M). Error bars are 95% confidence intervals. 
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4.3.4. Kinetic model 

  A reaction mechanism is evaluated based on the observed reaction kinetics. The 

two reactants, n-octanoic anhydride and 2-methylfuran (2MF), in solvent heptane react to 

form the acylated product (2O5MF) along with octanoic acid as the by-product. The 

reaction is a partial positive order in 2MF and the anhydride, while no product inhibition 

is observed. Since no negative reactant orders were observed, the commonly proposed 

Langmuir Hinshelwood mechanism was eliminated as a possibility (see Appendix) The 

experimental apparent activation energy agrees with the reported value for a shorter 

anhydride chain length100 (C2 vs C8) suggesting the possibility of the same mechanistic 

behavior. The microkinetic modeling by Koehle et al.100 supports the formation of the acyl 

intermediate as the rate-limiting step for the system of the smaller chain length anhydride 

(acetic anhydride) and H-BEA (Si/Al = 138). Indeed, the formation of an acyl intermediate 

from the anhydride on the active site has been reported in the literature through NMR104 

and FTIR116,117 studies. Also, kinetic isotope studies by Bonati et al.90 demonstrate that 

other ketene intermediates are not involved in the liquid phase acylation reaction 

mechanism for anisole using acetic anhydride and Brønsted acid catalysts. The furanic 

substrate can thus react with the acyl species independent of its source (anhydride, acid, or 

halide). If the formation of the acyl species is rate-limiting, then the overall rate is 

determined by the activation of the anhydride on the Brønsted acid site. 

 Accordingly, the Eley-Rideal mechanism was considered as shown in Figure 4.6 

on the active site (*). The key steps are the adsorption of the anhydride on the Brønsted 

acid site (Anhydride*), adsorption of 2-methylfuran (2MF*), formation of the acyl 
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intermediate (Acyl*) and the by-product (Acid), surface reaction of 2-methylfuran with the 

acyl intermediate to form the acylated product, and the desorption of the acylated product 

(2O5MF). The produced fatty acid is assumed to not adsorb to the acid site in the presence 

of the anhydride at these reaction conditions104 and supported by other acylation kinetic 

studies.95,98,100,115 These steps outline a mechanism with acylium species formation as the 

rate-limiting step, but a concerted mechanism wherein 2MF reacts with the adsorbed 

anhydride (Anhydride*) to form the acylated product (2O5MF) is also plausible (Figure 

4.6, red pathway).   

 As per the Eley-Rideal mechanism of liquid phase Friedel Crafts acylation of 

aromatic substrates such as anisole and 2-methyoxynapthalene suggested by Corma96 and 

Meric99 the “chemisorption/ physisorption” of a polar aromatic substrate blocks active 

sites, while the adsorbed acylating agent reacts with the aromatic substrate from the liquid 

phase. Indeed, Richard et al.114 explained the half order in benzofuran acylation with acetic 

anhydride by accounting for a similar physisorption of benzofuran on zeolite Y. In our case 

wherein apparent partial orders are also observed, this modification to the Eley-Rideal 

mechanism corresponds to the adsorption by the co-reactant in the form of [2MF*], while 

only [Anhydride*] is activated on the catalytic site in the cyclic mechanism. Based on this 

discussion for the Eley-Rideal mechanism, the elementary reactions for the two cases of 

concerted and stepwise acylation are listed in Table 4-2. These rate expressions assume a 

negligible number of open sites as it is a liquid phase reaction (the ‘1’ term in the 

denominator is negligible)95,99 and negligible product concentrations at low conversion. 

The complete derivations of the two rate expressions are provided in the Appendix. The 
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rate expression accounts for the blockage of active sites due to 2MF indicated by [2MF*] 

with K2 as the adsorption constant.  

 

 

Figure 4.6. Catalytic cycle for the acylation of 2-methylfuran with an anhydride and a Brønsted 

acid catalyst showing a concerted mechanism (red) vs. a stepwise mechanism (black) through the 

formation of the acyl intermediate. 

  

  



63 

 

The difference in the concerted and the stepwise mechanism were evaluated by comparing 

the kinetic data with the rate expressions. The two rate expressions suggest that rate order 

for the two reactants should vary from zero to one (negative one to positive one for 2MF 

for the stepwise mechanism), which could explain the observed positive partial orders 

observed in the experimental kinetics of our work. Further simplification by assuming 

maximum coverages by the reactants does not agree with the measured partial positive 

reaction rate orders. Other rate-limiting steps such as the deprotonation of the Wheland 

intermediate are also considered (see Appendix). 
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Table 4-2. Reaction mechanism (Active site is indicated by *) 

Stepwise mechanism: Formation of acyl species is rate-limiting 

Anhydride + ∗ ⇋  Anhydride∗    (K1) 

2MF + ∗ ⇋  2MF∗                         (K2) 

𝐀𝐧𝐡𝐲𝐝𝐫𝐢𝐝𝐞∗  
𝐤𝟑
→  𝐀𝐜𝐲𝐥∗ + 𝐀𝐜𝐢𝐝 

Acyl∗ + 2MF ⇋ 2O5MF∗               (k4, k-4) 

2O5MF∗  ⇋ 2O5MF + ∗                (K5) 

r

[∗]0
=

k3K1k4[2MF][Anhydride]

k4K1[Anhydride][2MF] + k4K2[2MF]2 + k3K1[Anhydride]
 

Concerted Mechanism 

Anhydride + ∗ ⇋    Anhydride∗    (K1) 

2MF + ∗ ⇋    2MF∗                            (K2) 

𝐀𝐧𝐡𝐲𝐝𝐫𝐢𝐝𝐞∗ + 𝟐𝐌𝐅 
𝐤𝟑
→ 𝟐𝐎𝟓𝐌𝐅∗ + 𝐀𝐜𝐢𝐝 

2O5MF∗  ⇋   +2O5MF + ∗             (K4) 

r

[∗]0
=

k3K1[Anhydride][2MF]

(K1[Anhydride] + K2[2MF])
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 First, the stepwise mechanism with the formation of the acylium species (Acyl∗) as 

the rate-limiting step was considered as listed in Table 4-2. As per the rate expression 

(Table 4-2) for the proposed stepwise mechanism, the rate order for 2MF varies from -1 

to 1. However, the experimentally measured apparent rate order for 2MF is ~0.6, negating 

mechanisms with rate expressions with a negative apparent reaction order (-1 to 0). The 

unknown kinetic parameters in this case are the ratio of the adsorption constants (K2/K1), 

the rate constant (k3) for the irreversible rate-limiting acyl formation step, and the forward 

rate constant (k4) for the surface reaction of 2MF. An attempt was made to estimate these 

parameters using the ‘lsqcurvefit’ function in MATLAB R2017a. Considering 1.0 M to be 

the standard solution phase concentration, it is required that k3 << k4 for the rate-limiting 

step. However, the fitted values for k3 and k4 parameters did not satisfy this constraint and 

did not match the experimental apparent rate order in anhydride. 

 Consider the concerted mechanism rate expression (Table 4-2, Figure 4.6, red 

pathway) wherein the surface reaction of octanoic anhydride (Anhydride*) and 2MF is 

assumed to be the rate-limiting step. The apparent rate order data sets were used to fit the 

rate constant (k3=22.4 mol (mol H+)-1 min-1 M-1) and the ratio of adsorption constants 

(K2/K1 = 1.8) of 2MF and anhydride, respectively (see Appendix), using the ‘lsqcurvefit’ 

function. The fitted value for K2/K1 agrees well with the reported value97,98 of 1.4 to 1.6 

for the acylation reaction with acetic anhydride with anisole or the approximation of 

K2/K1~1 used for other aromatic substrates (furan, pyrrole and anisole).95,118 To compare 

the order of magnitude of the obtained rate constant k3 with literature values, the units are 

converted by considering 1.0 M as the standard solution phase concentration and using 174 
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µmol gcat
-1 as the Brønsted acid site density. The estimated value of k3= 3.9 mmol min-1 

gcat
-1 or 0.37 s-1 at 378 K is comparable to the literature rate constant value of 2.17 mmol 

min-1 gcat
-1 at 388 K for toluene acylation98 or 0.279 s-1 at 393 K for 2-methylfuran 

acylation.100 This indicates that the two fitted rate parameter values are plausible with 

comparable acylation kinetics between 2-methylfuran and six-carbon aromatics. 

Using these two fitted parameters and the rate expression for the concerted 

mechanism, the calculated rate value was plotted (Figure 4.7A) and compared with the 

experimentally measured rate in the parity plot (Figure 4.7B). The large uncertainty or 

error associated with the rates in the higher concentration is reflected in the relative greater 

deviations from the experimental data in the parity plot (Figure 4.7B). However, this 

kinetic model shows that the experimental data can correspond to the transition in the 

reaction orders indicated by change in the slope of the curve over the given concentration 

range (Figure 4.7A). The calculated versus the experimentally measured apparent rate 

orders are indicated in Table A4. The table also highlights the experimental concentration 

ranges required in demonstrating a zero or first order rate dependence in either of the 

reactants. Overall, the concerted Eley-Rideal type mechanism is plausible for the 

experimental findings. As mentioned, such a sequence of elementary steps has been 

reported by Corma et al. (acyl chloride, anisole, zeolite HY) and Moreau et al. (2-

methoxynapthalene, acetic anhydride, HY). The importance of 2-methylfuran as a 

nucleophile in the acylation reaction, possibly in the rate controlling step, has been 

suggested for the vapor phase acylation with H-ZSM-5 and acetic acid.103,119 The co-

reactant (2-methylfuran) has been reported to assist in the stabilization of the charged 
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acylium ion intermediate by Crossley and co-workers in the case of acylation with acetic 

acid.119 Similarly, the temperature programmed desorption study of acetic acid by Gorte 

and co-workers103 showed only molecularly adsorbed acetic acid instead of water 

formation at the reaction temperature on a small pore zeolite H-ZSM-5 (Si/Al2 = 50). 

