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ABSTRACT 

 
DEVELOPMENT OF POROUS SOLID ACID CATALYSTS FOR LIGNOCELLULOSE 

AND PLASTIC UPCYCLING 
 
 

Mohammad Shahinur Rahaman 

March 25, 2022 

 

My goal is to develop chemical processes for transforming waste to solve environmental problems 

and enhance sustainability. Environmental problems such as pollution and massive amounts of 

waste are the main drivers that stimulate my research ideas. I focused on creating novel, efficient 

catalytic processes for converting polymeric waste "feedstocks" into high-value chemicals by 

integrating my expertise in catalysis, materials science, and synthetic chemistry to develop porous 

solid catalytic materials. During my Ph.D., I focused on two polymeric feedstocks, lignocellulose, 

and discarded plastic.  

 

Early in my Ph.D. journey, I focused on catalytic upcycling of lignocellulose. Lignocellulosic biomass 

is cost-effective, abundant, and renewable. Upcycling lignocellulose into renewable fuels and 

chemicals has the potential to reduce reliance on fossil fuels, mitigate global warming, and promote 

a sustainable bioeconomy. The major challenge in upcycling lignocellulose is the active, selective, 

and reusable catalysts. I developed porous solid acid catalysts by solvothermal techniques and 

tuned their catalytic performance through surface modifications to upcycle these lignocellulose 

samples.  



vii 
 

Later part of my Ph.D. tenure, I continued to use my understanding of lignocellulose polymer and 

catalysis to upcycle synthetic polymers (discarded plastic). Global plastic production creates more 

than 400 million metric tons of plastic per year. Polyolefins account for >60% of global plastic 

consumption. Unfortunately, most plastics are discarded in landfills, and they pollute waterways 

and food chains, negatively affecting human health and the environment. In addition, most plastics 

are inert and designed to last a lifetime. As a result, discarded plastic ends up in landfills, pollutes 

waterways, and negatively affects the environment and health. The ability to upcycle plastic will 

mitigate plastic pollution and support a circular economy, thereby providing a financial incentive for 

industries to upcycle plastics instead of sending them to landfills. 

 

I divided this dissertation into nine chapters to provide a guide in designing catalytic systems for 

upcycling lignocellulose and discarded plastic. Chapter One gives the background on lignocellulose 

and plastic and catalysis. I briefly discussed the aim and scope of this dissertation. Chapter Two 

explores the surface modification techniques of zeolites by organic surfactants and applies them 

for efficient glycerol conversion to solketal. Chapters Three, Four, Five, and Six discuss how tuning 

properties and structural modification of MOFs enhanced the acidity and catalytic performance. 

Chapter Seven combines experimental results and computational study to elucidate how Hf- and 

Zr-containing MOFs activate biomass-derived carbonyl compounds during transfer hydrogenation 

reaction. 

 

Chapters Eight and Nine detail upcycling approaches for plastic Brønsted acid sites. Chapter Eight 

shows the development of the novel solid Brønsted acidic catalysts by sulfonating polypropylene 

for esterification of lignocellulose-derived levulinic acid. This work allowed me to translate my 

knowledge in lignocellulose conversion to plastic upcycling. Chapter Nine explores the use of 

plastic-derived Brønsted acidic catalysts for the conversion of different biomass-derived 

compounds and elucidates the reaction pathways for efficient conversion. Overall, the development 

of porous solid acid catalysts for lignocellulose and plastic upcycling will provide promising solutions 

to transition our society toward a circular economy.
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CHAPTER 1 

INTRODUCTION 

 

1. Introduction 

The petroleum and animal farming industries are the leading contributors to greenhouse gases, 

including carbon dioxide (CO2), methane, and nitrous oxide [1]. Carbon dioxide emissions account 

for 65% of global greenhouse gases, causing a global temperature rise and climate change and 

negatively affecting agricultural/forest production, livestock farming, and our standard of living [2-

4]. In 2014, CO2 emissions were estimated at ∼34.1 gigatons [5], and this quantity is projected to 

rise [6]. CO2 emissions stem from petroleum processing to produce transportation fuels, chemicals, 

and plastic precursors [7]. One potential solution to mitigate greenhouse gas emissions is by 

transitioning to the circular economy and transforming these readily available wastes (biomass and 

plastics) into fuels, and chemicals [8, 9]. In doing so, we add value to these wastes and become 

less dependent on petroleum-derived products.  

 

2. Background 

2.1. Background on biomass  

Lignocellulosic biomass is cost-effective, abundant, and renewable. It consists of three primary 

building blocks: cellulose, hemicellulose, and lignin [10]. Cellulose from lignocellulose is the most 

abundant bioresource on the planet and consists mainly of glucose building blocks [11]. Glucose 

can be converted into different platform molecules, for example, fructose, 5-hydroxymethylfurfural 

(HMF) [12], levulinic acid [13], lactic acid [14], ethanol [15], 2,5-dimethylfuran [16], ethyl levulinate 

[17], 5-(alkoxymethyl) furfurals, 2,5-bis(alkoxymethyl)furans [18] which can be further processed 

into monomers, fuel additives, paints, and a variety of fine chemicals.
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2.2 Background on catalysts for biomass upgrading 

Catalysts can be divided into three main types – biocatalyst, homogeneous, and heterogeneous. 

Currently, many chemical industries such as food and pharmaceuticals paid great attention to the 

transformations of an aldose to ketose. They relied on the biocatalyst (i.e., enzymes) [19-21]. 

However, biocatalysts have some serious limitations, such as the short lifetime of enzymes and the 

requirement of strictly-controlled conditions, such as temperature, pH, and solvent [22]. In this 

perspective, chemo-catalysts would be an excellent alternative for biomass valorization. Catalysts 

in the homogenous form (metal salts, chloride) have been used for biomass upgrading. However, 

homogeneous catalysts have the classic problem of requiring catalyst separation and product 

purification. Therefore, it is greatly desirable to develop highly selective heterogeneous solid acid 

catalysts for biomass upgrading. 

 

2.3. Background on metal-organic frameworks (MOFs) 

In recent years, metal-organic frameworks (MOFs) have drawn attention as heterogeneous 

catalysts for biomass transformation reactions. They are composed of metal clusters and organic 

linkers, connected by coordination networks [23, 24]. The coordinatively unsaturated metal sites 

and their structural defects in MOFs provide Lewis acid sites for various organic reactions, such as 

acetalization [25, 26], hydrogenation [27, 28], and esterification [29, 30]. MOFs' porous, high 

surface area provides a high density of active sites and a large contact area for reactants. These 

attributes make MOFs attractive catalysts [31]. MOFs' advantages as heterogeneous catalysts are 

that they can be tuned in different pore sizes and pore functionality by tailoring different metals and 

organic ligands in the framework [32]. By tuning the structure of metal-organic frameworks, we can 

change the functional properties and increase the catalytic activity. We can change the functional 

group in organic ligands, encapsulate the active species into the pores, and synthesize MOFs with 

modulators to increase the Lewis acid densities in their structure. The tuning properties and 

structural modification will provide a new perspective in the application of MOFs for biomass 

conversion into value-added fuels and chemicals. 
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2.4 Background on Plastics 

In our daily life, plastics materials have increasingly been used in a wide range of applications, 

including packaging, containers, automotive parts, and offered unique properties that are 

unsurpassed by other materials. With increasing demand, global plastic production is projected to 

rise to 1800 million tons by 2050, and every year about 8 million plastic accumulates in the ocean 

[33]. Around 448 million metric tons of plastics had been produced, and around 6300 Mt of plastic 

waste was generated in 2015. Only 9 percent of its plastic waste was recycled in the US, and 

another 12% was incinerated. The rest of the 79% was accumulated in the landfills or natural 

environment, and the amount of the landfill's waste will be around 12,000 MT by 2050 [34]. The 

amount of waste plastic in the ocean is rapidly increasing, and in 2050, the weight ratio of waste 

plastic to fish in the ocean will be outweighed (>1:1), which is very alarming [35]. As a step toward 

a greener and safer plastics world, it is important to find the suitable application of these waste 

plastics.  

 

3. Aim and scope of this study 

I developed heterogeneous solid acid catalysts for lignocellulose and plastic upcycling in this work.  

 

3.1 MOFs are alternative to zeolites for Biomass upgrading 

Zeolites are commonly used catalysts for petroleum processing [36, 37] and biomass upgrading 

[38, 39]. My initial study (Chapter 2) was to develop and modify the surface of zeolite with a long-

chain organic surfactant which improved the contact between glycerol and acetone for glycerol 

acetalization and resulted in high catalytic activity. However, zeolites have mainly Brønsted acid 

sites with low Lewis acid sites, resulting in coke formation [40, 41]. In the zeolites, aluminum is 

presented in the form of a cluster which results in the low Lewis acid density. To remove the oxygen 

from the biomass-derived compounds, we need to develop a robust catalytic system that has a 

high Lewis acid density. Metal-organic frameworks (MOFs) are porous crystalline materials of metal 

clusters and organic linkers, connected by coordination networks [23, 24]. The exposed metal 
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nodes give them high Lewis acid sites, and the tunability of their ligands can enhance their ability 

in catalysis. Hence, I transitioned my research from zeolites to metal-organic frameworks (MOFs).  

 

3.2. Tuning properties and structural modification of MOFs 

In chapter 3, I developed the bi-functional Lewis-Brønsted acid catalysts for glucose dehydration 

to 5-hydroxymethylfurfural (HMF). Production of HMF from glucose involves a cascade of reactions, 

glucose isomerization to fructose and fructose dehydration to HMF [42]. The glucose isomerization 

requires Lewis acid sites [43], whereas fructose dehydration requires Brønsted acid sites [44]. 

MOFs have coordinatively unsaturated metal sites that provide Lewis acid sites for various organic 

reactions. Adding Brønsted acid sites into the pores created bi-functional solid acid catalysts. I 

encapsulated the Brønsted acidic phosphotungstic acid (PTA) in Al-MOFs, which provides the 

synergy between Lewis acid sites (Al3+) and encapsulated Brønsted acid sites, enhancing its 

catalytic performance in glucose dehydration to HMF. 

 

In chapter 4, my study evaluated the effect of amino functionalization in aluminum (Al)-containing 

MOFs on glucose isomerization in ethanol. I tested three Al-MOFs for glucose isomerization. 

Among three Al-MOFs, MIL-101(Al)-NH2 gave a high fructose selectivity of 64% at 82% glucose 

conversion. The presence of amino groups enhanced medium-to-strong Lewis acid strength, 

fructose selectivity, and glucose conversion. Moreover, MIL-101(Al)-NH2 MOF was stable and 

reusable up to four times without losing catalytic performance. In chapter 5, I used this MIL-101(Al)-

NH2 as a water-tolerant Lewis acid catalyst for selective dihydroxyacetone isomerization to lactic 

acid. We obtained a high lactic acid selectivity of 91% at 96% DHA conversion at 120°C in water, 

and Al-MOFs were reusable four times without any decrease in catalytic performance. 

 

In chapter 6, I synthesized the UiO-66(Zr) MOFs by adding acetic acid as modulators which create 

surface defects on the framework. Defective UiO-66 MOFs have the unsaturated metal sites (Zr4+) 

created by missing linkers which acted as Lewis acid sites, and the Brønsted acidity induced from 

the surface hydroxyl group. Later, I studied the cooperative effect of Lewis and Brønsted acidity for 
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the esterification of levulinic acid with methanol. The cooperative Brønsted-Lewis acid sites are 

responsible for the superior catalytic performance of defective UiO-66 MOFs and showed high 

methyl levulinate selectivity (93%). 

 

In chapter 7, I evaluated the catalytic performance of Zr- and Hf-containing MOF-808 and UiO-66 

catalyst for transfer hydrogenation of benzaldehyde in 2-propanol. Next, I combined experimental 

results and density functional theory to elucidate the mechanism by which Hf- and Zr-containing 

MOFs activate carbonyl compounds during transfer hydrogenation. The Lewis acidic MOF-808(Hf) 

was the most active and selective to transfer hydrogenation (MPV) of benzaldehyde to benzyl 

alcohol. This study provided an insight into the development of active and selective Lewis acidic 

MOF catalysts for the transfer hydrogenation of biomass-derived carbonyl compounds. 

 

3.3. Creation of Brønsted acid sites on plastic 

Polypropylene is the second-most used plastic and one of the most versatile types of plastics. The 

utilization of polypropylene-derived catalysts for the chemical industry potentially would increase 

plastic recycling rates and mitigate plastic pollution. In chapter 8, I developed the novel solid 

Brønsted acidic catalysts by sulfonating polypropylene to create sulfonated polypropylene (PP-

SO3H). The PP-SO3H catalyst had an excellent catalytic performance for esterification of levulinate 

with methanol. We obtained high ester selectivity (96%) at 94% conversion of levulinic acid. 

Moreover, the PP-SO3H catalyst was stable and reusable up to 4 times without compromising the 

esterification performance. In chapter 9, I used this PP-SO3H catalyst for xylose dehydration to 

furfural and obtained high selectivity to furfural (88%) at 85% conversion of xylose. I also applied 

these PP-SO3H catalysts to transform selected biomass-derived molecules (i.e., glycerol, fructose) 

and elucidated the reaction pathways for the conversion of biomass-derived compounds.
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CHAPTER 2 

HYDROPHOBIC FUNCTIONALIZATION OF HY ZEOLITES FOR EFFICIENT CONVERSION OF 

GLYCEROL TO SOLKETAL1 

 

 

1. Introduction 

The petroleum and animal farming industries are the leading contributors to greenhouse gases, 

including carbon dioxide (CO2), methane, and nitrous oxide [1, 45]. Carbon dioxide emissions 

account for 65% of global greenhouse gases, causing a global temperature rise and climate change 

and negatively affecting agricultural/forest production, livestock farming, and our standard of living 

[2, 4, 46]. In 2014, CO2 emissions were estimated at ~34.1 gigatonnes [47], and this quantity is 

projected to rise [6]. CO2 emissions stem from fossil fuel processing and methane release from 

shale oil extraction and natural gas development [48]. Production of biofuels and bioproducts from 

renewable plant biomass can reduce CO2 emissions, mitigating global warming and climate 

change.  

 

Glycerol is a by-product of processing vegetable oils to produce biodiesel. In 2017, the biodiesel 

production volume was ~ 1.6 billion gallons, and production is projected to reach 4 billion gallons 

by 2022 [49]. Biodiesel production generates ~10 wt.% glycerol [50]. As our society slowly moves 

to a sustainable future, the ability to convert glycerol to high-value products will accelerate its 

commercial use and the fight against global warming.    

                                                      
1 This chapter has been published in Applied Catalysis A: General (Rahaman et al., 2020, Applied Catalysis A: General, 
592, 117369.). The copyright clearance from the publisher has been included in the “APPENDIX” section. 
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Glycerol can be upgraded to valuable compounds such as propanediol, acrolein, glycerol 

carbonate, glyceric acid, tartronic acid, syngas, and solketal [51-59], thereby providing 

opportunities for additional revenue for the biodiesel industry and the agricultural sector. Glycerol 

acetalization is catalyzed by acid sites and produces cyclic acetals with 5- and 6-membered rings 

(4-hydroxymethyl-2,2-dimethyl-1,3-dioxane (solketal) and 5-hydroxy-2,2-dimethyl-1,3-dioxane 

(acetal)) (Fig. 2.1). Solketal is of particular interest because (1) it is a 100% bio-based chemical, 

produced from glycerol conversion with acetone. Acetone can be derived from hemicellulose from 

biorefineries [60]; (2) the reaction operates under mild conditions [61-63]; and (3) solketal can be 

used in many applications including fuel additives [64, 65], solvents in paint and ink industries [66-

68], cleaning products [69], additives for the pharmaceutical industry [70, 71], and co-initiators for 

polymerization [69, 72].  

 

 

Figure 2.1. Solketal production from glycerol acetalization by acid. 

 

Although homogeneous acid catalytic systems work for glycerol acetalization, their use is 

complicated by the need to separate catalysts from products. Thus, heterogeneous zeolite catalysts 

have been popular choices for glycerol acetalization [73, 74]. However, the low glycerol solubility 

in acetone (5 wt.% or ~ 0.03 glycerol/acetone molar ratio) causes the two reactants to be 

immiscible, presenting a mass transfer limitation. Immiscibility greatly limits the joint contact 

between the two reactants and catalysts’ active sites, and, therefore, impairs catalysis [75-77]. 

Mass transfer limitation is unavoidable in multiphase reactions, including glycerol acetalization, but 

it can be minimized [78, 79].  
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The objective of this study was to develop a multifunctional, solid acid catalyst modified with a 

surfactant to improve the contact between glycerol and acetone. We hypothesized that grafting an 

organosilane surfactant onto a solid HY zeolite catalyst would generate interface-active materials 

that would create an emulsion in which catalysis would occur. The emulsion would enhance the 

interfacial mass transfer by increasing the contact surface between the two immiscible reactants.  

We tested the foregoing conjecture by grafting an organosilane surfactant, n-

octadecyltrichlorosilane (OTS), onto an HY zeolite catalyst and evaluated the performance of this 

OTS-grafted HY (OTS-HY) at 30°C. We selected OTS because it has a long alkyl chain to provide 

substantial hydrophobicity. Moreover, we selected HY zeolite (Si/Al = 2.6) as our catalyst because 

(1) it is widely used in the chemical industry, (2) it has a large pore dimension (7.3 nm), and (3) it 

has a low Si/Al ratio, providing a high acidity (578 µmol NH3/g catalyst) [80] for glycerol 

acetalization. We found that the OTS-HY catalyst produced a higher glycerol conversion than did 

the HY catalyst. The OTS-HY catalyst enabled emulsion formation, increasing contact between the 

two reactants. This catalytic system addresses the fundamental limitation of the low contact 

between a catalyst’s active sites and the two immiscible reactants in glycerol acetalization.  

 

2. Materials and Methods 

2.1 Functionalization of zeolites with surfactant 

HY zeolite (CBV600, Si/Al ratio = 2.6) was obtained from Zeolyst® International (Conshohocken, 

PA, USA). We chose this HY zeolite with 2.6 Si/Al ratio because it has a high acid site density with 

the hydrophilic characteristic, enabling us to observe (1) the negative effect of water formation on 

catalytic activity and (2) the benefit of adding surface hydrophobicity. The as-received HY zeolite 

was calcined at 500 °C for 1 h to remove residual impurities before use. The surface 

functionalization of the zeolite was performed as described [81]. In short, 1 g of zeolite was 

dispersed in 20 mL of toluene in a capped 250 mL flask using a sonicator at room temperature for 

1 h. The organosilane reagent (n-octadecyltrichlorosilane (OTS), 95%, Alfa Aesar) at an 

organosilane/zeolite ratio of 0.5 mmol/g zeolite (theoretical OTS loading on zeolite) was mixed with 

50 mL toluene at room temperature. The hydrolyzable Cl ions of the OTS underwent hydrolysis 
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and formed a stable condensation with silanol groups (-Si-OH) on the surface of HY. The 

organofunctional group (octadecyl) is a nonhydrolyzable organic radical and adds chemical 

characteristics. The organosilane solution was added to the zeolite suspension, and the resulting 

mixture was stirred for 24 h at 500 rpm at room temperature. The surface-modified zeolite was then 

filtered and washed with ethanol five times and vacuum dried at 80 °C overnight. This functionalized 

zeolite was named OTS-HY. 

 

2.2 Characterization of catalytic materials 

The degree of hydrophobicity of zeolites was determined by the contact angle measurement using 

water droplets. Zeolite samples were compressed into a 1 cm disc (OD) with a thickness of 2 mm. 

A 1 uL water droplet was placed on the external surface of the disc using Optical contact angle 

measurement and drop contour analysis (OCA15, DataPhysics Instruments USA Corp., Charlotte, 

NC, USA). Infrared spectra of the zeolites were recorded on a JASCO Fourier transform infrared 

(FTIR) spectrometer (Easton, MD, USA), equipped with an attenuated total reflection stage (ATR). 

High-resolution transmission electron microscopy (HRTEM) was performed on catalysts using a 

200 kV-operated field emission gun FEI Tecanai F20 transmission electron microscope. Low-

intensity illumination conditions were used to minimize the amorphization of zeolites.  

 

To confirm the changes in surface functionality after grafting OTS onto HY catalysts, the diffuse 

reflectance infrared Fourier transformation spectroscopy (DRIFT) was performed using the JASCO 

FTIR equipped with high-temperature DiffuseIRTM cell (PIKE Technology, WI, USA). The sample 

treatment and temperature program were described elsewhere with a slight modification [81]. In 

short, all experiments were performed after heating 5mg catalyst sample in situ up to 230 °C under 

a flow of N2 (20 mL/min) with a heating rate of 10 °C/min. Then the temperature was maintained at 

230°C for 30 min. A background spectrum was recorded prior to each run and the 512 scans of 

spectra were collected in the range between 4000−1000 cm-1 at a 4 cm−1 resolution. 
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The surface area and pore volume of zeolites were measured using N2 adsorption/desorption by a 

Tristar Micromeritics (Norcross, GA, USA) instrument. Prior to the measurement, the samples were 

pretreated at 160 °C for 2 h using a Micromeritics FlowPrep with sample degasser (Norcross, GA, 

USA). The surface area, SBET, was determined by N2 isotherms using the Brunauer–Emmett–Teller 

equation (BET) on the basis of overall mass of the catalysts. The desorption cumulative pore 

volume was estimated according to the Barrett–Joyner–Halenda (BJH) model. The moisture and 

organic compounds on the catalysts were determined by thermogravimetric analysis (TGA) using 

a SDT Q600 TA instrument (New Castle, DE, USA). In short, ~20 mg of the sample was placed in 

a cylindrical alumina crucible and heated in the air from room temperature to 500 °C with a heating 

rate of 10 °C/min under N2 flow (100 ml/min). The moisture content of catalyst was calculated from 

the weight loss below 150°C. X-ray diffraction (XRD) analysis was performed on a Bruker D8 

Discover diffractometer (Bellerica, MA, USA) using CuKα radiation and 2θ ranging from 10° to 60° 

with 0.2 sec/step [81]. This 2θ range revealed the diffraction intensity of (220), (311), (331), (511), 

(440), (533), (642), and (555), respectively [82-84].  

 

The total acidity of zeolites was determined by ammonia-temperature programmed desorption 

(NH3-TPD). The NH3-TPD experiments were performed using a Micromeritics ChemiSorb 2720 

instrument equipped with a thermal conductivity detector (TCD) (Norcross, GA, USA). The samples 

were dried in a vacuum oven overnight prior to NH3-TPD. About 20-40 mg of sample was pretreated 

at 250 °C for 1 h under flowing He gas to remove adsorbed water. The sample was then cooled to 

100 °C and saturated with ammonia (10% NH3/He). Next, the samples were flushed with 40 mL/min 

He flow at 100 °C for 1 h to remove physically adsorbed ammonia. TPD profiles were recorded by 

heating the samples to 700 °C at a rate of 10 °C/min in 40 mL/min He flow. In the case of OTS-HY 

catalysts, we ran the TPD experiment without pre-adsorption of NH3 to evaluate the OTS 

decomposition temperature ranges and its contribution during the NH3-TPD. To determine the acid 

site density of OTS-HY catalyst, we subtracted the OTS decomposition peak area from the NH3-

TPD peak area.  
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2.3 Study of glycerol acetalization 

Reactions were performed in 15 mL glass pressure vials in an oil bath. Typically, glycerol, acetone, 

and catalysts were added to the pressure vial which was sealed and stirred at the desired 

temperature. We ran this reaction for different times (10-60 min), at different temperatures (30 and 

50°C), with different catalyst loading (5 and 15 wt.%), and a fixed glycerol/acetone molar ratio of 

1/12 (12 wt.% glycerol), unless otherwise noted. The OTS-HY catalyst was loaded at an amount 

that provided a number of active sites comparable to that of HY. Dodecane was used as an internal 

standard. The glycerol conversion and product yield were calculated based on the internal 

standard. The reaction was stopped by quenching in a cold-water bath followed by adding ethanol 

(2 mL ethanol per 0.25 g glycerol) to dissolve the remaining glycerol and acetone. The solution was 

centrifuged, and the solid catalyst was removed. The liquid sample was then diluted with ethanol 

prior to analysis.   

 

The reactants and products were analyzed using a gas chromatograph (7890B GC) (Agilent 

Technologies, Santa Clara, CA, USA) equipped with a mass spectrometer and flame ionization 

detector (FID) for product identification and quantification, respectively. A DB-1701 column (30 m 

x 0.25 mm x 0.25 µm, Agilent Technologies, Santa Clara, CA, USA) was used for product 

separation with the following parameters: injection temperature 275 °C and FID detector 

temperature 300 °C; split ratio 1:50. The temperature program started at 50 °C with a heating rate 

of 8°C/min to 200 °C. The glycerol conversion, product yield, and product selectivity were calculated 

as follows: 

Glycerol conversion (%)=
mole of glycerol reacted
initial mole of glycerol x100 

Product yield (%)=
mole of product generated

initial mole of glycerol x100 

Product selectivity (%)=
Product yield

Glycerol conversion x100 
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3. Results and Discussion 

We first confirmed the successful grafting of the OTS surfactant onto the HY catalyst and 

characterized changes in the surface properties. These analyses were performed with Fourier-

transform infrared spectroscopy (FTIR), Thermal gravimetric analysis (TGA), High-resolution 

transmission electron microscope (HRTEM), X-ray diffraction (XRD), and N2-

adsorption/desorption. Then we evaluated the effect of OTS grafting onto the HY catalyst in the 

glycerol acetalization reaction with various conditions.  

 

3.1 Characterization of the organosilane–grafted HY zeolites 

The FTIR and DRIFT spectra of the OTS-HY catalyst confirmed the successful grafting of OTS 

onto the HY catalyst. The skeletal FTIR spectra of the unmodified HY catalyst presented an 

asymmetric stretching of the T-O-T bridges at 1056 and 1198 cm-1 (Fig. 2.2B), where T is 

tetrahedrally coordinated Si or Al atoms [85, 86]. Upon OTS grafting onto HY catalyst, the 

characteristic T-O-T band at 1056 cm-1 shifted to 1050 cm-1 because of the formation of the Si-O 

bond on the tetrahedral T-O-T. We observed a similar down-shift of the zeolite’s characteristic T-

O-T band in the silane grafted SAPO-34 zeolites, suggesting the formation of linkages between 

silane and zeolites [87].  We observed bands at 2919 and 2851 cm-1, associated with the CH 

symmetric (υs(CH)) and asymmetric (υa(CH)) stretching vibrations for CH2 groups of the OTS, 

respectively (Fig. 2.S1A). The band at 1198 cm-1 was due to the formation of Si-O-Si linkages 

between OTS and HY catalyst [88, 89]. We did not observe the characteristic band of the self-

condensed OTS product at 1014 cm-1, suggesting that its formation was negligible (see 

Supplementary Information, Fig. 2.S1B).  

 

We further confirmed the successful OTS grafting by DRIFT and observed changes in the OH 

vibrational region (3500–3800 cm-1) of HY and OTS-HY catalysts. We detected a significant 

decrease in band intensity at 3740 cm-1 after OTS grafting onto HY catalysts (Fig. 2.2C). Whereas 

the two bands at 3627 and 3562 cm-1 remained relatively unchanged. The band at 3740 cm-1 was 

attributed to the free silanol groups on the external surface of HY catalysts [90]. So the decrease 
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in this band intensity indicated a reduction in density of silanol groups after OTS grafting. The bands 

at 3627 and 3562 cm-1 were attributed to the structural hydroxyl groups, the high-frequency (HF) 

OH groups at the supercages and low frequency (LF) at the sodalite cages, respectively [91]. These 

OH groups are responsible for the Brønsted acidity of the zeolites [92, 93]. After OTS grafting, 

intensities of these bands remained relatively unchanged, suggesting that grafted OTS did not 

block the active sites. Consistent with our results, Zapata et al also observed negligible changes in 

intensities of these OH stretching bands after silylation of HY catalysts [81]. The retention of the 

active sites in OTS-HY catalysts was helpful for the acetalization reaction. Hence, alterations of 

FTIR bands in the fingerprint region and the reduction of the silanol density observed by DRIFT 

confirmed the formation of linkages between OTS and HY catalysts.   

 

 

Figure 2.2. TGA profiles (A), FTIR spectra (B), and DRIFT spectra (C) of OTS-HY and HY catalysts. 

 

We used TGA to assess the stability of the OTS-HY and quantify the amount of OTS grafted onto 

the HY (Fig. 2.2A). Below 150 °C, HY incurred an initial weight loss (~5%) that was attributed to 

breaking hydrogen-bond networks and desorption of water. OTS-HY’s weight loss was lower 

(~2%). The sharper decrease in weight of HY indicated higher water adsorption (~5%) compared 

with that of OTS-HY (~2%). These results suggested that OTS-HY catalyst was more hydrophobic 

than HY catalyst because the surface of HY catalyst consists of portions of free silanols (-Si-OH) 

that adsorb water molecules [94-96]. The weight loss of the OTS-HY occurred in three steps: (1) 

ambient to 150°C, (2) 150-270oC and (3) 400-500°C. The weight losses in the first and second 
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steps were from the evaporation of moisture and residue organic solvent during synthesis, 

respectively. The total weight loss for OTS-HY was higher than that of HY, which we attributed to 

the slow decomposition of OTS at a higher temperature (> 400°C). Zapata et al. reported OTS 

decomposition from OTS-functionalized silica and SBA-15 in the range of 350-600°C, corroborating 

our OTS decomposition findings. We estimated that the amount of grafted OTS on HY was ~16% 

(w/w).  

 

Figure 2.3. HRTEM images of HY and OTS-HY catalysts (A & D) and their contact angles (B & E). 

The suspension behavior of HY and OTS-HY catalysts in the glycerol-acetone system (C & F). 

 

The crystallinity of HY was preserved after grafting with OTS. The HRTEM image (Fig. 2.3A & D) 

of OTS-HY catalyst illustrated (1) the cubic crystalline structure of the FAU zeolites [83, 97], and 

(2) an unchanged crystalline structure after grafting OTS. Likewise, the XRD spectrum of OTS-HY 

catalyst confirmed the presence of a highly crystalline HY zeolite [98] (Fig. 2.4). The HRTEM and 

XRD results suggested a negligible loss of crystallinity after grafting OTS onto HY. 
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Table 2.1. Surface properties and acidity of HY and OTS-HY catalysts 

Catalyst 
SBET 

(m2/g) 

Pore 

volume 

(cm³/g) 

Micropore 

volume 

(cm³/g) 

Pore 

diameter 

(Å) 

Acidity 

(µmol NH3/g catalyst) 

Weak Strong Total 

HY 513 0.36 0.22 7.3 265 313 578 

OTS-HY 347 0.23 0.14 6.5 286 267 552 

 

 

Figure 2.4. XRD (A) and N2-adsorption-desorption isotherms (B) of OTS-HY and HY catalysts. 

 

To evaluate how grafting OTS onto HY affected the catalyst’s acid sites, we measured changes in 

surface area, pore-volume, and acidity by N2-adsorption/desorption and NH3-TPD. The N2 

adsorption/desorption isotherms of HY and OTS-HY catalysts exhibited the type IV isotherm [83], 

indicating that both catalysts were microporous (Fig. 2.S2). The estimated surface area and pore 

volume of HY zeolite were 513 m2/g and 0.36 cm3/g (Table 2.1), consistent with reported values 
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[80]. Previous investigators reported that grafting organosilanes onto zeolites reduced the surface 

area and pore volume because some portion of the pores was occupied by the organosilanes [81]. 

In addition, we speculated that the decrease in the surface area and pore volume of our OTS-HY 

catalysts might be partly because of the dilution contributed from the grafted OTS. Moreover, our 

results revealed a slight decrease in the total acidity of OTS-HY catalysts (552 µmol NH3/g catalyst), 

measured by NH3-TPD, compared with that of HY catalyst (578 µmol NH3/g catalyst), and this 

behavior is consistent with previous observations [81, 99]. The slight change in the total acidity of 

the OTS-HY catalysts agreed with our DRIFT results, showing comparable skeleton OH groups 

(i.e., at 3627 and 3562 cm-1) and suggesting the retention of acidity after the OTS grafting. We 

found that the grafting OTS onto HY took place mostly on the external surface of the HY catalysts, 

leaving the BrØnsted and Lewis acid sites intact.    

 

3.2 Emulsion formation by modified catalysts in two-phase systems 

Typically, the HY catalyst contains many free silanols, making it hydrophilic and limiting its 

suspension in the less polar acetone phase. Thus, we investigated the catalyst suspension 

behaviour by placing HY and OTS-HY in two liquid systems, (1) water-dodecane, and (2) glycerol-

acetone. We chose the water-dodecane system to represent the polar-nonpolar solvent system. In 

the water-dodecane system, the OTS-HY catalyst was suspended in dodecane, whereas the HY 

was suspended in water (Fig. 2.S3A & B). These visual observations were consistent with the 

expectation that grafting OTS onto HY would add a hydrophobic layer to the HY surface, enabling 

it to be suspended in the nonpolar dodecane phase. These results agreed Zapata et al. who 

showed that. in a water-decalin system, a pristine hydrophilic catalyst settled in the water phase 

[99], whereas an organosilane-grafted catalyst dispersed in the decalin phase.  

 

To determine the degree of hydrophobicity of our OTS-HY catalyst, we measured its contact angle 

and observed its behaviour in the two-phase systems. The OTS-HY had a contact angle of ~110°, 

suggesting that OTS-HY was hydrophobic [100] (Fig. 2.3B). The water droplet for HY adsorbed 

into the disc, i.e., the contact angle was ~0° (Fig. 2.3E). Our contact angle results agreed with 



17 
 

another study by Zapata et al. [81] that showed a high degree of hydrophobicity of OTS-grafted HY 

catalyst (126-135°). In addition, we conducted the water adsorption experiments using the OTS-

HY and HY catalysts in a closed container with 100 mL DI water in a 200 mL beaker and measured 

the water absorption during 12h. The pristine HY catalyst had ~3 times higher water adsorption 

capacity than the OTS-HY catalyst (Fig. 2.S4), an observation that corresponded with the TGA 

results. These results confirmed the high degree of hydrophobicity of OTS-HY and the hydrophilicity 

of HY. Nonetheless, these water adsorption results suggested that OTS-HY was not completely 

hydrophobic because water could still adsorb onto its surface.  

 

The locations of the OTS-HY and HY catalysts in the reaction vessel further confirmed the 

difference in the catalysts’ surface properties. The glycerol-acetone system was a two-phase 

system due to low glycerol solubility in acetone. The OTS-HY catalyst was suspended at the 

interface between glycerol and acetone (Fig. 2.3C & F) because, although acetone is a polar 

solvent, it is less polar than glycerol. Hence, OTS-HY did not disperse in the acetone. Conversely, 

the pristine HY catalyst was suspended only in the glycerol phase because of its abundant silanol 

groups; the confinement of HY to the glycerol was another indication of its hydrophilicity. Previous 

work has shown that hydrophobic solid particles (contact angle > 90°) stabilize the formation of 

water-in-oil emulsions [81, 101]. We hypothesized that the high degree of hydrophobicity of OTS-

HY catalysts would stabilize an emulsion between glycerol and acetone.   

 

Thus, we investigated emulsion formation by placing the OTS-HY catalyst in the aforesaid same 

two liquid systems: (1) water-dodecane; and (2) glycerol-acetone. First, we used a non-ionic 

surfactant, Tween 60, as a control. For the water-dodecane system, we added 1 wt.% Tween 60 

and vortexed for one min. The microscopic images, taken after leaving this system for 30 min, 

showed water droplets dispersed in the dodecane, indicating the formation of a stable emulsion 

layer (Fig. 2.S5C). Similarly, OTS-HY also stabilized the formation of the emulsion layer in the 

water-dodecane system (Fig. 2.S5A). These results suggested that the OTS-HY catalyst assisted 

in the formation of Pickering emulsion in the water-dodecane system [102-105]. In contrast, in the 
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glycerol-acetone system, after adding either Tween 60 or OTS-HY and vortexing for one min, we 

initially observed the formation of emulsion layer. However, this emulsion layer broke and 

separated back into two phases after stopping agitation (Fig. 2.S5B & D)  

 

The formation of Pickering emulsion has many benefits in two-phase reaction systems in which 

mass transfer limitation (limited contact between reactants) inhibits reactivity. For example, the use 

of solid particles, such as OTS-HY, to stabilize the emulsion enables easy breaking of the emulsion 

and recovery of the two phases. Moreover, this approach improves the contact between the two 

immiscible reactants without adding surfactants. Although adding surfactants in two-phase 

reactions can improve the contact between immiscible liquid reactants, adding surfactants 

complicates the downstream product purification and adds to the carbon footprint of the process 

[106]. 

 

3.3 Catalytic activity of OTS-HY catalysts in glycerol acetalization 

Next, we demonstrated the benefit of the emulsion formation by OTS-HY in glycerol acetalization 

under reaction conditions. At 30°C upon agitation after 10 sec, OTS-HY began dispersing in the 

glycerol (bottom phase) and forming an emulsion. Conversely, the HY only stayed in the glycerol 

phase regardless of the reaction time (Fig. 2.S6). An increase in reaction temperature to 50°C 

improved the glycerol solubility in acetone and enabled the emulsion formation by OTS-HY after 

10 sec (Fig. 2.S7). Moreover, a 50°C reaction temperature caused a larger HY suspension area 

compared with the area at 30°C, indicating that increasing reaction temperature increased glycerol 

solubility in acetone and enabled more contact area between catalyst active sites and the two 

reactants. After 1 min, HY was well-dispersed in both phases (Fig. 2.S7C). A further increase in 

reaction temperature to 70°C enabled the higher glycerol solubility in acetone caused HY to be 

well-dispersed in both phases after 10 sec (Fig. 2.S8). These results suggested that the OTS-HY 

catalysts itself assisted in emulsion formation, thus eliminating the need for higher reaction 

temperatures. 
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Table 2.2. The glycerol conversion and products selectivity of investigated catalysts as a function 

of temperature and time. Reaction condition: 5 wt.% catalyst loading, acetone/glycerol molar 

ratio of 12/1.  