 The concerted mechanism satisfies the kinetic model and assumptions while 

effectively predicting the experimental rate and apparent rate orders. The observation of 

the apparent partial positive orders in 2-methylfuran and n-octanoic anhydride over a wide 

concentration range as well as the ratio of their adsorption constants suggests a comparable 

coverage by both the reactants in the liquid phase. The kinetic model system of 2-

methylfuran and a C8 anhydride in a non-polar solvent, and a mesoporous catalyst 

compared well with the known Friedel Crafts acylation literature. These reaction 

conditions and kinetics devoid of mass transfer limitations can serve to guide the synthesis 

requirements in the continuous production of biomass-based oleo-furan surfactants using 

fatty acid anhydrides.  
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4.4. Conclusions 

 A catalytic pathway to transform a low-cost feedstock, such as biomass-derived 

furans, directly to commodity chemicals by C-C acylation coupling chemistry is the main 

step in the synthesis of biorenewable OFS surfactants. These surfactants with improved 

hard-water stability compared to conventional petroleum-derived surfactants could 

potentially serve as the active ingredient in more sustainable cleaning products. In this 

work, the indirect acylation of 2-methylfuran using n-octanoic anhydride in solvent 

heptane was evaluated using Al-MCM-41 as the solid acid catalyst in a high-pressure (28 

bar) fixed-bed flow reactor. A long chain anhydride (C8) was used as the acylating agent 

on the commercially available mesoporous catalyst, Al-MCM-41, to directly benefit the 

future scale-up of  OFS surfactant synthesis as well as elucidate the Friedel Crafts acylation 

kinetics of biomass-derived 2-methylfuran with a long chain acid anhydride.  

Figure 4.7. (A) Concerted mechanism kinetic model fitting to the experimental rate data (red, 

Anhydride, [2MF] = 0.065 M, blue, 2-methylfuran, [Anhydride] = 0.096 M).  (B) Parity plot 

of the experimental rate order data for 2-methylfuran and octanoic anhydride versus the 

calculated rate based on the concerted mechanism model fitting. The concerted mechanism 

model fitting supports the partial transitional rate order as seen by the change in the slope. The 

large uncertainty associated with the rates for high reactant concentrations is reflected in the 

parity plot. 
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 The apparent activation energy of 15.5 ± 1.4 kcal mol-1 was measured in the 

temperature range of 348−408 K. The apparent reaction rate order data was also measured 

with respect to the two reactants as well as the two products. The apparent partial positive 

order of ~0.6 in 2-methylfuran concentrations and ~0.5 in anhydride were observed. No 

significant product inhibition was observed, indicated by the apparent zero rate order in 

2O5MF and octanoic acid concentrations. The acylation reaction mechanism was 

discussed for the activation of the anhydride on the Brønsted acid site. The partial positive 

apparent reaction orders in octanoic anhydride as well as 2MF over a wide concentration 

range were evaluated using an Eley-Rideal mechanism. This electrophilic substitution 

reaction was proposed to occur as a concerted surface reaction involving the acyl species 

and 2-methylfuran or a stepwise manner with the formation of the acyl intermediate as the 

rate-limiting step. The experimentally observed rate and rate orders were consistent with a 

concerted rate expression, and kinetic parameters such as the rate constant and the ratio of 

the adsorption constants were determined. The obtained model values agreed well with the 

literature values for the acylation of smaller chain length anhydride and aromatic 

substrates.   
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 Direct acylation of acetic acid and 2-methylfuran: Catalyst 

screening 

5.1 Introduction  

 Friedel Crafts acylation of furan is the main chemistry in the synthesis of renewable 

OFS surfactants and other important intermediates in the specialty chemical industry. It is 

an electrophilic aromatic substitution reaction88,89 in which an electrophile reacts with an 

aromatic substrate to form an acylated aromatic ketone. Such aromatic ketones are valuable 

intermediates in the chemical industry.120–125 This C-C coupling reaction is preferred due 

to formation of mono-acylated products in high yield, compared to alkylation of aromatic 

molecules resulting in an isomeric mixture of products.9,31 Traditionally, this reaction is 

carried out with acyl chloride using a homogeneous Lewis acid catalyst (BF3, AlCl3) or a 

Brønsted acid catalyst (H2SO4) resulting in the production of corrosive waste (HF, 

HCl).89,126,127 Lewis acid catalysts are required in stoichiometric quantities as they form a 

complex with the acylation product.123 Solid acid catalysts offer advantages such as ease 

of  separation, better product selectivity, and reusability.128  

5.1.1. Acylation of aromatic substrates using solid acid catalysts 

 The choice of the acylating agent and the solid acid catalyst influences the activity 

and selectivity of the acylation product from the aromatic substrate. Several heterogeneous 

catalysts such as zeolites, mesoporous materials, heteropoly acids, clays, and metal-oxides 

have been studied for acylation reactions.83,121  

 Zeolites are porous aluminosilicates with a well-defined crystalline framework 

comprising of [SiO4] and [AlO4]
 tetrahedral units linked together by bridging oxygen atoms 
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(Figure 5.1). The aluminum in the zeolite framework can act as a Lewis Acid catalyst or 

Brønsted acid catalyst, depending on its coordination environment. In the case of 

aluminosilicates such as zeolites or molecular sieves, the compensation of the negative 

charge by incorporation of framework Al+3 in exchange for a Si+4 atom by a cation (e.g. 

proton) can give rise to a Brønsted acidic hydroxyl proton. As more aluminum is 

incorporated into the framework, more acid sites are generated. The density of the acid 

sites depends on the Si/Al ratio. A higher Si/Al ratio creates a hydrophobic pore 

environment favoring the adsorption of relatively non-polar reactants or products. There 

are many types of zeolite frameworks (BEA, FAU, MFI, MOR, FAU, etc.) which have 

different pore sizes and dimensions.129 The acid site strength indicated by the deprotonation 

energy, ease of separation of the Brønsted acid proton to a non-interacting environment to 

form the conjugate base can be modified by replacing the heteroatom from Al to other 

trivalent atoms such as Ga or B. For example, the acid site strength based on the computed 

deprotonation energies for the MFI framework decreases as follows Al> Ga, Fe >B.130 

 Corma et al.96 reported the use of zeolites for the acylation of anisole with 

carboxylic acids. H-BEA zeolites have been extensively used in studies on acylation of 

aromatic compounds such as anisole,90,92,93,131 toluene,132 furan,95,133,134 and pyrrole95,133 

using acetic acid or acetic anhydride under different reaction conditions. Escola and 

Davis135 studied the reaction of  hexanoic acid with biphenyl using zeolite HY and H-Beta 

as catalysts, and reported an increase in yield at higher temperature (53% at 200 ºC) but 

decrease in selectivity to the para-isomer. ZSM-5119 (MFI framework), MOR,93 and MCM-

2295 are other examples of zeolites studied for acylation, each having different properties 
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such as surface area, acidity, intracrystalline volume, channel/ pore size, and 

interconnectivity.  

 Heteropoly acids are Brønsted acid catalysts with strong acid sites compared to 

zeolites (Figure 5.1).136 The Keggin type structure has better stability for acid catalysis136 

compared to other heteropoly acid structures and is represented as H8-x [XM12O40] where 

X is heteroatom (eg. P, Si, Al) and the M is the metal, or addenda, atom (eg. W, Mo). The 

positive charge on the Brønsted acid proton is balanced by the polyanion, which can assist 

in stabilizing cationic intermediates. When heteropoly acid is supported on siliceous 

material, the catalyst can have larger surface areas and more accessibility to surface active 

sites.137 The acid strength varies according to the choice of the central and addenda atom 

as indicated by the DPE values.138 For example, the acid strength of the tungstophosphoric 

heteropoly acid is greater than molybdophosphoric heteropoly acid (PW > SiW ≥ PMo > 

SiMo).139 The use of salts of heteropoly acids for direct acylation of aromatic substrates 

has been reported. Corma and co-workers studied the acylation reaction of xylene or 

toluene and crotonic acid, and the turnover numbers were higher for the heteropoly acids 

compared to zeolites (HY and HBEA). Cardoso et al.140 reported a high selectivity to the 

acylation product for acylation of anisole with acetic anhydride and supported 

tungstophosphoric heteropoly acid, however the activity was lower in case of acetic acid. 

Kaur et al.141 reported the acylation of anisole and toluene with a range of carboxylic acids 

(C2-C12) and Cs2.5H0.5PW12O40. The higher yield with CsHPW and dodecanoic acid was 

attributed to the higher number of Brønsted acid sites and greater hydrophobicity compared 

to bulk (PW) or supported heteropoly acid (40% PW-SiO2) that can assist in preferential 
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adsorption of non-polar reactants. This can prevent the water induced deactivation of the 

catalyst. The main disadvantage of using heteropoly acids is the deactivation of the catalyst, 

due to the adsorption of the polar products (reversible) as well as formation of coke 

(irreversible). However, the aforementioned studies indicate the potential of heteropoly 

acids as catalysts for direct acylation of furanic substrates with a carboxylic acid as the 

acylating agent.  

 

Figure 5.1. Acidic proton and the structure of the active site in aluminium containing zeolites, 

boron containing zeolites, and heteropoly acid with addenda atom as tungsten.  
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5.1.2. Acylation of furans  

 The acylation reaction of biomass-derived furans is a promising route of upgrading 

a heteroatom (oxygen) containing precursor molecule to a high value product, such as OFS 

surfactants.4 This C-C coupling reaction is of interest for the conversion of furans to other 

useful chemicals as well.100,119,134 The acylation reaction can be carried out using different 

acylating agents. The direct acylation using a carboxylic acid forms only water as a by-

product, while the indirect acylation using an acid anhydride forms the corresponding acid. 

As a result, the use of carboxylic acid as an acylating agent is desirable from an atom 

economy point of view and an environmentally benign by-product.142  

 Accordingly, a combination of the acylating agent and the solid acid catalyst that 

can selectively yield the product without harsh reaction conditions is required.132 Since the 

reaction proceeds via the formation of the electrophilic acylium ion, it is imperative to 

account for the reactivity of the acylating agent. Activation of the carboxylic acid to form 

surface acyl species is energetically less favorable compared to anhydrides.104 

Furthermore, water can cause a reverse reaction to re-form the carboxylic acid, as well as 

side reactions, such as hydrolysis of furans leading to catalyst coking (Scheme 5.1).143  

 The vapor phase acylation of furans using carboxylic acid has been reported by 

Gumidyala et al.,119 Ji et al.,103 and Reddy et al.133 using zeolites. The direct acylation of 

furanic substrates with longer chain acids is not widely reported in the literature. The 

evident challenges in studying this reaction are the severe conditions compared to an 

anhydride to generate the acyl species for the direct acylation, the formation of water which 
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could result in the loss of catalyst activity by furan polymerization, and side reactions of 

the acid such as ketonization119 at a higher temperature. 

 The reaction of 2-methylfuran and acetic acid has been probed by Crossley and co-

workers144 as well as Gorte and co-workers.103 Crossley and co-workers demonstrated the 

direct C-C coupling reaction of 2-methylfuran with acetic acid using HZSM5 and HBEA 

to selectively form the acylation product, which is an important intermediate in the 

specialty chemical industry.6,103,144 They reported higher catalytic rates in the presence of 

HZSM5 compared to the a larger pore size catalyst, HBEA. They studied the effect of water 

and focused on the reaction mechanism. The reaction proceeds through the formation of 

acyl species by the dehydration of acid wherein the 2-methylfuran plays an important role 

in the stabilization of the transition state. Furthermore, the influence of reactant 

stoichiometry and reaction conditions for furan and 2-methylfuran with acetic acid was 

studied by Gorte and co-workers103 using HZSM5 because of its high selectivity. Their 

study reported that the catalyst stability can be improved when operating under the 

presence of excess acid concentration. They reported an equilibrium conversion of 43.8% 

at 523 K for this reaction with HZSM5.  

 Based on these reports for the direct acylation reactions of furanic substrates, it is 

evident that the role of the different catalysts on the reaction has not been explored. There 

is scope for achieving better catalyst stability and acylation rates while suppressing the 

catalyst deactivation due to furanic coking reaction. The catalyst performance depends on 

its pore network and size, acid site strength and  distribution, crystal size, pore volume, and 

the nature of the sites.121 With the evolving research in catalyst development, it is possible 
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to customize the catalyst for studying different chemical reactions.145 Different solid acid 

catalysts have been studied for acylation reactions, and their structure-property 

relationships have been established.121 

 In this work, the effect of different properties of solid Brønsted acid catalysts has 

been reported for the same probe reaction with acetic acid using an automated gas 

chromatography (GC) reactor. The different categories of the catalysts such as zeolites, 

heteropoly acids, and mesoporous aluminosilicates are studied based on the above 

discussion.  

 

 

Scheme 5.1. Catalytic cycle involving the active Brønsted acidic hydroxyl proton in the acylation 

of furanic substrates to form the alkyl furan ketone. Carboxylic acid derivatives (e.g., fatty acid) 

forms surface acyl species. Side reactions include hydrolysis of furans, formation of furan 

oligomers, and ketonization of the acid. 
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5.2 Materials and Methods 

5.2.1 Chemicals and catalysts  

 Acetic acid (glacial, ACS grade) was purchased from VWR Chemical. 2-

methylfuran was purchased from Tokyo Chemical Industry (TCI). 2-acetyl-5-methylfruan 

was purchased from Sigma Aldrich. Quartz wool (deactivated, 24324) and GC inlet liner 

(spitless, 5190-2293) were purchased from Restek and Agilent Technologies respectively. 

All chemicals were used as received unless further purification was specified.  

 HZSM5(40) (Si/Al= 40, CBV 8014, ammonium form), HZSM5(140) (Si/Al=140, 

CBV 28014, ammonium form), HY(40) (Si/Al= 40, CBV 780), and HBEA(150) (Si/Al= 

150, CP811C-300) were purchased from Zeolyst International. The ammonium form of the 

catalyst was converted to the proton form by calcination under an air flow rate in a tubular 

furnace at 823 K for 12 hours at 1 °C/min ramp rate. Al-MCMC-41 (Si/Al=40), Al2O3, and 

Si-MCM-41 was obtained from Sigma Aldrich. The Keggin type heteropoly acids viz. 

H3PW (22 wt%), H4SiW (24 wt%), and H3PMo (28 wt%), supported on mesoporous Si-

MCM-41 were synthesized following a procedure reported elsewhere by incipient wetness 

impregnation.138,146,147 The heteropoly acid correspond to PWMCM41, SiWMCM41, and 

PMoMCM41 respectively and the weight content reported in the parenthesis was 

determined by ICP-OES.147 These Keggin type heteropoly acids and B-MFI(38)II are the 

same materials reported in other work from the lab.147,148  

 
II Synthesis by ChoongSzeLee (heteropoly acid) and Gaurav Kumar (boron zeolite) 
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5.2.2. Hot filtration test 

 A 20 ml scintillation vial was used to conduct the hot filtration test for the acylation 

reaction of 2-methylfuran and octanoic anhydride in solvent heptane with PWMCM41. 

The reaction solution comprised of 0.09 M octanoic anhydride and 0.06 M 2-methylfuran 

in heptane using n-decane as the internal standard. The solution (5 ml) was stirred with 30 

mg of the catalyst at 50 °C. The solution was analyzed after filtering the catalyst using a 

syringe filter (0.22 μm) using gas chromatography (Agilent 7890A, 7693 autosampler, 

Flame ionization detector (FID) fitted with POLYARC). 

5.2.3. Automated Gas Chromatography (GC) reactor  

 The catalyst screening studies were carried out in an automated GC reactor setup 

(Agilent 7890A)  described elsewhere.149 The GC was modified to a micro-reactor setup 

such that the inlet linear was packed with the catalyst between quartz wool plugs. The 

catalyst particle size was less than 500 μm. The catalyst was calcined in-situ at 550 °C 

using the GC temperature control. After the post-calcination period, the reactant mixture 

was fed using a syringe pump set to a flow rate of 1 μl/min at the reaction temperature of 

250 °C. The reactant mixture composed of 10 ml acetic acid (0.175 mol) and 3 ml (0.034 

mol) of 2-methylfuran. The inert gas flow rate was maintained at 53 sccm. The reactants 

and products were analyzed using an HP-INNOWAX column and a flame ionization 

detector fitted with a quantitative carbon detector (QCD, POLYARC).106 The conversion 

was defined on carbon basis with respect to 2-methylfuran. Carbon-balance was within 

±10%. The rate of product formation (2A5MF) was analyzed and reported as time on 

stream data.  
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5.3 Results and Discussions 

 The direct acylation reaction of carboxylic acid with 2-methylfuran on solid 

Brønsted acid catalyst can be improved by the choice of the catalyst. The catalyst stability 

and the rate of the reaction were compared for different categories of the catalysts such as 

zeolites, mesoporous aluminosilicates, and heteropoly acids.  

5.3.1 Hot filtration tests 

 The PWMCM41 catalyst can be prone to leaching when used for acylation 

chemistry at elevated temperatures. Since the acylation reaction of fatty acid anhydride 

with 2-methylfuran is of significance to produce biorenewable surfactants (Chapter 4), the 

heterogeneous nature of catalytic reaction with PWMCM41 was tested using hot filtration 

batch experiments. The reaction of octanoic anhydride and 2-methylfuran in heptane was 

chosen as the probe reaction at 50°C and 1 atm due to the low boiling point of 2-

methylfuran. The reaction was occurred only in the presence of the heteropoly acid as 

shown in Figure 5.2. After the removal of the catalyst, there was no further formation of 

the acylation product. The remainder of the reaction solution after the separation of the 

catalyst was tested using 31P NMR and no peak corresponding to the presence of 

phosphorus in the homogeneous phase indicated that the catalyst did not leach. A similar 

analysis with PMoMCM41 turned the color of the reaction solution to bluish green 

indicating leaching of the catalyst. Although, this test was carried out using an anhydride 

and lower temperature compared to direct acylation conditions with an acid, the catalyst 

remained stable in a liquid phase reaction. The vapor phase direct acylation reaction with 

acetic acid occurred under dilute reaction conditions (>95% inert gas) and the heteropoly 
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acid retained their functional and structural properties when tested at higher temperatures 

(~573 K) for the reaction of tetrahydrofuran to form dienes.147  

 

 

Figure 5.2. Hot filtration test to check for any catalytic activity in the homogeneous phase of 

PWMCM41 at 50 °C. The conversion to the acylation product increases in the presence of the 

catalyst (filled circles). There is no reaction after the catalyst is filtered off the solution (empty 

circles). 