 

Catalyst 
Temperature 

(°C) 

Time 

(min) 

Glycerol 

conversion 

(%) 

5-MR 

selectivity 

(%) 

6-MR 

selectivity 

(%) 

HY 30 10 7 83 17 

20 10 87 13 

60 28 88 12 

480 85 92 8 

600 89 98 2 

HY 50 10 60 93 7 

20 65 94 6 

60 88 98 2 

480 88 98 2 

600 88 98 2 

OTS-HY 30 10 73 88 12 

20 78 92 8 

60 89 95 5 

120 89 96 4 

480 89 98 2 
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The emulsion formation resulted in better contact between reactants with active sites of catalysts, 

leading to an improvement in the catalyst activity (Fig. 2.5A & B).  We applied OTS-HY catalyst to 

glycerol acetalization at 30°C and 12 wt.% glycerol for 10 h. We arbitrarily chose the 12 wt.% 

glycerol in acetone to provide excess acetone. We performed similar experiments with HY catalyst 

as control. Solketal was the main reaction product with a trace amount of 6-MR (Table 2.2). 

Glycerol conversion increased with increasing reaction time and leveled off at 89% after 60 min for 

OTS-HY catalyst at 30°C (Fig. 2.5C). This plateau suggested that the reaction equilibrium was 

approached after 60 min. Our equilibrium conversion of 89% over the OTS-HY catalyst at 30°C 

was consistent with the previously reported value [107].  

 

 

Figure 2.5. Suspension behaviour of OTS-HY and HY catalysts in the glycerolacetone system (A 

& B). Glycerol conversion by OTS-HY and HY catalysts over time (C). Changes in suspension 

behaviour of HY at 30 and 50 °C (D). 
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In the case of HY catalyst at 30°C, the reaction conversion reached 89% after 10h. An increase in 

reaction temperature to 50°C yielded the glycerol conversion of 88% after 60 min. These results 

suggested that using OTS-HY catalysts reached equilibrium faster than HY catalysts at 30°C. 

Moreover, glycerol acetalization is an exothermic reaction. We observed the equilibrium conversion 

decreased slightly with increasing temperature using HY catalysts at 12h (Fig. 2.5C). This slight 

decrease in equilibrium conversion (<2%) at elevated temperature was consistent with previous 

studies in both flow reactor with ethanol as a solvent and solvent-free batch reactor [107-109]. An 

increase in reaction temperature from 30 to 50°C simply improved the reaction rates. We observed 

the evolution of the phases during the course of the reaction. At 12 wt.% glycerol in acetone, the 

system was a two-phase system. At 30°C, the two-phase glycerol-acetone system became one 

phase after 60 min using OTS-HY catalysts, consistent with the 89% glycerol conversion. In the 

case of HY catalyst at 30°C, the reaction system remained two phases even after 60 min, consistent 

with the 28% glycerol conversion. Consistent with the glycerol conversion results, these findings 

suggested the faster reaction rate was achieved by OTS-HY catalysts. 

 

An increase in reaction temperature from 30 to 50°C raised the catalytic activity of HY to nearly that 

of OTS-HY catalyst at 30°C (Fig. 2.5D). One reason for this increased activity of HY was that an 

increase in temperature increased the glycerol solubility in acetone, enhancing the contact between 

HY’s active sites and both reactants. Yu et al. reported a similar behaviour for SDS surfactants 

adsorbed on the surface of multi-wall carbon nanotubes (MWCNTs) that enhanced suspension of 

MWCNTs in aqueous solution [110].  
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Figure 2.6. Phase transition of the glycerol-acetone mixture during the course of reaction. 

 

3.4 Phase transition in glycerol acetalization due to the formation of solketal 

Another important consideration was whether the formation of the product, solketal, affected the 

transition from two immiscible phases to one single phase during the reaction. We performed a 

series of experiments to demonstrate the behavior of the reaction mixture at varying reactants 

(glycerol and acetone) and products (solketal and water) concentration (i.e., simulated glycerol 

conversion between 0 to 100%) (Fig. 2.6). On the existence of the two immiscible phases, a slow 

mass transfer of acetone to glycerol phase was indicated at the beginning of the reaction because 

of a small supply of acetone.  Upon the emulsion formation, the accumulation of the acetone in the 

glycerol phase promoted an increase in the overall rate. During the reaction, solketal is formed and 

accumulated. When the solketal yield exceeded 25%, it behaved as a solubilizing agent to make a 

homogenous mixture between glycerol and acetone, followed by a rapid conversion of glycerol 

because the interfacial mass transfer was eliminated. 
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Figure 2.7. Effect of catalyst loading on the glycerol conversion between 20–140 min. 

 

We further explored how this phase transition affected the interfacial mass transfer limitations in 

glycerol acetalization over HY catalysts at 30°C. When we performed the reaction under two-phase 

system (i.e., conversion < 25%, see Fig. 2.7), the glycerol conversion increased with increasing 

the catalyst loading only up to 5 wt.%. The higher amount of catalyst loading did not increase the 

glycerol conversion, suggesting that the reaction was controlled by the mass transfer of the reactant 

from one phase to the other (i.e., the mass transfer of acetone to the glycerol phase). However, 

when the reaction proceeded and conversion is >50%, the glycerol conversion continuously 

increased with increasing catalyst loading because the interfacial mass transfer limitation was 

minimized (i.e., the initial two-phase system became homogenous (a single-phase) and the 

reaction became kinetically-controlled. These findings supported the existence of interfacial mass 

transfer limitations. Moreover, these results are consistent with the phase change behavior over 

the course of the reaction time (Fig. 2.6), affecting the apparent reaction rates. 
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Previous investigators have proposed the use of solvent (methanol, ethanol, and/or 

dichloromethane) to improve miscibility of glycerol and acetone, overcoming the mass transfer 

limitation of the glycerol acetalization [111, 112]. Glycerol conversion reached 73% at 40°C 

because the reaction rate was increased by both reactants being in the same phase [112]. 

However, the use of solvents to enhance the miscibility of glycerol and acetone complicates 

downstream processing because of additional unit operations for product separation/purification. 

Our hydrophobically modified zeolite catalysts had higher catalytic activity for glycerol acetalization 

than that of HY catalysts at low temperature because OTS-HY catalysts possessed two key 

advantages. First, the grafted hydrophobic layers of OTS-HY catalysts form emulsion between two 

immiscible reactants, minimizing the mass transfer limitation by improving contacts between the 

two immiscible reactants without added solvents. Second, the OTS-HY catalysts still had the 

comparable acid site density to that of HY, enabling the glycerol acetalization at the interface of 

two immiscible reactants. The high catalytic activity of OTS-HY at low temperatures makes it a 

promising candidate for glycerol acetalization and other acid-catalyzed two-phase reactions. The 

alkyl chain length of the organosilane surfactant affects the degree of hydrophobicity of the 

catalysts. We are currently correlating the degree of hydrophobicity of the modified catalyst with its 

catalytic activity in glycerol acetalization.  

 

4. Conclusion 

Acetalization of glycerol with acetone is an acid-catalyzed reaction. The poor miscibility between 

glycerol and acetone results in an initial two-phase mixture and presents a considerable interfacial 

mass transfer limitation between liquid phases and catalyst’s active sites. Initially, the poor 

miscibility of acetone in glycerol phase caused a slow supply of acetone for the formation of 

solketal. When the solketal conten exceeded 25%, it acted as a solubilizing agent and the reaction 

mixture became homogeneous, followed by a rapid production of solketal. We proposed to 

overcome this initial interfacial mass transfer limitation by grafting the n-octadecyltrichlorosilane 

(OTS) onto an HY catalyst. The modified HY catalyst was hydrophobic and assisted the emulsion 

formation during agitation. The emulsion formation improved the contact between the ordinarily 
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immiscible reactants and active sites of the OTS-HY catalyst, yielding 89% glycerol conversion, 

compared with 28% for unmodified HY, at 30°C. In addition, we revealed that the formation of 

reaction product, solketal, beyond 25% acted as a solvent to solubilize glycerol and acetone into a 

single phase. Hydrophobic zeolites of this type are promising for other acid-catalyzed reactions to 

upgrade by-product glycerol from biodiesel industry, such as esterification, dehydration to acrolein, 

and etherification with alcohols to produce fuel additives.  
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5. Supplementary Information  

 

Characterization of hydrolysis and condensation products of octadecyltrichlorosilane 

(OTS)  

The formation of the self-condensed OTS product (OTS-OTS) was negligible as evidenced by the 

FTIR. First, we synthesized the OTS-OTS product by adding a small amount of water (~100 uL) in 

the 0.5 mmol OTS in 50 mL toluene and agitated for 24h at room temperature. We observed the 

condensed OTS-OTS product as white solid precipitates. We collected the solid OTS-OTS product 

by filtration, wash with ethanol, and dry in the oven at 80°C overnight. Secondly, we analyzed the 

OTS-OTS product by FTIR and compared its spectra with the OTS-HY catalyst. We used the HY 

catalyst as a control. We found that the OTS-OTS product had similar characteristic bands at 2851 

and 2919 cm-1 to those of the OTS-HY catalyst (Fig. 2.S1A). These bands were associated with 

the CH symmetric (υs(CH)) and asymmetric (υa(CH)) stretching vibrations for CH2 groups of the 
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OTS, respectively. However, we did not observe these two bands on the HY catalysts. The 

presence of these two bands suggested the presence of OTS in the OTS-HY catalyst and OTS-

OTS sample. Hence, we further analyzed the FTIR fingerprint region. 

 

Changes in the characteristic bands of OTS are pronounced in the range of 900 to 1200 cm-1 due 

to the silane grafting extension [113]. The OTS has a unique Si-Cl band at ~425-625 cm-1.  In the 

presence of water, OTS underwent hydrolysis. The hydrolysis products of OTS can condense with 

each other. From the FTIR analysis, we confirmed that OTS underwent hydrolysis in the presence 

of moisture because of the occurrence of Si-OH band at ~950 cm-1 from the hydrolysis product. 

Moreover, we observed the band at 1014 cm-1, associated with Si-O-Si stretching from the self-

condensation reaction between OTS hydrolysis products (Fig. 2.S1B). However, the unique Si-O-

Si band of the self-condensed OTS products at 1014 cm-1 was not observed in the both OTS-HY 

and HY samples, suggesting negligible formation of self-condensed OTS products. Consistent with 

previous findings, the HY catalyst showed the asymmetric stretching T-O-T band at ~ 1056 cm-1 (T 

is tetrahedrally coordinated Si or Al atom) [98, 114, 115]. Upon grafting HY with OTS, the T-O-T 

band shifted to 1050 cm-1 because of the formation of the Si-O bond on the tetrahedral T-O-T. A 

similar down-shift of the zeolite’s characteristic T-O-T band was observed in silane grafted SAPO-

34 zeolites, suggesting the formation of linkages between silane and zeolites [87].  

 

Additional evidence to support this claim is the high catalytic activity of OTS-HY catalysts. The 

formation of condensed OTS products in the pores of HY zeolites should have blocked reactant 

accessibility. Instead, we observed an increase in the catalytic activity using OTS-HY catalysts over 

HY catalysts. In addition, previous studies indicate that the pore size of the HY zeolites is ~0.74 x 

0.74 nm [116]. The size of OTS is larger than the HY pore dimensions [117]. Hence, OTS was 

grafted on the external surface, leaving the internal surface accessible to reactants.  
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Figure 2.S1. FTIR spectra of HY, OTS-HY, and OTS-OTS samples: (A) 3000-2800 cm-1; and (B) 

1200-800 cm-1. The OTS-OTS sample indicated the condensed product of OTS. 

 

Figure 2.S2. N2-adsorption/desorption isotherms of HY and OTS-HY. 

 

 



28 
 

 

Figure 2.S3. Suspension behavior of (A) HY or (B) OTS-HY in water-dodecane and glycerol-

acetone. 

 

Figure 2.S4. Water adsorption of HY and OTS-HY. OTS has a higher degree of hydrophobicity 
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Figure 2.S5. Behaviour of emulsion formation in water-dodecane and glycerol-acetone in the 

presence of OTS-HY or tween 60 (A) OTS-HY in dodecane-water (B) OTS-HY in acetone-glycerol 

(C) Tween 60 in dodecane-water and (D) Tween 60 in acetone-glycerol. 

 

 

Figure 2.S6.  Suspension behavior of OTS-HY and HY in the glycerol/acetone mixture at 30oC 
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Figure 2.S7. Suspension behavior of OTS-HY and HY in the glycerol/acetone mixture at 50oC 

 

 

Figure 2.S8. Suspension behavior of OTS-HY and HY in the glycerol/acetone mixture at 70oC 
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CHAPTER 3 

COOPERATIVE BRØNSTED-LEWIS ACID SITES CREATED BY PHOSPHOTUNGSTIC ACID 

ENCAPSULATED METAL-ORGANIC FRAMEWORKS FOR SELECTIVE GLUCOSE 

CONVERSION TO 5-HYDROXYMETHYLFURFURAL2 

 

1. Introduction 

Negative consequences of fuel and chemical production from petroleum, especially sizeable 

greenhouse gas emissions, price volatility [118], and non-renewability [119], have propelled the 

production of commodity chemicals from renewable plant biomass. Hydroxymethylfurfural (HMF) 

is a versatile platform chemical derived from biomass with potential applications for fuels, 

chemicals, plastics, and pharmaceuticals [120-122]. The challenge of glucose dehydration to HMF 

is to obtain high HMF selectivity. Although the glucose dehydration reaction has been studied 

extensively, its mechanism is still being debated [123, 124].  

 

In general, glucose dehydration to HMF can occur by two chemical pathways (Scheme 1), direct 

dehydration (path 1) and tandem isomerization-dehydration reactions (path 2). The direct 

dehydration of glucose to HMF by Brønsted acid catalysts is slow, and HMF selectivity is low 

because of side reactions such as cross-condensation with formation of undesired humins [42, 

125-127]. Tandem isomerization-dehydration reactions in one-pot afford opportunities to transform 

glucose to HMF selectively [128]. Selective production of HMF from glucose requires cooperation 

between Lewis and Brønsted acid catalysts for glucose isomerization to fructose and subsequent 

fructose dehydration to HMF [42-44, 128].

                                                      
2 This chapter has been published in Fuel (Rahaman, Mohammad Shahinur, et al.  Fuel 310 (2022): 122459). The copyright 

clearance from the publisher has been included in the “APPENDIX” section.  
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Scheme 1. Reaction network of HMF production (BA = Brønsted acid, LA = Lewis acid) 

 

Lewis acid promotes the isomerization of glucose to fructose and then dehydration of fructose to 

HMF by Brønsted acid [129-131]. Swift et al. demonstrated this concept of tandem isomerization-

dehydration reactions by incorporating a Lewis acid (CrCl3) with a Brønsted acid (HCl) catalyst, an 

approach that enhanced both catalytic activity for glucose dehydration and HMF selectivity [132]. 

Vieira et al. used the combination of Lewis acid Nb2O5 and Bronsted acid HCl in a 

water/tetrahydrofuran (THF) biphasic system. They found that the Brønsted acid HCl was 

necessary to improve HMF selectivity from 7.6% to 51% and glucose conversion from 49% to 93%, 

compared with Nb2O5 alone [131]. Nikolla et al. used the combination of Sn-containing β-zeolite 

and HCl in H2O/THF biphasic system to reach 72% HMF selectivity at 79% glucose conversion 

[133]. However, all these studies were conducted with homogeneous Brønsted acid catalysts that 

complicate product purification [134] and catalyst recycling. Therefore, it would be most useful to 

have solid catalysts that possess both Brønsted and Lewis acid active sites for selective glucose 

conversion to HMF. In answer to this need, this report describes metal-organic frameworks that 

have both Brønsted and Lewis acid sites for selective glucose conversion to HMF. 

 

Metal-organic frameworks (MOFs) are porous crystalline materials that consist of metal ions or 

clusters coordinated with organic linkers to form highly uniform solid networks [23, 24, 135-138]. 

The coordinated unsaturated metal sites (cus) endow MOFs with Lewis acidity [139, 140]. Lewis 
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acid sites of MOFs have been used to catalyze various reactions, such as aldol condensation [141], 

deacetalization-Knoevenagel condensation [142, 143], Meinwald rearrangement [144], and CO 

oxidation [145]. The porosity of MOFs enables incorporation of large Brønsted acidic molecules to 

create bifunctional acid catalysts for various acid-catalyzed organic reactions [23, 24, 146-149]. 

 

Polyoxometalates (POMs) are versatile catalysts because of their many active sites [150, 151]. The 

Keggin family of POMs ([XM12O40]n- anions (X = Si and P, M = Mo and W) with protons as the only 

countercations are heteropolyacids; examples include phosphotungstic acid, silicotungstic acid, 

silicomolybdic acid, and phosphomolybdic acid. These heteropolyacids have high acid strength and 

they are less corrosive compared with ordinary mineral acids (HBr, H2SO4, HNO3, and HCl) [152, 

153]. Although these properties make heteropolyacids attractive in acid-catalyzed reactions [154-

158], they are soluble in water and many organic solvents. Thus, they are difficult to recycle, and 

their presence complicates purification of soluble products.  

 

Trapping heteropolyacids in MOF pores generates bifunctional catalysts with both Lewis and 

Brønsted acids, which are important for selective glucose conversion to HMF [128, 159]. Indeed, 

as reported in Table 3.S2, the Keggin-type heteropolyacids have been encapsulated successfully 

in the pores of MOFs[160-163]. For example, phosphotungstic acid (PTA)-encapsulated MIL-

101(Cr) was used for various catalytic reactions such as the esterification of n-butanol with acetic 

acid [164], dehydration of methanol [164], oxidative desulfurization of dibenzothiophene[165], 

carbohydrate dehydration to 5-hydroxymethylfurfural [163], and oxidation of the alkenes [166]. 

Zhang et al. synthesized PTA⊂MIL-101(Cr) by encapsulating PTA in MIL-101(Cr) for sugar 

dehydration [163]. Fructose dehydration by PTA⊂MIL-101(Cr) was selective for HMF (77% HMF 

selectivity at 82% fructose conversion). However, PTA⊂MIL-101(Cr) was not selective for HMF in 

glucose dehydration (10% HMF selectivity at 21% glucose conversion). Moreover, the use of 

fructose as a feedstock is not cost-effective because glucose is less expensive than fructose [167].  

In addition, the chromium in PTA⊂MIL-101(Cr) catalysts is harmful to humans, animals, and the 

environment [168]. Therefore, there is a need to develop heterogeneous chromium-free acid 
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catalytic systems that possess both Brønsted and Lewis acid sites to regulate the HMF selectivity 

in glucose dehydration.  

 

Here, this work describes encapsulation of phosphotungstic acid in the pores of MIL-101(Al)-NH2 

to form PTA⊂MIL-101(Al)-NH2. The effect of PTA encapsulation on catalytic performance in 

glucose dehydration with [C4C1im]Cl as solvent was evaluated. The [C4C1im]Cl was selected as 

the reaction solvent because our previous studies established that the alkyl imidazolium chloride 

ionic liquids, such as [C2C1im]Cl and [C4C1im]Cl, can dissolve cellulose and enable hydrolysis of 

cellulose to sugars [169-171]. The MIL-101(Al)-NH2 was selected because it is chemically and 

thermally stable [143]. Moreover, Brønsted acidic PTA was used as the heteropolyacid because it 

has a high acid strength compared with other heteropolyacids[172]. The encapsulated PTA in MIL-

101(Al)-NH2 was uniformly dispersed and stable in NH2-MIL-101(Al) pores, and it provided 

Brønsted acid sites that rendered the catalyst selective for HMF production. These results reveal 

the unrecognized catalytic performance of the PTA⊂MIL-101(Al)-NH2 catalysts for selective 

glucose dehydration.  

 

2. Materials and Methods 

2.1 Materials  

The following chemicals were purchased and used as received: D-glucose, 1-butyl-3-

methylimidazolium chloride ([C4C1im]Cl), 2-aminoterephthalic acid (2-ATA), aluminum chloride 

hexahydrate, phosphotungstic acid (PTA), and N,N-dimethylformamide (DMF), methanol, ethanol, 

n-propanol, 2-propanol, n-butanol, 2-butanol, p-dioxane, ethyl acetate (EA), N,N-

dimethylformamide (DMF), N,N-dimethylacetamide (DMA), dimethyl sulfoxide (DMSO), and 

tetrahydrofuran (THF). Table 3.S1 summarizes the list of chemicals/reagents, their supplier, purity, 

and CAS number. All other chemicals, solvents, and gases were of the highest purity available from 

commercial sources. 
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2.2 Synthesis of metal-organic frameworks 

2.2.1 Synthesis of MIL-101(Al)-NH2 

MIL-101(Al)-NH2 was synthesized by the solvothermal method with a slight modification [173]. 

Typically, a mixture of aluminum chloride hexahydrate (0.51 g, 2 mmol) and 2-aminoterephthalic 

acid (0.56 g, 3 mmol) in DMF (30 mL) was kept in a Teflon-lined autoclave reactor without stirring 

at 130 °C for 72 h. Then the reactor was cooled to ambient temperature, and the solids were 

separated from the solution by centrifugation (6000 RPM, 5 min). The solids were washed with 

DMF under sonication for 10 min. Finally, the solid catalysts were washed three times with methanol 

at room temperature followed by washing with hot (70 °C) methanol for 5 h and dried overnight 

under vacuum at 80 °C. 

 

2.2.2 Synthesis of encapsulated PTA in MIL-101(Al)-NH2 (PTA⊂MIL-101(Al)-NH2) 

PTA⊂MIL-101(Al)-NH2 was synthesized by incorporating phosphotungstic acid (PTA) hydrated 

during the synthesis of MIL-101(Al)-NH2. In short, aluminum chloride hexahydrate (0.51 g, 2.1 

mmol), 2-amino terephthalic acid (0.56 g, 3.1 mmol), and different amounts of PTA hydrate (0.1-

2.0 g) in DMF (30 mL, ρ = ~0.9 g/mL) were kept in a Teflon-lined autoclave reactor without stirring, 

and the mixture was heated at 130 °C for 72 h. After cooling to ambient temperature, the resulting 

solids were separated by centrifugation (6000 RPM, 5 min), washed with DMF, then washed with 

hot methanol (70°C), and finally washed with acetone, and dried under vacuum at 80 °C overnight. 

  

2.3 Catalyst characterization 

2.3.1 Transmission electron microscopy and energy-dispersive X-ray spectroscopy analysis  

The microstructure and elemental distribution of the metal-organic frameworks (MOFs) were 

analyzed using transmission electron microscopy (TEM) in a Tecnai F20 (FEI company, OR, USA) 

microscope operating at 200 kV. TEM specimens were prepared by dispersing small amounts of 

catalysts onto Cu grid-supported holey carbon films. For the analysis of the microstructure, 

scanning transmission electron microscopy (STEM) images were acquired with a high annular 

angle dark field (HAADF) detector (E.A. Fischione Instruments, Inc., PA, USA) and an electron 
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probe of a 1 nm diameter. For the elemental distribution analysis, energy-dispersive X-ray 

spectroscopy (EDS) maps were collected using a TEAM EDS (EDAX, Inc., NJ, USA) spectrometer. 

 

2.3.2 N2 adsorption-desorption 

The N2 adsorption-desorption assay was conducted with a Micromeritics Tristar (Norcross, GA, 

USA) instrument. The function of TriStar was verified with reference materials (Micromeritics). Prior 

to the measurement, the samples were pretreated with a Micromeritics FlowPrep with sample 

degasser (Norcross, GA, USA) at 160 °C for 2 h. The surface area, SBET, was determined from N2 

isotherms using the Brunauer–Emmett–Teller equation (BET) at -196.15 °C (77 K) [174, 175]. The 

BET model assumes multilayer gas adsorption on the adsorbent's surface and obtains the sample 

surface area value by determining the monolayer volume of adsorbed gas from the isotherm data 

[176, 177]. BET surface area was calculated at relative pressures between 0.05 and 0.3. The pore 

volume and size were calculated from the N2 desorption values based on the Barrett–Joyner–

Halenda (BJH) model [178-180]. The BJH model determines the mesopore volume distribution, 

which accounts for the change in adsorbate layer thickness and the liquid condensed in the pores 

[181]. The pore volume was calculated as the uptake (cm3/g) at a relative pressure of 0.95.  

 

2.3.3 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was performed on an SDT Q600 TA instrument (New Castle, 

DE, USA). The TGA profiles were used to characterize the thermal stability of MOFs. About 20 mg 

of sample was placed in a cylindrical alumina crucible and heated in static air from ambient 

temperature to 700 °C with a nominal heating rate of 10 °C/min. The change in weight of MOF 

samples was used to determine the moisture content, decomposition of the linkers, and formation 

of metal oxides.  

 

2.3.4 Fourier transform infrared spectroscopy 

Infrared spectra of the synthesized catalysts were recorded on a JASCO Fourier transform infrared 

(FTIR) spectrometer (Easton, MD, USA), equipped with an attenuated total reflection stage (ATR). 
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Samples of about 5 mg were used in each analysis. The sample was scanned in the spectral range 

between 400 and 4000 cm-1 at a 4 cm−1 resolution. Spectra were collected using a deuterated 

triglycine sulfate (DTGS) detector averaging 256 scans. 

 

2.3.5 Diffuse reflectance infrared Fourier transform spectroscopy 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) with adsorbed pyridine was 

performed to characterize acid sites; measurements were made with a JASCO FTIR-4700 

equipped with high temperature DiffuseIR™ cell (PIKE Technology, WI, USA). The protocol for the 

DRIFTS experiments with temperature programmed desorption is described elsewhere and used 

with a slight modification [182, 183]. In short, MOF samples (~5 mg) were placed in a cylindrical 

alumina crucible and treated in nitrogen gas (50 mL/min) at 150°C for 30 min unless otherwise 

noted. After the treatment, the DRIFT spectra of MOF catalysts were recorded as the background 

spectra. The MOF catalysts were then saturated with pyridine vapor in the low of N2 gas (50 

mL/min). The adsorbed pyridine was removed by flushing with N2 gas (50 mL/min) at 50, 100, or 

150°C for 30 min before recording the DRIFT spectra. All spectra were recorded with 256 scans 

between 4000−400 cm−1 at a 4 cm−1 resolution using a mercury cadmium telluride (MCT) detector 

cooled with liquid nitrogen. The ratio of Brønsted acid to Lewis acid sites (B/L) was calculated from 

the integrated area of the bands (after background subtraction) of adsorbed pyridine at 1067 and 

1030 cm-1 [184].  

 

2.3.6 X-ray diffraction 

X-ray diffraction of MOFs was conducted with a Bruker AXS Model D8 Advance A28 diffractometer 

(Germany) using CuKα radiation in the 2θ range from 5° to 40° with 0.02 degree/step. Samples of 

about 200 mg were used in each analysis.  

 

2.3.7 Inductively coupled plasma-optical emission spectroscopy 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) measurements were 

performed using a 100 mg sample dissolved in 10 mL of nitric acid. Heating was used to ensure 
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that the sample was completely dissolved. Once cooled, the sample was further diluted to 25 mL 

with double distilled water. Measurements were acquired on a Varian 720-ES spectrometer 

equipped with a seaspray nebulizer and cyclonic class spray chamber. Parameters included a 

sample intake of 1 mL/min, argon plasma flow rate of 15 L/min, and an auxiliary gas (Ar) flow rate 

of 1.5 L/min. The instrument was calibrated using a CRMS manufactured by VHG. 

 

2.4 Dehydration of glucose 

A 50 mg sample of glucose and 1 g [C4C1im]Cl were added to a 25 mL pressure tube. The catalyst 

was loaded with respect to the glucose at a glucose:Al molar ratio of 25:1 unless otherwise noted. 

The pressure tube was sealed, stirred at 700 RPM (to minimize mass transfer limitations) and kept 

in an oil bath at 120oC unless otherwise noted. The reaction was stopped by quenching in a cold-

water bath, followed by adding water (~5 mL) to dissolve the remaining glucose and prevent the 

solidification of ionic liquid. The solution was centrifuged and the residual solids were removed. 

The liquid sample was withdrawn and analyzed for changes in glucose and the occurrence of 

dehydration products. 

 

2.5 Product analysis and quantification 

The reactants and products were analyzed by a High-Pressure Liquid Chromatography (HPLC, 

Agilent Technology, Santa Clara, CA, USA) equipped with a refractive index detector (RID) and 

diode array detector (DAD). An Aminex HPX-87H column (300 x 7.8 mm, Bio-Rad®, Hercules, CA, 

USA) was used for reactant and product separation at 60oC with 0.6 mL/min of 4 mM H2SO4 as the 

mobile phase. The concentrations of sugars and other products were determined by the peak areas 

from the RID signals. The main HMF product was determined by the peak area from the DAD 

signals at 280 nm. Sugar and reaction products were calibrated against certified standards 

(Absolute Standards, Inc., Hamden, CT, USA). The glucose conversion, product yield, and product 

selectivity were calculated as follows: 

Glucose conversion (%) = 
mole of glucose reacted
initial mole of glucose ×100 
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Product yield (%) = 
mole of product generated  

initial mole of glucose ×100 

Product selectivity (%) = 
Product yield

Glucose conversion ×100 

 

To ensure that the determination of glucose conversion and HMF selectivity were accurate, control 

experiments using PTA⊂MIL-101(Al)-NH2, ionic liquid, and water were conducted at ambient 

temperature for 2h. The change in glucose and HMF concentrations in the presence of MOFs was 

negligible (see Supplementary Information and Fig. 3.S1 for detail). Moreover, to confirm the 

formation of HMF, solvent extraction by ethyl acetate was used with the reaction solution. The 

extracted solution was analyzed by Agilent gas chromatography-mass spectrometry (GC-MS, 

model 7890A and 5977A, Agilent Technologies, Santa Clara, CA, USA) equipped with a DB-1701 

column (Agilent Technologies, 30 m × 0.25 mm id, 0.25 µm) (see Supplementary Information and 

Fig. 3.S2 for detail).  

 

3. Results 

Encapsulating phosphotungstic acid (PTA) in MIL-101(Al)-NH2 (Al-MOF) formed encapsulated 

PTA⊂MIL-101(Al)-NH2 (PTA⊂Al-MOF) catalysts.  The effect of PTA loading on MOF 

physicochemical and acid properties was investigated. Subsequently, the efficiency of PTA⊂Al-

MOF catalysis of glucose dehydration was measured by comparing the performance of 

encapsulated PTA catalysts with different PTA loading. 

 

3.1 Physicochemical properties of the PTA⊂MIL-101(Al)-NH2 catalyst 

To evaluate the physicochemical properties of the encapsulated PTA⊂Al-MOF catalysts, first, an 

N2 adsorption-desorption was performed to measure the surface area and pore volume (Fig. 

3.S3A). The bare Al-MOF exhibited a Type IV isotherm, which suggested that the MIL-101(Al)-NH2 

catalyst was mesoporous. On the basis of the isotherms, the MOF total surface area and pore 

volume were calculated and shown in Table 3.1. As a control, the surface area and pore volume 

of Al-MOF were 1487 m2/g and 0.92 cc/g, similar to reported values [185, 186]. As expected, an 
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increase in PTA loading decreased both total surface area and pore volume, which indicated that 

the encapsulated PTA occupied the pores of the Al-MOF. The average pore diameter of the 

synthesized catalysts was ~2.4-2.7 nm, in agreement with reported values of 1.6-2.9 nm [143, 187]. 

The critical diameter for D-glucose was ~0.84-0.85 nm [188], which is sufficiently small to enable 

access to the active sites within the MOF structure. 

 

Next, X-ray diffraction (XRD) was conducted to determine the crystallinity of the encapsulated 

PTA⊂Al-MOF catalysts (Fig. 3.S3B). As a control, the X-ray diffractogram of the PTA exhibited 

unique peaks at 7.2° and 9.0°, similar to reported values.[189] The consistency between the 

diffractograms of the encapsulated PTA⊂Al-MOF catalysts and bare Al-MOF suggested that, 

during synthesis, the PTA⊂Al-MOF catalysts retained the structural integrity of the MIL-101 

framework. These PTA peaks were not observed in the encapsulated PTA⊂Al-MOF catalysts, 

which suggested that PTA was well dispersed in the pores of Al-MOF [189] and/or the PTA clusters 

in the pentagonal and hexagonal windows of Al-MOF were indeed smaller than 1.6-1.2 nm [189-

191]. Interestingly, the PTA⊂Al-MOF catalysts showed slightly broader XRD peaks and a shoulder 

(~11°). The peak broadening and occurrence of the shoulder was hypothesized to be due to the 

interaction of the encapsulated PTA clusters with the MIL-101 framework, which resulted in 

changes in the symmetry of the clusters in the MOF cages. Previous studies using POM-

encapsulated MIL-101 MOFs showed similar XRD peak broadening [140, 141, 163, 166, 192, 193]. 

To measure PTA dispersion in the Al-MOF catalyst's pore structure, the encapsulated 14%PTA⊂Al-

MOF catalyst was imaged by STEM-HAADF. As a control, the STEM-HAADF image and elemental 

mapping of the bare Al-MOF showed that it was highly porous with dispersed Al (Fig. 3.1A and B). 

The STEM-HAADF image and elemental composition mapping of aluminum (Al) and tungsten (W) 

of the 14%PTA⊂Al-MOF showed a highly porous and uniform distribution of W and Al clusters 

within the Al-MOF catalyst (Fig. 3.1C-F), which confirmed our XRD data which indicated that PTA 

was highly dispersed in the pores of the Al-MOF catalyst. 
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To determine the surface functionality of the synthesized catalysts, FTIR was performed on 

catalysts (Fig. 3.S4). The bare Al-MOF showed -NH2 bands. The FTIR spectra of encapsulated 

PTA⊂Al-MOF catalysts contained bands from -NH2 and W=O/W-O-W functionalities, which 

confirmed the encapsulation of PTA (see Supplementary Information, Fig. 3.S4).  

 

Table 3.1. Physicochemical properties of MOFs with varying PTA content. 

Entry PTA 

loading 

[g/30mL]a 
Catalystb 

Al 

[wt.%]c 

W 

[wt.%]c 

PTA 

[wt.%]c 
B/Ld 

SBET 

[m2/g] 

Total 

pore 

volume 

[cm3/g] 

Pore 

diameter 

(nm) 

1 0.00 NH2-MIL-

101(Al) 
11.56 -  0.37 1487 0.92 2.49 

2 0.10 8%PTA⊂MIL-

101(Al)- NH2   
9.33 6.2 8.1 0.53 1375 0.82 2.39 

3 0.25 14%PTA⊂MIL-

101(Al)-NH2   
9.53 11.03 14.3 0.78 1276 0.78 2.46 

4 0.50 15%PTA⊂MIL-

101(Al)-NH2 
9.19 11.51 15.0 0.96 1061 0.72 2.72 

5 1.00 17%PTA⊂MIL-

101(Al)-NH2 
9.64 13.00 16.9 1.04 961 0.59 2.45 

6 2.00 18%PTA⊂MIL-

101(Al)-NH2   
9.11 13.52 17.5 1.14 854 0.57 2.69 

aper 30 mL DMF, bnumber before catalyst name indicates the encapsulated PTA measured by ICP-

OES, ccomposition measured by ICP-OES, dB/L indicates Brønsted acid/Lewis acid site ratio from 

the area integral by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). 
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Figure 3.1. STEM-HAADF images and corresponding elemental mapping of (A-B) MIL-101(Al)-

NH2 and (C-F) 14%PTA⊂MIL-101(Al)-NH2. 

 

During synthesis, the PTA loading was varied from 0.1 to 2.0 g in 30 mL of DMF. To quantify the 

actual amount of encapsulated PTA, ICP-OES was conducted on encapsulated PTA⊂Al-MOF 

catalysts. As a control, the bare Al-MOF catalyst contained 11.56 wt.% Al, similar to a reported 

value [141]. All the encapsulated PTA⊂Al-MOF catalysts had a W/P molar ratio of 12, which was 

the same as that in PTA (H3PW12O40) and which confirmed successful PTA encapsulation [194]. 

As expected, increases in PTA loading during synthesis progressively increased the W content and 

decreased the Al/W molar ratio. Interestingly, a PTA loading greater than 0.25 g/30 mL (entry 3) 

during synthesis did not result in a significant increase in encapsulated PTA. These results 

suggested that there was an optimal PTA loading that could occupy the MOF pores. 
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Figure 3.2. Acid properties of encapsulated PTA⊂Al-MOF catalysts measured by diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS). 

 

3.2 Acid properties of the catalysts by diffuse reflectance infrared Fourier transform 

spectroscopy 

Selective glucose conversion to HMF requires a cooperative effect between Lewis and Brønsted 

acid catalysts for the cascade of glucose isomerization to fructose followed by fructose dehydration 

to HMF. Hence, it is important to distinguish and quantify the acid sites. To characterize the acid 

sites of the synthesized MOFs, DRIFTS was performed with adsorbed pyridine. Pyridine was 

chosen as an in-situ titrant for probing the acid site density of MOFs because of previous success 

in observation of Lewis acid and Brønsted acid sites in MOFs [195-197]. To avoid degradation of 

bare Al-MOF and encapsulated PTA⊂Al-MOF catalysts, DRIFTS was performed in a range of 30 - 

150°C according to their thermal stability from the TGA result (Fig. 3.S5). After pyridine adsorption, 

the DRIFT spectra of these MOFs demonstrated characteristic bands at 1067, 1051, and 1030 cm-

1 (Fig. 3.2). The 1067 and 1051 cm-1 bands corresponded to the interaction between pyridine and 

coordinated unsaturated metal sites (cus), i.e., Lewis acid sites [197, 198]. The band at 1030 cm-1 

corresponded to the interaction between pyridine and the Brønsted acid sites from encapsulated 
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PTA. Surprisingly, a weak band at 1300 cm-1 in the MIL-101(Al)-NH2 sample was observed, which 

suggested the presence of Brønsted acidity in MOFs. Similarly, studies by Herbst et al. [199], Halls 

et al. [25], Vimont et al. [200], and Volkringer et al.[197] showed that MIL- 101(Cr), MIL-100(Cr), 

and MIL-100(Al) exhibited Brønsted acidity. The origin of Brønsted acidity in MOFs remains the 

topic of debate. However, its origin was hypothesized to come from the water molecules bound to 

metal sites [197]. Moreover, this water coordinated to the metal sites was not easily removed during 

activation of MOFs because a high temperature was required to remove the bound water. The high 

temperature can cause the structural damage to the MOFs and cause a loss in catalytic activity 

(see Supplementary Information and Fig. 3.S6 for detail). 

 

Next, the Brønsted acid to Lewis acid ratio (B/L) was determined using the area integral of these 

bands (Table 3.1). An increase in encapsulated PTA loading increased the intensity of the Brønsted 

acid band at 1030 cm-1 and increased the B/L ratio of the catalysts. It should be noted that an 

increase in encapsulated PTA within MOFs was not proportional to an increase in B/L ratio. The 

acidic properties of encapsualted catalysts are difficult to be determined because the interaction 

between encapsulated species and the host support can modify their acidic properties. Juan-

Alcañiz et al. showed the interaction between encapsualted PTA and the MIL-100(Cr) framework 

decreased Lewis acidity [201], which agrees with our finding of an increase in the B/L ratio after 

encapsulating more PTA becasuse of an increase in Brønsted acid sites and a decrease in Lewis 

acid sites.  