5.3.2 Catalyst Testing  

 The acylation reaction to form 2-acetyl-5-methylfuran in the vapor phase was 

performed in the automated gas chromatography (GC) micro-reactor setup. This setup 

described in detail elsewhere149 highlights the efficient deployment of such as a 

methodology for catalyst screening studies using temperature and flow control by the GC 

specifications. The reaction was carried out under reaction conditions of 250 °C, 1 atm, 
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and excess partial pressure of the acid to minimize furanic coking reaction and catalyst 

stability, as previously reported to be favorable for this reaction.103,119 The reaction rate and 

catalyst stability on stream are reported for catalysts with different Brønsted acid site 

strengths, pore sizes, framework structure, and Si/Al ratios (Figure 5.3 and 5.4). The 

conversion to the acylation product was less than 25% in all the cases. There were no 

product peaks detected when Al2O3, which contains no Brønsted acid sites, was used, 

indicating that the reaction is Brønsted acid catalyzed. The only products detected were 2-

acetyl-5-methylfuran and its isomer. The formation of the isomer was detected only in the 

presence of HZSM5 (40) and HZSM5 (140). In the case of all other catalysts with a larger 

micropore network or mesopores, only a single product was detected. The formation of the 

both the isomers with HZSM5 is attributed to confinement effects and pore size. The 

following section describes the comparison of different catalyst properties. 

5.3.3 Acid site strength   

 The time on stream data for the rate of the reaction for PWMCM41 and SiMCM41 

was compared with HZSM5 (40) and B-MFI (Figure 5.3). The initial acylation rate was 

higher in case of HZSM5 (40), while the acylation rate was lower and reduced by 12-fold 

in the presence of heteropoly acids with a stronger Brønsted acidity. The lower steady-state 

rates were expected in the case of B-MFI (38) with boron as the heteroatom instead of 

aluminium due to the weaker acid site strength. However, the catalyst stability improved 

as indicated by the time on stream reaction rate data. This indicates that stronger acid site 

strength is prone to coking the catalyst due to side reactions of furan, therefore deactivating 

the catalyst rapidly and irreversibly. On the other hand, the weaker to moderate acid site 
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strength catalyst showed a comparable catalyst stability with the latter still preferred for 

better catalytic activity.  

 

 

Figure 5.3. The rate of formation of the acylation product, 2-acetyl-5-methyl-furan (2A5MF) with 

time on stream for different catalysts: HZSM5 (Si/Al= 40, green circle), HY (Si/Al=40, black 

cross), Al-MCM-41 (Si/Al=40, open triangle), BMFI (Si/Al=38, blue diamond), PWMCM41 

(filled square) and SiWMCM41 (empty square). Reaction conditions: 250 °C, 53 sccm carrier gas, 

[2-methylfuran: Acetic Acid]= 1:5 at 1 μl/min, 1 atm, 20-28 mg catalyst. 
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Figure 5.4. Rate of formation of product (2A5MF) over HZSM5 (Si/Al =140) and H-BEA (150) 

with similar Si/Al ratio. Reaction conditions: 250 °C, 53 sccm carrier gas, [2-methylfuran: Acetic 

Acid]= 1:5 at 1 μl/min, 1 atm, 20-28 mg catalyst. 

 

5.3.4 Effect of catalyst pore size and framework 

 At a similar Si/Al ratio, the catalytic activity of microporous HZSM5 (40) and 

HY(40) zeolite was compared with mesoporous Al-MCM-41 (40) aluminosilicate to see 

the effect of the pore size (Figure 5.3). The small pore zeolite HZSM5 showed higher 

reaction rates and stability compared to the large pore zeolite, HY, and mesoporous 

aluminosilicate, Al-MCM-41, both of which showed a reduction in reaction rates with time. 

The reaction rates for HZSM5 (140) were higher compared to H-BEA (150) with a similar 

Si/Al ratio and a larger pore size (Figure 5.4). This improvement in the catalyst activity 

for a shorter chain length acid (acetic acid) and 2-methylfuran as reactants with HZSM5 is 
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attributed to the zeolite framework type (H-MFI (40) vs H-Y (40) and HMFI (140) vs H-

BEA (150) and pore size150 (H-MFI< H-Y< Al-MCM-41). 

5.4 Conclusions and future work  

5.4.1. Conclusions  

 The direct acylation reaction of acetic acid and 2-methylfuran was used as the probe 

reaction to  compare various solid Brønsted acid catalysts such as aluminium and boron-

containing zeolites, mesoporous aluminum silicates, and heteropoly acids. The catalytic 

reaction was tested to compare the reaction rates and the catalyst stability using a high-

throughput automated micro-catalytic reactor made by modification to a gas 

chromatograph. This method is an efficient way of screening catalysts with minimal 

manual intervention.  

 The reaction rates were highest in the case of HZSM5 with a moderate Si/Al ratio. 

The use of heteropoly acids, another type of Brønsted acid catalysts with stronger acid site 

strength showed comparatively lower reaction rates and were prone to coking side 

reactions. The weaker acids in this study, boron incorporated zeolites, B-MFI, showed 

lower rates but more stable catalytic activity. The use of larger pore zeolites such as HY, 

HBEA, and Al-MCM-41, were also prone to coking side reactions when compared with 

HZSM5. Overall, the catalysts were compared based on their acid site strength, pore size, 

and framework structure. The study showed that stronger Brønsted acid sites are not 

sufficient to improve the acylation reaction rates and are more prone to catalyst 

deactivation. The zeolites with lower or moderate active site strength and MFI framework 

are preferred for furan acylation with a shorter chain acid.  
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 The described chemistry and setup can be used for exploring other catalysts used 

for acylation of different aromatic substrates or furan-based carbon-carbon coupling 

reactions. The comparison between different catalysts will help to attribute the 

improvement in catalytic activity to catalyst properties and provide insights for the catalyst 

design. These insights can then be used to design catalysts that promote the acylation of 

longer chain length fatty acid for the synthesis of oleo furan surfactants.  
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 Direct acylation of fatty acid and 2-methylfuran: Solvent 

effects 

6.1. Introduction  

 In heterogeneous catalysis, the use of solvents has been shown to have a marked 

effect on reactivity and selectivity of catalytic reactions.151 A non-reactive solvent can alter 

the catalytic environment for the reactants and the products, thereby having a promotional 

or an inhibition effect. The nature of the solvent i.e. polarity152 and structure can influence 

the stabilization of the ground states and transition states or the formation of reaction 

intermediates. In this way, using a solvent for a catalytic reaction can help improve 

conversion, product selectivity, and catalyst stability.   

 Solvents have a wider variety of roles in microporous materials including 

prevention of side reactions and governing the preferential adsorption of the reactants and 

products on different catalytic pore locations. Solvents can minimize catalyst deactivation 

via removal of coke precursors in the continuous flow mode through the catalyst bed.83 For 

example, Xiong et al.153 show that the use of n-heptane as a solvent in the reaction of 2,5-

dimethylfuran (DMF) with ethylene to form p-xylene with zeolite H-Y, prevents the side 

reactions such as hydrolysis of DMF.154 They report that the non-polar solvent, heptane, 

alters the hydrophobicity of the catalytic site promoting the adsorption of ethylene 

(reactant) and reducing that of water (by-product).  

 The use of γ-valerolactone (GVL) solvent is prevalent in biomass conversion 

chemistries.155 Koehle et al.100 reported increased product formation rate in the presence of 

γ-valerolactone (GVL) as a polar aprotic solvent for the liquid phase reaction of acetic 
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anhydride and 2-methylfuran on a microporous H-BEA zeolite, while acetonitrile had an 

opposite effect. In another example such as dehydration of xylose to furfural, the use of 

GVL also affected the apparent  activation energy barrier.155 The authors proposed that the 

change was due to the solvation of the acidic proton in case of solid Brønsted acid catalysts. 

The mechanistic insights into the reaction of 2-butanol and cyclohexanone in the presence 

of a non-aqueous solvent by Di Iorio et al. demonstrated the difference in the apparent 

activation barriers caused by the arrangement of the solvent in hydrophobic versus a 

hydrophilic nanoscopic pore environment.  

 The choice of solvent will affect the solubility of the reactants and products 

influencing the catalytic turnovers in a porous environment. The heat of adsorption of 

alkanes (methane to hexane) in HZSM5 in the gas phase varied with the chain lengths of 

the solvent and with the gas phase proton affinities.156 The excess heat of adsorption for 

larger alkanes depended on the number of acid sites and their interaction. The adsorption 

of alkane to the zeolite’s hydroxyl groups is due to the hydrogen bonding with the Brønsted 

acid proton.157 In a condensed phase, the solvation of the acidic proton can impact the 

strength of the acid site as opposed to a gas phase reaction. The Born Haber cycle proposed 

by Gould et al.158 for the adsorption into the non-ideal micropore of a zeolite from the non-

ideal liquid phase with reference to an ideal gas phase highlights the changes in the 

chemical potential of the solute (pyridine) due to solvation effects versus the direct 

dispersion interaction within the micropores. The use of a relevant solvent provides an 

additional avenue to tune the adsorption of the reactants and improve the catalytic activity.  
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 A key factor in the influence of solvents on catalytic activity is their effect on the 

pore environment. Adsorption measurements in the batch phase have been used as a 

supplemental technique along with spectroscopic measurement or computational tools to 

determine the uptake of the solute and consequently gain understanding of the porous 

environment under reaction conditions.158,159 The resulting adsorption isotherms are used 

to evaluate maximum uptake of solutes and equilibrium adsorption constants for the 

reactants. The temperature dependence of the adsorption constant (Van’t Hoff analysis) 

can then be used to extract the enthalpic and entropic contributions for different pore sizes 

and frameworks. In case of binary adsorption, the determination of the solvent uptake or 

change in the concentration of the solvent is experimentally non-trivial. Since these 

experimental procedures allow the measurement of solute concentration only in the bulk 

phase, certain assumption (eg. constant volume) in the mass balance between the bulk 

phase and the pore phase are used for simplification.159 Josephson et al.160 recently reported 

the unary and binary adsorption of furans, hexanoic acid, and different solvents in the 

hierarchical siliceous SPP framework using Monte Carlo simulations. The siliceous 

framework used in this study has mesopores, an external surface, and a micropore 

environment. The adsorption of hexanoic acid in the presence of alkane solvents and 

siliceous catalyst depended upon the nature of the solvent, such as the solvent chain length 

and the degree of branching, for a given pressure and temperature.  

 The direct acylation reaction of fatty acid with furan or 2-methylfuran can be 

greatly influenced from the appropriate choice of solvent in tuning the pore environment 

and catalytic activity. Furthermore, the mechanism for such solvent interactions in porous 
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environments are not well understood. In the context of minimizing side reactions of furans 

for direct acylation,  the use of a polar aprotic or non-polar solvent can potentially minimize 

the hydrolysis side reaction. The reaction mechanism for direct acylation as reported 

previous involves the formation of a charged intermediate or transition state with the 

acylium ion and the proton of the zeolite.144 The kinetic investigation for different solvents 

can help understand the role of the solvent in stabilizing the charged acylium ion 

intermediate. In this preliminary study, the focus is on identifying the effect of solvent 

chain length and the catalyst framework on the direct acylation reaction of octanoic and 

nonanoic acid with 2-methylfuran in a continuous flow reactor.  

 

6.2. Materials and Methods 

 The following chemicals were used as purchased: n-hexanoic acid (>99.5%), n-

octanoic acid (≥ 97%), n-nonanoic acid (≥ 97%), n-heptane (99%), n-octane (98%), n-

nonane (99%), n-decane(99%), and n-tetradecane (≥99%) from Sigma-Aldrich; 2-

methylfuran (>98%) from Tokyo Chemical Industry (TCI), hexane (95%) from Fisher 

Chemical, and n-decane (internal standard use, 99%, Fisher Scientific)  

 HZSM5(25) (Si/Al=25, CBV 5524G, ammonium), HZSM5(140) (Si/Al=140, CBV 

28014, ammonium), and HBEA(150) (Si/Al= 150, CP811C-300, hydrogen) were 

purchased from Zeolyst International. Al-MCM-41(40) (Si/Al=40) was purchased from 

Sigma Aldrich. The ammonium forms of the zeolites were converted to the proton forms 

by calcination under an air (823 K for 12 hours, 99.997% Minneapolis Oxygen) flow in a 

tubular furnace. These commercially available catalysts have been previously reported for 
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heterogeneous catalytic reactions and their characteristic properties (surface area, acid site 

density, Si/Al ratio, etc.) are readily available.161,100,139,105 

 

Liquid phase batch adsorption experiments 

 The catalyst HZSM5(25) was calcined to generate the proton form and stored in a 

moisture free environment prior to use. The adsorption experiments were carried out in a 

20 ml scintillation vial using ~30 mg of HZSM5 (25) and 5 ml of the solution of octanoic 

acid or hexanoic acid in heptane. The solution was agitated using a stir bar and allowed to 

equilibrate at 353 K (below the boiling point of the solvent) for 20 h. The solution was 

separated from the catalyst using a syringe filter (0.22 μm) and analyzed using gas 

chromatography (Agilent 7890A, 7693 autosampler, Agilent HP-5 Column, 19091 J-413, 

30 m × 320 μm × 0.25 μm, FID and POLYARC detector) using n-decane as an external 

standard. The uptake (moles of the acid adsorbed per unit mass of the catalyst) of the acid 

was obtained by calculating the change in the concentration of the solute assuming a 

constant volume solution for the different equilibrium concentrations. 

  

Liquid phase flow reactor experiments 

 The construction and sampling procedure of the flow reactor setup has been 

described in detail in Chapter 4.139 The catalyst, HZSM5 (25), was sieved (106-250 μm) 

and calcined in-situ prior to the reaction (723 K for 4 h at 1 K/min) under an air flow (63 

sccm, 99.997%, Minneapolis Oxygen). The liquid solution composed of the acid (0.01 M), 

2-methylfuran (0.002 M), internal standard, and the solvent was fed using an HPLC pump 
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(0.3 ml/min) and the reaction occurred at 493 K and 410 psig. The solution was sampled 

in GC amber vials and analyzed offline using gas chromatography as mentioned for the 

batch adsorption experiments above. The internal standard, n-decane, was used with all 

solvents except decane and nonane. In those two cases, nonane and heptane were used for 

reference, respectively. The hexane solvent peak overlapped with 2-methylfuran. As a 

result, any analysis other than reaction rate was not obtained in case of hexane. The 

standard for the acylation product using nonanoic acid was not available. The product peak 

was identified using GC-MS available at the Mass Spectrometry Service Laboratory, 

Department of Chemistry, University of Minnesota. The analysis was reported based on 

the 4 components i.e., 2-methylfuran, fatty acid, internal standard, and the acylation 

product. The other trace peaks, yet to be identified, in the chromatogram are expected to 

result from the solvent impurities and side reactions such as isomerization. The conversions 

are reported as follows.  

% Conversion =  
moles of acylation product

moles of 2-methylfuran + moles of acylation product
 

(6.1) 

 

6.3 Results and Discussion  

6.3.1. Adsorption of fatty acid experiments  

 The adsorption of hexanoic acid and octanoic acid, by HZSM5(25) with a moderate 

Si/Al ratio in the presence of heptane as the solvent was studied. The complete uptake 

curve involving the pore filling region, pore saturation region, and further adsorption of 

the acid was obtained by measuring the uptake of the acid by the zeolite. The uptake of the 

two acids by the zeolites were measured at 353 K after allowing the solution to equilibrate 
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at that temperature (Figure 6.1). The uptake of hexanoic acid increased with the final 

concentrations initially before reaching a constant uptake signifying pore filling. The 

further increase in the uptake can be explained by multilayer adsorption or adsorption on 

external surface. Similarly, the adsorption of octanoic acid was measured. The uptake 

changed to a smaller extent in the lower concentration region and reached a plateau. This 

is attributed to the larger size of octanoic acid for the same pore volume. After a certain 

concentration(>1 mM), the uptake increases further demonstrating a similar trend in the 

uptake curve. The difference in the uptake values for the two acids indicates a possible size 

factor that can influence the partitioning of the fatty acid within the zeolite pores in the 

presence of a non-polar solvent.  

 

Figure 6.1. Uptake of n-octanoic and n-hexanoic acid by zeolite HZSM5 (Si/Al=25) in the presence 

of heptane as the solvent at 353 K after 20 hours. The uptake increases after reaching a plateau 

indicating multilayer adsorption.  
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6.3.2. Effect of non-polar solvents and catalyst framework  

  The model reaction of 2-methylfuran and nonanoic acid was used to study the 

effect of different solvent chain lengths (Scheme 6.1). The reaction was carried out using 

HZSM5 catalyst with the MFI framework (~0.5 nm pore opening)162 and Si/Al ratio of 25. 

The acid site density of this catalyst has been reported to be 500 μmol/g using 2-

propanamine as the titrant.103 The carbon balance in all the cases did not reach 100% 

indicating significant coking, expected with liquid phase acylation reactions of furanic 

substrates in the presence of water. It is not expected that these alkane solvents will react 

with the acylation reactants or products, however, these solvents can contain olefin 

impurities. The unknown product peaks, in small quantities, difficult to identify using a 

GC-MS are likely due to these impurities’ isomerization or side reactions.  

 The presence of a non-polar solvent affected the reaction rates as well as the catalyst 

stability as shown in Figure 6.2A and B. The acylation of nonanoic acid was studied at 

conversions <5% to the product. The reaction was carried out under dilute concentrations 

and excess concentration of the fatty acid to minimize the coking reactions at these high 

temperatures. The catalyst deactivated in all the cases likely due to the furanic coking 

reactions or subsequent formation of high molecular weight compounds. The initial rate 

was extracted from the temporal profiles shown in Figure 6.2A using a first order 

deactivation model such as r = r0 exp(-kdt), where r is the reaction rate, t is time, r0 is the 

initial reaction rate, and kd is the deactivation rate constant. The initial reaction rate changed 

by 3-fold across the 5 different solvents with the higher reaction rate in case of the smaller 

chain length solvent, hexane. After a 2-hour period on stream, the reaction rates were 
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similar in case of hexane, heptane, and octane as the solvent, while there was no catalytic 

activity in case of the use decane or tetradecane as solvents. As shown in the computational 

study by Josephson et al., during the binary adsorption of hexanoic acid in hexane, 

tetradecane, and 3,6-diethyloctane with Si-SPP, the micropores can be selectively filled 

with the solute if using a smaller chain length solvent such as hexane or a sterically 

hindered branched solvent such as 3,6-diethyloctane at a given pressure.163 A direct 

comparison cannot be made to this study given the additional number of components and 

energetics due to the Brønsted acid proton. The higher reaction rates for the smaller chain 

length aliphatic solvents likely indicates that nonanoic acid can displace these alkane 

solvents from the micropores and preferentially occupy the pores due to higher H-bonding 

and dispersion forces. In case of higher molecular weight solvent at high pressure, the 

displacement of the solvent to fill the pore with a comparable aliphatic chain length as the 

fatty acid likely does not lead to any packing benefits (entropic) or enthalpic gain. The 

exact reason for the observed trend in the current study could be a convoluted effect of the 

pore size, hydrophobicity, and the preferential filling of the pores with a higher molecular 

weight solvent at the given pressure and temperature.  