 

3.3 PTA⊂MIL-101(Al)-NH2-catalyzed glucose dehydration to 5-hydroxymethylfurfural 

To determine the effect of PTA encapsulation on the catalytic performance, glucose dehydration 

was performed with encapsulated PTA⊂MIL-101(Al)-NH2 catalysts (Fig. 3.3). A glucose:Al molar 

ratio of 25:1 was used in all experiments to normalize the Al content in the catalysts and compare 

catalytic performance with different encapsulated PTA loadings. As a control, a blank (no added 

catalyst) did not show any HMF production, which suggested that (1) the reaction is not 

autocatalytic, and (2) [C2C1im]Cl could not catalyze glucose dehydration. All catalysts were active 
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for glucose dehydration in [C2C1im]Cl at 120°C (Fig. 3.3A). Another control of using PTA as a 

catalyst showed a low HMF selectivity of 13% at 43% glucose conversion. Fructose, levulinic acid, 

or formic acid were not observed as products. These results suggested the PTA catalyst was not 

selective to HMF as in previous studies [163]. The bare Al-MOF catalyst appeared to be an efficient 

catalyst for glucose dehydration; however, it was not the most selective for HMF. All encapsulated 

PTA⊂Al-MOF catalysts were more selective for HMF than MIL-101(Al)-NH2, which indicated that 

the encapsulated PTA in the pores of the Al-MOF enhanced HMF selectivity (Fig. 3.S7). Moreover, 

HMF selectivity exhibited a volcano-shaped profile vs. the Brønsted to Lewis acid site ratio (B/L) 

(Fig. 3.4). The optimal B/L of 0.78 (14%PTA⊂Al-MOF catalyst) maximized the HMF selectivity of 

58% at 44% glucose conversion at 120°C after 2h (Fig. 3.3B). These results suggested that 

cooperativity between Brønsted acidic PTA and Lewis acid sites of Al-MOF catalyst enhanced HMF 

selectivity.  

 

To determine the importance of encapsulating PTA, a glucose dehydration reaction was performed 

with a physical mix of PTA and bare Al-MOF catalyst at the same composition as 14%PTA⊂Al-

MOF catalyst. HMF selectivity by the physical mix catalyst was 33%, lower than that of 

encapsulated 14%PTA⊂Al-MOF catalysts (58%). These results confirmed the importance of PTA 

encapsulation in maximizing HMF selectivity. Interestingly, the HMF selectivity of the physically 

mixed catalyst converged to that of PTA alone (Fig. 3.3B). Although the Bronsted acid such as 

PTA catalyzes fructose dehydration to HMF, the free PTA molecules in the physical mix can 

catalyze aldol addition and condensation reactions from HMF via 2,5-dioxo-6-hydroxyhexanal 

[202], which resulted in humin formation. Moreover, the free PTA in the physical mix has a strong 

interaction with the surface of MOF, partially blocking the channels of MOFs and inhibiting the 

reactant accessibility to active sites [203, 204]. This blocking effect is the reason why the HMF 

selectivity of the physical mix was lower than that of encapsulated PTA in MOFs [189]. Thus, the 

physical mix showed a high glucose conversion with a poor HMF selectivity, in agreement with the 

study by Zhang et al. [163]. 
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Figure 3.3. Catalytic performance of encapsulated PTA⊂MIL-101(Al)-NH2 catalysts. (A) Catalyst 

activity for glucose dehydration as a function of time. (B) HMF selectivity with the W content of the 

spent catalysts assessed by ICP-OES. Reaction condition: glucose:Al molar ratio=25:1, 50 mg 

glucose, 1 g [C4C1im]Cl, 120°C. Phosphotungstic acid = 14 wt.% in PTA alone and physical mix 

between PTA + bare Al-MOF to match the PTA in 14%PTA⊂Al-MOF. The percent of tungsten 

(%W) in Figure 3.3B indicates the W content in the used catalyst at the specific conversion. 

 

To evaluate the stability of PTA in encapsulated PTA⊂MIL-101(Al)-NH2 catalysts during the 

reaction, ICP-OES was performed on spent encapsulated 14%PTA⊂ MIL-101(Al)-NH2 catalyst 

(Fig. 3.3B). The W content of the encapsulated 14%PTA⊂MIL-101(Al)-NH2 catalyst remained 

relatively constant (~11 wt.% W), which confirmed the stability of the PTA within the 14%PTA⊂MIL-

101(Al)-NH2 catalyst.  
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Figure 3.4. HMF selectivity of encapsulated PTA⊂MIL-101(Al)-NH2 catalysts at similar glucose 

conversions. Reaction condition: glucose:Al molar ratio=25:1, 50 mg glucose, 1 g [C4C1im]Cl, 

120°C, 2h. 

 

3.4 Solvent effect on the glucose dehydration to 5-hydroxymethylfurfural 

The solvent affects the rate of reaction, product selectivity, and product stability [205, 206]. A major 

consideration in catalytic biomass conversion is the stability of reactants, intermediates, and 

product in the reaction solvent. To investigate the effect of solvent on the stability of these 

molecules, glucose, fructose and HMF were used as reactants in various solvents. The 

14%PTA⊂Al-MOF was chosen as catalyst because it had the greatest HMF selectivity. For 

glucose, [C4C1im]Cl was the best performing solvent as shown by the greatest HMF selectivity at 

similar conversion to other solvents (Fig. 3.5). However, there was no obvious correlation between 

the HMF selectivity and solvent properties, such as dielectric constant or donor number.  

 

Next, fructose was used as a reactant in [C4C1im]Cl (Fig. 3.6). Three solvents, DMA, 2-butanol, 

and p-dioxane, were selected for comparison with [C4C1im]Cl. Without added catalyst (blank), HMF 

selectivity was 47% at 96% fructose conversion in [C4C1im]Cl. The other solvents did not yield HMF 
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and showed <20% fructose conversion. As expected, added 14%PTA⊂MIL-101(Al)-NH2 catalyst 

improved the HMF selectivity in all solvents; more specifically, HMF selectivity in [C4C1im]Cl was 

89% at 94% fructose conversion, two times greater HMF selectivity compared with a reaction 

without added catalyst. Although added 14%PTA⊂MIL-101(Al)-NH2 catalyst improved the fructose 

conversion in DMA, 2-butanol, and p-dioxane from <20% to >60%, the HMF selectivity in these 

three solvents was low (<22%). These results suggested that [C4C1im]Cl can act as both acid 

catalyst [207, 208] and solvent in fructose dehydration reaction. Moreover, the 14%PTA⊂MIL-

101(Al)-NH2 enhanced HMF selectivity from fructose dehydration.  

 

Figure 3.5. Solvent effect on glucose conversion and HMF selectivity (A) and comparison of 

conversion and selectivity in selected solvents(B) by using 14%PTA⊂MIL-101(Al)-NH2 catalyst. 

Reaction condition: glucose:Al molar ratio=25:1, 50 mg glucose, 1 g solvent, 120°C, 2 h. 

 

Next, HMF was used as a reactant in these four solvents to investigate the HMF stability (Fig. 3.7). 

Without any catalyst(blank), HMF conversion was 11% in [C4C1im]Cl, and conversion increased 

slightly in other solvents. There were no identifiable products which suggests the HMF was likely 

degraded into humin [209, 210]. The added 14%PTA⊂MIL-101(Al)-NH2 catalyst enhanced HMF 

conversion to 15% in [C4C1im]Cl. The presence of 14%PTA⊂MIL-101(Al)-NH2 catalyst in other 
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solvents improved the HMF conversion more than in [C4C1im]Cl. These results suggested that (1) 

HMF was not stable in these solvents and (2) although the 14%PTA⊂MIL-101(Al)-NH2 catalyst 

improved glucose/fructose dehydration to HMF, the catalyst facilitated HMF conversion to humin. 

Thus, to minimize HMF degradation and maintain the high HMF yield, a reactive HMF extraction 

process should be considered [211].  

 

Figure 3.6. Solvent effect on fructose conversion to HMF (A) without added catalyst and (B) 

catalytic performance of encapsulated 14%PTA⊂MIL-101(Al)-NH2. Reaction condition: fructose:Al 

molar ratio = 25:1, 50 mg fructose, 1 g solvent, 120°C, 2h. 

 

 

Figure 3.7.  HMF conversion in different solvents with/without 14%PTA⊂MIL-101(Al)-NH2. 

Reaction condition: HMF:Al molar ratio = 25:1, 50 mg HMF, 1 g solvent, 120°C, 2h. 
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3.5 Stability of HMF in the catalytic system and [C4C1im]Cl 

To maintain the high HMF selectivity in the reaction, it was important to determine the stability of 

the HMF under the reaction condition. Thus, HMF was heated in the same experimental condition 

that was used for glucose dehydration (120°C) in [C4C1im]Cl solvent and catalysts. Without 

catalysts (blank), HMF degradation was ~11% after 6h (Fig. 3.8). Levulinic acid and formic acid 

were not observed. These results suggested that [C4C1im]Cl was not able to rehydrate HMF. With 

added encapsulated 8% and 14%PTA⊂Al-MOF catalysts, a slight increase in HMF conversion was 

observed, which reached ~18% after 6h. With PTA alone, the HMF conversion rate was 41%, 

greater than that of conversion in the presence of encapsulated 8% and 14%PTA⊂Al-MOF 

catalysts and reaching 19% and 21% after 6h, respectively.  

 

Next, the physical mixture of PTA and 8%PTA⊂MIL-101(Al)-NH2 catalyst was evaluated to check 

the HMF stability. The amount of PTA in the physical mixture of PTA and 8%PTA⊂Al-MOF catalyst 

was maintained at the same level as for the encapsulated 14%PTA⊂Al-MOF catalyst. As expected, 

the physical mixture increased HMF conversion by 34% at 6h reaction time compared with 21% 

HMF conversion by 14%PTA⊂Al-MOF catalyst. These results demonstrated that PTA in the bulk 

solution degraded the HMF and decreased the HMF selectivity, similar to a finding of Zhang et al. 

[163]. The encapsulation of PTA in the pores of Al-MOF catalyst minimized PTA leaching into the 

solvent and limited conversion of HMF, which, in turn, maintained the HMF selectivity. 
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Figure 3.8. HMF conversion by encapsulated PTA⊂MIL-101(Al)-NH2. Reaction condition: 50 mg 

HMF, 30 mg catalyst, 1 g solvent, 120°C. Phosphotungstic acid = 14 wt.% in PTA alone and 

physical mix between 6%PTA + 8%Al-MOF to match the PTA in 14%PTA⊂Al-MOF. 

 

3.6 Reuse of encapsulated PTA⊂MIL-101(Al)-NH2 for glucose dehydration 

To determine the ability to reuse the encapsulated PTA⊂Al-MOF catalyst, the used catalyst was 

recovered by centrifugation, washed with water, and dried in a vacuum oven at 130°C to remove 

moisture, residual products, intermediates, and unreacted glucose. Then, the catalyst was reused 

four times. The 14%PTA⊂Al-MOF was chosen because it had the greatest HMF selectivity. The 

14%PTA⊂Al-MOF catalyst maintained its catalytic performance with HMF selectivity of ~ 55% at 

40% glucose conversion after the 4th cycle, <10% decrease in both glucose conversion and HMF 

selectivity compared with fresh catalyst (Fig. 3.9). In all cycles, the selectivity to HMF was between 

55-62%. Next, ICP-EOS was used to measure the Tungsten(W) content in the used catalysts. Only 

a slight W loss (<3 wt.%) in the used catalysts was observed after four recycles, which indicated 

that little to no PTA leached from the 14%PTA⊂Al-MOF catalyst. 



52 
 

 

Figure 3.9. Reuse of 14%PTA⊂MIL-101(Al)-NH2 for glucose dehydration. Reaction condition: 

glucose: Al molar ratio = 25:1, 1 g [C4C1im]Cl, 120°C, 2 h. Tungsten content (%W) indicates the W 

content in the used catalyst. 

 

3.7 Proposed chemical pathway for glucose dehydration to HMF by PTA⊂MIL-101(Al)-NH2 

On the basis of the foregoing findings, Scheme 2 shows a proposed mechanism for glucose 

dehydration to HMF by PTA⊂MIL-101(Al)-NH2 catalysts. The reaction proceeds by the synergy 

between Lewis-Brønsted acid sites: (1) glucose isomerization to fructose by the Lewis acid of MIL-

101(Al)-NH2, and (2) dehydration of resulting fructose to HMF by the Brønsted acid of PTA and/or 

MIL-101(Al)-NH2.  

 

The glucose isomerization to fructose by Lewis acid sites consists of a sequence of ring opening, 

deprotonation, isomerization, protonation, and ring closure processes as shown by Hensen et al. 

[212-214]. We postulated that glucose initially binds to the Al active site imbedded in the MIL-101 

framework via its ring oxygen atom and followed by the ring opening process to form the acyclic 

glucose. Subsequently, the deprotonation of the hydroxyl group at C2 occurred by the metal-oxo 

clusters. Next, the aldose-ketose isomerization induces the hydride shift from the C2 to C1 carbon 
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atom. The reaction undergoes a ring-closure reaction yielding anionic fructofuranose bound to Al 

site. Finally, the terminal oxygen anionic fructofuranose is protonated to generate fructose. 

 

The fructose undergoes dehydration by Brønsted acid sites to produce HMF by dehydration and 

tautomerization. First, the hydroxyl group of the fructose at the alpha position is protonated by 

acidic protons of Brønsted acid catalysts, which resulted in the formation of water. Next, the cyclic 

enol intermediate is formed and subsequently tautomerized to 2,5-anhydro-d-mannose [215-217]. 

Then, the reaction proceeds by two sequential dehydrations to form HMF. 

 

 

Scheme 2. Proposed reaction mechanism for glucose dehydration to HMF over PTA⊂MIL-101(Al)-

NH2. The reaction proceeds by (A) glucose dehydration to fructose, followed by (B) fructose 

dehydration to HMF. 

 

4. Discussion 

A major challenge in selective glucose conversion to HMF is the design of catalysts that possess 

Lewis and Bronsted acid sites that can act cooperatively [128, 218, 219]. Here, the effect of PTA 

encapsulation in PTA⊂MIL-101(Al)-NH2 catalysts (PTA⊂Al-MOF) on glucose conversion to HMF 
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was investigated. The synergy between encapsulated PTA and Al-MOFs enabled the high HMF 

selectivity. Moreover, the results demonstrated that the encapsulation of PTA in MIL-101(Al)-NH2 

catalysts minimized PTA leaching into the bulk solution, thereby preventing degradation of the HMF 

product. 

 

The most significant finding was that the HMF selectivity strongly depended on the location of the 

PTA. Encapsulation of PTA in MIL-101(Al)-NH2 pores provided two benefits. First, the close 

proximity between the Lewis acid sites of the Al-MOF and the Brønsted acidic PTA promoted HMF 

formation. The fructose formed from glucose isomerization by Lewis acid (MIL-101(Al)-NH2) was 

dehydrated to HMF by the encapsulated PTA catalyst. Tangsermvit et al. showed that the proximity 

between Lewis and Brønsted acid sites was important in achieving a high HMF yield [220], a result 

that agrees with our findings. Second, encapsulated PTA catalysts minimized PTA leaching into 

the bulk solution and, consequently, prevented HMF degradation. Although Brønsted acids 

catalyze fructose dehydration to HMF, they also catalyze undesired HMF rehydration to levulinic 

acid [221] and/or degradation to humin [127]. The MIL-101 structure of the Al-MOF possesses both 

mesoporous windows (29-34 Å) and microporous windows, the latter corresponding to large 

hexagonal pores (15-16 Å), and somewhat smaller pentagonal pores (~12 Å) [222-224]. Keggin-

type heteropolyacids, ~13-14 Å in size [164], are larger than the pentagonal pores in MIL-101, 

thereby the heteropolyacids are preventing from leaching out and causing side reactions 

(rehydration and/or humin formation). These results explained the retention of HMF selectivity and 

the ability to recycle the PTA⊂MIL-101(Al)-NH2 catalyst. Hence, encapsulated Brønsted acidic PTA 

in the pores of MIL-101(Al)-NH2 not only provided Brønsted acidity for fructose dehydration but also 

prevented PTA leaching into the bulk solution, that otherwise had the potential to degrade HMF.  

 

Another significant finding was the discovery of the high selectivity of PTA⊂Al-MOF for glucose 

dehydration. Many investigators used solid Lewis acid catalysts (Sn-containing β-zeolites [133] and 

Nb2O5 [131]) with homogeneous catalysts such as HCl to maximize HMF selectivity (Table 3.S3). 

Their results suggested that the cooperative effect between Lewis acid and Brønsted acid species 
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was critical in maximizing HMF selectivity in glucose dehydration. Qu et al. impregnated SO42- on 

ZrO2 by H2SO4 acid [225]. Although the SO42-/ZrO2 in biphasic THF/H2O system reached a high 

HMF selectivity of 67% at 93% glucose conversion, both HMF selectivity and glucose conversion 

dropped ∼10% after the 4th catalyst recycling due to leaching of SO42- [225]. The ability to create 

the solid bifunctional Lewis-Bronsted catalysts will enhance the commercial feasibility of HMF 

production. Zhang et al. encapsulated PTA in MIL-101(Cr) to produce the bifunctional acid catalysts 

with PTA as a Brønsted acid and MIL-101(Cr) as a Lewis acid [163]. The PTA⊂MIL-101(Cr) 

catalysts were selective toward HMF in fructose dehydration. However, they were not selective 

toward HMF in glucose dehydration and gave only 10% HMF selectivity at 21% glucose conversion 

at 100°C after 3h. Compared with MOF-derived catalysts for glucose dehydration, the PTA⊂Al-

MOF catalysts described in this report were superior to other MOF-derived catalysts in terms of 

HMF selectivity (Table 3.S3). 

 

These findings demonstrate that PTA⊂Al-MOF catalyst was a selective and recyclable catalyst for 

glucose dehydration to HMF. The PTA⊂MIL-101(Al)-NH2 catalyst was easy to synthesize 

compared with other solid acid catalysts for selective glucose conversion to HMF, such as modified 

β-zeolites [226]. Moreover, the ability to control the ratio of numbers of Brønsted acid sites to Lewis 

acid sites in PTA⊂Al-MOF catalysts provides opportunities to use the catalysts in various organic 

reactions, such as esterification [227], alkylation [228], and benzylation [229]. 

 

Although PTA⊂Al-MOF catalyst is promising for selective glucose conversion to HMF, the 

interactions between the framework, metal nodes, and PTA (acidic protons) that affect the acid 

properties and catalytic performance has not been extensively investigated. Juan-Alcañiz et al. 

reported the partial W substitution by Cr3+ of MIL-101(Cr) at high temperatures [164]. The W-

substituted heteropolyacids and/or the formation of W-Al complex metal nodes might be the active 

sites for this reaction. Additional studies should identify the interaction between W in PTA and Al in 

Al-MOF by 27Al Magic Angle Spin (MAS) Nuclear Magnetic Resonance (NMR). The knowledge will 

help in designing selective catalysts and systems for glucose dehydration. 
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5. Conclusion 

Phosphotungstic acid encapsulated MIL-101(Al)-NH2 catalyst (PTA⊂MIL-101(Al)-NH2) was 

developed for selective glucose conversion to HMF. The encapsulation of Brønsted acidic 

phosphotungstic acid in the pores of MIL-101(Al)-NH2 provided the proximity between Brønsted 

acid sites and Lewis acid sites of MIL-101(Al)-NH2 for the efficient cascade of glucose isomerization 

and fructose dehydration. The synergistic effect of Brønsted and Lewis acid sites in the 

phosphotungstic acid encapsulated MIL-101(Al)-NH2 catalyst is the key contributor to the high HMF 

selectivity and glucose conversion; this synergy cannot occur if the agents are introduced 

separately. Moreover, the encapsulated phosphotungstic acid was stable in the pores of MIL-

101(Al)-NH2, which minimized leaching of PTA into the bulk solution and reaction with the HMF to 

generate undesired products. As a result, the encapsulated PTA⊂MIL-101(Al)-NH2 catalyst 

maintained its catalytic performance after recycling four times. These results underscore the 

importance of phosphotungstic acid encapsulation to provide the cooperative effect between 

Brønsted and Lewis acidic sites for maximizing the HMF formation and minimizing subsequent 

HMF conversion/degradation. This encapsulated metal-organic framework catalyst should be 

applicable to other acid-catalyzed biomass transformations.  
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6. Supplementary Information  

The adsorption of glucose and HMF on the PTA⊂MIL-101(Al)-NH2 catalyst 

MOFs act like a sponge that can adsorb organic compounds, including glucose [230, 231]. To 

ensure that our calculation of glucose conversion and HMF selectivity were accurate, we performed 

a control experiment by measuring the glucose and HMF concentrations in the presence of MOFs 

for 2h at ambient conditions. We observed <1.5% decrease in glucose and HMF concentrations 

after added MOFs for 2 h. These results suggested that, after the reaction, glucose and HMF were 

not adsorbed by MOFs.  

 

Figure 3.S1. Glucose and HMF concentrations with and without 14%PTA⊂MIL-101(Al)-NH2 after 

stirring for 2h. 
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Figure 3.S2. Gas chromatography and mass spectrometry profiles of extracted HMF. (A) Elution 

profile of extracted HMF from the reaction solution, and (B) mass fingerprint of the extracted HMF. 

Figure 3.S2 shows the elution profile and mass fingerprint of extracted HMF from the reaction 

solution. These results confirmed the formation of HMF in the reaction solution. 
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Physicochemical properties of the Brønsted acidic phosphotungstic acid encapsulated MIL-

101(Al)-NH2 metal-organic framework (PTA⊂MIL-101(Al)-NH2) catalysts 

 

 

Figure 3.S3. Characterization of PTA⊂MIL-101(Al)-NH2 by (A) N2 adsorption-desorption and (B) X-

ray diffraction (XRD). 

 

The calculated BET surface area and BJH pore volume from these isotherms were slightly lower 

in the 8%PTA⊂MIL-101(Al)-NH2 catalyst (1375 m2/g and 0.82 cm3/g) compared with those of MIL-

101(Al)-NH2 catalyst (1487 m2/g and 0.92 cm3/g) (Table 3.1), which suggested that PTA occupied 

the accessible surface area and pore space. The BET surface area and BJH pore volume 

progressively decreased with increasing PTA content and reached 854 m2/g surface area and 0.57 

cm3/g pore volume of 18%PTA⊂MIL-101(Al)-NH2, consistent with the shape of isotherms.  

 

To identify changes in the crystal structure of the MIL-101(Al)-NH2 after encapsulation and 

impregnation, we performed XRD on these samples (Fig. 3.S3B). We did not observe any distinct 

differences between bare MIL-101(Al)-NH2 and encapsulated catalysts below 0.25g PTA/30mL 
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DMF (entry 3, Table 3.1), which indicated the consistency in the MIL-101 framework structure of 

PTA⊂MIL-101(Al)-NH2 catalysts. These results suggest that adding PTA during synthesis did not 

affect the formation of the MIL-101 framework. A further increase in PTA loading higher than 14% 

resulted in two peaks at 10° and 15°, which were hypothesized to be associated with the (110) and 

(200) planes of PTA.  

 

Figure 3.S4. FTIR spectra of PTA⊂MIL-101(Al)-NH2 catalysts in the wavenumber range of (A) 

3600-3200 cm-1, (B) 1700-1200 cm-1 and (C) 1200-800 cm-1. 

 

The FTIR spectra of MIL-101(Al)-NH2 and PTA⊂MIL-101(Al)-NH2 showed bands at 3390 and 3500 

cm-1 corresponding to the symmetric and asymmetric stretching of primary –NH2 groups (Fig. 

3.S4A). The shoulder at 1624 cm-1 and 1336 cm-1 corresponded to the N-H bending of the –NH2 

group and C-N stretching absorption of aromatic amines, respectively (Fig. 3.S4B) [143]. Together, 

these bands confirmed the presence of –NH2 groups in the MIL-101(Al)-NH2. In addition, the PTA 

encapsulation did not affect the MIL-101(Al)-NH2 framework. The incorporation of PTA was 

confirmed by FTIR spectroscopy. The characteristic peak at 1075 cm-1 was assigned to the 

asymmetric vibrations of P-O stretching in the central PO4 tetrahedron. A peak at 983 cm-1 was 

assigned to terminal W=Od stretching (Od as terminal oxygen atom), whereas the peak at 803 cm-

1 was assigned to the W-Ob-W vibration (Ob as oxygen atom bridging between corner-sharing 

octahedra) (Fig. 3.S4C) [232]. 
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Figure 3.S5. Thermogravimetric analysis (TGA) and Differential Thermogravimetric analysis (DTG) 

of bare Al-MOF and 14%PTA⊂Al-MOF catalysts showing the change in weight of the catalysts as 

a function of temperature. 

 

Effect of temperature on MIL-101(Al)-NH2 glucose dehydration activity 

We treated MIL-101(Al)-NH2 at 80, 120, and 150°C in vacuo for 8h. Then we used the catalysts for 

glucose dehydration at 120°C for 2h (Fig. 3.S6). We did not observe any significant difference in 

glucose conversion by the heat-treated MOFs. However, HMF selectivity decreased as the 

treatment temperature increased. These results implied that heat treatment affected the acid 

properties and resulted in changes in HMF selectivity, in agreement with findings by Halls et al. 

[25]. We hypothesized that high temperature removed the bound water and decreased the 

Bronsted acid sites. For these reasons, the HMF selectivity decreased because Bronsted acid sites 

are needed to dehydrate the resulting fructose into HMF.  
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Figure 3.S6. Catalytic conversion of MIL-101(Al)-NH2 treated at 80-150oC (A) glucose conversion 

(B) HMF yield and (C) HMF selectivity. Reaction condition: glucose: Al molar ratio = 25:1, 50 mg 

glucose, 1 g [C4C1im]Cl, 120°C, 2h. 

 

 

Figure 3.S7.  Catalytic performance of encapsulated PTA⊂MIL-101(Al)-NH2 catalysts and different 

PTA loading on HMF selectivity at time on steam (A) glucose conversion, (B) HMF yield and (C) 

HMF selectivity. Reaction condition: glucose: Al molar ratio = 25:1, 50 mg glucose, 1 g [C4C1im]Cl, 

120°C. 
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Table 3.S1. List of chemicals/reagents used in this study 

 

 

 

 

 

 

 

Chemical Supplier Purity CAS Number 

D-glucose monohydrate VWR International, USA 99% 50-99-7 

1-butyl-3-methylimidazolium 

chloride 

Alfa Aesar, USA 96% 79917-90-1 

2-aminoterephthalic acid Acros Organics, USA 99% 10312-55-7 

Aluminum chloride hexahydrate Ward's Science, Canada 99% 7784-13-6 

Phosphotungstic acid Strem Chemicals, USA 99% 12501-23-4 

Methanol Sigma-Aldrich, USA 99.8% 67-56-1 

Ethanol VWR, USA 200 proof 64-17-5 

1-propanol TCI America, USA >99.5% 71-23-8 

2-propanol TCI America, USA >99.5% 67-63-0 

1-butanol Sigma-Aldrich, USA 99.5% 71-36-3 

2-butanol TCI America, USA >99.0% 75-65-0 

1,4-dioxane VWR, USA >99.9% 123-91-1 

Ethyl acetate VWR, USA >99.5% 141-78-4 

N,N-dimethylformamide Chem-Impex Int'l. Inc., USA 99.8% 68-12-2 

N,N-dimethylacetamide Sigma-Aldrich, USA 99.8% 127-19-5 

Dimethyl sulfoxide Sigma-Aldrich, USA 99.9% 67-68-5 

Tetrahydrofuran Sigma-Aldrich, USA 99% 109-99-9 
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Table 3.S2. Selected Bronsted acidic polyoxometalate-derived MOF catalysts prepared by 

impregnation, encapsulation, and mechanical synthesis. 

No POM MOF Method Reaction Ref 

1 PTA MOF-

808(Zr) 

impregnation biomass conversion 

(esterification, 

hydrogenation, and 

lactonization) 

[233] 

2 PTA MIL-

101(Cr) 

encapsulation hydroisomerization [234] 

3  LaW10O36 MIL-

101(Cr) 

impregnation Oxidative 

desulfurization 

[235] 

4 PW11Zn MIL-

101(Cr) 

impregnation desulfurization [236] 

5 PTA MIL-

101(Cr) 

encapsulation alcoholysis [237] 

6 PTA UiO-

66(Zr) 

encapsulation oxidative 

desulfurization 

[238] 

7 polyoxomolybdic acid 

and polyoxomolybdic 

cobalt 

UiO-bpy 

and UiO-

67 (Zr) 

encapsulation olefin Epoxidation [239] 

8 [CoIICoIIIW11O39(H2O)]7- 

and 

[Co4(PW9O34)2(H2O)2]10- 

MIL-

101(Fe) 

encapsulation water oxidation [240] 

9 PTA MIL-

101(Cr) 

encapsulation oxidative 

desulfurization 

[241] 
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10 PTA MIL-

100(Fe) 

encapsulation esterification and 

acetalization 

[242] 

11 PTA HKUST-

1(Cu) 

mechanochemical phenol oxidation [243] 

12 [PZnMo2W9O39]5- MIL-

101(Cr) 

impregnation oxidation of alkenes [244] 

13 H3+nPMo12-nVnO40 (n = 1, 

2, 3) 

MOF-

1(Cu) 

encapsulation oxidative 

desulfurization 

[245] 

14 [SO3H-(CH2)3-

HIM]3PW12O40 

MIL-

100(Fe) 

encapsulation Esterification of oleic 

acid 

[246] 

15 H5PV2Mo10O40 NU-

1000(Zr) 

impregnation aerobic Oxidation [247] 

16 PVMoVI11MnII(H2O)O39]5- MIL-

100(Fe) 

encapsulation reduction of p-

nitrophenol 

[248] 

17 K5[CoW12O40] MIL-

101(Cr) 

encapsulation methanolysis of 

epoxides 

[249] 

18 PTA MIL-

101(Cr) 

encapsulation Knoevenagel 

condensation 

of benzaldehyde 

[164] 

19 porous coordination 

polymer(Cr)-NH2 

 190 °C, 480 min, 

water/THF (1:2) 

glucose dehydration [250] 
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Table 3.S3. Selected metal-organic framework (MOF) catalysts and solid catalysts for glucose 

dehydration 

Entry Catalyst Solvent Temp 

(°C) 

Time 

(h) 

Conversion 

(wt.%) 

HMF 

yield 

(mol%) 

HMF 

selectivity 

(mol%) 

Ref 

1 PTA⊂MIL-

101(Al)-NH2 

1-butyl-3-

methylimidazolium 

chloride 

120 2 44 26 58 This 

work 8 87 52 60 

2 UiO-66-NH2 water 140 3 16  35 [251] 

3 UiO-66 DMSO-d6a 160 0.5 - 28 - [252] 

4 UiO-66 39:1 (v/v) DMSO-

d6/watera 

160 0.5 - 37 - [252] 

5 MIL-101(Cr)-

SO3H 

9:1 (v/v) 

GVL/waterb 

150 2 91 40 44 [253] 

6 PO4/NU(half) 9:1 (v/v) 2-

propanol/water  

140 9 >99 49 <50 [254] 

7 PTA(3.0)/MIL-

101 

1-ethyl-3-

methylimidazolium 

chloride 

100 3 21 2 10 [255] 

8 MIL-101(Cr)-

SO3H (15.0%) 

1-butyl-3-

methylimidazolium 

chloride 

120 2 - 8 - [256] 

9 Hierarchical 

Sn-containing 

β-zeolite 

1:2.3 (v/v) 

DMSO/THFc 

160 3.5 99 41 42 [257] 

10 pTSA-Ca/ACd 6:1 (v/v) 

MIBK/watere* 

180 24 93 57 61 [130] 
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11 Nb2O5 + HCl 

(0.2 M) 

4:1 (v/v) 

THF/waterc* 

130 2 93 47 51 [131] 

12 SO42-/ZrO2f 2:1 (v/v) 

NaCl−THF/waterc* 

160 2 93 62 67 [225] 

13 Nb3Zr7 + 

CaCl2 

2.3:1 (v/v) 

MIBK/watere* 

175 1.5 99 44 44 [258] 

14 Sn-containing 

β-zeolite + 

HCl 

water 160 1.5 45 2.7 6 [259] 

3:1 (v/v) 1-

butanol/water* 

160 1.5 77 20 26 

3:1 (v/v) 

NaCl−THF/waterc* 

180 1.2 79 57 72 

aDMSO-d6 = Dimethyl sulfoxide-d6, bGVL=γ-valerolactone, cTHF = tetrahydrofuran, dp-

toluenesulfonic acid-Ca/activated charcoal, eMIBK = methyl isobutyl ketone, fSO42-/ZrO2 = ZrO2 was 

impregnated with 0.5 M sulfuric acid solution, *biphasic system 
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CHAPTER 4 

ALUMINUM-CONTAINING METAL ORGANIC FRAMEWORKS AS SELECTIVE AND 

REUSABLE CATALYSTS FOR GLUCOSE ISOMERIZATION TO FRUCTOSE 

 

1. Introduction 

Fructose is an essential precursor for food/beverages [260], such as fructose syrup and soft drinks, 

and for chemical feedstocks, such, 5-hydroxymethylfurfural, levulinic acid, and lactic acid [261, 

262]. Currently, sugar mills produce fructose by enzymatic isomerization of glucose. This approach 

yields 33-55% fructose. Jin et al. performed the glucose isomerization by glucose isomerase (GI) 

enzyme and obtained 47% yield of D-fructose at 60 °C [263]. Lee et al. used GI enzyme along with 

citric buffer, and the fructose yield was 35% [264]. Jia et al. used a novel thermostable GI, and the 

maximum fructose yield was 52% [265]. Zhang et al. used a mimic GI and obtained 33% fructose 

yield [266]. Jin et al. immobilized the GI and obtained 55% fructose yield [267]. However, enzyme-

based production has several drawbacks, particularly a requirement for narrow operating 

conditions (pH and temperature) [268, 269], a high cost of the enzymes [270], and enzyme 

inactivation [271]. Homogeneous catalysts, such as chromium and aluminum chloride salts, are 

effective glucose isomerization agents. However, homogeneous catalysts require an extra step of 

separating the catalyst from the product. Sn-containing β [271-273], MFI [274], and MCM-41 

zeolites [275] are effective for glucose isomerization and showed >50% fructose selectivity. 

However, zeolite synthesis is complex and requires long crystallization times [271]. Moreover, the 

instability of these zeolites is a major challenge [276].  Thus, the industry needs efficient and stable 

heterogeneous catalysts for glucose isomerization. 
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Metal-organic frameworks (MOFs) have drawn attention as heterogeneous catalysts for biomass 

transformation reactions. MOFs are composed of metal clusters and organic linkers, connected by 

coordination networks [23, 24]. The interconnected pores and high surface area of MOFs provide 

a high density of active sites and a large contact area for reactants. These attributes make MOFs 

attractive catalysts [31] for many organic reactions, such as acetalization [25, 26], hydrogenation 

[27, 28], esterifications [29, 30], and isomerization [277, 278] [279]. MOFs' catalytic functions come 

from their unsaturated metal sites, providing Lewis acid sites for glucose isomerization reactions. 

The UiO-66 and its analog have been used for glucose isomerization in water [280] and alcohols 

[281]. Akiyama et al. show that MIL-101(Cr)–SO3H has a selectivity of 27% towards fructose in the 

water at 78% glucose conversion [282]. Yabushita et al. used NU-1000 for the glucose 

isomerization in water and observed 19% fructose yield at 60% glucose conversion at 140 °C after 

5h [254]. Guo et al. used Cr(OH)3/MIL-101(Cr) composite catalyst and achieved 59.3% fructose 

yield at 76.5% glucose conversion at 100 °C after 24h [283]. Oozeerally et al. used ZIF-8 for the 

glucose isomerization in water and observed 17% fructose yield at 60% glucose conversion at 140 

°C after 3h [284]. Most of these MOFs showed low fructose yield, which limited the application of 

MOFs for glucose isomerization. Although homogenous AlCl3 salts have been used for glucose 

isomerization [285-287], the use of Al3+ catalytic site in MOF materials for glucose-to-fructose 

transformation is still largely uncovered. 

 

 

Scheme 1. Glucose isomerization to fructose by MIL-101(Al)-NH2 

 

The objective of this work was to evaluate aluminum-containing MOF (Al-MOF) catalysts for 

glucose isomerization (Scheme 1). Among Al-MOFs, MIL-101(Al)-NH2 gave a high fructose 
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selectivity of 64% at 82% glucose conversion. The presence of amino groups enhanced medium-

to-strong Lewis acid strength, fructose selectivity, and glucose conversion. Moreover, MIL-101(Al)-

NH2 MOF was stable and reusable up to four times without losing catalytic performance.  

 

2. Materials and Methods 

2.1. Materials. Table 4.S1 lists the manufacturers, CAS numbers, and purities of chemicals, 

reagents, and solvents used in this study.  

 

2.2 Synthesis of metal-organic frameworks  

MIL-101(Al)-NH2 and MIL-53(Al)-H/NH2 were synthesized by solvothermal methods (see 

Supplementary Information for detail).  

 

2.3 Characterization of the metal-organic framework 

The synthesized MOFs were characterized by X-ray diffraction (XRD), nitrogen adsorption-

desorption, attenuated total reflectance-Fourier-transform infrared spectroscopy (ATR-FTIR), 

thermogravimetric analysis (TGA), high-resolution transmission electron microscopy (HRTEM), 

and inductively coupled plasma-optical emission spectroscopy (ICP-OES) (see Supplementary 

Information for detail). 