 

 

Scheme 6.1. The reaction of 2-methylfuran with nonanoic acid produces the acylation product 

(2N5MF) and water over HZSM5 (Si/Al=25) in the presence of alkane solvents of chain lengths 

varying from C6 to C14. 
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Figure 6.2. (A) The rate of formation of the acylation product (2N5MF) of nonanoic acid and 2-

methylfuran in the presence of non-polar alkane solvents of varying chain lengths (C6-C14 : hexane 

to tetradecane). (B) Corresponding initial reaction rates calculated using a first order deactivation 

model (bar graph) and the deactivation rate constants (blue square). The initial rate decreases with 

increasing solvent chain length from C6 to C8. Reaction conditions: 0.01 M 2-methylfuran, 0.045 

M n-nonanoic acid, ~30 mg HZSM5(25), 410 psig, 220-225 °C, 0.3 ml/min liquid flow. Conversion 

to 2N5MF < 5%, Carbon balance: 80-100%, error bars are standard errors) 

 

  A similar analysis with octanoic acid as the acylating agent was studied in the 

presence of three solvents (heptane, nonane, and decane) (Figure 6.3). The time on stream 

data in case of heptane showed that the reaction rate decreased, while no acylation product 

was detected in the presence of nonane and decane (Figure 6.3A). The carbon balance 

stabilized after the about 45 minutes on stream as indicated in Figure 6.3B, although it did 

not close to 100%.  

 The hydrophilicity or the hydrophobicity of the pores, affected by the Si/Al ratio of 

the catalyst can influence the product formation rates and selectivity. The influence of a 

higher hydrophobic environment was tested on the same reaction using an MFI framework 

catalyst and heptane as the solvent (Figure 6.3A and B). The catalytic activity did plateau 

at the end of 4 h period with Si/Al ratio of 140 and a slightly lower temperature (483 K), 
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when compared with Si/Al ratio of 25. This trend shows that a hydrophobic pore 

environment can perhaps aid in improving catalytic stability by minimizing the water 

content in the zeolite pore phase.   

 

 

Figure 6.3. (A) The rate of formation of acylation product (2O5MF) of n-octanoic acid and 2-

methylfuran in the presence of heptane as the solvent with HZSM5 (Si/Al=25, 222 °C, black, circle 

and Si/Al=140, blue, triangle, 210 °C). There was no product detected when nonane and decane 

was used as the solvent with HZSM5(25). (B) The corresponding carbon balance for the three 

solvents shows the initial transients in the reactant flow. Carbon balance is defined as moles of 

2O5MF and 2-methylfuran to the initial moles of 2-methylfuran. Reaction conditions: 220 °C, 410 

psig, 0.006 M 2-methylfuran, 0.026 M octanoic acid, Conversion to 2O5MF: < 3% in heptane.  

  

 Additionally, switching to a different framework and a higher pore size such as 

HBEA (150) showed similar results in case of heptane or decane as the solvent (Figure 

6.4A and B). The reason for the initial transient period in the case of decane is not clear 

and needs further investigation. However, this preliminary study reinforces the potential to 

influence the direct acylation rates and catalyst stability by use of non-polar solvents of 

appropriate chain lengths for a given zeolite framework.  
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 The experimental observations can be attributed to the three-component 

partitioning between the bulk phase and the non-ideal zeolite environment, which is more 

complex compared to the two-component adsorption studied in Section 6.3.1. The specific 

cause of such a behavior can be part of a future study with targeted experiments for solvents 

of different polarity and by obtaining enthalpic and entropic contributions of the activation 

barriers in each of these solvents . This analysis will help to know the contributing factors 

such as the preferential pore adsorption due to the presence of the solvent or the packing 

of the solvent in the pore.  

 
 

Figure 6.4. The rate of formation of acylation product (A) and the carbon balance (B) of n-octanoic 

acid and 2-methylfuran with HBEA (Si/Al=150). There is no appreciable difference in the case of 

heptane or decane as the solvent after the initial stabilization as shown in the time on stream data. 

Carbon balance is defined as moles of 2O5MF and 2-methylfuran to the initial moles of 2-

methylfuran. Reaction conditions: 220 °C, 410 psig, ~96 mg catalyst, 0.009 M 2-methylfuran 

(2MF), 0.058 M octanoic acid, 0.3 ml/min liquid flow, conversion < 11%. 
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6.4. Conclusions and Future Work  

 The direct acylation reaction of furanic substrates with carboxylic acids faces the 

challenge of furanic coking. The influence of solvent choice on the reaction rate and 

catalyst stability was studied using medium chain carboxylic acids (C8 and C9) and 2-

methylfuran. The reaction rate depended on the molecular size of the solvent such that the 

smaller chain length solvents (hexane, heptane, and octane) showed higher reaction rates 

and stability with nonanoic acid and HZSM5(25) compared to decane and tetradecane. 

Similarly, in case of octanoic acid as the acylating agent, there was no acylation product 

detected when using nonane and decane as the solvent highlighting the different solute-

solvent interaction in the catalyst pore for a different chain length of the acid.  

 The catalyst deactivation was minimized in case of a higher Si/Al ratio of 140 for 

the same catalyst, HZSM5, likely due to the increased hydrophobicity of the pore. In a 

larger pore zeolite (HBEA, Si/Al=150), there was no difference in the catalytic activity for 

two different solvents indicating the combined effect of the pore size and the molecular 

size of the solvent for minimizing side reactions.  

6.4.1. Future directions 

 The choice of the solvent provides additional opportunity to tune the catalytic 

reactivity and selectivity, i.e., enhance the turnover rates, improve selectivity, and/or 

minimize catalyst coking either by stabilizing the transition state due to solvation effects, 

altering the free energy, and/or changing the solubility of the reactants and products. The 

polarity of the catalyst framework and the solvent are promising factors to improve the 

catalytic activity for the direct acylation reaction to produce surfactants and other ketone 
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intermediates. The reason for this trend remains to be understood through adsorption 

studies, catalytic experiments, and/or computational techniques.  

 The adsorption isotherm can be obtained using a siliceous framework as opposed 

to an aluminium containing zeolite. The resulting isotherms can provide information about 

the adsorption enthalpies and entropies using Van’t Hoff analysis at different temperatures. 

The activities of the solute should be used when comparing the final uptake in solvents of 

different chain lengths or polarity to account for any non-ideal thermodynamic behavior of 

these binary systems. The importance of molecular sieving and confinement effect on this 

system can be verified using hierarchical zeolites or mesoporous catalysts. Such a brute 

force method can eventually be substituted with computational models that have shown to 

predict the distribution of molecules in a siliceous zeolite framework.  

 Although the batch adsorption experiments or other techniques such as temperature 

programmed desorption, calorimetry, or IR spectroscopy will help understand the 

adsorption of the reactants at the solid-liquid interface, the kinetic parameters under 

reaction conditions are of relevance too. The influence of the type of solvent on the reaction 

kinetics such as the apparent activation energy is meaningful to explain the different trends. 

The adsorption constant (Kads) and the apparent rate constant (kapp) obtained in the given 

kinetic regime can help understand the changes in the rate due to the size of different 

solvents. It is helpful to ensure that the reactions are not under mass transfer regime for 

such parameter extractions. There are correlations or online toolkits to test for internal and 

external mass transport relations. However, estimation of diffusivities and mass transfer 

coefficients should account for the solvent properties, which can significantly alter the 
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analysis compared to the gas phase.  Overall, a rigorous analysis of adsorption, reaction 

kinetics and mass-transfer will help develop a complete understanding on the solvent 

effects for direct acylation.  
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 Conclusions 

 The research has contributed to understanding the reaction kinetics and mechanism 

for the indirect acylation reaction using fatty acid anhydrides. Friedel Crafts acylation 

reaction is the primary step in the production of oleo-furan sulphonate (OFS) surfactant 

precursors using solid acid catalysts. This reaction has not been extensively studied using 

furans and long carbon chain acylation agents, required for manufacturing OFS structures. 

In this work, the experimental apparent reaction orders and apparent activation energy 

barriers were evaluated with 2-methylfuran and octanoic anhydride. An Eley-Rideal type 

of a mechanism was proposed, and other possible mechanisms were discussed. These 

experiments were carried out in a liquid phase-continuous flow reactor considering 

commercial industrial reactor that will be used for the synthesis of the surfactant 

precursors. These insights for Friedel Craft reaction using anhydride as the acylating agent 

will be useful for future design of catalysts and the scale-up process of OFS surfactants.  

 Another pathway of directly utilizing the fatty acids for Friedel Crafts acylation 

was further investigated for the catalyst choice and solvent effects. An automated gas 

chromatography reactor system was utilized to compare the catalyst for the vapor phase 

reaction of acetic acid and 2-methylfuran. Heteropoly acids with strong Brønsted acidity 

deactivated rapidly when compared with the zeolites. Weaker zeolite catalyst demonstrated 

a stable catalytic rate; however, highest rates were obtained in case of aluminium 

containing MFI framework zeolite. In this way, other characteristic features of the catalysts 

were evaluated paving the way for comparison of other synthesized catalysts.  
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 A common challenge during upgradation of other biomass derived chemicals is to 

ascertain the influence of water and/or the reaction medium on the catalyst behavior. 