 

2.4. Determination of acid sites by diffuse reflectance infrared Fourier transform 

spectroscopy. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) with adsorbed pyridine was 

performed to characterize the acid sites. The temperature-programmed desorption was conducted 

with the JASCO FTIR equipped with a high-temperature DiffuseIR™ cell (PIKE Technology, WI, 

USA). The sample treatment and DRIFTS experiments with temperature-programmed desorption 

were conducted with a slight modification as described [182]. In short, the MOF sample (~5 mg) 

was placed in a cylindrical alumina crucible and treated in N2 gas (50 mL/min) at 130 °C for 60 min 

unless otherwise noted. After the pretreatment, the sample was cooled to 30 °C. The DRIFT 
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spectrum of fresh catalyst was recorded as the background spectrum. The samples were then 

saturated with pyridine vapor by the flow of N2 gas (50 mL/min). Then the physisorbed pyridine was 

removed by flushing with N2 gas (50 mL/min) at 50, 100, or 150 °C for 30 min before recording the 

DRIFT spectra. Because of the limited thermal stability of Al-MOF, a lower desorption temperature 

(maximum 150 °C) was used. All spectra were recorded with 256 scans between 4000−400 cm−1 

at a 4 cm−1 resolution. The amount of Lewis acid sites at each desorption temperature was 

calculated from the integrated area of bands (after background subtraction) of adsorbed pyridine 

at 1067 cm-1. This Lewis acid determination was adapted from Yu et al [184]. A cascade increase 

in the desorption temperature from 30-150 °C allows for identification of weak and medium to strong 

Lewis acid sites of MOFs. The Lewis acid peaks at 150 °C implied the medium-to-strong Lewis acid 

sites because of a strong coordination between pyridine and Lewis acid sites at a high desorption 

temperature. The Lewis acid peaks at 30 °C indicated the combination of weak and medium-to-

strong Lewis acid sites. To calculate the weak Lewis acid sites, Lewis acid peak area at 150 °C 

was subtracted from that at 30 °C.  

 

2.5. Isomerization of glucose. To evaluate the catalysts, the glucose isomerization reaction was 

conducted with 25 mL pressure tubes in an oil bath. Typically, 5 wt. % glucose in solvent (1 mL) 

and catalyst (glucose:metal molar ratio of 25:1) were added to the tubes, which were sealed and 

stirred at 120 °C. Xylitol was added as an internal standard to the solution of reactants and products 

after completing the reaction. The reaction was stopped by quenching in a cold-water bath followed 

by adding water (5 mL) to dissolve the remaining glucose and solvents. The solution was 

centrifuged, and the solid catalyst was removed. The liquid sample was then analyzed using High-

Pressure Liquid Chromatography (HPLC). 

 

2.6. Product analysis and quantification 

The reactants and products were analyzed using an HPLC (Agilent Technology, Santa Clara, CA, 

USA) equipped with a refractive index detector (RID) and diode array detector (DAD). An Aminex 

HPX-87H column (300 x 7.8 mm, Bio-Rad®, Hercules, CA, USA) was used for reactant and product 
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separation at 60oC with 0.6 ml/min of 4 mM H2SO4 as the mobile phase. The concentrations of 

sugars were determined by the peak area from the RID signals. The concentrations of HMF were 

determined by the peak area from the DAD signals at 280 nm wavelength.  All reactants and 

products were calibrated against certified standards (Absolute Standards, Inc., Hamden, CT, USA). 

The glucose conversion, product yield, and product selectivity were calculated as follows: 

Glucose conversion (%)= 
glucose reacted (mol)
initial glucose (mol) ×100 

Product yield (%)= 
product formed (mol) 
initial glucose (mol) ×100 

Product selectivity (%)= 
Product yield (%)

Glucose conversion (%) ×100 

Specific activity and productivity were used to express the rate per metal site at which glucose was 

consumed, and fructose was formed, respectively. They were calculated at low glucose conversion 

(< 15%) to ensure that there were no side reactions [288]; the following expressions were used. 

Specific activity (h-1) =
glucose reacted (mol)
metal (mol) x time (h) 

Productivity �h-1� =
fructose formed (mol)
metal (mol) x time (h) 

 

2.7. Catalyst reusability 

For the MOF recycling tests, the spent catalysts were collected by centrifugation of the reaction 

mixture, and the liquid portion was decanted for HPLC analysis. The solid catalyst was washed 

twice with 5 mL of ethanol and twice with 5 mL of water to remove residual reactants and products. 

The solid catalyst was then separated by centrifugation and dried in a vacuum oven at 120 °C 

overnight before reuse.  

 

3. Results 

We synthesized three aluminum-containing metal-organic frameworks (Al-MOFs), MIL-101(Al)-

NH2, MIL-53(Al)-NH2, and MIL-53(Al). Then we evaluated their catalytic performance for glucose 

isomerization in ethanol. We chose ethanol as a solvent because ethanol shifted the isomerization 
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equilibrium to the fructose side [289-291], which enabled us to evaluate and compare isomerization 

ability of different Al-MOF catalysts. 

 

3.1. Characterization of physiochemical and acidic properties of Al-MOFs 

To characterize the physiochemical properties, we analyzed the synthesized Al-MOFs by ICP-OES, 

XRD, N2 adsorption-desorption measurements, HRTEM, TGA, and FTIR (Fig. 4.1 and Fig. 4.S1). 

The metal content was determined by ICP-OES (Table 4.S2). 

 

 

Figure 4.1. Physicochemical properties of MIL-101-Al-NH2, MIL-53-Al and MIL-53-Al-NH2 by XRD 

(A), TGA (B), FTIR (C and D). HRTEM image of MIL-101(Al)-NH2 (E), and aluminum mapping of 

MIL-101(Al)-NH2 (F). 
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Figure 4.1A showed the XRD patterns of MIL-101(Al)-NH2, MIL-53(Al),  and MIL-53(Al)-NH2. It can 

be seen that the XRD patterns for the prepared Al-MOFs are similar to that reported in literature 

[292-297]. The N2 adsorption isotherm of the synthesized MIL-101(Al)-NH2 showed a type IV 

isotherm (Fig. 4.S1) [141], which suggested that the MIL-101(Al)-NH2 was a mesoporous material. 

The calculated surface area and pore volume were 1487 m2/g and 0.92 cc/g, respectively, similar 

to reported values [141-143, 145, 298, 299]. To determine the thermal stability of the Al-MOFs, we 

performed TGA (Fig. 4.1B). The TGA profile of MIL-101(Al)-NH2 exhibited three mass loss zones, 

namely at 30−150 °C (∼10 wt. %), 150−400 °C (14 wt. %) and 380−800 °C (35 wt. %). These zones 

corresponded to mass loss resulting from: (1) the evaporation of water molecules, (2) the 

degradation of organic linkers, and (3) the degradation of the organic 2-aminoterephthalic acid-Al3+ 

complexes. The TGA profile of MIL-53-Al exhibited two mass loss zones, namely at 30−150 °C 

(∼7.8 wt. %), and 550−700 °C (57 wt. %). The TGA profile of  MIL-53(Al)-NH2 exhibited two mass 

loss zones, namely at 30−150 °C (∼7.2 wt. %), and 430−650 °C (41 wt. %). These two zones 

corresponded to mass loss resulting from: (1) the evaporation of water molecules, and (2) the 

degradation of organic linkers-Al3+ complexes which matched with the literature [296].  

 

To characterize the surface functional groups present, we analyzed Al-MOFs  by ATR-FTIR (Fig. 

4.1C-D). The shoulder at 1336 cm-1 can be assigned to the C-N stretching absorption of aromatic 

amines. These bands confirmed the presence of –NH2 groups in MIL-101(Al)-NH2 and MIL-53-Al-

NH2 [143]. The ATR-FTIR spectrum showed bands that corresponded to the symmetric and 

asymmetric stretching of primary amines (3390 and 3500 cm-1) (Fig. 4.1D), which indicated the 

presence of –NH2 functional groups that are uncoordinated. As control, MIL-53-Al was evaluated 

by FTIR and did not show any –NH2 and C-N bands. HRTEM measurements with elemental 

mapping demonstrated that MIL-101-Al-NH2 was porous with well-dispersed aluminum species 

(Fig. 4.1E-F). The Al content measured by ICP-OES was 11.6 wt.% (Table 4.S2). Overall, these 

characteristics matched reported values [141-143, 145, 298, 299] and confirmed the formation of 

the MIL-101(Al)-NH2 structure [141, 299]. 
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To probe the acid properties, we performed DRIFTS with adsorbed pyridine on three Al-MOF 

catalysts. We chose pyridine as an in-situ titrant for probing the Lewis acid site density of MOFs 

because of previous success in measuring Lewis acid sites in MOFs [25, 300, 301]. To avoid 

degradation of these three MOFs, we performed DRIFT in the range of 30-150 °C according to their 

thermal stability in TGA analysis.  After pyridine adsorption, the DRIFT spectra of these MOFs had 

characteristic bands at 1067 and 1050 cm-1 (Fig. 4.2), which corresponded to the coordination 

between pyridine and coordinated unsaturated sites (CUSs) [301, 302]. This coordination provided 

the vital Lewis acid sites (LAS) that interacted with pyridine. Determination of acid properties of 

MOFs can be difficult. Common acid titration techniques, such as NH3-TPD [303], TGA-TPD [304, 

305], and dynamic IR [306, 307]  using various titrants (pyridine [184, 300], acetonitrile [301], 2,6-

di-tert-butylpyridine [308]) typically require high desorption temperatures (>400 °C). However, 

MOFs decompose at such high temperature.  

 

The numbers of MOF Lewis acid sites were calculated from the integrated area of the bands (after 

background subtraction) of adsorbed pyridine at 1067 cm-1. An increase in the desorption 

temperature from 30-150 °C enabled identification of weak and medium-to-strong LAS sites of 

MOFs. The intensity of this band decreased with increasing desorption temperature for all the 

MOFs. The 1067 cm-1 band almost disappeared completely at 150°C for MIL-53(Al), which 

indicated that this MOFs had weak Lewis acid sites. Conversely, the amino-functionalized MOFs 

displayed a stronger 1067 cm-1 band at 150 °C, which suggested that they had stronger Lewis acid 

sites compared with their amino-free isostructural counterparts [184, 309]. We calculated the Lewis 

acid site density of MOFs using the peak area of 1067 cm-1. The calculated total LAS density was 

in the order MIL-101(Al)-NH2 (90 a.u./g) > MIL-53(Al)-NH2 (52 a.u./g) > MIL-53(Al) (44 a.u./g). 

Interestingly, the presence of -NH2 groups of MIL-53(Al)-NH2 and MIL-101(Al)-NH2 gave a high 

density of medium-to-strong LAS, compared with that of MIL-53(Al).  
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Figure 4.2. DRIFTS spectra with temperature programmed desorption of pyridine from MIL-53(Al) 

(A), MIL-53(Al)-NH2 (B), MIL-101(Al)-NH2 (C) and normalized LAS density (D). 

 

3.2. Catalytic performance of amino-functionalized metal-organic frameworks 

Because we expected that a high density of medium-to-strong Lewis acid sites improved the 

fructose selectivity, we conducted glucose isomerization using the synthesized Al-MOFs in ethanol 

at 120°C (Table 4.1). The catalyst loading was based on their aluminum content to understand the 

meaning of metal sites in catalytic performance. As a control, a blank experiment (no added 

catalyst) showed 8.1 wt.% glucose conversion. However, we did not observe fructose in the control 

reaction after 2 h, which suggested that glucose isomerization required a catalyst. The synthesized 

Al-MOFs were active for glucose conversion. Among all the MOFs tested, MIL-101(Al)-NH2 

demonstrated the highest specific activity and productivity of 36 h-1 and 20 h-1, respectively. 
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Interestingly, we observed that amino groups (-NH2) in MIL-53(Al)-NH2 increased both specific 

activity and productivity compared with the amino-free isostructural MOF (MIL-53-Al). The orders 

of specific activity and productivity were the same as the order of Lewis acid strengths (Fig. 4.2).  

 

To evaluate the catalytic activity, we performed glucose isomerization for 4 h with the three Al-

MOFs (Fig. 4.3). We observed glucose conversion and fructose selectivity with a trend similar to 

the trends for specific activity and productivity. MIL-101(Al)-NH2 yielded 64% fructose selectivity at 

82% glucose conversion after 4 h. To compare the quality of aluminum sites of these Al-MOF 

catalysts, we plotted the fructose selectivity vs. glucose conversion. MIL-101(Al)-NH2 and MIL-

53(Al)-NH2 had the highest selectivity of fructose (50-64%) at ~25-82% glucose conversion. 

Whereas the MIL-53(Al) had lower selectivity to fructose compared with MIL-101(Al)-NH2 and MIL-

53(Al)-NH2 at all conversions. These results suggested that (1) MIL-101(Al)-NH2 and MIL-53(Al)-

NH2 had similar quality of aluminum active sites, and (2) amino groups improved glucose 

conversion and fructose selectivity. Overall, these results indicated that amino-functionalized MOFs 

enhanced the catalytic activity and fructose selectivity. Given that the MIL-101(Al)-NH2 exhibited 

the highest selectivity to fructose and glucose conversion, we examined MIL-101(Al)-NH2 further. 

 

Table 4.1. Catalyst screening for glucose isomerization 

Catalyst Specific activitya (h-1) Productivitya (h-1) 

MIL-101(Al)-NH2 35.92 19.80 

MIL-53(Al)-NH2 5.16 1.89 

MIL-53(Al) 0.79 0.15 

Blank (no catalyst) 8.1b  

acalculated at conversion <15%, b blank yielded 8.1 wt.% glucose conversion after 2 h, 120 °C 
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Figure 4.3. Glucose isomerization by selected Al-containing metal-organic frameworks. Glucose 

conversion (A), fructose selectivity (B), and relationship between fructose selectivity versus glucose 

conversion (C). Reaction condition: 5 wt. % glucose in ethanol (1 g), catalyst (glucose: metal molar 

ratio of 25:1), 120 °C. 

 

3.3. Effects of Al-MOF precursors on glucose isomerization 

To decouple the contribution of precursors of Al-MOF, we performed glucose isomerization with 2-

aminoterephthalic acid (2-ATA, linker) and aluminum precursor (AlCl3) in the form of a physical 

mixture at 120°C for 2 h. As a control, we conducted the same glucose isomerization experiment 

using 1,4-benzenedicarboxylic acid, the amino-free version of 2-aminoterephthalic acid. We found 

that 1,4-benzenedicarboxylic acid yielded 6% glucose conversion, which indicated that free –

COOH groups were not active for glucose isomerization (Table 4.2). Compared with 1,4-

benzenedicarboxylic acid, 2-aminoterephthalic acid gave 79% glucose conversion. We observed a 

trace of fructose, 4.2% 5-hydroxymethylfurfural selectivity, and brown particles in the reaction 

mixture. These results suggested that the amino group made 2-aminoterephthalic acid more active 

and promoted side reactions, such as dehydration and degradation. The AlCl3 catalyst showed 

97% glucose conversion with 26% fructose selectivity. A physical mixture of AlCl3 and 2-

aminoterephthalic acid gave a moderate glucose conversion of 46% with a slight fructose formation 
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(3.5% fructose selectivity), whereas MIL-101(Al)-NH2 exhibited 60.9% fructose selectivity at 68.2% 

glucose conversion. These results demonstrated the importance of coordinately unsaturated Al 

sites (CUS) in the amino-functional groups in MIL-101(Al)-NH2 for good activity and selectivity in 

glucose isomerization. 

 

Table 4.2. Catalytic activity of linker and ligands for the glucose isomerization in ethanol  

Entry Catalyst 
Conversion (mol %) Product selectivity (mol %) 

HMF Fructose 

1 AlCl3.6H2Oa 96.6 1.1 26.0 

2 2-ATAa 78.5 4.2 1.2 

3 BDCb 6.0 0 0 

4 AlCl3+2-ATAc 46.0 2.5 3.5 

5 MIL-101(Al)-NH2 68.2 0 60.9 

aAlCl3 and 2-ATA were loaded with a similar Al and 2-ATA content to MIL-101(Al)-NH2; bBCD 

(benzenedicarboxylic acid) was loaded based on similar terephthalic acid equivalent to 2-ATA; 

cAlCl3 + 2-ATA were physically mixed with similar content to MIL-101(Al)-NH2. Reaction condition: 

glucose: metal (Al) molar ratio=25:1, 120 °C, 2 h, 5 wt.% glucose (0.05 g), 1 g ethanol. 

 

3.4 Effects of solvents on the glucose isomerization by MIL-101(Al)-NH2 

Water has been used as a common solvent for glucose isomerization. At first, we performed the 

glucose isomerization reaction by using three Al-MOFs in water (Table 4.S3). Interestingly, we 

obtained lower conversion (40.3%) and selectivity (35.4%) of fructose by using MIL-101-Al-NH2. 

The MIL-53-Al and MIL-53-Al-NH2 also showed lower selectivity of fructose (Table 4.S3). Previous 

studies used MIL-101(Cr) [310], NU-1000 [254], ZIF-8 [284] for the glucose isomerization in water 

and they also obtained low selectivity (>32%) selectivity of fructose. Later, we investigated the 

effect of different solvents on the catalytic activity of glucose isomerization using MIL-101(Al)-NH2. 

We examined various solvents, including (1) polar protic solvent (1-propanol, 2-propanol, 1-
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butanol, 2-butanol, methanol, ethanol), and (2) polar aprotic solvents (DMA, DMSO, and ethyl 

acetate). Ethyl acetate gave a low yield of fructose (5.9 %). DMA and DMSO have a low fructose 

selectivity than the primary alcohol (1-propanol, 1-Butanol) (Fig. 4.S2). 1-Propanol gave the 

selectivity of Fructose 54.8 %, whereas 2-Propanol gave the selectivity about 33.1. We observed 

a similar trend for another pair of primary and secondary alcohols where 1-Butanol gave the 

selectivity of 54.6%, but 2-Butanol gave the selectivity about 26.8%.  Primary alcohol works better 

for the glucose isomerization reaction than secondary alcohol, and this might happen because the 

nucleophilic substitution on primary alcohol is higher than the secondary alcohol. Among all the 

solvents, ethanol has the highest selectivity of fructose (~61%). Previous studies found that ethanol 

changes the anomeric equilibrium of glucose, thus changing the apparent chemical equilibrium and 

facilitating the isomerization of glucose [311]. Visuri et al. reported that adding ethanol into water 

shifted the isomerization equilibrium and increased the fructose concentration in its equilibrium 

mixture with glucose [312]. The equilibrium change occurred due to the solvation effect because 

the solubility of fructose in ethanol is approximately 2.8-fold higher than the glucose at 293 K [313]. 

Yabushita et al. also reported a higher fructose yield (50%) by using ethanol as solvent and 

hydrotalcite as catalyst [314].  

 

3.5. Stability and reusability of MIL-101(Al)-NH2 in glucose isomerization 

The ability to reuse catalysts is important for their practical use. We recovered the MIL-101(Al)-NH2 

by centrifugation and washing with water to remove the residual products, intermediates, and 

unreacted glucose. The catalyst was then dried in a vacuum oven at 130 °C to remove moisture. 

We selected this temperature based on our TGA results to minimize the decomposition of MIL-

101(Al)-NH2. The MIL-101(Al)-NH2 catalyst maintained the catalytic performance with < 9% drop in 

glucose conversion, and the catalyst retained its fructose selectivity (61%) for four cycles (Fig. 

4.4A). Further, after the 4th reuse cycle, we characterized the used MIL-101(Al)-NH2 catalyst by 

ICP-OES, XRD, and FTIR (Fig. 4.S3). The aluminum content of the used catalyst, measured by 

ICP-OES, was 10.5 wt.%, similar to that of the fresh catalysts (11.6 wt.%); thus, minimal aluminum 

leaching occurred even after 4 cycles. The XRD and FTIR spectra of the used catalyst exhibited 
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chemical structure and functionality similar to fresh Al-MOF, which suggested minimal changes in 

chemical structure of the Al-MOF after reuse. Together, these filtration and characterization results 

demonstrated catalyst stability under the present experimental conditions. Overall, MIL-101(Al)-

NH2 maintained high selectivity to fructose for all the cycles and structural integrity after four 

recycles. 

 

Figure 4.4. Reusability and stability of MIL-101(Al)-NH2 for the glucose isomerization. Recycle test 

of MIL-101(Al)-NH2 catalyst at 120 °C, 4 h (A), and filtration test after 1 h at 120 °C (B). A dashed 

line with orange highlight represents the reaction data after filtering the catalyst. An undashed line 

represents the reaction data without filtering the catalyst. Reaction condition: 5 wt. % glucose in 

ethanol (1 g), catalyst (glucose: metal molar ratio of 25:1), 120 °C. 

 

To evaluate the catalyst stability under the reaction condition, we performed filtration experiments. 

Glucose isomerization was conducted for 1 h at 120 °C with MIL-101(Al)-NH2, followed by filtering 

the MIL-101(Al)-NH2 catalyst from the reaction mixture, and heating the filtrate under the same 

reaction condition (120 °C) for 4 h (Fig. 4.4B). We sampled the reaction mixture three times during 

4 h and monitored changes in glucose and fructose concentrations. The glucose conversion 

increased ~16%, in agreement with our blank experiment (no catalyst), which showed glucose 

conversion under the same experimental condition (Table 4.1). Whereas the fructose selectivity 
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slightly decreased. These results suggested that there was little to no Al species leaching from MIL-

101(Al)-NH2 into the reaction mixture. 

 

4. Discussion 

We discovered the amino-based aluminum-containing metal-organic frameworks (Al-MOFs) as 

active and selective catalysts for glucose isomerization to fructose. The current commercial glucose 

isomerization process uses the enzyme glucose isomerase. However, as with any enzymic 

process, the reaction conditions (pH and temperature) must be strictly controlled to maintain 

enzyme activity; this requirement contributes to a high operating cost. We demonstrated that the 

MIL-101(Al)-NH2 and MIL-53(Al)-NH2 were selective for glucose isomerization and reached 64% 

fructose selectivity at 82% glucose conversion by MIL-101(Al)-NH2 and 53% fructose selectivity at 

75% glucose conversion by MIL-53(Al)-NH2 at 120°C in ethanol.  

 

The most significant finding was that the incorporation of the amino group enhanced fructose 

selectivity of MIL-101(Al)-NH2. The amino groups in the MOF structure enhanced medium-to-strong 

Lewis acid strength and promoted glucose conversion and fructose selectivity for glucose 

isomerization. MIL-101(Al)-NH2 catalyst showed catalytic activity similar to that of Sn-containing β-

zeolite in glucose isomerization (Fig. 4.5). In theory, the amino groups in the 2-aminoterephthalic 

acid linkers, electron-donating group, donate electron density to a conjugated π system by 

resonance or inductive effects, making the π system more nucleophilic. This increase in electron 

density of –COOH groups of 2-aminoterephthalic acid decreases the Lewis acid characters of 

coordinated unsaturated sites (CUSs) and catalytic activity of the reaction [315, 316]. Because 

Lewis acid sites are the active sites for glucose isomerization, we should have observed lower 

activity and selectivity in –NH2 containing MOFs [315-317]. However, lower activity was not the 

case for MIL-53(Al)-NH2, which had a greater activity (glucose conversion) and fructose selectivity 

compared with its amino-free analog, MIL-53(Al).  
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Our results corroborated previous studies, which showed that amino groups of MOFs enhanced 

their catalytic activity for esterification [30, 318], condensation [319, 320], and photocatalysis 

reactions [321]. However, the origin of this enhancement by amino groups in MOFs has been 

debated. Caratelli et al. [318] and Hajek et al. [319] used quantum calculations to investigate the 

function of amino groups in UiO-66(Zr) and their contribution in esterification and aldol 

condensation reaction. They found that amino groups did not have a direct effect in the reaction 

mechanism. The location/orientation of the functional groups in the framework in different solvent 

environments affect the adsorption of reactants [318], hydrophobicity/hydrophilicity of the catalytic 

sites, porosity, and accessibility to the metal sites [317, 322]. These attributes contribute to the 

reactivity of MOFs in glucose isomerization. Future quantum calculation and molecular dynamic 

simulation studies will focus on decoupling the effect of Al sites and functional groups of Al-MOFs 

on glucose isomerization.  

 

Defects in metal-organic frameworks (MOFs) have significant roles in catalytic performance. 

Introduction of -NH2 groups during MOF synthesis might create the defective MOFs with missing 

linkers. Lewis acid sites generated from the uncoordinated metal sites of missing linkers [323]. 

Previous studies tuned the MOFs’ acid sites is by adding modulators (acetic acid, trifluoroacetic 

acid [324, 325],  formic acid, and benzoic acid [326]) during synthesis and generated defective 

MOFs. Our future studies will be focused on the calculation of defect sites of MOFs, their effects 

on acid sites and performance in the catalytic reaction. 

 

Our findings demonstrated that MIL-101(Al)-NH2 was an active, selective, and stable catalyst for 

glucose isomerization in ethanol. In Fig. 4.5, we summarize the activity of selected catalysts for 

glucose isomerization to fructose. The MIL-101(Al)-NH2 catalyst was superior to other MOFs 

because of high catalytic activity and fructose selectivity. The synthesis procedures of Al-MOFs are 

simple with catalytic performance for glucose isomerization comparable to the solid catalyst 

alternative, Sn-containing zeolites [271-275]. Our findings offer a new understanding of how amino 

groups increased the Lewis acid strength, and the findings could guide the development of reusable 
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selective catalysts for glucose isomerization. Moreover, this new understanding is expected to 

extend to other Lewis acid-catalyzed organic reactions [327], such as Diels-Alder [328], Meerwein–

Ponndorf–Verley [329, 330], oxidation [317],  Friedel-Crafts [331, 332], hydration [333], and 

production of 5-hydroxymethylfurfural from cellulose [273].   

 

Figure 4.5. Selected catalysts for glucose isomerization reaction and their reactivity. These 

catalysts were used under different reaction conditions (glucose/catalyst loading, solvent, reaction 

temperature, and reaction time (see Supplementary Information for detail, Table 4.S4) [277, 310, 

334-336]. 

 

5. Conclusion 

We demonstrated the viability of aluminum-containing metal organic frameworks (Al-MOFs) for 

glucose isomerization to fructose in ethanol, and eliminated concerns about selectivity, stability, 

and reuse of the catalysts. MIL-101(Al)-NH2 yielded 64% fructose selectivity at 82% glucose 

conversion at 120°C. The MIL-101(Al)-NH2 retained its catalytic performance after reusing four 

times. These results provide a new perspective in the application of Al-MOFs for production of 

fructose from renewable glucose for biorefineries.  
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6. Supplementary Information  

1. Materials and Methods 

Table 4.S1. List of chemicals/reagents used in this study 

Chemical Supplier Purity 
CAS 

Number 

d-glucose VWR International (PA, USA) 99% 50-99-7 

d-fructose Ward’s science (NY, USA) 100% 57-48-7 

Xylitol Acros Organics (NJ, USA) 99+% 87-99-0 

2-aminoterephthalic acid  Acros Organics (NJ, USA) 99% 10312-55-7 

1,4-benzenedicarboxylic acid  Acros Organics (NJ, USA) >99% 100-21-0 

Aluminum chloride hexahydrate Ward’s science (NY, USA) 100% 7784-13-6 

Aluminum nitrate nonahydrate Ward’s science (NY, USA) 100% 7784-27-2 

1,4-benzendicarboxylic acid Tokyo Chemical Industry (PA, USA) >99.0% 100-21-0 

Chromium nitrate nonahydrate BeanTown Chemical (NH, USA) 98.5% 7789-02-8 

N,N-dimethylformamide (DMF) Chem-Impex Int’ l. Inc. 100% 68-12-2 

Methanol Ward’s science (NY, USA) >99.8% 67-56-1 

Ethanol Decon Laboratories, Inc. (PA, USA) 200 

Proof 

64-17-5 

Acetone Electron Microscopy Sciences (PA , 

USA) 

99.8% 67-64-1 

Pyridine            Chem-Impex Int'l. Inc. (IL, 

USA) 

99.97%                110-86-1 
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1.1. Synthesis of metal-organic frameworks  

Synthesis of MIL-101(Al)-NH2. MIL-101(Al)-NH2 was synthesized by the solvothermal method 

with a slight modification [141]. Typically, a mixture of aluminum chloride hexahydrate (0.51 g, 2 

mmol) and 2-aminoterephthalic acid (0.56 g, 3 mmol) in DMF (30 mL) was kept without stirring at 

130 °C for 72 h in a Teflon-lined autoclave reactor. The reactor was then cooled to ambient 

temperature. The remaining solids in the reaction were separated from the solution by 

centrifugation at 6000 RPM for 5 min. The solids were washed with DMF under sonication for 10 

min, which was followed by washing with methanol at room temperature. The solid catalysts were 

then washed with hot (70 °C) methanol for 5 h and dried under vacuum at 80 °C overnight. 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) revealed the aluminum 

content was 11.6 wt.%.  

 

Synthesis of MIL-53(Al). MIL-53(Al) was synthesized by the hydrothermal method [295]. Thirteen 

grams of aluminum nitrate (Al(NO3)3  9H2O) and 2.88 g of 1,4-benzenedicarboxylic acid (BDC) were 

mixed in 50 mL water and kept in a Teflon-lined autoclave reactor without stirring at 220 °C for 72 

h. Then, the solution was centrifuged and washed with water to a pH of 7 to remove the nitric acid 

that formed during the synthesis. The solid was purified by a solvent extraction method using N,N-

dimethylformamide (DMF) to remove the unreacted BDC, and the solid was dried in a vacuum oven 

for 2 h. Then, the solid was washed with methanol to remove the DMF molecules trapped inside 

the MOF’s pores. Finally, the solid was dried in an oven at 80 °C overnight. The as-synthesized 

MOF was activated by calcination[337]. A 1.5 g portion of MIL-53-Al MOF was calcined in a furnace 

at 330°C for 72h. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) revealed 

an aluminum content of 12.0 wt.%. 

 

Synthesis of MIL-53(Al)-NH2. MIL-53(Al)-NH2 was synthesized by the solvothermal method [141]. 

A mixture of aluminum chloride hexahydrate (2.55 g, 10 mmol) and 2-aminoterephthalic acid (2.8 

g, 15.5 mmol) in DMF (40 mL) was kept without stirring at 130 °C for 72 h in a Teflon-lined autoclave 

reactor. The reactor was then cooled at room temperature, and the solids were separated from the 
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solution by centrifugation (6000 RPM, 5 min). The solids were washed with DMF under sonication 

for 10 min and followed by washing with methanol at room temperature. The solid catalysts were 

then washed with hot (70 °C) methanol for 5 h and dried under vacuum at 80 °C overnight. The 

ICP-OES revealed an aluminum content of 12.1 wt.%. 

 

Characterization of metal-organic frameworks 

The metal content and physiochemical properties of the synthesized catalysts were determined by 

X-ray diffraction (XRD), N2 adsorption-desorption, Fourier-transform infrared spectroscopy (FTIR), 

thermogravimetric analysis (TGA), high-resolution transmission electron microscopy (HRTEM), 

and inductively coupled plasma-optical emission spectroscopy (ICP-OES). 

 

X-ray diffraction 

X-ray diffraction (XRD) analysis of MOF samples was performed on a Bruker D8 Discover 

diffractometer (Bellerica, MA, USA) using CuKα radiation in the 2θ range from 10° to 40° with 0.5 

sec/step. Samples of 200 mg were used in each analysis. 

 

N2 adsorption-desorption measurement 

The N2 adsorption-desorption was measured by a Micromeritics Tristar (Norcross, GA, USA) 

instrument to calculate the surface area, pore size, and pore volume. The function of TriStar was 

verified with reference materials (Micromeritics). Before the measurement, the sample was 

pretreated at 150 °C for 3 h using a Micromeritics FlowPrep with sample degasser (Norcross, GA, 

USA). The surface area, SBET, was determined from N2 isotherms by Brunauer–Emmett–Teller 

equation (BET) at -196.1 °C. BET surface area was calculated over the range of relative pressures 

between 0.05 and 0.3. The pore volume was estimated from the N2 desorption values according to 

the Barrett–Joyner–Halenda (BJH) model. The pore volume was calculated as the uptake (cm3/g) 

at a relative pressure of 0.95. We measured the average pore size of the samples by the BJH 

model. 
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Fourier transform infrared spectroscopy 

Infrared spectra of the samples were recorded on a JASCO Fourier transform infrared (FTIR) 

spectrometer (Easton, MD, USA), equipped with an attenuated total reflection stage (ATR). The 

samples of ~5 mg were used in each analysis.  The sample was scanned in the spectral range 

between 400 and 4000 cm-1 at a 4 cm−1 resolution. Spectra were collected using deuterated 

triglycine sulfate (DTGS) detector averaging 256 scans.  

 

Thermogravimetric analysis 

The moisture and organic compounds on the catalysts were measured by thermogravimetric 

analysis (TGA) using an SDT Q600 TA instrument (New Castle, DE, USA). In short, ∼20 mg of 

sample was placed in a cylindrical alumina crucible and heated in the air from room temperature to 

700 °C with a heating rate of 10 °C/min under N2 flow (100 ml/min). The moisture content of the 

catalyst was calculated from the weight loss below 150 °C.  

 

Transmission electron microscopy and energy-dispersive X-ray spectroscopy analysis 

To determine the microstructure and elemental distribution of the catalysts, high-resolution 

transmission electron microscopy (HRTEM) was performed using a Tecnai F20 (FEI company, OR, 

USA) microscope operating at 200 kV. The HRTEM specimens were prepared by dispersing small 

amounts of catalysts onto Cu grid-supported holey carbon films. For the analysis of the 

microstructure, scanning transmission electron microscopy (STEM) images were acquired using a 

high annular angle dark field (HAADF) detector (E.A. Fischione Instruments, Inc., PA, USA) and an 

electron probe of a 1 nm diameter. In addition, energy-dispersive X-ray spectroscopy (EDS) maps 

for the elemental distribution analysis were collected using a TEAM EDS (EDAX, Inc., NJ, USA) 

spectrometer. 

 

Inductively coupled plasma-optical emission spectroscopy 

The metal content of the catalysts was determined by inductively coupled plasma-optical emission 

spectroscopy (ICP-OES). ICP-OES measurements were performed using a 100 mg sample 
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dissolved in 10 mL of nitric acid. Heating was used to ensure that the sample was completely 

dissolved. Once cooled, the sample was further diluted to 25 mL with double distilled water. 

Measurements were acquired on a Varian 720-ES spectrometer equipped with a seaspray 

nebulizer and cyclonic class spray chamber. Parameters included a sample intake of 1 mL/min, 

argon plasma flow rate of 15 L/min, and an auxiliary gas (Ar) flow rate of 1.5 L/min. The instrument 

was calibrated using certified reference materials manufactured by VHGTM Instrument (LGC 

Standards USA, NH, USA). 

 

2. Results 

 

Figure 4.S1. Characterization of MIL-101(Al)-NH2 by N2 adsorption-desorption of at 77 K  
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Table 4.S2. Calculated surface area, pore volume, average pore diameter and metal content of 

Al-MOFs 

MOFs 

Surface 

area 

Total pore 

volume 

average pore 

diameter 

Metal content by 

ICP  

[m
2
/g] [cm

3
/g] (nm) (wt.%) 

Fresh MIL-101(Al)-

NH2 1487 0.92 2.73 11.6 

Spent MIL-101(Al)-

NH2 871 0.57 2.68 10.5 

 

 

Table 4.S3. Catalytic activity of Al-MOFs for the glucose isomerization in water 

Entry Catalyst 
Conversion (mol %) Product selectivity (mol %) 

HMF Fructose 

1 MIL-53-Al 25.2 0 5.2 

2 MIL-53-Al-NH2 32.2 0 16.9 

3 MIL-101-Al-NH2 40.3 0.3 35.4 

Reaction condition: Glucose: Al molar ratio = 25:1, 5 wt.% glucose (0.05 g glucose in 1 g water), 

120 °C, 2 h 
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Figure 4.S2. Effect of solvent for glucose isomerization by MIL-101-Al-NH2. Reaction condition: 5 

wt. % glucose in solvent (1 g), catalyst (glucose: metal molar ratio of 25:1), 120 °C, 2 h. 

 

 

Figure 4.S3. Characterization of the used MIL-101(Al)-NH2 after 4 reuse cycles by FTIR (A & B) 

and XRD (C). 
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3. Discussion 

Table 4.S4: Catalytic performance of selected homogeneous and heterogeneous catalysts 

Type of 

catalysts 

Entry Catalyst Glucose 

conversion 

(%) 

Fructose 

yield (%) 

Fructose 

selectivity 

(%) 

Ref. 

Homogenous 1 AlCl3.6H2Oa 31.8 26.3 82.7 [334] 

2 CrCl3.6H2Oa 52.3 25.4 48.6 

3 SnCl4.5H2Oa 18.2 4.7 26.0 

Heterogenous 4 Sn β-zeolitesb 67.5 45.3 67.1 

5 MgOc 61.8 27.0 43.6 [335] 

6 γ-Al2O3c 8.2 1.9 22.7 

7 TiO2c 19.4 1.32 6.8 

MOFs 8 MIL-101(Cr)d 78.0 12.6 16.1 [310] 

9 MIL-100(Cr)-SO3Hd 78.0 21.6 27.7 

10 NU-1000e 60 19 31.7 [254] 

11 UiO-66f 31.0 22.0 71.0 [277] 

12 ZIF-8g 72.6 17.0 23.4 [284] 

13 MIL-101(Al)-NH2 82 52.3 63.8 This 

work 

a Condition: 1.0 mL H2O, 0.25 M glucose, 25.0 mM catalyst, 120 oC, 180 min 

b Condition: 1.0 mL H2O, 0.25 M glucose, glucose:Sn = 200 : 1  by mol, 120 oC, 180 min 

c Condition: 4 wt. % glucose, 2 wt. % catalyst, 100 oC, 60 min 

d Condition: 0.2 g catalyst, 25 mg glucose, 2.0 g water, 100 oC, 24h. 

e Condition: 100 mM glucose aqueous solution (1 mL), 10 mg catalyst, 140 oC, 5h 

f Condition: 10 wt. % glucose in deionized water (4 mL), 10 mg catalyst, 140 °C, 3h 

g Condition: 10 wt. % glucose in deionized water (3 mL), 40 mg catalyst, 140 °C, 3h
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CHAPTER 5 

ALUMINUM BASED METAL-ORGANIC FRAMEWORK AS WATER-TOLERANT LEWIS ACID 

CATALYST FOR SELECTIVE DIHYDROXYACETONE ISOMERIZATION TO LACTIC ACID3 

 

1. Introduction 

Lactic acid is an important platform chemical for biodegradable polylactic acid, propylene glycol, 

and acrylic acid [338]. Lactic acid can be produced by acid-catalyzed isomerization of 

dihydroxyacetone, obtained from biomass-derived glycerol, xylose [339-343], or fructose [344]. 

This acid-catalyzed isomerization reaction proceeds by a cascade of dihydroxyacetone dehydration 

to pyruvaldehyde and subsequent pyruvaldehyde rehydration to lactic acid (Scheme 1) [345, 346]. 

The challenge in lactic acid production is the development of effective and selective water-tolerant 

acid catalysts [347].  

 

Jolimaitre et al. [348] and Rasrendra et al. [346] showed that Al3+ Lewis acid salts were active and 

selective for dihydroxyacetone conversion to lactic acid. For example, Rasrendra et al. reported a 

high lactic acid yield of 90% at 100% dihydroxyacetone conversion by AlCl3 [346]. However, the 

reaction with Lewis acid salts presents a classic problem of catalyst separation and product 

purification that contributes to the production cost of lactic acid. Sun et al. used Sn-containing β-

zeolites, unique solid Lewis acid catalysts, and achieved an attractive lactic acid yield of 86% from 

dihydroxyacetone [349]. The Lewis acid sites in Sn- β zeolites are hypothesized to be responsible 

for the high lactic acid selectivity. Although Sn-containing zeolites are active for dihydroxyacetone 

conversion, they deactivated after three cycles due to the formation of coke and humins that 

prevent diffusion of substrates [350].

                                                      
3 This chapter has been published in ChemCatChem (Rahaman et al., 2022, ChemCatChem, 14, e202101756). The 
copyright clearance from the publisher has been included in the “APPENDIX” section. 
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Alternatively, Dapsens et al. described the desilication of commercial ZSM-5 zeolites and achieved 

>90% lactic acid selectivity at 91% conversion at 140 °C for 6 h [351]. However, desilication 

weakens the zeolite’s mechanical strength and severely damages the microporous framework 

[352, 353]. Thus, the industry needs efficient heterogeneous catalysts with recyclability for 

dihydroxyacetone isomerization to lactic acid. 

 

Scheme 1. Chemical pathway for lactic acid production and its use. 

 

Inspired by the high activity and selectivity of Al Lewis acid salts for dihydroxyacetone isomerization 

to lactic acid [346, 348], we set out to develop an efficient Al-derived solid Lewis acid catalyst. To 

do so, we investigated the catalytic activity of Al-based metal-organic frameworks (MOFs). Metal-

organic frameworks are porous crystalline materials composed of metal clusters (nodes) connected 

by organic ligands that form coordination networks [23, 24, 135]. Metal-organic frameworks are 

attractive materials because of the ability to tailor metal centers, pore size, and functional groups 

along with an ease in synthesis compared with zeolitic materials. As a result, metal-organic 

frameworks have been used in many applications, such as energy storage [354, 355], gas 

adsorption [356], drug delivery [357], and solid catalysts [23, 24]. Importantly for our goal, the 

exposed metal nodes endow MOFs with Lewis acid sites, and the tunability of their linker can 

enhance MOF catalytic ability. These attributes make MOFs attractive as solid Lewis acid catalysts. 

Yet, although MOFs are promising catalysts for the chemical industry, they adsorb water quickly, 

which blocks the active sites and compromises MOF catalytic activity [358-363].  
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In this work, we showed that the MIL-101(Al)-NH2 (Al-MOF) was a water-tolerant and active solid 

Lewis acid catalyst for selective dihydroxyacetone isomerization to lactic acid. The Al-MOF gave a 

high lactic acid yield of 88% at 120 °C after 24 h. Furthermore, we reused Al-MOF four times without 

loss of catalytic performance.  

 

2. Experimental Section 

2.1 Materials 

All chemicals were used as received unless otherwise noted. Table 5.S1 lists their CAS numbers, 

purity, and manufacturers. 

 

2.2 Synthesis of metal-organic framework 

The MIL-101(Al)-NH2 metal-organic frameworks (MOFs) were synthesized with a slight 

modification of the solvothermal method [141]. Typically, a mixture of aluminum chloride 

hexahydrate (0.51 g, 2 mmol) and 2-aminoterephthalic acid (0.56 g, 3 mmol) in 30 mL 

dimethylformamide (DMF) was kept without stirring in a Teflon-lined autoclave reactor at 130 °C 

for 72 h. Then the reactor was cooled to ambient temperature, and the solids were separated from 

the solution by centrifugation (6000 RPM, 5 min). Next, the solids were washed with DMF under 

sonication for 10 min and followed by washing with methanol at ambient temperature. Then the 

solid catalysts were kept in hot (70 °C) methanol for 5 h and dried under vacuum at 80 °C for 

overnight. 

 

2.3 Characterization of the catalysts 

The metal content and physiochemical properties of the synthesized catalysts were determined by 

X-ray diffraction (XRD), N2 adsorption-desorption, thermogravimetric analysis (TGA), high-

resolution transmission electron microscopy (HRTEM), inductively coupled plasma-optical 

emission spectroscopy (ICP-OES), Fourier-transform infrared spectroscopy (FTIR), and diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS). 

 



97 
 

X-ray diffraction 

X-ray diffraction (XRD) analysis of samples was conducted on a Bruker AXS Model D8 Advance 

A28 diffractometer (Germany) using CuKα radiation in the 2θ range from 5° to 40° with 0.02 

degree/step. Samples of 200 mg were used in each analysis. 

 

N2 adsorption-desorption measurement 

The surface area, pore size, and pore volume of the catalysts were calculated from N2 adsorption-

desorption measured by a Micromeritics Tristar (Norcross, GA, USA) instrument. The TriStar was 

calibrated with reference materials (Micromeritics, Norcross, GA, USA). Prior to the measurement, 

the sample was pretreated at 130 °C for 4 h using a Micromeritics FlowPrep with sample degasser 

(Norcross, GA, USA). The surface area, SBET, was determined from N2 isotherms by Brunauer–

Emmett–Teller equation (BET) at -196.15 °C [174, 175]. The BET surface area was calculated in 

the range of relative pressures between 0.05 and 0.3. The pore volume was estimated from the N2 

desorption values according to the Barrett–Joyner–Halenda (BJH) model [178]. The pore volume 

was calculated as the uptake (cm3/g) at a relative pressure of 0.95. The average pore size of the 

samples was measured by the BJH model [179, 180]. 

 

Thermogravimetric analysis 

To determine the thermal stability of catalysts, thermogravimetric analysis (TGA) was performed 

with an SDT Q600 TA instrument (New Castle, DE, USA). In short, ∼20 mg of the sample was 

placed in a cylindrical alumina crucible and heated in the air from ambient temperature to 700 °C 

with a heating rate of 10 °C/min under N2 flow (100 ml/min). The change in weight of samples was 

used to determine the moisture content, decomposition of the linkers, and formation of metal 

oxides. 

 

Transmission electron microscopy and energy-dispersive X-ray spectroscopy analysis 

To determine the microstructure and elemental distribution of the catalysts, high-resolution 

transmission electron microscopy (HRTEM) was performed using a Tecnai F20 (FEI company, OR, 
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USA) microscope operating at 200 kV. The HRTEM specimens were prepared by dispersing small 

amounts of catalysts onto Cu grid-supported holey carbon films. For the analysis of the 

microstructure, scanning transmission electron microscopy (STEM) images were acquired using a 

high annular angle dark field (HAADF) detector (E.A. Fischione Instruments, Inc., PA, USA) and an 

electron probe of a 1 nm diameter. In addition, energy-dispersive X-ray spectroscopy (EDS) maps 

for the elemental distribution analysis were collected using a TEAM EDS (EDAX, Inc., NJ, USA) 

spectrometer. 

 

Inductively coupled plasma-optical emission spectroscopy 

The metal content of the catalysts was determined by inductively coupled plasma-optical emission 

spectroscopy (ICP-OES). ICP-OES measurements were performed using a 100 mg sample 

dissolved in 10 mL of nitric acid. Heating was used to ensure that the sample was completely 

dissolved. Once cooled, the sample was further diluted to 25 mL with double distilled water. 

Measurements were acquired on a Varian 720-ES spectrometer equipped with a seaspray 

nebulizer and cyclonic class spray chamber. Parameters included a sample intake of 1 mL/min, 

argon plasma flow rate of 15 L/min, and an auxiliary gas (Ar) flow rate of 1.5 L/min. The instrument 

was calibrated using certified reference materials manufactured by VHGTM Instrument (LGC 

Standards USA, NH, USA). 

 

Fourier transform infrared spectroscopy 

Infrared spectra of samples were recorded on a JASCO Fourier transform infrared (FTIR) 

spectrometer (Easton, MD, USA), equipped with an attenuated total reflection stage (ATR). 

Samples of 5 mg were used in each analysis. The samples were scanned between 400 and 4000 

cm-1 at a 4 cm−1 resolution. Spectra were collected using a deuterated triglycine sulfate (DTGS) 

detector averaging 256 scans. 
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Diffuse reflectance infrared Fourier transform spectroscopy 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) with adsorbed pyridine was 

performed to characterize the acid sites. The temperature-programmed desorption was conducted 

with the JASCO FTIR equipped with a high-temperature DiffuseIR™ cell (PIKE Technology, WI, 

USA). The sample treatment and DRIFTS experiments with temperature-programmed desorption 

were conducted with a slight modification as described [182]. In short, the MOF sample (~5 mg) 

was placed in a cylindrical alumina crucible and treated in N2 gas (50 mL/min) at 130°C for 60 min 

unless otherwise noted. After the pretreatment, the sample was cooled to 30 °C. The DRIFT 

spectrum of fresh catalyst was recorded as the background spectrum. The samples were then 

saturated with pyridine vapor by the flow of N2 gas (50 mL/min). Then the physisorbed pyridine was 

removed by flushing with N2 gas (50 mL/min) at 50, 100, or 150°C for 30 min before recording the 

DRIFT spectra. All spectra were recorded with 256 scans between 4000−400 cm−1 at a 4 cm−1 

resolution. The amount of Lewis acid sites at each desorption temperature was calculated from the 

integrated area of bands (after background subtraction) of adsorbed pyridine at 1067 cm-1 and 1445 

cm-1 [184]. Because of the limited thermal stability of Al-MOF, a lower desorption temperature 

(maximum 150°C) was used. 

 

2.4 Isomerization of dihydroxyacetone 

Approximately 10 mg dihydroxyacetone and 2 g water were added to a 25 mL pressure tube in an 

oil bath. The catalyst was loaded using a dihydroxyacetone:Al molar ratio of 14:1, unless otherwise 

noted. The pressure tube was sealed and stirred at 600 rpm (to minimize mass transfer limitations), 

unless otherwise noted. The reaction was stopped by quenching in a cold water bath, then water 

(~5 mL) was added to dissolve the remaining dihydroxyacetone and products. The solution was 

centrifuged, and the residual solids were removed. The liquid sample was analyzed by HPLC to 

measure the concentration of dihydroxyacetone and isomerization products. 

 

 

 



100 
 

2.5 Product analysis and quantification 

The reactants and products were analyzed by High-Pressure Liquid Chromatography (HPLC, 

Agilent Technology, Santa Clara, CA, USA) equipped with a refractive index detector (RID) and 

diode array detector. An Aminex HPX-87H (300 x 7.8 mm, Bio-Rad®, Hercules, CA, USA) was used 

for reactants and product separation at 60oC with 0.6 mL/min 4 mM H2SO4 as a mobile phase. The 

concentration of reactants and products was determined by the peak area from the RID signals. 

Reactants and reaction products were calibrated against certified standards (Absolute Standards, 

Inc., Hamden, CT, USA). The dihydroxyacetone conversion, product yield, and product selectivity 

were calculated as follows: 

 

Dihydroxyacetone conversion (%)= 
dihydroxyacetone reacted (mol)
 initial dihydroxyacetone (mol) ×100 

Product yield (%)= 
product generated (mol)

 initial dihydroxyacetone (mol) ×100 

Product selectivity (%)= 
product yield 

dihydroxyacetone conversion ×100 

TOF �h-1�= 
dihydroxyacetone reacted (mol)

metal (mol) x time (h)  

TON = 
dihydroxyacetone reacted (mol)

metal (mole)  

Productivity �h-1�= 
Lactic acid formed (mole)

metal (mole) x time (h) ×100 

 

3. Results 

3.1 Physicochemical properties of the catalysts  

To assess our catalyst's physical and chemical properties, we characterized MIL-101(Al)-NH2 (Al-

MOF) by XRD, N2 adsorption-desorption, TGA, FTIR, ICP-OES, and HRTEM (Fig. 5.S1). The N2 

adsorption-desorption assay of the MIL-101(Al)-NH2 showed a type IV isotherm, which suggested 

the mesoporous characteristic of Al-MOF [141]. The calculated surface area and pore volume were 

1487 m2/g and 0.92 cc/g (Table 5.S2), respectively, similar to reported values [141-143, 145, 298, 
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299]. As a control, the surface area and pore volume of γ-Al2O3 was 191 m2/g and 0.5 cc/g, 

respectively, in agreement with a report by Samad et al. [364]. The XRD pattern of MIL-101(Al)-

NH2 coincided with the simulated MIL-101 framework, which confirmed the formation of the MIL-

101 structure [141, 299]. The STEM-HAADF images and elemental phase mapping of aluminum of 

MIL-101(Al)-NH2 showed that this material was porous, and aluminum was highly dispersed (Fig. 

5.S1C-D). The inductively coupled plasma-optical emission spectroscopy (ICP-OES) showed that 

MIL-101(Al)-NH2 had an aluminum content of 11.6 wt.%.  

 

To confirm the presence of functional groups and the thermal stability of our MIL-101(Al)-NH2, we 

performed FTIR and TGA (Fig. 5.S1E-G). The FTIR spectrum of MIL-101(Al)-NH2 showed bands 

corresponding to the symmetric and asymmetric stretching of primary amines (3390 and 3500 cm-

1) (Fig. 5.S1F). The presence of these amine bands suggested that the amino groups (–NH2 

groups) were free without coordination. Furthermore, the shoulder at 1624 cm-1 corresponded to 

the N-H scissoring vibration. The band at 1336 cm-1 corresponded to the C-N stretching absorption 

of aromatic amines, which confirmed the presence of –NH2 groups in the MOF [143]. Thermal 

stability is an essential property of catalysts to ensure continuous operation without losing their 

structural integrity and catalytic performance. The TGA profile of MIL-101(Al)-NH2 exhibited three 

mass loss zones between 30−150 °C (∼10 wt. %), 150−380 °C (~20 wt. %), and 380−680 °C (~33 

wt. %). These mass reductions corresponded, respectively, to (1) the evaporation of the water 

molecules, (2) the degradation of organic linkers, and (3) the degradation of the organic 2-

aminoterephthalic acid-Al3+ complexes.  
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Figure 5.1. Diffuse reflectance infrared Fourier transform (DRIFT) spectra of adsorbed pyridine 

with γ-Al2O3 (A) and MIL-101(Al)-NH2 (B). 

 

3.2 Acid properties of the catalysts 

Selective dihydroxyacetone isomerization to lactic acid requires acid catalysts for the cascade of 

dihydroxyacetone dehydration to pyruvaldehyde, followed by pyruvaldehyde rehydration to lactic 

acid. Hence, it is essential to distinguish and quantify the acid sites of catalysts. To characterize 

the acid sites, we performed temperature-programmed desorption using DRIFTS with adsorbed 

pyridine on γ-Al2O3 and MIL-101(Al)-NH2 (Fig. 5.1). Currently, there are no ideal techniques for acid 

site identification and determination for MOFs [365]. We chose pyridine as an in-situ titrant for 

probing the acid site density of MOFs because of previous observations of Lewis acid and Brønsted 

acid sites in MOFs [195-197]. The DRIFT spectrum of MIL-101(Al)-NH2 MOF had characteristic 

bands at 1067 and 1051 cm-1, corresponding to the coordination between pyridine and Lewis acid 

sites from the Al3+ metal center [301, 302]. The intensity of the bands for both catalysts decreased 

with increasing desorption temperature from 50 to 150°C. The band for γ-Al2O3 at 1445 cm−1 almost 

disappeared at 150oC. Conversely, the Al-MOF displayed a comparatively stronger band at 1067 

and 1051 cm-1 at 150°C, which suggested that it had stronger Lewis acid sites compared with the 

γ-Al2O3. The DRIFT spectra of adsorbed pyridine enabled determination of Lewis acid site density 

(Table 5.S2). DRIFT results suggested that MIL-101(Al)-NH2 had a greater Lewis acid strength 

and site density compared with γ-Al2O3. 
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Figure 5.2. Catalytic activity of MIL-101(Al)-NH2 and aluminum-containing homogenous and 

heterogeneous catalysts, conversion/yield (A), and TOF/productivity (B). Reaction condition. 

dihydroxyacetone: Al molar ratio = 14:1, 90 °C, 4 h, 10 mg dihydroxyacetone in 2 g water. DHA, 

PA, and LA indicate dihydroxyacetone, pyruvaldehyde, and lactic acid, respectively. 

 

3.3 Screening of aluminum-containing catalysts for dihydroxyacetone conversion 

We measured the efficiency of the dihydroxyacetone isomerization to lactic acid by evaluating the 

catalytic performance of selected aluminum-containing catalysts in water at 90°C for 4h and a 

dihydroxyacetone:Al molar ratio of 14:1 (Fig. 5.2). Pyruvaldehyde and lactic acid were the primary 

reaction products. Our blank (without catalyst) experiment showed <5% dihydroxyacetone 

conversion. These results indicated that catalysts were needed to facilitate this reaction. The γ-

Al2O3 was the most active with 42.7% dihydroxyacetone conversion. However, these catalysts 

differed in lactic acid productivity, with MIL-101(Al)-NH2 having the greatest productivity of 0.62 h-

1. All Al-containing homogeneous catalysts showed higher productivity compared with γ-Al2O3 

(Table 5.S3). For comparison, we calculated the productivity on the basis of total gram of catalyst 

(see Supplementary Information for details). We also compared the catalytic activity of 

dihydroxyacetone isomerization to lactic acid by MIL-101(Al)-NH2 and AlCl3.6H2O at 90 °C for 24 h 
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(Fig. 5.S2). With the high catalytic activity and product selectivity, we chose MIL-101(Al)-NH2 for 

further studies as a water-tolerant solid Lewis acid catalyst.  

 

 

Figure 5.3. Catalytic activity of blank (A), γ-Al2O3 (B), and MIL-101(Al)-NH2 (C). Reaction condition. 

dihydroxyacetone: Al molar ratio = 14:1, 90 °C, 10 mg dihydroxyacetone in 2 g water. DHA, PA, 

and LA indicate dihydroxyacetone, pyruvaldehyde, and lactic acid, respectively. 

 

3.4 Effect of Lewis acid sites of MIL-101(Al)-NH2 MOF on dihydroxyacetone conversion 

Next, we examined the product evolution of MIL-101(Al)-NH2 by comparing with blank (no catalyst) 

and γ-Al2O3 as our controls at 90 °C (Fig. 5.3). We chose γ-Al2O3 as a proxy for solid Lewis acid 

catalyst [366-368]. The blank gave 9.6% pyruvaldehyde yield at 19.1% dihydroxyacetone 

conversion at 90 °C after 24h. We did not observe any lactic acid. For γ-Al2O3, dihydroxyacetone 

conversion progressively increased and reached 90% after 24 h. However, we observed a low yield 

of lactic acid (16%) by 24 h. We also observed a low yield of pyruvaldehyde (< 10%).  We observed 

a brown substance on the γ-Al2O3 surface and in the reaction mixture, which indicated formation of 

unwanted humin. Our observation of humin was in agreement with previous studies using zeolites 

[304] and Al2O3 [369] as catalysts for dihydroxyacetone conversion. The Al-MOF demonstrated a 

progressive increase in lactic acid yield and reached 74% at 84% dihydroxyacetone conversion. 
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An increase in lactic acid yield and conversion of dihydroxyacetone with time suggested that Al-

MOF was active and selective to lactic acid. 

 

To elucidate the effect of the Lewis acid sites of MIL-101(Al)-NH2 and γ-Al2O3 catalysts on the 

dihydroxyacetone dehydration and pyruvaldehyde rehydration, we plotted lactic acid and 

pyruvaldehyde selectivity versus dihydroxyacetone conversion (Fig. 5.4). MIL-101(Al)-NH2 showed 

high lactic acid selectivity (88%) compared with γ-Al2O3 at similar DHA conversion, which 

corroborated a greater Lewis acid strength and site density of MIL-101(Al)-NH2 compared with γ-

Al2O3 (Fig. 5.1 & Table 5.S2). Thus, the results suggested that Lewis acid sites were important in 

selective dihydroxyacetone isomerization to lactic acid.  

 

 

Figure 5.4. Comparison of catalytic activity of dihydroxyacetone isomerization to lactic acid at 90 

°C by MIL-101(Al)-NH2 and γ-Al2O3. Relationships between pyruvaldehyde selectivity vs 

dihydroxyacetone conversion (A) and lactic acid selectivity vs dihydroxyacetone conversion (B). 

Reaction condition. dihydroxyacetone: Al molar ratio = 14:1, 90 °C, 10 mg dihydroxyacetone in 2 g 

water over 4-24 h. DHA, PA, and LA indicate dihydroxyacetone, pyruvaldehyde, and lactic acid, 

respectively. 
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We observed pyruvaldehyde as our reaction product in our blank experiment (Fig. 5.3A). Hence, 

we could not rule out temperature-mediated dihydroxyacetone dehydration to pyruvaldehyde. To 

test this possibility, we used dihydroxyacetone as a reactant in water without catalysts. We heated 

the reaction to 90, 105, and 120 °C (Fig. 5.S3). Dihydroxyacetone conversion increased with 

increasing temperature. Pyruvaldehyde was the main reaction product. We did not observe lactic 

acid, which suggested that dihydroxyacetone isomerization required acid catalysts. Pyruvaldehyde 

yield increased and reached a maximum of 24% after 24 h at 105°C. A further increase in reaction 

temperature to 120°C decreased the pyruvaldehyde yield.  

 

Next, we placed pyruvaldehyde in water without any catalyst and heated the solution at 90, 105, 

and 120 °C for 6 h (Fig. 5.S4). We found only a negligible amount of lactic acid produced (<1%). 

This result suggested that Lewis acid sites were needed to convert pyruvaldehyde to lactic acid. 

Hossain et al. also reported the formation of pyruvaldehyde from heating a dilute solution of 

dihydroxyacetone at 140°C [304], in agreement with our findings. Although our results suggested 

that dihydroxyacetone dehydration was non-catalytic and reaction temperature mediated the 

dihydroxyacetone dehydration, we could not rule out a mediating activity of Lewis acid sites in MIL-

101(Al)-NH2.  

 

Figure 5.5. Effect of MIL-101(Al)-NH2 catalysts and reaction temperature on dihydroxyacetone 

conversion rate. Reaction condition. dihydroxyacetone: Al molar ratio = 14:1 and 10 mg 

dihydroxyacetone in 2 g water. 
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Further, we compared the conversion rate of dihydroxyacetone dehydration with blank and MIL-

101(Al)-NH2 for 24 h (Fig. 5.5). The dihydroxyacetone conversion rate decreased as a function of 

time because the dihydroxyacetone concentration became progressively depleted. The blank 

experiment (without catalyst) showed a low conversion rate of dihydroxyacetone at 90 and 105 °C 

(1.0-3.6 µmol/h). The dihydroxyacetone conversion rate increased to 11.8 µmol/h at 120°C after 

4h. By adding MIL-101-Al-NH2 as catalyst, the dihydroxyacetone conversion rate increased 

significantly to 22.0 µmol/h at 120 °C after 4h. These results suggested that (1) reaction 

temperature facilitated the dihydroxyacetone dehydration at temperature > 105 °C, and (2) at lower 

temperature (90 °C), the Lewis acid sites in MIL-101(Al)-NH2 were needed for the dihydroxyacetone 

dehydration step.  

 

 

Figure 5.6. Catalytic activity of MIL-101(Al)-NH2 and γ-Al2O3 using pyruvaldehyde (A) and lactic 

acid (B) as a feed. Reaction condition. pyruvaldehyde or lactic acid: Al molar ratio = 14:1, 90 °C, 8 

mg pyruvaldehyde or 10 mg lactic acid in 2 g water. PA and LA indicate pyruvaldehyde and lactic 

acid, respectively. 
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3.5 Effect of Lewis acid sites on pyruvaldehyde conversion and lactic acid stability 

To decouple the activities of the MIL-101(Al)-NH2 in pyruvaldehyde rehydration, we performed the 

same experiment with pyruvaldehyde as a reactant at 90°C (Fig. 5.6A). The Al-MOF increased 

lactic acid yield with time, and the yield reached 82% at 91% pyruvaldehyde conversion after 24 h. 

Interestingly, the lactic acid yield profiles with pyruvaldehyde as a reactant were similar to the yield 

with dihydroxyacetone as a reactant (Fig. 5.3C). Next, we used lactic acid as a reactant with the 

Al-MOF catalyst (Fig. 5.6B). We found that lactic acid was stable in Al-MOF at 90°C with only 3.5% 

of conversion of lactic acid after 24 h. For γ-Al2O3, we ran the same experiment with pyruvaldehyde 

and lactic acid as reactants at 90°C. We observed similar pyruvaldehyde conversion as Al-MOF 

but lower lactic acid yield (37% after 24 h) when using pyruvaldehyde as a reactant with γ-Al2O3 

(Fig. 5.6A). With lactic acid alone, we observed a higher conversion of lactic acid (30%) with γ-

Al2O3 than with Al-MOF (Fig. 5.6B). These results suggested that Al-MOF did not catalyze side 

reactions or degradation of lactic acid. Together, these results suggested that Al-MOF was 

selective to lactic acid and stable in the presence of lactic acid.  

 

3.6 Effect of reaction temperature on the dihydroxyacetone isomerization by MIL-101(Al)-

NH2 

To determine the effect of reaction temperature on the catalytic performance of MIL-101(Al)-NH2, 

we ran the dihydroxyacetone isomerization reaction in water using MIL-101(Al)-NH2 at 90, 105, and 

120 °C (Fig. 5.S5). As a control, we used γ-Al2O3 as the solid Lewis acid catalyst and ran the 

dihydroxyacetone isomerization reaction in water at 90, 105, and 120 °C as well (Fig. 5.S6). 

Pyruvaldehyde and lactic acid were major reaction products. The evolution of pyruvaldehyde yield 

had a volcano shape, which suggested that pyruvaldehyde was an intermediate. Using γ-Al2O3, we 

found that the dihydroxyacetone conversion and lactic acid yield increased with time and reaction 

temperature. For γ-Al2O3, dihydroxyacetone conversion and yield of pyruvaldehyde and lactic acid 

showed similar behaviors at 105 and 120°C. We found a high dihydroxyacetone conversion of 95% 
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and a 44% lactic acid yield at 120 °C after 24h (Fig. 5.S6). These results suggested that 105°C 

was the optimal reaction temperature for γ-Al2O3. For MIL-101(Al)-NH2, increased reaction time and 

temperature progressively increased the dihydroxyacetone conversion and lactic acid yield. We 

obtained the highest yield of lactic acid (~89%) at 97% dihydroxyacetone conversion at 120 °C 

after 24h (Fig. 5.S5). These results suggested that Lewis acid sites were required for the formation 

of lactic acid in water regardless of reaction temperature (90-120 °C), which corroborated our blank 

experiments (Fig. 5.S3). 

 

3.7 Stability and reusability of MIL-101(Al)-NH2 in dihydroxyacetone conversion 

To evaluate the catalyst stability under the reaction condition, we performed the filtration 

experiments by conducting the DHA isomerization using Al-MOF over 8 h at 90 °C, filtering the Al-

MOF catalyst from the reaction mixture, and heating the filtrate under the same reaction condition 

(90 °C) for 16 h (Fig. 5.7A). We sampled the reaction mixture 3 times during 16 h and measured 

dihydroxyacetone conversion and lactic acid yield. The dihydroxyacetone conversion and 

pyruvaldehyde yield increased slightly during the prolonged 16 h, in line with our dihydroxyacetone 

conversion with blank (Fig. 5.S3A). Whereas the yield of lactic acid remained constant. These 

results suggested that (1) there was a minimal Al species leaching from Al-MOF into the reaction 

mixture, (2) lactic acid was stable at 90 °C over 16 h, (3) pyruvaldehyde rehydration to lactic acid 

required catalysts. 

 



110 
 

 

Figure 5.7. Stability and reusability of Al-MOFs for the dihydroxyacetone isomerization by filtration 

test at 90 °C (A) and recycle of MIL-101(Al)-NH2 catalyst at 120 °C, 4h (B). Reaction condition. 

dihydroxyacetone: Al molar ratio = 14:1. DHA, PA, and LA indicate dihydroxyacetone, 

pyruvaldehyde, and lactic acid, respectively. 

 

The ability to recycle catalysts is important for their practical use. We recycled the MIL-101(Al)-NH2 

by centrifugation and washing with water to remove the residual products, intermediates, and 

unreacted dihydroxyacetone. The catalyst was then dried in a vacuum oven at 130°C to remove 

moisture. We selected this temperature based on our TGA results to minimize the decomposition 

of Al-MOFs. The Al-MOF catalyst maintained the catalytic performance with a <7% drop in 

dihydroxyacetone conversion and retained its lactic acid selectivity (73%) for four cycles (Fig. 

5.7B). We also observed the pyruvaldehyde selectivity increased slightly over time. This slight 

increase in pyruvaldehyde selectivity was hypothesized because of a slight loss of Lewis acid sites 

and blockage of active sites. Further, we characterized the spent Al-MOF catalyst after 4th reuse 

cycle by ICP-OES, XRD, FTIR, and DRIFTS (Fig. 5.S1 and 5.S7). The aluminum content of the 

spent catalyst, measured by ICP-OES, was 11.0 wt.%, similar to that of the fresh catalysts (11.6 

wt.%), which suggested minimal aluminum leaching even after 4 recycles. The XRD, FTIR, and 

DRIFT spectra of the spent catalyst exhibited similar chemical structure, functionality, and acid 
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properties to those of fresh Al-MOF, which suggested minimal changes in chemical structure and 

acid properties of the Al-MOF after reuse. Together, these filtration and characterization results 

suggested catalyst stability under the present experimental conditions. Overall, MIL-101(Al)-NH2 

maintained high lactic acid selectivity for all the cycles and structural integrity after four recycles. 

 

4. Discussion 

We investigated the catalytic performance of MIL-101(Al)-NH2 for dihydroxyacetone isomerization 

in water. The challenge in dihydroxyacetone isomerization to lactic acid is the development of active 

and selective solid acid catalysts. The dihydroxyacetone isomerization reaction is a cascade in 

which (1) dihydroxyacetone is dehydrated to pyruvaldehyde, followed by (2) pyruvaldehyde 

rehydrated to lactic acid. We found that the dihydroxyacetone dehydration to pyruvaldehyde is a 

non-catalytic reaction and can be accelerated in the presence of Lewis acids, whereas 

pyruvaldehyde rehydration to lactic acid requires the Lewis acid sites (Fig. 5.S4). Moreover, we 

found that Al-MOFs are active and selective toward pyruvaldehyde rehydration to lactic acid. 

  

The most significant finding was that Al-MOF was a water-tolerant solid Lewis acid catalyst that 

selectively catalyzed the conversion of dihydroxyacetone to lactic acid. In Table 5.S4, we 

summarized the activity of selected catalysts for dihydroxyacetone isomerization into lactic acid. 

Homogeneous Al salts showed high selectivity to lactic acid (90%) (entry 16) [346]. However, 

homogeneous catalysts need to be separated from the products, which complicates the conversion 

process. Zeolites have high catalytic activity for the dihydroxyacetone isomerization and high lactic 

acid yield (entries 2-8) [304, 351, 370]. Sn-containing solid catalysts showed high lactic acid 

selectivity (>90%) with complete dihydroxyacetone conversion (entries 3, 9) [371, 372]. However, 

the synthesis of Sn-containing solid catalysts is complex and requires long crystallization times 

[271]. Most solid Lewis acid catalysts react with water and decompose or deactivate over time [373, 

374]. For example, Lewis acidic H-USY-6 zeolite is effective for the isomerization of triose sugars 

to lactic acid. Still, coke formation and irreversible framework damage occur when lactic acid is 

produced under aqueous conditions [370]. Takagaki et al. used boehmite γ-AlO(OH) as a solid 
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Lewis acid catalyst for the dihydroxyacetone isomerization in water and observed 32% lactic acid 

selectivity at complete dihydroxyacetone conversion. Christensen et al. used Sn-Beta for the 

isomerization of dihydroxyacetone in water. They observed severe catalyst deactivation due to the 

formation of large carbonaceous deposits, which decreased the formation of lactic acid [375]. MOFs 

have sponge-like crystal structures, which are ideal for water capture [376, 377]. However, water 

could either displace the bound ligand, collapse the MOF structure, or block the active sites (metal 

nodes) and prevent the accessibility of reactants to the metal nodes [378]. In addition, MOFs are 

unstable in aqueous media [379-381]. Many MOFs, including Mg-MOFs [382], MOF-5 [383, 384], 

IRMOF-1 [385], deactivate rapidly in water. Our results demonstrated that MIL-101(Al)-NH2 was 

water-tolerant and possessed Lewis acidity for selective dihydroxyacetone isomerization to lactic 

acid.  

 

Another significant finding was that Lewis acid sites enhanced dihydroxyacetone dehydration to 

pyruvaldehyde. The activity of acid sites for dihydroxyacetone dehydration is controversial [386, 

387]. Liu et al. [388] and Kim et al. [389] used Sn-MFI and Sn-MCM-41 catalysts for the conversion 

of dihydroxyacetone. They found that both Brønsted and Lewis acid sites were important for the 

selective production of lactic acid. Brønsted acids catalyzed dihydroxyacetone dehydration to 

pyruvaldehyde, and Lewis acids catalyzed pyruvaldehyde rehydration to lactic acid. In contrast, 

Santos et al. [390] reported that the water-tolerant Lewis acid Nb2O5 had high catalytic activity (75% 

selectivity at 160 °C) to transform glyceraldehyde into lactic acid. However, they did not assess the 

reusability of Nb2O5. Surprisingly, our findings revealed that common solid Lewis acid catalysts, 

such as γ-Al2O3, were active but not selective to dihydroxyacetone isomerization to lactic acid. One 

possible reason is because lactic acid acted as a Brønsted acid catalyst and competed with the 

Lewis acidic sites of γ-Al2O3; this competition promoted side reactions and product degradation 

[387], which corroborated our findings of the instability of lactic acid in the presence of γ-Al2O3. In 

this current work, we further extended our previous study [304] by demonstrating that, although the 

reaction temperature facilitated the dihydroxyacetone dehydration, the added solid Lewis acidic Al-

MOF catalysts enhanced the dihydroxyacetone conversion and pyruvaldehyde selectivity.  
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When starting with dihydroxyacetone, we observed pyruvaldehyde and lactic acid as reaction 

products, in line with the cascade reaction pathway and pyruvaldehyde as an intermediate. On the 

basis of the foregoing findings, Figure 5.8 shows a proposed mechanism for dihydroxyacetone 

dehydration on MIL-101(Al)-NH2 catalyst. The reaction proceeds by (1) keto-enol tautomerization 

of dihydroxyacetone to enediol derivative, (2) dehydration of enediol derivative to pyruvaldehyde, 

and (3) pyruvaldehyde rehydration on MIL-101(Al)-NH2 to form lactic acid.  

 

First, dihydroxyacetone interacts with Lewis acidic Al sites of MIL-101(Al)-NH2 through its carbonyl 

and hydroxyl groups and then undergoes a keto-enol tautomerization to enediol derivative, 

compound A. The presence of Lewis acidic MIL-101(Al)-NH2 accelerates the keto-enol 

tautomerization and subsequent dehydration by activating carbonyl and hydroxyl groups of 

dihydroxyacetones. Second, dehydration of enediol results in the enol form of pyruvaldehyde, 

which is subsequently tautomerized into pyruvaldehyde [391, 392]. Third, the pyruvaldehyde 

undergoes rehydration into lactic acid by MIL-101(Al)-NH2. In this step, the Lewis acidic sites of 

MIL-101(Al)-NH2 generate protons by dissociation of H2O molecules and activate the carbon of the 

carbonyl group into a specific intermediate, compound B. Subsequently, a 1,2-hydride shift of 

compound B on Lewis acidic Al sites of MIL-101(Al)-NH2 occurs by shifting proton from methine 

carbon to carbonyl carbon. Simultaneously abstraction of proton generated from H2O dissociation 

by the carbonyl oxygen enables the formation of lactic acid product. The Lewis acidic MIL-101(Al)-

NH2 was responsible for the selective pyruvaldehyde rehydration to lactic acid. 
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Figure 5.8. Proposed chemical pathway for the DHA conversion to lactic acid by MIL-101(Al)-

NH2. 

 

Our findings provide a new understanding of the water-tolerant Lewis acidic MIL-101(Al)-NH2 for 

selective dihydroxyacetone isomerization to lactic acid. The development of water-tolerant and 

recyclable solid Lewis acid catalysts remains a challenge in lactic acid production. The 

understanding gained from this work can guide the design of selective solid catalysts and control 

reaction temperature to maximize the lactic acid yield. Moreover, the use of water-tolerant Lewis 

acidic MIL-101(Al)-NH2 could be extended to other aqueous acid-catalyzed biomass conversion 

reactions, such as isomerization [393],  Meerwein–Ponndorf–Verley reduction [394], acetalization 

[395], hydrolysis [396], esterification [397], condensation [398], and dehydration. 
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5. Conclusion 

We present a new catalytic strategy for dihydroxyacetone isomerization to lactic acid by Lewis 

acidic MIL-101(Al)-NH2 metal-organic framework (MOF). We found that the Lewis acidic MIL-

101(Al)-NH2 MOF facilitated the dehydration of dihydroxyacetone to pyruvaldehyde. The Lewis 

acidic MIL-101(Al)-NH2 MOF enhanced the subsequent pyruvaldehyde rehydration to lactic acid. 