Solvent choice and structure were shown to improve the initial reaction rates for the direct 

acylation route as well as the catalyst stability. The preliminary data suggests choosing an 

appropriate solvent as a strategic method of potentially minimizing furan side reactions or 

improving the acylation reaction rate.  
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Appendix 

Reproduced with permission from Naik, A. V.; Joseph, K. E.; Shetty, M.; Ardagh, M. A.; 

Dauenhauer, P. J. Kinetics of 2-Methylfuran Acylation with Fatty Acid Anhydrides for 

Biorenewable Surfactants. ACS Sustain. Chem. Eng. 2020, 8 (50), 18616–18625. 

Copyright (2020) American Chemical Society.  

A1. Chemical composition and analysis of the synthesized acylation 

product 

1H NMR data of 2-octanoyl-5-methylfuran product mixture: The integrations for the 

aliphatic protons is higher due to the presence of n-octanic acid and an unknown as an 

impurity based on the GC scan: 

 (400 MHz, CDCl3) δ (ppm) 7.09 (d, J = 3.5 Hz, 1H), 6.14 (dd, J = 3.5, 1.0 Hz, 1H), 2.77 

– 2.71 (t, J = 7.6 Hz, 2H), 2.39 (s, 3H), 1.70 (p, J = 7.4 Hz, 2H), 1.39 – 1.21 (m, 10H), 0.91 

– 0.84 (m, 4H).  

 Figure A1. 1H NMR for 2-octanoyl-5-methylfuran 
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Gas Chromatograms of the synthesized 2-octanoyl-5-methyl-furan product mixture. The 

retained octanoic acid is accounted for in the feed solution.  

 

Figure A2. Gas Chromatograms of 2-octanoyl-5-methylfuran before (top) and after (bottom) the 

rotary evaporator. 
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Mass Spectrum (EI) m/z (relative intensity): 124.1 (100), 109.1 (54.16), 53.2 (18.47), 137.1 

(16.9), 125.1 (8.43), 55.1 (8.11), 82.1 (7.49) 
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Figure A3.  Mass spectrum for synthesized 2-octanoyl-5-methylfuran 
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Figure A4. Chemical Structures and molar mass of relevant mass fragments 
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A2. Flow reactor set-up  

 

 

Figure A5. Schematic of the high-pressure liquid phase flow reactor 
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A3. Transport limitations  

 The Mears’ criterion and Weisz Prater parameter were used as theoretical 

parameters to show the absence of diffusion limitations at 378 K. The temperature below 

the catalyst bed and above the catalyst bed (catalyst bed height is ~3 cm) was measured by 

using a thermocouple and no difference in the temperature indicated isothermal conditions 

for the set-up. 

 The Weisz Prater parameter (−𝑟𝐴𝜌𝑅𝑝
2/𝐷𝐴𝐵,𝑒𝑓𝑓𝐶𝐴𝑏)

1 less than unity indicates that 

intraparticle diffusion is negligible. The calculations are shown in Table A1. The particle 

diameter of Al-MCM-41 using SEM imaging was estimated to be ~0.1 µm. This value has 

an uncertainty associated with it due to the formation of aggregates as seen in the SEM 

image.  

 The Mears criterion, “(−𝑟𝐴𝜌𝑏𝑅𝑛/𝑘𝑐𝐶𝐴𝑏) < 0.15”,1 was used to justify the absence 

of external mass transfer limitations (Table A2). A value of 0.01 which is less than 0.15 

indicates that the external diffusion can be neglected. The diffusivity of 2-methylfuran in 

liquid phase was calculated using Wilke-Chang equation.3 The mass transfer co-efficient 

was calculated using the lower limit for Sherwood number (𝑆ℎ = 𝑘𝑐𝑑𝑝/𝐷𝐴𝐵) as 2.4,5,6  
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Table A1.Weisz Prater parameter 

Variable Value 

Observed rate (−𝑟𝐴) 2.33 × 10-6 mol (g cat)-1 s-1 

Bulk density of catalysta 0.14 g/ml 

Radius (𝑅𝑃) 5 × 10-8  m 

Constriction (assumed) (σ𝑐) 0.8 

Diffusivity (𝐷𝐴𝐵) 
b 10-9 cm2/s 

Porosity (𝜙) 0.4 

Tortuosity (assumed) (𝜏) 3 

Effective diffusivity2 (𝐷𝐴𝐵,𝑒𝑓𝑓 = σ𝑐
𝜙𝐷𝐴𝐵

𝜏
) 1 × 10-10 cm2/s 

Bulk concentration of 2-Methylfuran (𝐶𝐴𝑏) 0.065 × 10-3 mol/ml 

Weisz-Prater parameter at 378 K 0.001 

aDensity of Al-MCM-41: https://www.acsmaterial.com/al-mcm-41.html (accessed Feb 1, 2019) 

b A conservative value is assumed based on the value used for 2-methylfuran in HBEA catalyst2   
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Table A2.Mears criteria for external mass transfer limitations 

Variable Value 

Measured rate of reaction at t=15 min (−𝑟𝐴) 2.33 × 10-6 kmol (kg cat)-1 s-1 

Solid density of the catalysta (𝜌) 140 kg/m3 

Porosity of the bed (assumed) (𝜙) 0.4 

Bulk density of the catalysta (𝜌𝑏 = 𝜌 (1 − 𝜙)) 84 kg/m3 

Radius of the particle (𝑅) 0.025 cm 

Order of the reaction (𝑛) 0.5 

Bulk concentration of 2-Methylfuran (𝐶𝐴𝑏) 0.066 M 

Diameter of the particle (𝑑𝑝) 0.05 cm 

Mass Transfer Co-efficient (𝑘𝑐) 0.0037 cm/s 

L.H.S. of Mears criteria (−
𝑟𝐴𝜌𝑏𝑅𝑛

𝑘𝑐𝐶𝐴𝑏
) 0.01 

Viscosity of solvent heptane6 (µ) 0.203 cP 

Temperature (T) 375 K 

Density of heptane (𝜌𝐴) 0.91 g/ml 

Molar volume of 2-methylfuran (�̃�𝐴) 88.57 ml/mol 

Molecular weight of solvent heptane (𝑀𝑤) 100.21 g/mol 

Association parameter for solvent heptane (𝜓) 1 

Diffusivityb (𝐷𝐴𝐵 = 7.4 × 10
−8 √𝜓𝑀𝑤𝑇

µ�̃�𝐴
0.6 ) 9.3 × 10-5 cm2/s 

aDensity of Al-MCM-41: https://www.acsmaterial.com/al-mcm-41.html (accessed Feb 1, 2019) 

b Wilke Chang equation in Bird, R. B.; Stewart, W. E.; Lightfoot, E. N. Transport Phenomena; John Wiley & Sons: New 

York, 2002; pp 513–543. 
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A4. Catalyst Characterization 

27Al-NMR for Al-MCM-41 

The 27Al NMRIII of Al-MCM-41 was obtained (Figure A6). The peak at 69.23 ppm 

indicates tetrahedral bound aluminium.7 The peak area was deconvoluted using 

MestReNova software.  

 

Table A3. 27Al NMR of Al-MCM-41 

 ppm % Area Type 

Al-MCM-41  69.23 

43.89 

12.69 

41.1 

18.4 

40.5 

Tetrahedral 

Pentahedral 

Octahedral 

 

  

 
III Data collected by Dr. Gopinath Tata at the University of Minnesota NMR Centre 
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Figure A6. 27Al NMR of Al-MCM-41. 
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SEM image of Si-MCM-41  

 

The average particle size of Si-MCM-41 was obtained using SEMIV and shows aggregation 

of the particles. It is estimated to be ~0.05 µm by analysis in ImageJ software (60 counts).  

 

 

 

Figure A7. SEM images of Si-MCM-41. Scale bar is 1 µm. 

  

 
IV SEM images collected with Dr. Hanseung Lee affiliated with the Characterization Facility (CharFac) at 

the University of Minnesota 

Si-MCM-41 
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A5. Reaction Mechanism 

A5.1. Concerted mechanism 

The adsorption, surface reaction and the desorption steps are as follows:  

Anhydride + ∗ 
K1
↔  Anhydride∗ (Eq. A1) 

2MF + ∗ 
K2
↔  2MF∗ (Eq. A2) 

Anhydride∗ + 2MF 
k3
→ 2O5MF∗ + Acid (Eq. A3) 

2O5MF∗  
K4
↔ 2O5MF + ∗ (Eq. A4) 

Assume all adsorption/desorption steps to be quasi-equilibrated for this concerted 

mechanism and no adsorption of the acid. One possibility is that the formed fatty acid 

competes with the reactant to adsorb to an active site and forms an acylium ion or 

undergoes parallel ketonization reactions. This step is ruled out as feeding octanoic acid 

did not affect the rate of the reaction to a large extent, and the activation of anhydride is 

favorable compared to an acid at these reaction conditions.8 The total concentration of the 

active site [*]0 is given as 

[∗]0 = [∗] + [Anhydride
∗] + [2MF∗] + [2O5MF∗] (Eq. A5) 

[Anhydride∗] = K1[Anhydride][∗]  (Eq. A6) 

[2MF∗] = K2[2MF][∗] (Eq. A7) 

[2O5MF∗] =
[2O5MF][∗]

K4
 (Eq. A8) 

[∗] =
[∗]0

1 + K1[Anhydride] + K2[2MF] +
[2O5MF]
K4

 
(Eq. A9) 
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[*] is the concentration of vacant active sites. The rate of formation of the acylated product 

2O5MF is given as, 

For substantial surface coverage in a liquid phase reaction9-11 and low product 

concentration, 

r =
k3K1[∗]0[Anhydride][2MF]

(K1[Anhydride] + K2[2MF])
     (Eq. A12) 

The above rate expression shows that the rate orders for the two reactants (Anhydride and 

2MF) vary from 0 to 1 depending on the relative concentrations. It explains the observed 

partial positive orders for n-octanoic anhydride and 2-methylfuran. 

A5.2. Stepwise mechanism for formation of acyl intermediate as rate-

limiting step 

The adsorption, surface reaction and the desorption steps are as follows, 

Anhydride + ∗ 
K1
↔  Anhydride∗ (Eq. A13) 

2MF + ∗ 
K2
↔  2MF∗ (Eq. A14) 

Anhydride∗  
k3
→  Acyl∗ + Acid (Eq. A15) 

Acyl∗ + 2MF 
k4,k−4
↔   2O5MF∗ (Eq. A16) 

2O5MF∗  
K5
↔ 2O5MF + ∗ (Eq. A17) 

r = k3[Anhydride
∗][2MF] (Eq. A10) 

r =
k3K1[∗]0[Anhydride][2MF]

(1 + K1[Anhydride] + K2[2MF] +
[2O5MF]
K4

)
 

(Eq. A11) 
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Assume all adsorption/desorption steps to be quasi-equilibrated and no adsorption of the 

acid. The pseudo steady state approximation is used to solve for [Acyl∗] as follows, 

d[Acyl∗]

dt
= k3[Anhydride

∗] − k4[Acyl
∗][2MF∗] + k−4[2O5MF

∗ ] = 0 (Eq. A18) 

[Acyl∗] =
k3[Anhydride

∗] + k−4[2O5MF
∗]

k4[2MF]
 (Eq. A19) 

[Acyl∗] =
(k3K1[Anhydride] + k−4K5

−1[2O5MF])[∗]

k4[2MF]
 (Eq. A20) 

The total concentration of the active site [*]0 is given as 

[∗]0 = [∗] + [Anhydride
∗] + [2MF∗] + [2O5MF∗] + [Acyl∗] (Eq. A21) 

[∗]

=
[∗]0

1 + K1[Anhydride] + K2[2MF] +
k3K1[Anhydride] + k−4K5

−1[2O5MF]
k4[2MF]

+
[2O5MF]
K5

 

 (Eq. A22) 

 

[*] is the concentration of vacant active sites. The rate of formation of the acylated product 

P is given as, 

r = k3[Anhydride
∗] (Eq. A23) 

r

=
k3K1[Anhydride][∗]0

1 + K1[Anhydride] + K2[2MF] +
k3K1[Anhydride] + k−4K5

−1[2O5MF]
k4[2MF]

+
[2O5MF]
K5

 

 (Eq. A24) 

Now, if substantial surface coverage and low product concentration is considered,  
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r =
k3K1k4[2MF][Anhydride][∗]0

k4K1[Anhydride][2MF] + k4K2[2MF]2 + k3K1[Anhydride]
 (Eq. A25) 

This rate limiting step has been proposed for acylation reactions in vapor phase as well as 

liquid phase.2,12 Further simplification requires the knowledge of relative rate constants and 

adsorption constants.  

A5.3. Langmuir Hinshelwood Mechanism 

Langmuir Hinshelwood mechanism for liquid phase reactions is often proposed. In this 

case, however, it does not explain the observed rate orders. 

The adsorption, surface reaction and the desorption steps are as follows, 

Anhydride + ∗ 
K1
↔  Anhydride∗ (Eq. A26) 

2MF + ∗ 
K2
↔  2MF∗ (Eq. A27) 

Anhydride∗ + 2MF∗
k3
→ 2O5MF∗ + ∗  +Acid (Eq. A28) 

2O5MF∗  
K4
↔ 2O5MF + ∗ (Eq. A29) 

 

Assume all adsorption/desorption steps to be quasi-equilibrated and no adsorption of the 

acid. The total concentration of the active site [*]0 is given as, 

[∗]0 = [∗] + [Anhydride
∗] + [2MF∗] + [2O5MF∗] (Eq. A30) 

[∗] =
[∗]0

1 + K1[Anhydride] + K2[2MF] +
[2O5MF]
K4

 
(Eq. A31) 

 

[*] is the concentration of vacant active sites. The rate of formation of the acylated product 

2O5MF is given as follows, 
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r = k3[Anhydride
∗][2MF∗]

z

[∗]0
 (Eq. A32) 

r =
k3K1K2[Anhydride][2MF][∗]0

(1 + K1[Anhydride] + K2[2MF] +
[2O5MF]
K4

)
2 

(Eq. A33) 

The term ‘
z

[∗]0
’ indicates that Anhydride∗ reacts with only a neighboring 2MF∗. The co-

ordination number ‘z’ is lumped up into the rate constant. For a liquid phase reaction there 

is substantial coverage of the active sites, so the term ‘1’ in the denominator can be ignored. 

For low product concentration and K1[Anhydride] ≫ K2[2MF], 

r =
k3K1K2[Anhydride][2MF][∗]0

(K1[Anhydride])2
 (Eq. A34) 

This simplified expression, does not explain a positive partial order in 2-methylfuran or in 

octanoic anhydride as observed. 

5.4. Proton removal from the Wheland intermediate is rate limiting 

There is no literature to back-up this assumption. It has been reported as the rate-limiting 

step in case of furan acylation using acetic anhydride,2 both computationally and 

experimentally. However, the authors suggest that dissociation of the anhydride as the rate-

limiting step for 2-methylfuran using computational tools.   

Anhydride + ∗ 
K1
↔  Anhydride∗ (Eq. A35) 

2MF + ∗ 
K2
↔  2MF∗ (Eq. A36) 

Anhydride∗  + 2MF 
k3,k−3
↔   I∗ + Acid (Eq. A37) 

I∗  
k4
→ 2O5MF∗ (Eq. A38) 
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2O5MF∗  
K5
↔ 2O5MF + ∗ (Eq. A39) 

Assume all adsorption/ desorption steps to be quasi-equilibrated and no adsorption of the 

acid (Acid). Apply pseudo steady state analysis on the Wheland intermediate I∗,  

d[I∗]

dt
= k3[Anhydride

∗][2MF] − k−3[I
∗][Acid] − k4[I

∗] = 0 (Eq. A40) 

[I∗] =
k3K1[Anhydride][2MF][∗]

k−3[Acid] + k4
 (Eq. A41) 

 

The total concentration of the active site [*]0 is given as 

[∗]0 = [∗] + [Anhydride
∗] + [2MF∗] + [I∗] + [2O5MF∗] (Eq. A42) 

[∗]

=
[∗]0

1 + K1[Anhydride] + K2[2MF] +
k3K1[Anhydride][2MF]

k−3[Acid] + k4
+
[2O5MF]
K5

 
(Eq. A43) 

[*] is the concentration of vacant active sites. The rate of formation of the acylated product 

P is given as, 

r = k4[I
∗] (Eq. A44) 

r

=
k3K1[Anhydride][2MF][∗]0

(k−3[Acid] + k4) (1 + K1[Anhydride] + K2[2MF] +
k3K1[Anhydride][2MF]

k−3[Acid] + k4
+
[2O5MF]
K5

)
 

 (Eq. A45) 
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Consider low product concentration and substantial surface coverage as it is a liquid phase 

reaction (ignore the ‘1’ term in the denominator); the expression simplifies as follows, 

r =
k3K1[Anhydride][2MF][∗]0

(K1k4[Anhydride] + K2k4[2MF] + k3K1[Anhydride][2MF])
 (Eq. A46) 

This rate expression potentially explains the observed partial orders.  
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Table A4. Experimental vs Calculated rate orders using the concerted mechanism 

[2MF] in M [Anhydride] in M Experimental Calculated 

3 mM to 0.1 M 0.1 0.6 0.5 

0.06 0.02 M to 0.2 M 0.5 0.6 

0.06 0.2 to 1 Approaching zero, 

data shows large error 

0.2 

0.06 0.01 to 1 mM Non-differential 

conversions 

1 

1 0.001 to 0.01 M Excess furan can cause 

coking, high conversion of 

anhydride 

1 
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A6. Reaction kinetic model fitting for the concerted mechanism  

clc 

close all 

clear all 

%This is the site normalised rate data  

R = [0.1171 

    0.0695 

    0.0587 

    0.3275 

    0.7211 

    1.0045 

    1.5523 

    0.2280 

    0.5844 

    0.6933 

    0.3391 

    1.3394 

    0.2529 

    1.0159 

    1.5151]; %R has units mol/(mol of H+ * min) 

A = [0.0960 

    0.0960 

    0.0960 

    0.0960 

    0.0960 

    0.0960 

    0.0960 

    0.0960 

    0.0960 

    0.2190 

    0.0458 

    0.3120 

    0.0248 

    0.4572 

    0.6100]; %A is [Anhydride]in M 

B =[0.0095 

    0.0054 

    0.0035 

    0.0628 

    0.2063 

    0.4144 

    0.7975 

    0.0200 

    0.1000 

    0.0650 

    0.0650 

    0.0650 

    0.0650 

    0.0650 

    0.0650];%B is [2MF] in M 

%Concerted mechanism rate expression is used 

conc= [A B]; 
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fun= @(c,conc) c(1).*conc(:,1).*conc(:,2)./(conc(:,1)+c(2).*conc(:,2)); 

c0=[30 2]; %Initial guess values  
constants=lsqcurvefit(fun,c0,conc,R); 

k3=constants(1) %rate constant  

K2_K1=constants(2) %Ratio of adsorption constants 
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