These findings underscore the importance of MIL-101(Al)-NH2 as a promising water-tolerant Lewis 

acid catalyst for lactic acid production. Further research may extend this work by investigating the 

cooperative effect of temperature and Lewis acidic MIL-101(Al)-NH2 MOF, elucidating the function 

of amino groups in the linker, and developing of the techno-economic analysis model for the 

feasibility of using Al-MOF as catalyst. 
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6. Supplementary Information 

1. Experimental Section 

Table 5.S1. List of chemicals/reagents used in this study 

Chemical Supplier Purity CAS Number 

Dihydroxyacetone  Oakwood Chemical (Estil, 

SC, USA) 

95% 96-26-4 

Pyruvaldehyde VWR International (Radnor, 

PA, USA) 

40% 78-98-8 

Lactic acid VWR International (Radnor, 

PA, USA) 

88% 79-33-4 

γ-alumina Sasol (Sandton, South 

Africa) 

- 1344-28-1 

2-aminoterephthalic acid 

(2-ATA) 

Acros Organics (Fair Lawn, 

NJ, USA) 

99% 10312-55-7 

1,4-benzenedicarboxylic 

acid (BDC) 

Acros Organics (Fair Lawn, 

NJ, USA) 

>99% 100-21-0 

Aluminum chloride 

hexahydrate 

Ward’s science (West 

Henrietta, NY, USA) 

100% 7784-13-6 

N,N-dimethylformamide 

(DMF) 

Chem-Impex Int’ l. Inc. 100% 68-12-2 

Methanol Ward’s science (West 

Henrietta, NY, USA) 

>99.8% 67-56-1 

Pyridine Chem-Impex Int'l. Inc. (Wood 

Dale, IL, USA) 

99.97%                110-86-1 
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2. Results 

 

Figure 5.S1. N2 adsorption-desorption isotherm of MIL-101(Al)-NH2 at -196.15°C (A), x-ray 

diffractogram of MIL-101(Al)-NH2, spent MIL-101(Al)-NH2 and its simulated 101 framework (B), 

high-resolution transmission electron microscopy (HRTEM) images (C), Al mapping (D), FTIR  of 

MIL-101(Al)-NH2 and spent MIL-101(Al)-NH2 (E-F), and TGA profile of MIL-101(Al)-NH2 (G). 
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Table 5.S2. Physical properties of catalysts used in this study 

Catalyst 
Physicochemical properties 

Va (cm3/g) SBET
b (m2/g) Pore diameter (nm)  LASc  (a.u./g) 

MIL-101(Al)-NH2 0.92 1487 2.49 90.6 (83.5)d 

γ-Al2O3 0.50 191 10.5 65.4 (58.4)e 

Note. (a) Total pore volume. (b) BET surface area (c) area integral (a.u.)/g catalyst by diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) at 150°C. d,e values in parenthesis 

indicate the calculated Lewis acid site density of spent catalysts 

 

Table 5.S3. Turnover frequency (TOF) and productivity of selected aluminum-containing catalysts 

 toward dihydroxyacetone isomerization  

Reaction condition. dihydroxyacetone (DHA):Al molar ratio = 14:1, 90 °C, 4h, 10 mg  DHA in 2 g 

water, PA = pyruvaldehyde, LA = lactic acid. bTOF = mol of DHA reacted/mol of metal/h, bTON = 

mol of DHA reacted/mol of metal, cProductivity = mol of LA generated/mol of metal/h, dProductivity 

= g of LA generated/g of catalyst/h. TON was calculated at the DHA conversion < 20% [399, 400]. 

 

 

 

Entry Catalyst 

DHA 

conv. 

(%) 

TOFa 

(h-1) 
TONb 

Productivityc 

(h-1) 

Productivityd 

(h-1) 

Yield (%) 

PA LA 

1  γ-Al
2
O

3
 42.70 1.15 4.60 0.08 0.04 5.3 3.1 

2 AlCl
3
.6H

2
O 22.50 0.52 2.08 0.32 0.12 7.8 13.7 

3 Al(NO3)3 20.00 0.61 2.45 0.33 0.08 8.0 10.8 

4 Al(OTf)3 19.90 0.71 2.83 0.40 0.08 8.1 11.3 

5 MIL-101(Al)-NH2 34.40 1.22 4.89 0.62 0.02 9.6 17.5 

6 No catalyst 4.40 - - -  4.1 0.0 
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Catalyst screening and determination of productivity 

We can calculate productivity using the basis of total catalysts mass or just active sites. These 

resulting values affect our evaluation of the catalyst performance. For comparison, we calculated 

the productivity on the basis of mass of lactic acid and catalyst (Table 5.S3). The productivity based 

on mass was in the order of AlCl3 > γ-Al2O3 > Al-MOF. Compared with Al-MOF, AlCl3 yielded similar 

selectivity to pyruvaldehyde and lactic acid (Fig. 5.S2D and 5.S2E), which suggested that (1) AlCl3 

catalyst was selective to lactic acid production, in agreement with previous studies by Rasrendra 

et al. [346] and (2) AlCl3 and Al-MOF had similar quality of Al active sites. Although AlCl3 catalyzed 

the highest productivity on the mass basis, it is a homogenous catalyst and presents a classic 

problem of separation from reaction products and catalyst reuse [401, 402]. The common solid 

Lewis acidic catalyst, such as γ-Al2O3, had a higher productivity on the basis of mass than Al-MOF. 

However, γ-Al2O3 catalyst was not selective to lactic acid. With the high catalytic activity, product 

selectivity, and potential reuse, we chose MIL-101(Al)-NH2 for further studies as a water-tolerant 

solid Lewis acid catalyst. 
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Figure 5.S2. Comparison of catalytic activity of dihydroxyacetone isomerization to lactic acid by 

MIL-101(Al)-NH2 and AlCl3.6H2O. DHA conversion (A), LA yield (B), PA yield (C), PA selectivity vs 

DHA conversion (D), and LA selectivity vs DHA conversion (E). Reaction condition. 

dihydroxyacetone: Al molar ratio = 14:1, 90 °C, 10 mg dihydroxyacetone in 2 g water. DHA, PA, 

and LA indicates dihydroxyacetone, pyruvaldehyde, and lactic acid, respectively. 
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Figure 5.S3. Conversion of dihydroxyacetone (DHA) without added catalysts at 90 °C (A), 105 °C 

(B), and 120 °C (C). Reaction condition. 10 mg dihydroxyacetone in 2 g water. PA indicates 

pyruvaldehyde.     
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Figure 5.S4. Conversion of pyruvaldehyde (PA) without added catalysts at 90 oC (A), 105 oC (B), 

and 120 oC (C). Reaction condition. 8 mg pyruvaldehyde in 2 g water. LA indicates lactic acid. 
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Figure 5.S5. Catalytic activity at different temperature of MIL-101-Al-NH2 (A) 90 °C (B) 105 °C and 

(C) 120 °C, Reaction condition. dihydroxyacetone (DHA): Al molar ratio=14:1, 10 mg DHA in 2 g 

water. PA and LA indicate pyruvaldehyde and lactic acid, respectively. 
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Figure 5.S6. Catalytic activity at different temperature of γ-Al2O3 (A) 90
 
°C (B) 105 °C and (C) 120 

°C, Reaction condition. dihydroxyacetone (DHA): Al molar ratio=14:1, 10 mg DHA in 2 g water. PA 

and LA indicate pyruvaldehyde and lactic acid, respectively. 
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Figure 5.S7. Acid properties of spent γ-Al2O3 (A) and spent MIL-101-Al-NH2 (B) measured by 

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) with adsorbed pyridine. 
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3. Discussion 

Table 5.S4. Catalytic performance of selected catalysts used for dihydroxyacetone isomerization 

to lactic acid 

Catalyst 

type 

Entry Catalyst Condition Conversion 

(mol %) 

Lactic 

acid 

yield  

(mol 

%) 

Selectivity 

(mol %) 

Ref. 

MOF 1 MIL-101(Al)-

NH2 

120 °C, 24 h, 

in H2O 

96 89 92 This 

study 

 2 Pb-Sn-

containing β-

zeolites 

190 °C, 2 h, 

in H2O 

99 52 52 [347] 

Zeolites 3 Sn-

containing Y-

zeolites 

80 oC, 5 h, in 

H2O 

99 89 90 [371] 

 4 H-USY-6 

(Si/Al = 6) 

125 oC, 24 h, 

in H2O 

99 71 72 [370] 

5 H-Beta (Si/Al 

= 12.5) 

99 63 64 

6 H-USY-30 

(Si/Al = 30) 

99 47 47 

7 Modified 

ZSM-5 

140 °C, 6 h, 

in H2O 

96 50 52 [304] 

8 Desilicated 

MFI-type 

140 °C, 6 h, 

in H2O 

91 73 80 [351] 
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(ZSM-5) 

zeolites 

Metal 

phosphate 

9 Silica 

modified 

tin(iv) 

phosphates 

140 oC, 5 h, 

in H2O 

100 94 94 [372] 

10 NbPOa 150 °C, 6 h in 

H2O 

90 42 47 [403] 

Metal 

oxide/resin 

11 Al resin 100 °C, 5 h, 

in H2O 

100 42 42 [346] 

12 Nb2O5.nH2O 140 °C, 3 h, 

in H2O 

>99 72 72 [369] 

13 Cr-Ti 

oxides/SiO2 

130 oC, 5 h, 

in H2O 

100 80 80 [404] 

Metal 

hydroxide 

14 AlO(OH) 140 °C, 3 h, 

in H2O 

>99 32 32 [369] 

15 Ca(OH)2 55 °C, 6 h, in 

H2O 

100 59 59 [405] 

Metal 

chloride 

16 AlCl3·6H2O 140 °C, 1.5 

h, in H2O 

100 90 90 [346] 

a Continuous process
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CHAPTER 6 

COOPERATIVE EFFECT OF LEWIS AND BRØNSTED ACIDITY IN UIO-66(ZR) 

METAL−ORGANIC FRAMEWORKS FOR ESTERIFICATION OF LEVULINIC ACID WITH 

METHANOL 

 

1. Introduction 

Fossil fuels are common feedstocks for current chemical productions. However, fossil fuels are 

non-renewable; processing fossil fuels generated a large amount of greenhouse gases, 

contributing to global warming. Sustainable chemical production from renewable lignocellulose can 

mitigate the global warming. Alkyl levulinates are versatile chemicals from lignocellulose with 

potential applications as solvents [406], plasticizers [407], resin precursors [408], bio-lubricants 

[409], fuel additives [410], and precursors to synthesize various chemicals, such as γ-valerolactone, 

pyrrolidone, 2-methyltetrahydrofuran, valeric acid [411, 412] . Production of alkyl levulinate 

proceeds by the esterification of cellulose-derived levulinic acid with alcohols by acid catalysts. 

Although various homogeneous BrØnsted acid catalysts (sulfuric, phosphoric, and hydrochloric 

acids) catalyze this reaction [411], they pose numerous disadvantages in (1) corrosion of reactors; 

(2) environmental problems from disposal of chemicals; and (3) product separation and catalysts 

recycle. For these reasons, heterogeneous catalysts are attractive alternatives [411]. 

 

Metal-organic frameworks (MOFs) are porous solid catalysts [23, 24, 135]. Their pore-sizes and 

pore functionality can be tailored by varying metals and organic linkers in the framework [31]. 

Introducing defects during MOF synthesis enables changes in their acid sites [323]. One potential 

strategy to tune MOFs’ acid sites is by adding modulators (acetic acid, trifluoroacetic acid [324, 

325],  formic acid, and benzoic acid)[326] during synthesis to outcompete the metal coordination 
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with linkers. Therefore, the resulting modulated MOFs contained uncoordinated metal sites, which 

serve as Lewis acid sites for catalytic reactions [413, 414]. For example, Vermoortele et al. used 

trifluoroacetic acid as a modulator to synthesize UiO-66(Zr) MOF [17]. They found that addition of 

modulator creates extra Lewis acid sites in MOFs, and they are highly active catalyst for several 

Lewis acid catalyzed reactions such as MPV of 4-tert-butylcyclohexanone (TCH) with isopropanol, 

cyclization of citronellal to isopulegol) etc.  Atzori et al. [415] used Benzoic Acid and Morris et al. 

[416] used a series of carboxylic acid as modulators to synthesize defected UiO-66(Zr) MOFs. 

However, the nature of these defects, the cooperative effect of both Brønsted and Lewis acidity of 

MOFs, and their role in catalytic activity are not thoroughly investigated.  

 

In this work, we used various amounts of acetic acid as modulators to synthesize UiO-66 MOFs, 

create surface defects in the framework, and evaluate the catalytic performance of these defected 

MOFs for the levulinic acid esterification in methanol. We found Lewis acid sites generated from 

the uncoordinated metal sites (Zr4+) of missing linkers and the Brønsted acidity induced from the 

surface hydroxyl group. The cooperative Brønsted-Lewis acid sites are responsible for the 

superiors catalytic performance of defective UiO-66 MOFs. The UiO-66-A130 with the highest 

modulator concentration showed high methyl levulinate selectivity (93%) and was reusable up to 4 

times without losing significant catalytic performance.  

 

2. Materials and Methods 

2.1 Materials.  

All chemicals were used as received unless otherwise noted. Table 6.S1 lists their CAS numbers, 

purity, and manufacturers. 

 

2.2 Synthesis of UiO-66 with Modulators 

UiO-66 MOFs were synthesized by the previously described solvothermal method in a 45 mL 

Teflon-lined autoclave reactor [413]. The UiO-66 MOF without any modulator (acetic acid) referred 

as UiO-66-A0. The five defective UiO-66 samples (named UiO-66-A10, UiO-66-A35, UiO-66-A70, 
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UiO-66-A100, UiO-66-A130) were synthesized by the same method, with different amounts of 

acetic acid as a modulator (see Table 6.1).  

Table 6.1. molar composition of the reagents during the synthesis of UiO-66 MOFs 

Sample name* ZrCl4, mol Terephthalate, mol Acetic acid, mol DMF, 

mol 

UiO-66-A0 1 1 0 750 

UiO-66-A10 1 1 10 750 

UiO-66-A35 1 1 35 750 

UiO-66-A70 1 1 70 750 

UiO-66-A100 1 1 100 750 

UiO-66-A130 1 1 130 750 

Here "A" indicates the acetic acid as a modulator, and the number after "A" indicates the amount 

(mol) of added acetic acid during the synthesis. 

 

Briefly, a mixture of ZrCl4 (1 mol) and acetic acid (quantities given in Table 6.1) was dissolved in 

N, N′-dimethylformamide (DMF, 750 mol) by using sonication for about 10 min. An equimolar ratio 

of the linker, terephthalate (1,4-benzenedicarboxylic acid), was added to the solution and dispersed 

by sonication for about 10 min. The tightly sealed autoclave was kept in an oven without stirring at 

120 °C for 24 h. Then the reactor was cooled at room temperature, and the solids were separated 

from the solution by centrifugation (6000 RPM, 10 min). Next, the solids were suspended in DMF 

(10 mL) three times a day for 4h and centrifuged to remove the suspension. After then the particles 

were washed with ethanol (10 mL) four times for two days to remove DMF and finally dried under 

vacuum at 80 °C for overnight.  

 

2.3 Characterization of metal-organic frameworks  

The metal content and physicochemical properties of the synthesized catalysts were determined 

by X-ray diffraction (XRD), N2 adsorption-desorption, thermogravimetric analysis (TGA), inductively 
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coupled plasma-optical emission spectroscopy (ICP-OES), Fourier-transform infrared 

spectroscopy (FTIR), and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). 

 

X-ray diffraction 

X-ray diffraction (XRD) analysis of samples was conducted on a Bruker AXS Model D8 Advance 

A28 diffractometer (Germany) using CuKα radiation in the 2θ range from 10° to 40° with 0.02 

degree/step. Samples of 200 mg were used in each analysis. 

 

N2 adsorption-desorption measurement 

The catalysts' surface area, pore size, and pore volume were calculated from N2 adsorption-

desorption measured by a Micromeritics Tristar (Norcross, GA, USA) instrument. The TriStar was 

calibrated with reference materials (Micromeritics, Norcross, GA, USA). Prior to the measurement, 

the sample was pretreated at 130 °C for 4 h using a Micromeritics FlowPrep with sample degasser 

(Norcross, GA, USA). The surface area, SBET, was determined from N2 isotherms by Brunauer–

Emmett–Teller equation (BET) at -196.15 °C [174, 175]. The BET surface area was calculated in 

the range of relative pressures between 0.05 and 0.3. The pore volume was estimated from the N2 

desorption values according to the Barrett–Joyner–Halenda (BJH) model [178]. The pore volume 

was calculated as the uptake (cm3/g) at a relative pressure of 0.95. The average pore size of the 

samples was measured by the BJH model [179, 180]. 

 

Thermogravimetric analysis 

To determine the thermal stability of catalysts, thermogravimetric analysis (TGA) was performed 

with an SDT Q600 TA instrument (New Castle, DE, USA). In short, ∼20 mg of the sample was 

placed in a cylindrical alumina crucible and heated in the air from ambient temperature to 700 °C 

with a heating rate of 10 °C/min under N2 flow (100 ml/min). The change in weight of samples was 

used to determine the moisture content, decomposition of the linkers, and formation of metal 

oxides.  
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Fourier transform infrared spectroscopy 

Infrared spectra of samples were recorded on a JASCO Fourier transform infrared (FTIR) 

spectrometer (Easton, MD, USA), equipped with an attenuated total reflection stage (ATR). 

Samples of 5 mg were used in each analysis. The samples were scanned between 400 and 4000 

cm-1 at a 4 cm−1 resolution. Spectra were collected using a deuterated triglycine sulfate (DTGS) 

detector averaging 256 scans. 

 

Inductively coupled plasma-optical emission spectroscopy 

The metal content of the catalysts was determined by inductively coupled plasma-optical emission 

spectroscopy (ICP-OES). ICP-OES measurements were performed using a 100 mg sample 

dissolved in 10 mL of nitric acid. Heating was used to ensure that the sample was completely 

dissolved. Once cooled, the sample was further diluted to 25 mL with double distilled water. 

Measurements were acquired on a Varian 720-ES spectrometer equipped with a seaspray 

nebulizer and cyclonic class spray chamber. Parameters included a sample intake of 1 mL/min, 

argon plasma flow rate of 15 L/min, and an auxiliary gas (Ar) flow rate of 1.5 L/min. The instrument 

was calibrated using certified reference materials manufactured by VHGTM Instrument (LGC 

Standards USA, NH, USA). 

 

Diffuse reflectance infrared Fourier transform spectroscopy  

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) with adsorbed pyridine was 

performed to characterize the acid sites. Pyridine-DRIFT analysis is a common technique to identify 

and quantify the acid sites of catalysts, such as zeolites [304]. Although semi-quantitative, this 

technique has been applied on various MOFs, such as Fe-MOF [417], Al-MOF [418], Zr-MOF [419], 

and Cr-MOF [420], to investigate the surface acidic properties. We chose pyridine as an in-situ 

titrant for probing the Lewis acid site density of MOFs because of the success in observing Lewis 

acid sites in MOFs from the previous studies  [25, 300, 301]. Briefly, the temperature-programmed 

desorption was conducted with the JASCO FTIR equipped with a high-temperature DiffuseIR™ cell 

(PIKE Technology, WI, USA). The sample treatment and DRIFTS experiments with temperature-
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programmed desorption were conducted with a slight modification as described [182]. In short, the 

MOF sample (~5 mg) was placed in a cylindrical alumina crucible and treated in N2 gas (50 mL/min) 

at 130 °C for 60 min unless otherwise noted. After the pretreatment, the sample was cooled to 30 

°C. The DRIFT spectrum of fresh catalyst was recorded as the background spectrum. The samples 

were then saturated with pyridine vapor by the flow of N2 gas (50 mL/min). Then the physisorbed 

pyridine was removed by flushing with N2 gas (50 mL/min) at 50, 100, or 150 °C for 30 min before 

recording the DRIFT spectra. Because of the limited thermal stability of MOFs, a lower desorption 

temperature (maximum 150 °C) was used. All spectra were recorded with 256 scans between 

4000−400 cm−1 at a 4 cm−1 resolution. The Lewis acid sites were calculated from the integrated 

area of bands (after background subtraction) of adsorbed pyridine at 1018 and 1067 cm-1 [184].  

 

2.4 Measurement of acid properties by pH change in methanol 

The Brønsted acid properties of synthesized catalysts were determined by measuring the pH 

change of methanol upon suspending catalysts inside, as described by previous studies [199, 421, 

422]. In short, 6 mg catalysts were suspended in 24 mL methanol and kept stirring at ambient 

temperature before pH measurement. This amount was selected because previous experiments, 

which varied the amount of catalysts, revealed that it was high enough, so the measured pH was 

independent of the solid amount. The pH was measured with a gel-filled, double junction electrode 

(Milwaukee Instruments, Inc., Rocky Mount, NC, USA). The electrode was calibrated with the pH 

4, 7, and 9 buffers. All measurements were conducted in triplicate.  

 

2.5 Esterification of levulinic acid and alcohol 

The reactions were carried out using 25 mL pressure tubes in an oil bath. Typically, levulinic acid, 

methanol, and catalysts were added into 25mL pressure tubed, sealed, and stirred at 65 ºC unless 

otherwise noted. The molar ratio of levulinic acid/methanol was kept at 1:25 (25 mg levulinic acid: 

172.4 mg methanol) with 10.75 mg catalyst unless otherwise noted. Xylitol was used as an internal 

standard. The reaction was stopped by quenching in the cold water bath, followed by adding water 

(~10 mL) to dissolve the remaining levulinic acid and methanol. The solution was centrifuged, and 
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the solid catalysts were removed. The liquid sample was then plugged into HPLC for the analysis 

of the product distribution. 

 

2.6 Product analysis and quantification 

The reactants and products were analyzed by High-Pressure Liquid Chromatography (HPLC, 

Agilent Technology, Santa Clara, CA, USA) equipped with a refractive index detector (RID) and 

diode array detector (DAD). The Aminex HPX-87H (300 x 7.8 mm, Bio-Rad®, Hercules, CA, USA) 

was used for reactants and products separation at 60oC with 0.6 ml/min of 4mM H2SO4 as a mobile 

phase. The concentration of the product was determined by the peak area from the RID signals. 

Reaction products were calibrated against certified standards (Absolute Standards, Inc., Hamden, 

CT, USA). The levulinic acid conversion, product yield, and product selectivity were calculated as 

follows: 

Levulinic acid conversion (%)= 
levulinic acid reacted (mol)
initial levulinic acid (mol) ×100 

Product yield (%)= 
product generated (mol) 
initial levulinic acid (mol) ×100 

Product selectivity (%)= 
Product yield
LA conversion ×100 

 

3. Results 

We synthesized the UiO-66(Zr) MOFs with and without any modulator. Then we characterized 

these MOFs by XRD, N2 adsorption-desorption, TGA, FTIR, ICP-OES, DRIFT, and methanol 

titration to assess the effect of modulators on their physical and chemical properties. We evaulated 

their catalytic activity in esterification of levulinic acid with methanol. 

 

3.1 Physicochemical properties of synthesized UiO-66 catalysts 

To identify changes in physical and chemical characteristics of synthesized UiO-66 catalysts due 

to added modulators, we characterized them by X-ray diffraction and N2 adsorption-desorption. X-

ray diffractograms of UiO-66 showed characteristic peaks at 12.0, 14.7, 17.0, 18.5, 19.1, 25.6, and 
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30.6° (Fig. 6.1A), corresponding to (022), (222), (004), (133), (024), (006) and (117) [423, 424]. An 

increase in modulator content exhibited an increase in signal intensity at 17.0, 24.2, 25.7, and 30.6°, 

which indicated an increase in the crystallite size of UiO-66 MOFs [415, 425]. An increase in acetic 

acid concentration resulted in the in-situ formation of Zr4+-acetic acid complexes between acetic 

acid and Zr-ions. It slowed down the crystal nucleation rate, leading to a  larger crystal size [425, 

426]. From the ICP-OES, we found that the Zr content (wt.%) for UiO-66 MOFs was between 24 to 

33 %, which is in agreement with the previous reports [427]. 

 

The FTIR spectra for all UiO-66 MOFs showed a band at 556 cm-1 (Fig. 6.S1), corresponding to 

the Zr-oxygen stretching of the UiO-66(Zr) structure [428, 429]. The bands at 478 cm-1 and 672 cm-

1 for UiO-66(Zr) were attributed to in-plane and out-of-plane bending vibrations of COO-. The band 

at 1395 cm-1 in UiO-66(Zr) corresponded to the stretching vibration of the coordinated C-O group. 

The bands at ~1508 and ~1584 cm-1 were assigned to the stretching vibration of C=C in the 

benzene ring of the organic ligand H2bdc [430-432]. 

 

The N2 adsorption-desorption isotherms of the UiO-66 with different modulator concentrations were 

a combination of types I and IV isotherms (Fig. 6.1B), which indicated these MOFs had both 

micropores and mesopores. As a control, the UiO-66 had a BET surface area of 891 m2/g, and 

pore volume of 0.49 cm3/g, which agrees well with the previously reported value [413]. The 

modulated UiO-66 yielded ~40% increase in surface area and 37% increase in pore volume, 

compared with the control of bare UiO-66 (Table 6.S2). One reason for increased surface area and 

pore volume was because the presence of acetic acid competed with the organic linker to connect 

with the secondary building units (SBUs) and created vacancies in the structure [425]. These 

vacancies increased the surface area and pore volume [433].  

 

To confirm the increase in open metal sites, we performed DRIFTS with adsorbed pyridine as a 

chemical probe. After pyridine adsorption, the DRIFT spectra of these MOFs had characteristic 

bands at 1067 and 1018 cm-1 (Fig. 6.1C), which corresponded to the coordination between pyridine 
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and open metal sites [301, 302]; this coordination provided the vital Lewis acid sites (LAS) that 

interacted with pyridine. We calculated the Lewis acid site density (a.u./g catalyst) of MOFs using 

the LAS peak area (Table 6.S2). We used the bare UiO-66 as a benchmark and calculated the 

changes in the LAS density for modulated UiO-66 MOFs. We found that an increase in acetic acid 

concentration increased the relative LAS density in the order: UiO-66 < UiO-66-A-35 < UiO-66-A-

70 < UiO-66-A-100 < UiO-66-A-130.  

 

 

Figure 6.1. Physicochemical structure of synthesized UiO-66 with modulators by XRD (A), N2-

adsorption-desorption (B), DRIFTS (C), and TGA (D). 

 

Thermal stability is an essential property of catalysts to ensure continuous operation without losing 

their structural integrity and catalytic performance. The weight loss of under 150 °C is attributed to 

the desorption of water molecules and residual solvent adsorbed at the surface of MOFs (Fig. 

6.1D). The weight loss (~15 %) in the range of 150–350 °C occurred due to the evaporation of DMF 

in the channel and the dehydroxylation process. The hydroxyl groups bound to the metal ion center 

were detached in water molecules during this process, changing the Zr center's coordination 
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environment. When the temperature was higher than 450 °C, the organic ligand gradually 

decomposed to 700 °C. These results suggested that UiO-66 MOFs had excellent thermal stability 

and could maintain structural integrity below 450 °C [434, 435]. The amount of defect sites in UiO-

66 associated with missing linkers was determined by TGA profiles and calculated as previously 

described (Table 6.S3) [436]. 

 

3.2. Brønsted acid properties of Zr MOFs 

To determine the Brønsted acid strength of UiO-66 MOFs, we adopted the method by Llabres i 

Xamena and co-workers [421, 422] by measuring pH change of methanol (Table 6.2). We 

measured the polarizing power of the MOFs on the methanol molecules [422]. As a control, blank 

(bare methanol) showed a pH of 6.0, which was in agreement with previous reports [421, 422]. The 

suspension of dehydrated UiO-66-A0 in methanol produced a decrease in pH from 6.0 to 4.2, which 

indicated the Brønsted acidity of UiO-66. Interestingly, the suspension of hydrated UiO-66-A0 in 

methanol showed a decrease in pH to 3.4, which suggested that hydration induced Brønsted acid 

sites in MOFs. The pH change of methanol with hydrated UiO-66-A0, UiO-66-A70, and UiO-66-

A130 was 3.4, 2.5, and 2.2, respectively.  

 

Table 6.2. pH values of hydrated and dehydrated MOFs suspended in methanol 

Catalyst pH 
 

Dehydrateda Hydratedb 

 With solid With solid Filtrate only 

UiO-66-A0 4.2 3.4 5.9 

UiO-66-A70 4.0 2.5 5.9 

UiO-66-A130 3.5 2.2 6.0 

Amberlyst-36 - 3.7 6.0 

Methanol (blank) - 6.0 - 

aMOFs were dried at 150 °C for 12 h under vacuum before suspension in methanol. bpH of a stirred 

suspension of 6 mg of MOF in 24 mL of methanol at 25 °C. 
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These results suggested that the strength of the Brønsted acid was in the following order: UiO-66-

A130 > UiO-66-A70 > UiO-66-A0.  This increase in Brønsted acidity of hydrated UiO-66 MOFs 

stemmed from strongly polarized bound water on the CUS of UiO-66 [421].  A large pH change of 

methanol with UiO-66-A130 compared with blank indicated the high polarizing power of UiO-66-

A130 on the methanol molecules and the high strength of Brønsted acid [422]. Moreover, after 

removing hydrated solids, the pH of methanol was ~5.9-6.0, which suggested that the Brønsted 

acidic proton was on the surface of hydrated solids. 

 

 

Figure 6.2. Catalytic activity of selected Zr-MOFs; time on stream of Levulinic acid conversion (A), 

methyl levulinate selectivity (B), and conversion over selectivity (C). Reaction condition. Levulinic 

acid: methanol =1:25 (molar ratio), 10.75 mg catalyst (43 wt% based on levulinic acid, 65°C, 0.5-

8.0 h.  

 

3.3. Esterification of levulinic acid with alcohol by UiO-66 

To evaluate the catalytic activity of modulated UiO-66 MOFs, we performed esterification of 

levulinic acid and methanol over 8 h (Fig. 6.2). All catalysts were active for the esterification of 

levulinic acid. As a control, a blank (no added catalyst) experiment showed a low conversion of 

levulinic acid of 20% after 12 h. We used Amberlyst-36, a commercial solid Brønsted acid catalyst, 
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as an additional control. Amberlyst-36 catalyzed a progressive increase in conversion of levulinic 

acid and reached 51% selectivity to methyl levulinate at 63% conversion of levulinic acid after 2 h. 

Although a prolonged reaction time of 4 h increased the conversion of levulinate to 90%, the 

selectivity to methyl levulinate remained constant at 51%. We postulated that the constant 

selectivity of methyl levulinate with the increasing conversion of levulinic acid was due to the 

formation of by-product water [437, 438], which poisoned the Amberlyst-36.  

 

Modulators effectively introduce defects by creating the uncoordinated metal sites which serve as 

active Lewis acid sites for catalytic reactions [413, 414]. Moreover, defective UiO-66 MOFs have a 

higher degree of hydrophilicity which induced the Brønsted acid sites and improved the catalytic 

activity. When we used UiO-66 MOFs of varying modulator concentrations, all catalysts showed a 

progressive increase in conversion of levulinic acid. An increase in modulator concentration 

increased the levulinic acid conversion and ester formation rates. UiO-66, UiO-66-A70, and UiO-

66-A130 reached 55, 88, and 96% conversion of levulinic acid after 8 h, respectively. The 

modulated UiO-66 catalyst with the highest LAS density, UiO-66-A130, had the highest catalytic 

activity and showed 93% selectivity of methyl levulinate after 8 h. To evaluate the quality of the 

Lewis acid sites, we plotted the selectivity to methyl levulinate as a function of conversion using 

UiO-66, UiO-66-A70, and UiO-66-A130 MOFs. The selectivity to methyl levulinate at a similar 

conversion was in the order of UiO-66-A130 > UiO-66-A70 > UiO-66-A0 > Amberlyst-36. This order 

of selectivity to methyl levulinate was the same order as Lewis acid sites measured by pyridine-

DRIFTS (Table 6.S2).  
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Figure 6.3: Levulinic acid conversion Vs the number of linker defects in UiO-66 MOFs 

 

3.4. Effect of missing linkers on levulinic acid conversion 

Next, we calculated the missing linkers of UiO-66 MOFs based on TGA results (Table 6.S2). An 

increase in modulator concentration increased the amount of missing linkers. We found that 

missing linkers were in the order of UiO-66-A130 (34%) > UiO-66-A70 (13.9%) > UiO-66 (8.8%). 

MOFs with a high mount of missing linkers had unsaturated metal sites (Zr4+), which served as 

catalytic centers and increasing the Lewis acid sites and corroborated our pyridine-DRIFTS results 

(Table 6.S2). To evaluate the effect of missing linkers, we plotted the conversion of levulinic acid 

and selectivity to methyl levulinate as a function of missing linkers (Fig. 6.3). We found that 

conversion of levulinic acid and selectivity to methyl levulinate increased with increasing missing 

linkers. 

 

The FTIR spectra of modulated UiO-66 MOFs had a distinct band at 3674 cm-1, which was assigned 

to μ3-OH on hydroxylated Zr6O8 node [439] and acted as Brønsted acid sites (Fig. 6.4). 

Furthermore, the FTIR band intensity increased with the modulator concentration. This increase 

was in the same order as Brønsted acid strength of modulated MOFs determined by pH 

measurement in methanol (Table 6.2). Overall, these results suggested that UiO-66 MOFs with a 

high modulator concentration significantly increased the catalytic activity. Moreover, the 
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cooperative effects between the Lewis acid sites created by missing linkers and Brønsted acid sites 

induced by μ3-OH improved levulinic acid conversion and selectivity to methyl levulinate.   

 

Figure 6.4. FTIR spectra of the hydroxyl-group region for modulated UiO-66 MOFs 

 

3.5. Stability and reusability of UiO-66-A130 

The ability to recycle the catalysts is essential for their practical use. To determine the recyclability 

of catalysts, we reused UiO-66-A130 four times by centrifugation and washing with water to remove 

residual products and unreacted levulinic acid. The washed MOF was then dried in a vacuum oven 

at 130 °C to remove moisture and residual solvent. The UiO-66-A130 maintained catalytic 

performance with a <10% drop in levulinic acid, and the catalyst retained its high selectivity to 

methyl levulinate (>90%) for four cycles (Fig. 6.5A).  

 

To evaluate the catalyst stability under the reaction condition, we performed filtration experiments 

by conducting the levulinic acid esterification using UiO-66-A130 for 2 h at 65 °C, filtering the UiO-

66-A130 catalyst from the reaction mixture, and heating the filtrate under the same reaction 

condition (65 °C) for 4 h (Fig. 6.5B). We sampled the reaction mixture two times during the 2 h and 

measured levulinic acid conversion and methyl levulinate selectivity. The conversion increased 
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slightly, and selectivity to methyl levulinate decreased slightly due to their thermal degradation; 

these results agreed with our blank experiments of levulinic acid esterification (Fig. 6.2). To rule 

out the catalytic conversion of levulinic acid and methyl levulinate by Zr species leached into the 

filtrate, we analyzed the filtrate by ICP-OES. We did not observe Zr (< 0.05 ppm based on the 

detection limit). These results indicated that (1) no visible Zr species leached from UiO-66-A130 

into the reaction mixture, and (2) UiO-66-A130 was stable at 65 °C. 

 

Figure 6.5. Reusability and stability of UiO-66-A130 catalysts for esterification of levulinic acid (LA) 

with methanol (MeOH) by recycle of UiO-66-A130 catalyst at 65 °C, 2 h (A) and filtration test at 65 

°C (B). Reaction condition: LA: MeOH=1:25 (molar ratio), catalyst loading: 43 wt% based on based 

on LA, 65 °C.  

 

Further, we used ICP-OES, XRD, and FTIR to characterize the spent UiO-66-A130 catalyst after 

the 4th reuse cycle (Fig. 6.S2). The zirconium content of the spent catalyst, measured by ICP-OES, 

was 23 wt.%, similar to the 24 wt.% of fresh catalysts; thus, there was minimal zirconium leaching 

even after four reuses. Similarly, the XRD and FTIR spectra of the reused catalyst exhibited 

chemical structure and functionality similar to fresh UiO-66-A130. These filtration and 

characterization results suggested catalyst stability under the present experimental conditions. 
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Overall, UiO-66-A130 maintained high selectivity to methyl levulinate for all the cycles and 

structural integrity after (at least) four recycles. 

 

4. Discussion 

Here, we determined the effect of the modulator on the catalytic activity of modulated UiO-66 MOFs 

for the esterification of levulinic acid. An increase in modulator concentration created defects on 

the framework and increased the density of Lewis acid sites. Defected UiO-66 MOFs had a higher 

degree of hydrophilicity and induced the Brønsted acidity in the hydrated form. This increase in 

both Lewis and Brønsted acid sites enhanced the levulinic acid conversion and methyl levulinate 

selectivity. Our results explained the effects of the modulator concentration on creating defect-

induced Lewis and Brønsted acidity and improving the reaction rate for esterification of levulinic 

acid.   

 

Our most significant finding was the creation of both Lewis and Brønsted acid sites in defective 

UiO-66 MOFs which enables the high catalytic activity for esterification reaction.  Esterification of 

levulinic acid is a Brønsted catalyzed reaction [440] and the combined effects of both Lewis and 

Brønsted acid sites improved the selectivity towards the alky levulinates. During the esterification 

reaction, the coordinated unsaturated Zr metals (Lewis acid site) favors the adsorption of levulinic 

acid atom whereas the presence of μ3-OH functions as Brønsted acidic sites, thus favoring the 

esterification of levulinic acid and methanol.   Modulator-free, UiO-66-A0 MOF showed only 55% 

conversion of levulinic acid with 58% selectivity to methyl levulinate. On the other hand, we 

observed 96% conversion of levulinic acid with 93% selectivity to methyl levulinate by UiO-66-

A130. The defects generated from the missing linkers of modulated MOFs activate the water 

molecules and worked as Brønsted acid catalysts [441]. The IR band at 3674 cm-1 represents the 

μ3-OH hydroxyl group in MOFs, and UiO-66-A130 has a higher band intensity compared to other 

MOFs. Klet et al. [442] measured the Brønsted acidity in Zr- and Hf-based MOFs using 

potentiometric acid-base titration and found that the μ3-OH hydroxyl group has a higher Bronsted 

acidic strength. Overall, these results suggested that modulated UiO-66-A130 has higher Brønsted 
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acid sites induced from the hydration of defected MOFs and showed superior catalytic activity 

compared to modulator-free UiO-66-A0 MOF.  

 

Our findings demonstrated the strategy of inducing Lewis and Brønsted acid sites in UiO-66 MOFs 

by incorporating a modulator during synthesis. Defective UiO-66 MOFs are the active, selective, 

and stable catalysts for the esterification of levulinic acid. Although our results show the defective 

UiO-66 MOFs catalysts were promising for levulinate esterification, the effect of functional group in 

organic ligand and the chain length of the modulators/alcohol have not been extensively 

investigated. The knowledge gained from this work will enable tuning the acid strength and balance 

Lewis/Brønsted acid ratio for various organic reactions, such as dehydration [443], isomerization 

[333], and acetalization [444], and cascade reactions that require both Lewis and Brønsted 

acidities, such as cellulose conversion to 5-hydroxymethylfurfural [443], lactic acid [333, 445], and 

levulinic acid [446].  

 

5. Conclusion 

This study described a strategy to create defects in UiO-66(Zr) MOFs by adding acetic acid as 

modulators during the synthesis. An increase in the modulator concentration increased the defect 

sites in UiO-66 MOFs. Defective UiO-66 MOFs have the unsaturated Lewis acid sites (Zr4+ ) created 

by missing linkers, and Brønsted acid sites originated from the surface hydroxyl groups (μ3-OH). 

The cooperative Brønsted-Lewis acid in defective MOFs improved the catalytic performance, and 

UiO-66-A130 was the most active catalyst for esterification of levulinic acid with 93% selectivity to 

methyl levulinate. Future work will investigate the stability of the defective UiO-66 MOFs in various 

solvents and reaction temperatures. 
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6. Supporting Information  

Table 6.S1. List of chemicals/reagents used in this study 

Material/Chemical Supplier Purity CAS Number 

Levulinic acid Sigma-Aldrich, St. Louis, MO, USA 98% 123-76-2 

Methyl levulinate   Sigma-Aldrich, St. Louis, MO, USA >98% 624-45-3 

Xylitol Acros Organics 99+% 87-99-0 

Zirconium (IV) 

chloride 

Alfa Aesar(Ward Hill, MA) 99.5+% 10026-11-6 

Terephthalic acid Tokyo Chemical Industry (Tokyo, 

Japan) 

>99.0% 100-21-0 

Acetic Acid Alfa Aesar(Ward Hill, MA) 99+% 64-19-7 

Methanol Ward's science Lab grade 67-56-1 

Ethanol Decon Laboratories, Inc. 200 Proof 64-17-5 

N,N-

dimethylformamide 

Chem-Impex Int'l. Inc. 100% 68-12-2 

Pyridine Chem-Impex International (Wood 

Dale, IL, USA) 

99.97% 110-86-1 

N2 gas Welder supplies (Louisville, KY, 

USA) 

industrial grade: 

99.999% 
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Figure 6.S1: FTIR spectrum of synthesized UiO-66 MOFs 

 

Table 6.S2. Physical properties of catalysts used in this study 

Sample SBET 

(m2/g) 

pore 

volume 

(cm3/g) 

Pore 

size Dis. 

(nm) 

ICP-OES 

Zr (wt %) 

LAS 

(a.u./g) 

Missing 

linker (wt.%) 

Coordination 

number 

A0 891 0.49 2.20 31.64 148 8.79 10.95 

A10 1023 0.51 1.99 32.81 206 8.97 10.92 

A35 1143 0.58 2.03 33.02 266 9.34 10.88 

A70 1207 0.62 2.05 30.17 343 13.92 10.33 

A100 1220 0.65 2.13 27.88 400 23.99 9.12 

A130 1246 0.67 2.15 23.94 445 34.07 7.91 
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Table 6.S3. Amount of defect sites and coordination number of Zr and Hf clusters in UiO-66 

 UiO-66-A0 
UiO-66-

A10 

UiO-66-

A35 

UiO-66-

A70 

UiO-66-

A100 

UiO-66-

A130 

Chemical 

formula 
C48H28O32Zr6 

Linker BDC =  1,4-benzenedicarboxylate (C8H6O4) 

Dehydroxylated 

formular 
Zr6O6(BDC)6 

Formula weight 

of 

dehydroxylated 

(g/mol) 

1628.03 

MO2 
123.22 

(739.34) 

Weight 

losstheoretical 
54.6 % 

Weight lossactual 49.8 % 49.7 % 49.5 47.0 % 41.5 % 36.0 % 

Defect sites 

(%) 
8.8 8.9  9.3 13.9 24.0 34.1 

CN 10.9 10.9 10.8 10.3 9.1 7.9 
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Determination of missing linkers in UiO-66(Zr) MOFs 

The missing linkers reflects the amount of defect sites in UiO-66. The missing linkers were 

determined by TGA profiles as described in previous study [436]. In short, we assumed that only 

ZrO2 was formed at high temperatures (above 500-550 °C). The formula of dehydroxylated UiO-

66(Zr) (300-500 °C in TGA profiles) was ZrO(CO2)2(C6H4). Thus, the weight loss in the TGA profiles, 

which corresponds to the organic linkers (wt.% linkeractual), was compared with the theoretical 

amount of organic linker (wt.% linkertheoretical) from the ideal structure of UiO-66 (defect-free). 

Therefore, defects sites and the coordination number (CN) of the Zr6 clusters was calculated as 

follows: 

Defect sites (%) =� 1 - 
wt.% linkeractual

wt.% linkertheoretical
 �  x 100 

 

CN = 12 x� 1 - 
defect sites (%)

100  � 

where defect sites (%) indicate the amount of missing linkers (BDC) of UiO-66, wt.% linkeractual 

indicates the weight loss of UiO-66 associated to BDC linkers determined from TGA profile, wt.% 

linkertheoretical indicates the amount of BDC linkers calculated from the defect-free structure of UiO-

66 (i.e., 54.6 wt.%), and CN represents the coordination number of zirconium clusters. The ideal 

structure of UiO-66(Zr) has the coordination number of 12.  

 

 

 

 

 

 

 

 

 



149 
 

 

 

 

Figure 6.S2. Characterization of spent UiO-66-A130 by FTIR (A), and XRD (B). 
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CHAPTER 7 

MECHANISM OF TRANSFER HYDROGENATION OF CARBONYL COMPOUNDS BY 

ZIRCONIUM AND HAFNIUM-CONTAINING METAL-ORGANIC FRAMEWORKS4 

 

1. Introduction 

Production of fuels and chemicals from renewable biomass reduces reliance on fossil fuels [447] 

and mitigates global warming by reducing CO2 emissions [448]. Biomass-derived compounds such 

as furfural, 5-hydroxymethylfurfural, and benzaldehyde contain oxygens in carbonyl groups and 

unsaturated C=C bonds. Catalytic hydrogenation is important to convert biomass-derived carbonyl 

compounds into high-value chemicals, such as g-valerolactone [449], di-hydroxy-methyl-

tetrahydrofuran [450], tetrahydrofurfuryl alcohol [451], and hexitol [452]. Classic hydrogenation is 

based on metal catalysts, such as Pd/C [453], Pt/C [450], Rh/C [454, 455], Ni–Pd/SiO2 [456], 

Au/Al2O3 [457], Ni/Al2O3 [458], Cu/Al2O3 [459], Pt/Al2O3 [460], PtSn/Al2O3 [461], Ir/TiO2 [462], and 

molecular H2. However, hydrogenation using molecular H2 poses cost and safety concerns [463]. 

In addition, selective hydrogenation of the carbonyl group (C=O) is problematic because 

hydrogenation of C=C bonds is thermodynamically favorable compared with C=O bonds, and C=C 

bond hydrogenation produces undesired products [464, 465]. Therefore, many investigators have 

investigated catalytic transfer hydrogenation to overcome these challenges.  

 

Catalytic transfer hydrogenation that uses hydrogen-donor solvents instead of molecular H2 is an 

alternative approach to converting carbonyl compounds into corresponding alcohols [466]. Transfer 

hydrogenation can occur by: (1) direct hydrogen transfer from alcohol to the carbonyl group at the 

                                                      
4 This chapter has been published in Molecular Catalysis (Rahaman et al., 2022, Molecular Catalysis, 522, 112247.). The 
copyright clearance from the publisher has been included in the “APPENDIX” section. 
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active metal site of a catalyst, and (2) a cascade of metal hydride formation and carbonyl reduction 

by Meerwein–Ponndorf–Verley (MPV) by Lewis acid catalysts. MPV reduction is promising for 

hydrogenation of biomass-derived carbonyls because of its high chemoselectivity, mild reaction 

conditions, and scalability [467, 468]. Lewis acidic Hf-, Zr-, and Sn-containing zeolites catalyzed 

MPV reduction [330, 469-475]. However, synthesis of these zeolites entails complex [276], and 

time-consuming [476] procedures and the use of hazardous reagents (e.g., HF) [477]. 

 

Recently, Hf- and Zr-containing metal-organic frameworks (MOFs), especially MOF-808 and UiO-

66 frameworks [27, 28, 329, 421, 478, 479], have been shown to catalyze transfer hydrogenation 

of biomass-derived carbonyl compounds, such levulinic acid [480], furfural [28, 394, 431, 481], ethyl 

levulinate [482, 483], cinnamaldehyde [484]. For example, Mautschke et al. [478] showed that 

MOF-808(Zr) had a better catalytic performance for MPV of carbonyl compounds compared with 

UiO-66(Zr). Rojas-Buzo et al. [28] proposed that MOF-808(Hf) catalyzed transfer hydrogenation by 

a direct hydrogen transfer pathway. In contrast, Lin et al. [329] suggested that MOF-808(Hf) 

catalyzed MPV reduction. Although they proposed the MPV mechanism by MOF-808(Hf), the effect 

of linkers and dispersion interactions on the proposed mechanism remained unknown. Thus, still 

to be determined are the mechanism of transfer hydrogenation by MOF-808 and UiO-66 and the 

effect of Zr and Hf metal clusters.  

 

Here, we evaluated the catalytic performance of Zr- and Hf-containing MOF-808 and UiO-66 

catalyst for transfer hydrogenation of benzaldehyde in 2-propanol at 100 °C. Next, we combined 

experimental results and density functional theory to elucidate the mechanism by which Hf- and Zr-

containing MOFs activate carbonyl compounds during transfer hydrogenation. Our results 

demonstrated that MOF-808 activated carbonyl groups by MPV, whereas UiO-66 activated 

carbonyls by direct transfer hydrogenation. Moreover, the Lewis acidic MOF-808(Hf) was the most 

active and selective to transfer hydrogenation (MPV) of benzaldehyde to benzyl alcohol. In addition, 

MOF-808(Hf) reduced other biomass-derived carbonyl compounds to corresponding alcohols with 

>89% selectivity with minimal side reactions. Furthermore, creating defect sites through adding a 
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modulator (formic acid) during MOF-808(Hf) synthesis enhanced its selectivity to alcohol. This 

study provided an insight into the development of active and selective Lewis acidic MOF catalysts 

for the transfer hydrogenation of biomass-derived carbonyl compounds. 

 

2. Materials and Methods 

2.1. Materials. All chemicals were used as received unless otherwise noted. Table 7.S1 lists their 

CAS numbers, purity, and manufacturers (Supplementary Information). 

 

2.2. Synthesis of metal-organic frameworks. UiO-66(Zr) [485], UiO-66(Hf) [486], MOF-808(Zr) 

[28], and MOF-808(Hf) [28] were synthesized using a solvothermal method with a slight 

modification. The detailed synthesis procedures are described in the Supplementary Information.    

 

2.3. Characterization of the catalyst. The physiochemical properties of the MOFs were 

determined by X-ray diffraction (XRD), N2 adsorption-desorption, Diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS), Fourier-transform infrared spectroscopy (FTIR), and 

thermogravimetric analysis (TGA). The metal content was determined by inductively coupled 

plasma-optical emission spectroscopy (ICP-OES). 

 

2.3.1. X-ray diffraction. X-ray diffraction (XRD) analysis of samples was conducted on a Bruker 

D8 Discover diffractometer (Billerica, MA, USA) using CuKα radiation in the 2θ range from 10° to 

40° with 0.5 seconds/step. Samples of 200 mg were used in each analysis. 

 

2.3.2. N2 adsorption-desorption. The N2 adsorption-desorption was measured by a Micromeritics 

Tristar (Norcross, GA, USA) instrument to calculate the surface area, pore size, and pore volume. 

The function of TriStar was verified with reference materials (Micromeritics). Before the 

measurement, the sample was pretreated at 150 °C for 3 h using a Micromeritics FlowPrep with 

sample degasser (Norcross, GA, USA). The surface area, SBET, was determined from N2 isotherms 

by Brunauer–Emmett–Teller equation (BET) at -196.1 °C [24, 25]. The BET surface area was 
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calculated for the range of relative pressures between 0.05 and 0.3. The pore volume was 

estimated from the N2 desorption values according to the Barrett–Joyner–Halenda (BJH) model 

[26]. The pore volume was calculated as the uptake (cm3/g) at a relative pressure of 0.95. We 

measured the average pore size of the samples by the BJH model [27, 28]. 

 

2.3.3. Thermogravimetric analysis. To determine the thermal stability of synthesized MOFs, 

thermogravimetric analysis (TGA) was performed on an SDT Q600 TA instrument (New Castle, 

DE, USA). In short, ∼20 mg of the sample was placed in a cylindrical alumina crucible and heated 

in the air from ambient temperature to 700 °C with a heating rate of 10 °C/min under N2 flow (100 

mL/min). The change in weight of MOF samples was used to determine the moisture content, 

decomposition of the linkers, and formation of metal oxides. 

 

2.3.4. Inductively coupled plasma-optical emission spectroscopy. The metal content of the 

samples was determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES). 

Measurements were performed using a 100 mg sample dissolved in 10 mL of nitric acid. Heating 

was used to ensure that the sample was completely dissolved. Once cooled, the sample was further 

diluted to 25 mL with double distilled water. Measurements were acquired on a Varian 720-ES 

spectrometer equipped with a seaspray nebulizer and cyclonic class spray chamber. Parameters 

included a sample intake of 1 mL/min, argon plasma flow rate of 15 L/min, and an auxiliary gas (Ar) 

flow rate of 1.5 L/min. The instrument was calibrated with certified reference materials (CRMs) by 

VHG (LGC Standards Ltd., Teddington, UK). 

 

2.3.5. Fourier-transform infrared spectroscopy. Infrared spectra of samples were recorded on 

a JASCO Fourier transform infrared (FTIR) spectrometer (Easton, MD, USA), equipped with an 

attenuated total reflection stage (ATR). Samples of ~5 mg were used in each analysis. The samples 

were scanned between 400 and 4000 cm-1 at a 4 cm−1 resolution. Spectra were collected using 

deuterated triglycine sulfate (DTGS) detector averaging 256 scans. 
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2.3.6. Diffuse reflectance infrared Fourier transform spectroscopy. Diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) with adsorbed pyridine was performed to characterize 

the acid sites. The temperature-programmed desorption was conducted using the JASCO FTIR 

equipped with a high-temperature DiffuseIR™ cell (PIKE Technology, WI, USA). The sample 

treatment and DRIFTS experiments with temperature-programmed desorption were described 

elsewhere with a slight modification [182]. Briefly, the MOF sample (~5 mg) was placed in a 

cylindrical alumina crucible and treated in N2 gas (50 mL/min) at 150 °C for 60 min unless otherwise 

noted. After the pretreatment, the sample was cooled to 30 °C, and the IR spectrum of fresh catalyst 

was recorded as the background spectrum. The samples were then saturated with pyridine vapor 

in a low concentration of N2 gas (50 mL/min). Then the physisorbed pyridine was removed by 

flushing with N2 gas (50 mL/min) at 150 °C for 30 min before recording the DRIFT spectra. All 

spectra were recorded with 256 scans in the range between 4000−400 cm−1 at a 4 cm−1 resolution. 

The amount of Lewis acid sites at each desorption temperature was calculated from the integrated 

area of bands (after background subtraction) of adsorbed pyridine at 1012, 1043, and 1070 cm-1 

[184]. 

 

The Brønsted acid properties of MOFs were determined by measuring the pH change of methanol 

in which MOFs were suspended, as described [199, 421, 422]. Briefly, 8 mg MOFs were suspended 

in 24 mL methanol with constant stirring at ambient temperature before pH measurement. The 

selected sample amount of 8 mg was based on previous experiments in which the amount of MOFs 

was varied; we found that 8 mg MOF was sufficient such that the measured pH was independent 

of the amount of solid. The pH was measured with a gel-filled, double junction electrode (Milwaukee 

Instruments, Inc., Rocky Mount, NC, USA). The electrode was calibrated with the pH 4, 7, and 9 

buffers. All measurements were conducted in triplicate.  

 

2.4. Transfer hydrogenation of benzaldehyde. Reactions were performed in 15 mL glass 

pressure vials in an oil bath. Typically, benzaldehyde, 2-propanol, and catalysts were added to the 

pressure vial, sealed, and stirred at the desired temperature. The reactor vessel contained three 
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mol% of the desired catalyst, 1% weight of benzaldehyde dissolved in 2-propanol, and 0.25% 

weight of hexadecane added as an internal standard. The benzaldehyde conversion and product 

yield were calculated based on the internal standard. The reaction was stopped by quenching in a 

cold-water bath, then adding ethyl acetate (5 mL) to dissolve the remaining benzaldehyde and 

products. The solution was centrifuged, and the solid catalyst was removed. The liquid sample was 

then diluted with ethyl acetate before analysis. 

 

2.5. Product analysis and quantification. The reactants and products were analyzed by a gas 

chromatograph (7890B GC) (Agilent Technologies, Santa Clara, CA, USA) equipped with a mass 

spectrometer and flame ionization detector (FID) for product identification and quantification, 

respectively. A DB-1701 column (30m x 0.25mm x 0.25 μm, Agilent Technologies, Santa Clara, 

CA, USA) was used for product separation with the following parameters: injection temperature 

275 °C and FID detector temperature 300 °C; split ratio 1:50. The temperature program started at 

50 °C with a heating rate of 8 °C/min to 200 °C. The conversion of benzaldehyde, product yield, 

and product selectivity were calculated using the following equations: 

 

Conversion (%)=
mole of benzaldehyde reacted
initial mole of benzaldehyde x100 

Product yield (%)=
mole of product generated

initial mole of benzaldehyde x100 

Product selectivity (%)=
Product yield
Conversion x100 

 

2.6. Computational details. Fig. 7.S1 depicts the cluster models used to represent the MOF-

808(Zr/Hf) and UiO-66(Zr/Hf). These cluster models were constructed from their optimized periodic 

structures. The cluster model of MOF-808 consisted of one zirconium or hafnium oxide node with 

six benzene-1,3,5-tricarboxylate (BTC) coordinating linkers. In addition, an open Lewis acidic site 

of MOF-808 formed by removing an external water molecule was considered in the present work 

[487]. For UiO-66, the cluster involved one hafnium oxide node connected to twelve BTC linkers.   
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All structure optimizations were calculated from density functional theory (DFT) using the M06-L 

[488] density function as implemented in the code Gaussian 16 Revision B.01 [489]. The 6-

31G(d,p) basis set was employed for the O, C, and H atoms, whereas the Zr and Hf atoms were 

described by the double-z of the Stuttgart-Dresden pseudopotential (SDD). During geometry 

optimizations, the entire cluster model except for the para-C atoms of benzoate linkers was allowed 

to relax. Vibrational frequency calculations were performed to identify the nature of all the stationary 

states along the reaction coordinate.  The natural bond orbit method [490] was used to determine 

orbital overlapping, partial charges, and population analysis. 

 

The difference in charge transfer (DCT) from the catalytic sites to the adsorbed benzaldehyde 

molecule between the adsorption and transition state complexes was calculated as follows: 

∆𝐶𝐶𝐶𝐶 = 𝑞𝑞�𝐶𝐶𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ𝑦𝑦𝑏𝑏𝑏𝑏� − 𝑞𝑞(𝐶𝐶𝑇𝑇𝑐𝑐𝑐𝑐−𝑏𝑏𝑏𝑏𝑎𝑎𝑐𝑐𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ𝑦𝑦𝑏𝑏𝑏𝑏) 

 

where q(TS_benzaldehyde) and q(co-adsorbed benzaldehyde) represented net charges of the 

benzaldehyde molecule in the transition state and benzaldehyde in the co-adsorption state (co-

adsorption of benzaldehyde and 2-propanol molecules), respectively. 

 

3. Results  

Initially, we screened 14 metal triflates to identify active metal species for the transfer hydrogenation 

of benzaldehyde. On the basis of this initial screening of metal triflates, we heterogenized Zr and 

Hf in UiO-66 and MOF-808 frameworks. We characterized their physicochemical characteristics, 

determined their MPV activities, and performed density functional theory to explain the reaction 

pathways.  
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3.1. Evaluation of the catalytic activity of catalysts for transfer hydrogenation of 

benzaldehyde 

To identify the active metal species for MPV reaction, we screened 14 metal triflates with 

benzaldehyde as a reactant in 2-propanol at 100 °C for 3 h (Fig. 7.S2). We chose benzaldehyde 

because it represented lignin-derived aldehyde [491, 492]. We found Hf(OTf)4 had the highest 

benzyl alcohol selectivity of 56% at 90% benzaldehyde conversion after 3 h; whereas Zr(OTf)4 

exhibited 24% benzyl alcohol selectivity at 76% conversion.  

 

3.2. Synthesis and Characterization of Zr- and Hf-containing MOFs 

Because Hf(OTf)4 and Zr(OTf)4 showed high selectivity to benzyl alcohol at high conversion, we 

heterogenized Hf and Zr species into UiO-66 and MOF-808 frameworks. To assess their physical 

and chemical properties, we characterized the synthesized MOFs by N2 adsorption-desorption 

measurement, FTIR, TGA, XRD, DRIFTS, ICP-OES (Fig. 7.S3, Fig. 7.S4, Table 7.S2, Table 7.S3). 

The XRD and N2-adsorption/desorption of synthesized MOFs confirmed the formation of UiO-66 

and MOF-808 structures. The ICP-OES results suggested that these MOFs had 26.3-31.6 wt.% Zr 

and 40.6-42.4 wt.% Hf. Together, the characteristics of these MOFs agreed well with previous 

reports (see Supporting Information for detail). The TGA profiles of these MOFs showed the typical 

three mass loss zones from physisorbed water, bound solvents, and degradation of frameworks. 

Moreover, the TGA results suggested that these Zr- and Hf-MOFs were stable up to 250 °C.  

 

An ideal UiO-66 contains four Brønsted acidic sites (μ3−OH) per cluster and no Lewis acidic sites 

[493, 494]. To determine the Brønsted acidity of UiO-66, we measured the pH of the filtrate after 

suspending MOFs in methanol (Table 7.1). The pH after suspension with hydrated and dehydrated 

MOF-808(Zr) and MOF-808(Hf) did not change compared with the blank, which suggested that 

MOF-808(Zr) and MOF-808(Hf) possessed only Lewis acidity. These results agreed with previous 

observations [421]. Interestingly, suspension of dehydrated UiO-66 in methanol produced a 

decrease in pH from 6.0 to 4.2-4.3, which indicated the Brønsted acidity of UiO-66. Furthermore, 

the suspension of hydrated UiO-66 in methanol caused a further decrease in pH to 2.7-2.9, which 
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indicated that bound water increased Brønsted acid strength of UiO-66. This increase in Brønsted 

acidity of hydrated UiO-66 stemmed from strongly polarized bound water on the coordinatively 

unsaturated sites (CUS) of UiO-66 [421].  Moreover, after removing hydrated solids, the pH of 

methanol was ~5.8-6.0, which suggested that the Brønsted acidic proton was on the surface of 

hydrated solids. 

 

Table 7.1. pH values of hydrated and dehydrated MOFs suspended in methanol 

Catalyst\pH Hydrateda Dehydratedb 

UiO-66(Zr)  2.7  4.2 

UiO-66(Hf)  2.9  4.3 

MOF-808(Zr)  5.8  6.0 

MOF-808(Hf)  5.9  6.0 

Methanol (blank)  6.1  - 

apH of a stirred suspension of 8 mg of MOF particles in 24 mL of methanol at 25 °C. bMOFs were 

dried at 150 °C for 12 h under vacuum before suspension in methanol. 

 

Next, we performed DRIFTS to measure the acid properties of MOFs. DRIFT spectra of MOF-

808(Hf) and MOF-808(Zr) confirmed their Lewis acidic properties (Fig. 7.S4). The UiO-66 MOF 

showed a weak band at 1070 cm-1, which suggested that UiO-66 had little Lewis acidity. We 

postulated that the weak band at 1070 cm-1 came from defect formation during the MOF synthesis. 

To determine the amount of defects in synthesized UiO-66, we performed TGA on the MOFs and 

compared the results with the theoretical amount of linkers in ideal UiO-66 (Fig. 7.S5, Table 7.S4, 

see Supporting Information for detail). The defect sites of synthesized UiO-66(Zr) constituted 8.8%, 

in agreement with the reported value of 9.5% [421]. The calculated defect site of synthesized UiO-

66(Hf) was 21.5%, in agreement with the reported TGA profile [495]. The defect sites of UiO-66(Zr) 

corroborated the occurrence of a weak Lewis acid peak at 1070 cm-1 (Fig. 7.S4). These results 

agreed with findings by Cirujano et al. [422] and Guarinos et al. [421], which showed that bound 

water molecules on the defective Zr4+ sites of UiO-66 induced Brønsted acidity from strongly 
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polarized bound H2O molecules and corroborated the large decrease in pH induced by hydrated 

UiO-66. Overall, our results suggested that the MOF-808 had only Lewis acid sites, whereas UiO-

66 had a mixture of Brønsted and Lewis acid sites. Moreover, the Lewis acid sites of UiO-66 were 

not stable because they could turn into Brønsted acid sites in the presence of moisture. Thus, to 

precisely control the content of Brønsted and Lewis acid sites in UiO-66 catalysts, it is important to 

handle them in a controlled environment (i.e., glove box). 

 

 

Figure 7.1. Catalytic activity of selected Zr- and Hf-containing catalysts; time on stream of 

benzaldehyde conversion (A), benzyl alcohol selectivity (B), and conversion over selectivity (C). 

Reaction condition: 1 wt.% benzaldehyde in 2-propanol, catalyst loading = 3 mol.% metal, 100 °C, 

0.5-3.0 h. 

 

3.3. Catalytic activity of Zr- and Hf-containing MOFs for benzaldehyde conversion 

To evaluate their catalytic activity, we tested the Zr- and Hf-containing MOFs for benzaldehyde 

conversion through transfer hydrogenation during 3 h at the same metal loading. The control (no 

added catalyst) showed <20% benzaldehyde conversion without any benzyl alcohol formed. We 

used Zr(OTf)4 and Hf(OTf)4 as controls for Lewis acid catalyst. All catalysts showed a progressive 
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increase in benzaldehyde conversion and benzyl alcohol selectivity during 3 h (Fig. 7.1A and 

7.1B). Catalyst Hf(OTf)4 had 56% selectivity to benzyl alcohol at 90% conversion after 3 h, greater 

than the 24 % selectivity at 76% conversion for Zr(OTf)4. Interestingly, UiO-66(Zr) and UiO-66(Hf) 

showed similar catalytic behavior to catalysis by Zr(OTf)4 and Hf(OTf)4. MOF-808(Zr) and MOF-

808(Hf) outperformed UiO-66(Zr) and UiO-66(Hf). Moreover, Zr- and Hf-containing MOF-808 

reached 90-95% selectivity to benzyl alcohol at 98-99% conversion after 2 h. The higher 

benzaldehyde conversion and selectivity to benzyl alcohol of MOF-808 suggested that Zr and Hf 

metal sites in the MOF-808 framework were more active and selective than triflate salts and UiO-

66. These metal sites were not active for hydrogenation using molecular H2 (see Supplementary 

Materials for detail, Fig. 7.S6). 

 

To evaluate the quality of active sites, we plotted benzaldehyde conversion versus benzyl alcohol 

selectivity (Fig. 7.1C). As expected, the selectivity to benzyl alcohol was in the order of MOF-

808(Hf) > MOF-808(Zr) > UiO-66(Hf) @ Hf(OTf)4 > UiO-66(Zr) @ Zr(OTf)4. At similar benzaldehyde 

conversion, MOF-808(Hf) showed higher selectivity to benzyl alcohol compared with MOF-808(Zr). 

These results suggested that (1) Brønsted and Lewis acid sites were active for benzaldehyde 

conversion, and (2) Lewis acidic MOF-808 catalysts were more selective to benzyl alcohol than 

were triflate salts and UiO-66 catalysts.  

 

Because our synthesized UiO-66 catalysts had both Brønsted and Lewis acidities, we used 

Brønsted acidic H2SO4 as a control to decouple the activities of Brønsted and Lewis acidity for 

transfer hydrogenation (Fig. 7.S7). With benzaldehyde as a reactant, we did not observe benzyl 

alcohol as a reaction product. The H2SO4 catalyst was active for benzaldehyde conversion. 

However, it was not selective to benzyl alcohol. Instead, we observed acetal as a product. 

Moreover, brown substances appeared in the reaction solution; we postulated that the brown 

substances were degradation products (coke). Next, we used benzyl alcohol as a reactant (Fig. 

7.S8). The control, (no added catalyst) showed <20% conversion of benzyl alcohol without any 

products. Adding H2SO4 catalyst yielded 2-benzyloxypropane as a major reaction product, which 
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suggested that H2SO4 catalyzed etherification of benzyl alcohol with 2-propanol over Brønsted 

acidic H2SO4. Also, we again observed brown substances suggestive of degradation products 

(coke). Overall, our results indicated that Brønsted acids promoted undesired side reactions 

(forming acetals and degradation of reactants, intermediates, and reaction products). 

 

Although ideal UiO-66 catalysts have only Brønsted acid sites, defect formation is unavoidable 

during UiO-66 synthesis. Our synthesized UiO-66(Zr) contained ~8.8% missing linkers, which acted 

like Lewis acids. Similarly, the synthesized UiO-66(Hf) catalyst contained ~3.1% defect sites. 

Although these defect sites catalyzed the transfer hydrogenation of benzaldehyde to benzyl 

alcohol, the selectivity to benzyl alcohol was low (27%) at 88% conversion. The low selectivity 

stemmed from (1) a low number of Lewis acidic sites and (2) the transformation of Lewis acid sites 

into Brønsted acid sites, which promoted unwanted side reactions. 

 

To further substantiate the foregoing claim, we synthesized UiO-66(Hf) with added formic acid as 

a modulator and formed modulated UiO-66(Hf). The added formic acid during MOF synthesis 

created defect sites in the form of missing linkers. As expected, our calculation from TGA profile 

demonstrated that modulated UiO-66(Hf) had 21.5% defect sites (Table 7.S4). In addition, the 

modulated UiO-66(Hf) had 47% selectivity to benzyl alcohol after 3 h compared with 27% from 

unmodulated UiO-66(Hf) (Fig. 7.S9). These results suggested that adding Lewis acidic sites to 

UiO-66(Hf) enhanced the selectivity to benzyl alcohol. 

 

3.4. Density functional theory proposed mechanism of transfer hydrogenation of 

benzaldehyde by MOF-808 and UiO-66 

To explain the high catalytic activity of Zr- and Hf-containing MOF-808 for transfer hydrogenation 

of benzaldehyde with 2-propanol, we performed density functional theory (DFT) calculations [496]. 

Our calculations revealed that transfer hydrogenation of benzaldehyde by Zr- and Hf-containing 

MOFs followed the Meerwein–Ponndorf–Verley (MPV) two simultaneous elementary steps (Fig. 

7.2): (1) hydrogen transfer from 2-propanol (alcohol) to benzaldehyde (reactant) to form 
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intermediate (co-Ads to Int) and (2) formation of benzyl alcohol as a reaction product (Int to Prod). 

Initially, the 2-propanol and benzaldehyde molecules interacted on each open site of the M4+-O2- of 

the metal clusters in MOF-808(M= Zr or Hf) (co-Ads). In the transition state (TS1), the oxygen (O) 

of the surface hydroxide group of MOFs severed the O-H bond of 2-propanol and simultaneously 

enabled the hydrogen transfer (H1) from the C2 of 2-propanol to the carbonyl C1 of benzaldehyde. 

After the TS1, the reaction proceeded with the formation of benzyl alkoxide intermediate, acetone, 

and water molecules (Int). Finally, benzyl alcohol (product) is formed by the hydrogenation of benzyl 

alkoxide in the transition state (TS2). The TS2 involved the concerted O-H2 bond breaking and the 

formation of the O1-H2 bond. In contrast to our findings, Rojas-Buzo et al.[28] found that MOF-

808(Hf) catalyzed direct transfer hydrogenation. 

 

Figure 7.2 shows the optimized structures for the MPV reaction, and the relative free energies 

calculated for Zr- and Hf-containing MOF-808. The co-adsorption free energies of benzaldehyde 

and 2-propanol were –11.7 and –10.9 kcal/mol for MOF-808(Zr) and MOF-808(Hf), respectively 

(co-Ads, Fig. 7.2). The binding energy of MOF-808(Zr) was greater than that of MOF-808(Hf) 

because charge transfer from molecules to the active site of MOF-808(Zr) was 0.191e, greater than 

the 0.188e charge transfer of MOF-808(Hf).  The activation energy of step 1 (Ea1) was 20.1 and 

17.8 kcal/mol for of Zr- and Hf-containing MOF-808, greater than the activation energy of step 2 

(no barriers with Ea2 = -1.3 and -2.0 kcal/mol for MOF-808(Zr) and MOF-808(Hf), respectively). 

These results suggested that the hydrogen transfer (step 1) was the rate-determining step. To 

explain the difference between MPV activity of Zr- and Hf-containing MOF-808, we further 

calculated the different amount of charge transfer (DCT) from the catalytic sites to the adsorbed 

benzaldehyde molecule between the adsorption and transition state complexes. The DCTs of MOF-

808(Zr) and MOF-808(Hf) were 0.462 and 0.471e, respectively. The higher DCT value of MOF-

808(Hf) resulted in a lower activation energy barrier compared with MOF-808(Zr) (Ea1 of MOF-

808(Hf) < Ea1 of MOF-808(Zr)), which corroborated the activation barriers shown in Fig. 7.2. With 

a low activation energy barrier, MOF-808(Hf) weakened the C=O carbonyl bond of benzaldehyde 

during the charge transfer process. It enhanced the ability of the C1 carbon atom to accept the H1 
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hydrogen (transferred) from 2-propanol. Overall, these results suggested that (1) Lewis acidic 

MOF-808 catalyzed transfer hydrogenation by MPV, and (2) MOF-808(Hf) was more active at MPV 

of benzaldehyde than MOF-808(Zr).   

 

 

Figure 7.2. Proposed mechanism of MPV reduction of benzaldehyde with 2-propanol to produce 

benzyl alcohol by Zr- and Hf-containing MOF-808. Values in parentheses are the free energies of 

MOF-808(Hf) in kcal/mol. Co-Ads = co-adsorption of benzaldehyde and 2-propanol molecules, TS1 

and TS2 = transition state of step 1 and 2, Int = intermediate, Prod = product, and Ea1 and Ea1 = 

activation energies of step 1 and 2. 

 

Unlike MOF-808, UiO-66 did not have Lewis acidic sites to activate the carbonyl group of 

benzaldehyde for the MPV [28]. Therefore, we postulated that the Brønsted acid sites of UiO-66(Hf) 

participated in the benzaldehyde conversion. To test this hypothesis, we investigated the co-

adsorption of benzaldehyde and 2-propanol on Hf (co_Ads_a) and Brønsted sites (co_Ads_b) on 

UiO-66(Hf) (Fig. 7.S10). The calculated energy of the co-adsorption on Hf was 3.8 kcal/mol 

(endothermic), whereas the co-adsorption of benzaldehyde and 2-propanol on the Brønsted site 
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was -4.7 kcal/mol (exothermic); these energies suggested that Brønsted sites were the preferred 

sites for the co-adsorption, and the reaction proceeded without intermediates. Figure 7.3 shows a 

proposed benzaldehyde conversion by UiO-66(Hf). The reaction proceeded by the co-adsorption 

of benzaldehyde and 2-propanol over the Brønsted site of UiO-66(Hf) (co-Ads). At the transition 

state (TS), the benzaldehyde was simultaneously hydrogenated at C1 and O1 atoms via the 

hydrogen transfer from 2-propanol to form the benzyl alcohol product (Prod). The activation energy 

barrier was 28.4 kcal/mol, significantly greater than the 17.8 kcal/mol (Fig. 7.2) activation energy 

for MOF-808(Hf). These results suggested that (1) Brønsted sites of UiO-66(Hf) were active for 

transfer hydrogenation, which corroborated our experimental results that showed high 

benzaldehyde conversion (Fig. 7.1), and (2) the UiO-66(Hf) Brønsted sites catalyzed the direct 

transfer hydrogenation.  

 

 

Figure 7.3. Proposed mechanism of benzaldehyde reaction with 2-propanol over Brønsted acid 

sites in UiO-66(Hf) and free energies (kcal/mol). Co-Ads = co-adsorption of benzaldehyde and 2-

propanol molecules, TS = transition state, Prod = product, and Ea = activation energy. 

 

3.5. Proposed chemical pathway for Meerwein–Ponndorf–Verley reduction of benzaldehyde 

by MOF-808(Hf) 

On the basis of our experimental results, we proposed a chemical pathway for the MOF-808(Hf)-

catalyzed MPV reduction of benzaldehyde to benzyl alcohol (Fig. 7.4). First, 2-propanol and 

benzaldehyde molecules are co-absorbed on MOF-808(Hf) and interact with the Hf4+-O2− of the Hf 
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clusters. Next, acidic Hf4+ species activate the carbonyl groups in benzaldehyde. Then the reaction 

proceeds by a hydrogen transfer and 2-propanol O-H bond-breaking steps and forms the benzyl 

alkoxide intermediate, acetone, and water molecules. Finally, the benzyl alkoxide intermediate 

coordinated with the Hf metal center is transformed into benzyl alcohol.   

 

Figure 7.4. Proposed chemical pathway for Meerwein–Ponndorf–Verley reduction of 

benzaldehyde with 2-propanol to benzyl alcohol by MOF-808(Hf). 

 

3.6. Transfer hydrogenation of selected carbonyl compounds with MOF-808(Hf) 

Because Lewis acidic MOF-808(Hf) was active and selective for transfer hydrogenation of 

benzaldehyde, we used MOF-808(Hf) with six carbonyl compounds with aromatic, furan, and 

aliphatic structure, namely, furfural (a), 5-methyl furfural (b), 5-(hydroxymethyl) furfural (c), 

cyclohexanone (d), acetophenone (e), and 2-hexanone (f) (Fig. 7.5). MOF-808(Hf) reduced these 

carbonyls to corresponding alcohols with >89% selectivity with minimal side reactions (e.g., coke 
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formation) [497-500]. Interestingly, we obtained a low conversion (45.1%) of 5-methyl furfural (b). 

The low activity of MOF-808(Hf) on 5-methyl furfural (b) was due to steric hindrance and the 

presence of methyl group. The electron-donating nature of the methyl group in compound b 

increased electron density on the carbon atom of the carbonyl group. As a result, the attack of 

hydride ions on the carbonyl carbon was not favorable [501]. Although one would expect a low 

conversion of 5-(hydroxymethyl) furfural (compound c) due to structural similarity to compound b, 

our results showed 86.1% conversion of compound c. We postulated that the OH group of 

compound c formed a hydrogen bond with the oxygen atom in the furan ring and decreased electron 

density on the carbon atom of the carbonyl group. Therefore, the activity of the carbonyl group for 

proton subtraction is enhanced. Together, these results suggested high selectivity of MOF-808(Hf) 

for transfer hydrogenation of carbonyl compounds.  

 

 

Figure 7.5. Transfer hydrogenation of selected carbonyls by MOF-808(Hf). X, Y, and S indicate 

the conversion of aldehydes, yield of their corresponding alcohols, and selectivity, respectively. 

Reaction condition. 1 wt.% carbonyl compound in 2-propanol, catalyst loading = 3 mol.% Hf, 100 

°C, 1 h. 
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Figure 7.6. Stability and reusability of MOF-808(Hf) for the MPV reduction of benzaldehyde to 

benzyl alcohol by filtration test at 100 °C (A) and recycle of MOF-808(Hf) catalyst at 100 °C, 2 h 

(B). Reaction condition. 1 wt.% benzaldehyde in 2-propanol, catalyst loading = 3 mol.% metal (Hf). 

 

3.7. Stability and reusability of MOF-808 in transfer hydrogenation of benzaldehyde 

To evaluate the catalyst stability under the reaction condition, we performed filtration experiments 

by conducting the transfer hydrogenation using MOF-808(Hf) for 1 h at 100 °C, filtering the MOF-

808(Hf) catalyst from the reaction mixture, and heating the filtrate under the same reaction condition 

(100 °C) for 4 h (Fig. 7.6A). We sampled the reaction mixture three times during the 3 h and 

measured benzaldehyde conversion and benzyl alcohol selectivity. The conversion of 

benzaldehyde slightly increased, whereas the selectivity to benzyl alcohol slightly decreased. One 

reason was that benzaldehyde and benzyl alcohol degraded at 100 °C, which corroborated our 

blank experiments of benzaldehyde (Fig. 7.1) and benzyl alcohol (Fig. 7.S8). 

 

The ability to recycle catalysts is important for their practical use. We recycled the MOF-808(Hf) by 

centrifugation and washing with ethyl acetate to remove the residual products, intermediates, and 

unreacted benzaldehyde. The catalyst was then dried in a vacuum oven at 130 °C to remove 

moisture and residual solvent. We selected this temperature based on our TGA results to minimize 
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the decomposition of MOF-808. The MOF-808(Hf) catalyst maintained a high selectivity to benzyl 

alcohol (94%) with a slight decrease in benzaldehyde conversion (11%) over four cycles (Fig. 

7.6B). Further, we used ICP-OES, XRD, and FTIR to characterize the spent MOF-808(Hf) catalyst 

after the 4th reuse cycle (Fig. 7.S11). The hafnium content of the spent catalyst, measured by ICP-

OES, was 37.3 wt.%, ~8% lower than that of fresh catalysts (40.6 wt.%). This decrease in hafnium 

content after 4th reuse cycle was proportional to the drop in conversion of benzaldehyde, which 

suggested that metal leaching was the deactivation mechanism of MOF-808(Hf). However, this 

metal leaching was not significant as evidenced by a high selectivity to benzyl alcohol (94%) at 

88% benzaldehyde conversion after 4 cycles. In a like manner, the XRD and FTIR spectra of the 

reused catalyst exhibited chemical structure and functionality similar to fresh MOF-808(Hf) (Fig. 

7.S11). These filtration and characterization results suggested catalyst stability under the present 

experimental conditions. Overall, MOF-808(Hf) maintained high selectivity to benzyl alcohol for all 

the cycles and structural integrity after (at least) four recycles. 

 

4. Discussion 

The challenge in catalytic transfer hydrogenation is developing active, selective, and reusable 

catalysts [464, 465]. We investigated the catalytic performance of Zr- and Hf-containing MOF-808 

and UiO-66 catalysts for the transfer hydrogenation of carbonyl compounds to their corresponding 

alcohols. The Lewis acidic MOF-808(Hf) was the most active for transfer hydrogenation of 

benzaldehyde and the most selective to corresponding alcohols, with 95% selectivity to benzyl 

alcohol at 99% conversion of benzaldehyde. Our combined experimental and computational results 

explained the effects of the metal and acid sites on the chemical pathway of transfer hydrogenation 

of carbonyl compounds and the stability of products.   

 

Our most significant finding was the detailed mechanism of MOF-808-catalyzed MPV and UiO-66-

catalyzed direct transfer hydrogenation. Lewis acidic MOF-808 underwent the MPV pathway of 

carbonyl compounds, which was active and selective to corresponding alcohols, whereas UiO-66 

could not catalyze transfer hydrogenation selectively. Although our calculations showed that 
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Brønsted acid sites of UiO-66 catalyzed direct transfer hydrogenation of carbonyl compounds, the 

high activation energy barrier made catalysis difficult. Moreover, Brønsted acids promoted the 

unwanted formation of acetals and degradation products. Thus, the selective transfer 

hydrogenation of carbonyl compounds by UiO-66 relied on the presence of Lewis acids from the 

generation of defects during MOF synthesis. For example, our synthesized UiO-66 contained 

~8.8% missing linkers, which indicated that each missing linker molecule (terephthalic acid) created 

two coordinatively unsaturated Zr4+ that acted like Lewis acids. Our calculation of missing linkers 

implied that only ~18% of the total zirconium ions in UiO-66(Zr) participated in the MPV reaction. 

The rest of the zirconium ions initiated the direct transfer hydrogenation and unwanted side 

reactions (formation of hemiacetals and degradation products). Thus, we observed a low selectivity 

of benzyl alcohol products at a high benzaldehyde conversion. Conversely, all Zr4+ ions in MOF-

808 participated in MPV of carbonyl compounds. As a result, MOF-808 provided a high selectivity 

of corresponding alcohols at a high conversion, which agreed with the high activity and selectivity 

of MOF-808 for the reduction of carbonyl compounds [28, 394, 502, 503].  

 

Another significant finding was a lower activation energy of the transfer hydrogenation by MOF-

808(Hf) compared with MOF-808(Zr). Our quantum calculations revealed that the charge transfer 

from Hf active sites to the benzaldehyde molecule was higher than that of Zr sites and resulted in 

lower activation energy. These findings implied that the charge transfer process was crucial in 

activating the C=O bond, and the charge transfer facilitated the transferred hydrogen from the -OH 

group of 2-propanol (H1). We postulated that this high charge transfer of MOF-808(Hf), compared 

with MOF-808(Zr), resulted in a greater Lewis acidity of Hf sites compared with Zr sites. As a result, 

MOF-808(Hf) had a high activity for transfer hydrogenation relative to MOF-808(Zr). These results 

agreed with findings by Koehle et al. [504] and Sittiwong et al. [505]. They observed that Hf active 

sites in Lewis acidic β-zeolites and UiO-66 MOFs provided a lower activation barrier than did Zr 

sites in catalytic transfer hydrogenation of furfural to furfuryl alcohol.  
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Our findings advance understanding of the function of Lewis and Brønsted acid sites of Hf- and Zr-

containing MOF-808 and UiO-66 MOFs and reaction pathways for transfer hydrogenation. 

Moreover, the MOF synthesis procedures are simple, environmentally friendly, and scalable 

compared with the preparation of conventional selective catalysts for transfer hydrogenation, such 

as Hf-, Zr-, and Sn-containing zeolites [276, 476, 477]. Although defective UiO-66(Hf) was not 

selective to transfer hydrogenation, the knowledge gained from the defects-induced Brønsted 

acidity of UiO-66 will enable tuning the Brønsted acid strength and balance Lewis/Brønsted acid 

ratio for various organic reactions, such as dehydration [443], isomerization [333], condensation 

[398, 506-508], and acetalization [444] and cascade reactions that require both Lewis and Brønsted 

acidities, such as cellulose conversion to 5-hydroxymethylfurfural [443], lactic acid [333, 445], and 

levulinic acid [446].  

 

5. Conclusion 

Catalytic transfer hydrogenation is a promising approach for upgrading biomass-derived molecules 

to high-value chemicals. This study described the mechanism of transfer hydrogenation of 

benzaldehyde by Hf- and Zr-containing MOF-808 and UiO-66 metal-organic frameworks (MOFs). 

Although these MOFs have demonstrated their transfer hydrogenation ability, the effect of metal 

sites and acid sites on the chemical pathway was unknown. Our results demonstrated that Hf- and 

Zr-containing MOF-808 catalysts enabled selective MPV reduction of carbonyl compounds to 

corresponding alcohols. Moreover, MOF-808(Hf) was more active and selective to transfer 

hydrogenation because Hf active sites had a lower activation energy barrier compared with Zr sites. 

Although creating (Lewis acidic) defects in UiO-66 enhanced its selective transfer hydrogenation, 

the defects induced Brønsted acidity in the presence of water, which decreased the selectivity 

because of side reactions. Thus, caution must be exercised in creating and handling defective UiO-

66 catalysts so as to control the type of acid sites. Future studies will focus on tuning the Brønsted 

and Lewis acidity of these MOFs, reversibility of the defects-induced Brønsted acidity, and long-

term stability. 
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6. Supplementary Information  

 

1. Materials and Methods 

Table 7.S1. List of chemicals/reagents used in this study 

Material/Chemical Supplier Purity CAS Number 

Banzaldehyde Alfa Aesar(Ward Hill, MA) 99% 100-52-7 

Benzyl Alcohol Alfa Aesar(Ward Hill, MA) 99% 100-51-6 

Cyclohexanone Beantown Chemical Corporation 

(Hudson, NH) 

99% 108-94-1 

Ethyl Levulinate Alfa Aesar(Ward Hill, MA) 98% 539-88-8 

2-Furaldehyde Alfa Aesar(Ward Hill, MA) 98% 98-01-1 

5-Hydroxymethylfurfural Ark Pharm(Libertyville, IL) 98% 67-47-0 

4-Hydroxybenzaldehyde Oxchem, Irwindale CA 95+% 123-08-0 

n-Hexadecane Alfa Aesar(Ward Hill, MA) 99% 544-76-3 

2-Propanol Sigma-Aldrich(St.Louis, MO) 99.5% 67-63-0 
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Zirconium (IV) chloride Alfa Aesar(Ward Hill, MA) 99.5+% 10026-11-6 

Hafnium (IV) chloride Alfa Aesar(Ward Hill, MA) 99.9% 13499-05-03 

1,3,5-

benzenetricarboxylic acid 

Beantown Chemical Corporation 

(Hudson, NH) 

98% 554-95-0 

Terephthalic acid Tokyo Chemical Industry (Tokyo, Japan) >99.0% 100-21-0 

N, N-dimethylformamide Chem-Impex Int'l. Inc. 100% 68-12-2 

Formic Acid Beantown Chemical Corporation 

(Hudson, NH) 

97% 64-18-6 

Hf(Otf)4 Alfa Aesar(Ward Hill, MA) 98% 161337-67-3 

Zr(Otf)4 Sigma-Aldrich(St.Louis, MO) 97% 89672-77-5 

Methanol Ward’s science Lab 

grade 

67-56-1 

Ethanol Decon Laboratories, Inc. 200 

Proof 

64-17-5 

Acetone (Aqua Solutions, Inc., Deer Park, TX) Technic

al grade 

67-64-1 

Ethyl Acetate Alfa Aesar(Ward Hill, MA) 99% 141-78-6 

Pyridine Chem-Impex International (Wood Dale, 

IL, USA) 

99.97% 110-86-1 
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1.1. Synthesis of metal-organic frameworks 

Synthesis of UiO-66(Zr) 

UiO-66(Zr) MOF was synthesized using the previously described solvothermal method in a 45 mL 

Teflon-lined autoclave reactor [485]. Typically, a mixture of ZrCl4 (0.53 g), terephthalic acid (0.37 

g) was dissolved in DMF (30 mL) and kept in a sonicator for about 20 minutes. First, the tightly 

sealed autoclave was kept in an oven without stirring at 120 °C for 24 h. Then the reactor was 

cooled at room temperature, and the solids were separated from the solution by centrifugation 

(6000 RPM, 5 min). Next, the solids were washed by DMF (20 mL) three times and centrifuged to 

remove the suspension. After that, the particles were soaked in methanol for 3 h, washed with (20 

mL) three times to remove DMF, and finally dried under vacuum at 80 °C for overnight. 

 

Synthesis of UiO-66(Hf) 

UiO-66(Hf) MOF was synthesized by the solvothermal method [486] with a slight modification. First, 

HfCl4 (384 mg) and terephthalic acid (200 mg) were dissolved in 16 mL of DMF. Next, the mixture 

was added to a 45 mL Teflon-lined autoclave reactor and placed in the oven at 120 °C for 48 h. 

The resulting product was cooled, centrifuged, and washed 3 times with DMF and acetone. Finally, 

the product was dried and activated in a vacuum oven at 100 °C for 12 hours. 

 

Synthesis of modulated UiO-66(Hf)  

Modulated UiO-66(Hf) MOF was synthesized by the solvothermal method [486] with a slight 

modification. First, HfCl4 (384 mg) and terephthalic acid (200 mg) were dissolved in 16 mL of DMF 

and 4 mL of formic acid as a modulator. Next, the mixture was added to a 45 mL Teflon-lined 

autoclave reactor and placed in the oven at 120 °C for 48 h. The resulting product was cooled, 

centrifuged, and washed 3 times with DMF and acetone. Finally, the product was dried and 

activated in a vacuum oven at 100 °C for 12 hours. 
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Synthesis of MOF-808 (Zr/Hf) 

MOF-808 (Zr/Hf) MOFs were synthesized by the previously described solvothermal method with a 

slight modification [28]. The salt ZrCl4 (115 mg, 0.5 mmol) or HfCl4 (160 mg, 0.5 mmol) and the 

organic ligand 1,3,5-benzenetricarboxylic acid (110 mg or 0.5 mmol) were dissolved in a mixture of 

N-dimethylformamide (20 mL) and formic acid (20 mL) and sonicated for 30 min to ensure complete 

dissolution and mixing. The mixture was transferred in a 100 mL Teflon-lined autoclave reactor and 

placed in an oven at 100 °C for 72 hours. The resulting solid was cooled, centrifuged, and washed 

with DMF 3 times, followed by 2 times wash with acetone. The final product was dried and activated 

in a vacuum oven at 120 °C for 12 hours. 

 

 

Figure 7.S1. Cluster model of MOF-808 (a) and UiO-66 (b) used in this work 
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2. Results 

 

Figure 7.S2. Evolution profiles of benzaldehyde conversion and selectivity to benzyl alcohol for 

MPV reduction of benzaldehyde with 2-propanol by metal triflates. Reaction condition: 1 wt.% 

benzaldehyde in 2-propanol, 3 mol% triflate salts as catalyst, 100 °C, 0.5-3.0 h. 

 

2.1. Physiochemical characteristics of synthesized Zr- and Hf-containing metal-organic 

frameworks (MOFs) 

2.1.1. N2 adsorption-desorption isotherms of synthesized Zr- and Hf-containing MOFs 

Their N2 adsorption-desorption isotherms of these MOFs exhibited the type IV isotherm, which was 

the characteristic of mesoporous materials [28, 503]. We calculated the surface area, pore-volume, 

and average pore diameter of the synthesized MOFs (Table 7.S2) based on the N2 adsorption-

desorption isotherm (Fig. 7.S3A). UiO-66(Zr) and UiO-66(Hf) had surface area ~900-1100 m2/g, 

which was consistent with previously reported values of 800-1200 m2/g [394, 431, 509]. MOF-
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808(Hf) and MOF-808(Zr) had a surface area of ~1050-1500 m2/g, which was consistent with 

previously reported values of 800-1450 m2/g [394, 431, 482].  

 

Table 7.S2. Calculated surface area, pore-volume, and average pore diameter of Zr- & Hf-

containing MOFs 

MOFs 

Surface area Total pore volume average pore diameter 

[m2/g] [cm3/g] (nm) 

UiO-66(Zr) 905.7 [431] 0.51 2.25 

UiO-66(Hf) 1042.8 [510] 0.53 2.02 

MOF-808(Zr) 1421.2 [394] 0.83 2.33 

MOF-808(Hf) 1075.1 [503] 0.60 2.23 

 

 

2.1.2. Functionality and metal content of synthesized Zr- and Hf-containing MOFs by FTIR 

and ICP-OES 

The FTIR spectrum for all the Zr- and Hf-containing MOFs showed in Fig. 7.S3B. The band appears 

at 558 cm-1, corresponding to the Zr or Hf-oxygen stretching of the UiO-66(Zr) and UiO-66(Hf) 

structure [428, 429]. The band at 1398 cm-1 in UiO-66(Zr) and UiO-66(Hf) corresponded to the 

stretching vibration of the coordinated C-O group. The bands at 489 cm-1 and 672 cm-1 for UiO-

66(Zr) were attributed to in-plane and out-of-plane bending vibrations of COO-. For UiO-66(Zr) and 

UiO-66(Hf), the bands at ~1509 and ~1592-1598 cm-1 were assigned to the stretching vibration of 

C=C in the benzene ring of the organic ligand H2bdc [430-432]. 

 

MOF-808(Zr) had a characteristic band at ~666 cm-1, which was assigned to Zr–O’s vibration from 

the coordination between the carboxyl groups of BTC and the zirconium ions [511]. On the other 

hand, the band at 674 cm−1 assigned to the vibration of Hf-O in the MOF-808(Hf) framework building 

blocks. For MOF-808, the bands at the 1450 cm−1 and 1380 cm−1 regions are assigned to the C = 
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C bond and O–H stretching mode in the organic linker’s aromatic compound [512]. For both MOFs, 

the band at 1611 cm-1 was assigned to the stretching mode of the carboxylate group (COO−). 

 

Using the ICP-OES, we got the Zr and Hf content (wt%) of the synthesized MOFs (Table 7.S3). 

The percentage of Zr content was 26 to 32% for Zr-MOFs, and Hf content was 40 to 42% for Hf-

MOFs, which matched with the previously reported values from the literature [28, 394].  

 

Table 7.S3. Metal analysis of Zr- & Hf-containing MOFs by ICP-OES 

Framework UiO-66 MOF-808 

Metal node Zr Hf Zr Hf 

Metal content by ICP (wt.%) 31.6 [28, 394] 42.4 [28] 26.3 [28, 394] 40.6 [28] 

Metal content by TGA (wt.%) 37.8 40.7 35.5 51.6 

 

2.1.3. Thermogravimetric profiles and thermal stability of synthesized Zr- and Hf-containing 

MOFs 

Thermogravimetric analysis (TGA) of the synthesized MOFs was performed under a flow of air and 

a heating ramp of 10 °C/min from 25-700 °C. TGA and derivative curves (DTG) are presented in 

Fig. 7.S3C.  

 

TGA profiles of synthesized Zr-/Hf-MOFs demonstrate that Zr- and Hf-containing MOF catalysts 

were sufficiently stable to carry out the transfer hydrogenation at 100 °C. For the UiO-66(Zr), the 

weight loss from room temperature to 150 °C happened due to the evaporation of physisorbed 

water in the pores. The weight loss (~15 %) in the range of 150–320 °C occurred due to the 

evaporation of DMF in the channel and the dehydroxylation process. The hydroxyl groups bound 

to the metal ion center were detached in water molecules during this process, changing the Zr 

center’s coordination environment. When the temperature was higher than 450 °C, the organic 

ligand gradually decomposed to 600 °C. These results suggested that UiO-66(Zr) had superior 
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thermal stability and could maintain structural integrity below 450 °C. Qiu et al. also observed the 

similar thermal properties of UiO-66(Zr) [431]. 

 

For the UiO-66(Hf), the weight loss from room temperature to 150 °C happened due to the 

evaporation of physisorbed water in the pores. The weight loss (~8 %) in the range of 150–350 °C 

occurred due to the evaporation of DMF in the channel and the dehydroxylation process. During 

this process, the hydroxyl groups bound to the center of the metal ion were detached in the form of 

water molecules, which changed the Hf center’s coordination environment. When the temperature 

was higher than 450 °C, the organic ligand gradually decomposed till 650 °C. These results 

suggested that UiO-66(Hf) had superior thermal stability and could maintain structural integrity 

below 450 °C. Rojas et al. also observed similar thermal properties for UiO-66(Hf) [28]. 

 

The TGA profile of MOF-808(Zr) exhibited three mass loss zones in the 30−150 °C, 150−450 °C 

(18 wt. %), and 450-650 °C (11 wt. %). These zones correspond to the mass loss from (1) the 

evaporation of the physisorbed water molecules, (2) degradation of remnant formate, μ3-OH, and 

evaporation of physisorbed dimethylformamide (DMF), and (3) the degradation of the framework 

benzenetricarboxylate (BTC) ligand. Valekar et al. [394] also observed a similar TGA profile for 

MOF-808(Zr). 

 

The TGA profile of MOF-808(Hf) exhibited three mass loss zones in the 30−150 °C (∼6 wt. %), 

150−450 °C (19 wt. %), and 450-650 °C (16 wt. %). These zones correspond to the mass loss from 

(1) the evaporation of the physisorbed water molecules, (2) degradation of remnant formate, μ3-

OH, and evaporation of physisorbed dimethylformamide (DMF), and (3) the degradation of the 

framework benzenetricarboxylate (BTC) ligand. Rojas-Buzo et al. also observed a similar TGA 

curve for MOF-808(Hf) [28]. 
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2.1.4. X-ray diffraction patterns of synthesized Zr- and Hf-containing MOFs 

The XRD patterns of the UiO-66(Zr) and UiO-66(Hf) showed diffraction peaks at 2θ of 12.06◦, 14.8◦, 

17.1◦, and 25.85◦, which corresponded to the following crystal planes, (022), (222), (004) and (006) 

and (244), respectively [28, 503, 513, 514]. XRD patterns MOF-808(Hf) and MOF-808(Zr) showed 

crystalline structure with similar diffraction peaks as previous reports [28, 394] (Fig. 7.S3D).  

 

Figure 7.S3. Characterization data for Zr- and Hf-containing MOF catalysts by (A) N2 adsorption-

desorption, (B) FTIR, (C) TGA, and (D) XRD. 
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2.1.5. Acid properties of selected MOFs 

To verify the presence of Lewis acids of MOFs, we performed the temperature-programmed 

desorption using DRIFTS with adsorbed pyridine on MOF-808(Zr) and MOF-808(Hf) (Fig. 7.S4). 

Pyridine-DRIFT analysis is a common technique to identify and quantify the acid sites of catalysts, 

such as zeolites [304]. Although semi-quantitative, this technique has been applied on various 

MOFs, such as Fe-MOF [417], Al-MOF [418], Zr-MOF [419], and Cr-MOF [420], to investigate the 

surface acidic properties. We chose pyridine as an in-situ titrant to probe the acid site density of 

MOFs because of previous success in observing Lewis acid sites in MOFs [195-197]. After pyridine 

adsorption, the DRIFT spectra of the MOF-808(Zr) and MOF-808(Hf) had three characteristic 

bands at 1012, 1043, and 1070 cm−1 which are assignable to the ν1, ν12, and ν18 modes of pyridine 

coordination to open metal sites, respectively [301, 302, 417]. This coordination provided proof of 

the vital Lewis acid sites (LAS) that interacted with pyridine. We calculated the Lewis acid site 

density of MOFs using the LAS peak area. The density of Lewis acid sites of MOF-808(Hf) was 

172 a.u./g, greater than that of MOF-808(Zr) (98 a.u./g), in line with previous studies by Rojas-Buzo 

et al. using FTIR with adsorbed acetonitrile-d3 as a probe molecule [28]. 

 

In theory, metal sites of the ideal UiO-66 are fully coordinated with ligands. Thus, the reaction by 

UiO-66 should occur on the Brønsted acid sites. In UiO-66(Zr) spectrum, we observed a weak band 

at 1070 cm-1, which suggested that a small amount of defects (e.g., missing linkers) were formed 

during synthesis, in line with previous observations [421]. 
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Figure 7.S4. Acid properties of MOF-808(Hf), MOF-808(Zr) and UiO-66(Zr) measured by diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS).  

 

2.1.6. Determination of missing linkers in UiO-66 

The amount of defect sites in UiO-66 associated with missing linkers was determined by TGA 

profiles and calculated as previously described [436]. In short, we assumed that only ZrO2 and HfO2 

were formed at high temperatures (above 500-550 °C). The formula of dehydroxylated UiO-66(Zr) 

and UiO-66(Hf), in the range 300-500 ºC in TGA profiles, were ZrO(CO2)2(C6H4) and 

HfO(CO2)2(C6H4). Thus, the weight loss in the TGA profiles, which corresponds to the organic 

linkers (wt.% linkeractual), was compared with the theoretical amount of organic linker (wt.% 

linkertheoretical) from the ideal structure of UiO-66 (defect-free). Therefore, defects sites and the 

coordination number (CN) of the Zr6 and Hf6 clusters were calculated as follows: 

Defect sites (%) =� 1- 
wt.% linkeractual

wt.% linkertheoretical
 �  x 100 

CN =12 x� 1- 
defect sites (%)

100  � 
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where defect sites (%) indicate the amount of missing linkers (BDC) of UiO-66, wt.% linkeractual 

indicates the weight loss of UiO-66 associated to BDC linkers determined from TGA profile, wt.% 

linkertheoretical indicates the amount of BDC linkers calculated from the defect-free structure of UiO-

66 (i.e., 54.6 wt.%), and CN represents the coordination number of zirconium or hafnium clusters. 

The ideal structure of UiO-66(Zr) and UiO-66(Hf) has the coordination number of 12.  

 

Figure 7.S5. Thermogravimetric analysis profiles of UiO-66(Zr), UiO-66(Hf), and modulated UiO-

66(Hf) 
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Table 7.S4. Amount of defect sites and coordination number of Zr and Hf clusters in UiO-66 

 UiO-66(Zr) UiO-66(Hf) UiO-66(Hf)-M 

Chemical formula C48H28O32Zr6 C48H28O32Hf6 C48H28O32Hf6 

Linker BDC =  1,4-benzenedicarboxylate (C8H6O4) 

Dehydroxylated formula Zr6O6(BDC)6 Hf6O6(BDC)6 Hf6O6(BDC)6 

Formula weight of dehydroxylated 

(g/mol) 
1628.03 2151.63 2151.63 

MO2 
123.22 

(739.34) 
1262.93 1262.93 

Weight losstheoretical 54.6 % 41.3 % 41.3 % 

Weight lossactual 49.8 % 40.0 % 31.2 % 

Defect sites (%) 8.8 3.1 21.5 

CN 10.9 11.6 9.4 
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Figure 7.S6. Hydrogenation of benzaldehyde by Zr- and Hf-containing MOF-808 and UiO-66 

catalysts. Reaction condition: 1 wt% benzaldehyde in ethyl acetate, 40 bar H2, 3 mol% catalyst, 

100 °C, 4h  

 

We evaluated Zr- and Hf-containing MOF-808 and UiO-66 catalysts for the hydrogenation of 

benzaldehyde using molecular H2 (Fig. 7.S6). We observed a low conversion of benzaldehyde (< 

20%) at 100 °C after 4h. However, we did not observe benzyl alcohol as a reaction product. One 

reason was that hydrogenation reaction by molecular hydrogen requires metal catalysts to split 

molecular hydrogen into atomic hydrogen [515, 516]. However, metal nodes of Zr- and Hf-

containing MOFs could not catalyze hydrogenation using molecular hydrogen. 
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Figure 7.S7. Conversion of benzaldehyde by H2SO4. Evolution of benzaldehyde conversion (A) 

and product selectivity (B). Reaction condition: 1 wt.% benzaldehyde in 2-propanol, catalyst loading 

= 3 mol.%, 100 °C, 1.0-3.0 h. 

 

Figure 7.S8. Conversion of benzyl alcohol by H2SO4. Evolution of benzyl alcohol conversion (A) 

and product selectivity (B). Reaction condition: 1 wt.% benzyl alcohol in 2-propanol, catalyst loading 

= 3 mol.%, 100 °C, 1.0-3.0 h. 
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Figure 7.S9. Effect of the modulator on the transfer hydrogenation of benzaldehyde by UiO-66(Hf). 

Reaction condition: 1 wt.% benzaldehyde in 2-propanol, catalyst loading = 3 mol.%, 100 °C, 0.5-

3.0 h. 

 

 

Figure 7.S10. Optimized structures of the benzaldehyde and 2-propanol co-adsorption complexes 

on Hf (a) and Brønsted sites (b) of UiO-66(Hf). 
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Figure 7.S11. Characterization of spent MOF-808(Hf) by FTIR (A), and XRD (B). 
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CHAPTER 8 

CREATION OF BRØNSTED ACID SITES ON PLASTIC FOR ESTERIFICATION OF LEVULINIC 

ACID: A PLASTIC-TO-BIOREFINERY CIRCULAR ECONOMY 

 

1. Introduction 

Alkyl levulinates are esters with applications in food [517], solvents, plasticizers [518], and fuel 

additives (diesel) [519, 520]. Levulinic acid is biomass-derived platform chemical produced by acid-

catalyzed cascade reactions of dehydration and hydrolysis of glucose. The esterification of levulinic 

acid with alcohols in the presence of Brønsted acid catalysts yields alkyl levulinates [521]. 

Homogeneous Brønsted acidic catalysts, such as H2SO4 [519, 522-524], HCl [525, 526], and ionic 

liquids [527-530], were used for esterification reactions. Xiong et al.[527] used a Brønsted acidic 

ionic liquid, [C6(C1im)2]HSO4, for esterification of acetic acid and obtained 100% selectivity to an 

ester at 98% conversion. Lucena et al.[524] used dilute H2SO4 (0.5-1.0 w/w) catalyst for 

esterification of oleic acid. They obtained 99.9% ester at 100% conversion. Although effective, 

homogeneous Brønsted acidic catalysts are corrosive and difficult to separate and reuse; these 

negative properties contribute to production, equipment maintenance, and waste management 

costs [531]. Thus, we need to develop active, selective, and reusable solid Brønsted acid catalysts 

to bypass these limitations.  

 

Commercial solid Brønsted acid catalysts, such as zeolites, have been used for esterification 

reactions [532-537]. They are non-corrosive and reusable compared with homogenous Brønsted 

acids [538]. However, existing solid Brønsted acid catalysts have had a disappointing performance. 

For example, Fernandes et al.[539] used zeolites (HMOR, HZSM-5, HY, and H-β) and obtained a 

low conversion of levulinic acid, in agreement with findings by Chaffey et al.[540], who did not find 
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esters as reaction products. Rodponthukwaji et al.[536] and Pavlogic et al.[537] used ZSM-5 and 

clinoptilolite zeolites for esterification of acetate and levulinate, respectively. They found that the 

microporous structure of zeolites limited the transport of reactants, intermediates, and products and 

led to coke formation. Conversely, ion-exchange resins with sulfonate groups, such as Amberlyst, 

are nonporous with acidic properties and active for esterification. For example, Tejero et al.[541] 

used Amberlyst-36 and obtained 78% selectivity of ester at 60% conversion. Trombettoni et al.[542] 

used Amberlyst-15 and obtained ~60% ester at 68% conversion. The conversion and selectivity for 

the esterification by these ion-exchange resins need to be improved to make the process 

economical.  

 

Here, we describe solid Brønsted acidic catalysts created by sulfonating polypropylene (PP-SO3H) 

for esterification of levulinic acid with methanol. We varied the content of the sulfonate group and 

determined the relationship between the sulfonate group, acid strength, and catalytic performance 

for the esterification of levulinic acid. The PP-SO3H with the highest S/C ratio had the highest 

Brønsted acid strength and 96% selectivity for methyl levulinate at 94% conversion at 65 °C after 

1h.   

 

2. Materials and Methods 

2.1. Materials. All chemicals were used as received unless otherwise noted. Their CAS numbers, 

purity, and manufacturers are listed in Table 8.S1 (Supplementary Information). 

 

2.2. Synthesis of SO3H-functionalized polypropylene (PP-SO3H) 

PP-SO3H was synthesized as described with a slight modification [543, 544]. First, the PP powder 

(1.00 g) was dissolved in 25 mL of 1,1,2,2-tetrachloroethane with stirring (300 rpm) under reflux at 

65 °C for 30 min. Next, different vol. % (10 - 33%) of chlorosulfonic acid was mixed with 

dichloromethane, keeping the total volume at 15 mL. Finally, the dichloromethane and the 

chlorosulfonic acid mixture were added to the polypropylene solution dropwise over 30 min. The 

resulting mixture was kept for an additional 2 h, and the solvents were removed by distillation. A 
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black precipitate was obtained by centrifugation and washed with deionized water until the 

supernatant became colorless, and the solids were dried overnight in a vacuum oven at 120 °C.  

 

2.3. Physiochemical and acidic characterization of modified polypropylene catalysts 

The structural characteristics and morphologies of the catalysts were determined by X-ray 

diffraction, N2 adsorption-desorption, scanning electron microscopy with energy dispersive X-ray 

spectrometry, Fourier-transform infrared spectroscopy, and measurement of pH change. 

 

2.3.1. X-ray diffraction 

 X-ray diffraction (XRD) analysis of samples was performed on a Bruker AXS Model D8 Advance 

A28 diffractometer (Germany) with CuKα radiation in the 2θ range from 10° to 40° and 0.02 

degree/step. Samples of 200 mg were used in each analysis. 

 

2.3.2. N2 adsorption-desorption 

The N2 adsorption-desorption was measured by a Micromeritics Tristar (Norcross, GA, USA) 

instrument to calculate the surface area, pore size, and pore volume. The function of TriStar was 

verified with reference materials (Micromeritics). Prior to the measurement, the sample was 

pretreated at 120 °C for 4 h using a Micromeritics FlowPrep with sample degasser (Norcross, GA, 

USA). The surface area, SBET, was determined from N2 isotherms by the Brunauer–Emmett–Teller 

equation (BET) at -196.1°C [174, 175]. The BET surface area was calculated over the range of 

relative pressures between 0.05 and 0.3. The pore volume was estimated from the N2 desorption 

values according to the Barrett–Joyner–Halenda (BJH) model [178]. The pore volume was 

calculated as the uptake (cm3/g) at a relative pressure of 0.95. We measured the average pore size 

of the samples by the BJH model [179, 180]. 
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2.3.3. Scanning electron microscopy 

To determine the microstructure and elemental distribution of the samples, scanning electron 

microscopy (SEM) was performed using a Tescan Vega V3 SEM microscope with energy 

dispersive X-ray spectrometry (EDS). 

 

2.3.4. Fourier-transform infrared spectroscopy 

Infrared spectra of samples were recorded on a JASCO Fourier transform infrared (FTIR) 

spectrometer (Easton, MD, USA), equipped with an attenuated total reflection stage (ATR). 5 mg 

of sample was used in each analysis. The samples were scanned between 400 and 4000 cm-1 at 

a 4 cm−1 resolution. Spectra were collected using a deuterated triglycine sulfate (DTGS) detector 

averaging 256 scans. 

 

2.3.5. Measurement of acid properties by pH change in methanol 

The Brønsted acid properties of synthesized catalysts were determined by measuring the pH 

change of methanol in which the catalyst was suspended, as described [199, 422]. In short, 8 mg 

catalyst was suspended in 24 mL methanol with constant stirring at ambient temperature before 

pH measurement. This amount of 8 mg was selected because previous experiments in which the 

amount of catalyst was varied revealed that it was high enough such that the measured pH was 

independent of the solid amount [545]. The pH was measured with a gel-filled, double junction 

electrode (Milwaukee Instruments, Inc., Rocky Mount, NC, USA). The electrode was calibrated with 

the pH 4, 7, and 9 buffers. All measurements were conducted in triplicate.  

 

2.4. Esterification of levulinic acid and alcohol 

The reactions were conducted in 15 mL pressure tubes in an oil bath. Typically, levulinic acid, 

methanol, and catalysts were added, and the tube was sealed and stirred at 65 °C unless otherwise 

noted. The molar ratio of levulinic acid and methanol was kept at 1:25 (100 mg levulinic acid: 700 

mg methanol) with 10 mg catalyst unless otherwise noted. Dodecane was used as an internal 

standard. The reaction was stopped by quenching in a cold water bath, followed by adding ethyl 
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acetate (~5 mL) to dissolve the remaining levulinic acid and methanol. The solution was 

centrifuged, and the solid catalysts were removed. The liquid sample was then analyzed by GC-

MS to determine product distribution. 

 

2.5. Product analysis and quantification 

The reactants and products were analyzed by using a gas chromatograph (7890B GC) (Agilent 

Technologies, Santa Clara, CA, USA) equipped with a mass spectrometer and flame ionization 

detector (FID) for product identification and quantification, respectively. A DB-1701 column (30m x 

0.25mm x 0.25 μm, Agilent Technologies, Santa Clara, CA, USA) was used for product separation 

with the following parameters: injection temperature 275 °C and FID detector temperature 300 °C; 

split ratio 1:50. The temperature program started at 50 °C with a heating rate of 8 °C/min to 200 

°C. The levulinic acid conversion, product yield, and product selectivity were calculated as follows: 

 

Reactant conversion (%) = 
 reactant reacted (mol)

initial reactant (mol)  × 100 

Product yield (%) = 
product generated (mol) 

initial reactant (mol)  × 100 

Product selectivity (%) = 
product yield

reactant conversion  × 100 

3. Results 

We modified polypropylene (PP) with a chemical donating agent to graft sulfonate groups onto the 

polymer surface to form sulfonated polypropylene (PP-SO3H). During synthesis, we used 10-33 

vol.% of the chemical donating agent to vary the concentration of the sulfonate group on the PP-

SO3H catalysts. We found that 10, 25, and 33 vol.% chemical donating agent generated PP-SO3H 

with S/C ratio (w/w) of 0.08, 0.18, and 0.23, respectively (Table 8.1). Based on the S/C ratio, we 

referred to these catalysts as PP-SO3H-0.08, PP-SO3H-0.18, and PP-SO3H-0.23. Then, we 

investigated the effect of sulfonate concentration on catalyst physicochemical properties. Because 

we expected that PP-SO3H materials would exhibit BrØnsted acidity, we evaluated the catalytic 

performance of PP-SO3H catalysts in the esterification of levulinic acid.  



193 
 

 

3.1. Physicochemical properties of sulfonated polypropylene at different sulfonate loading 

To evaluate the physicochemical properties of PP-SO3H catalysts, we characterized the catalysts 

by X-ray diffraction, Fourier-transform infrared spectroscopy (FTIR), N2 adsorption-desorption, 

scanning electron microscope (SEM), contact angle analysis, and acidity. First, N2 adsorption-

desorption was examined to measure surface area, pore volume, and pore size (Table 1). The 

calculated surface area of unmodified PP was 0.65 m2/g with 0.0011 cc/g. An increase in sulfonate 

loading slightly increased the surface area from 0.65 to 1.14 m
2
/g, the pore volume from 0.0011 to 

0.0027 cm3/g, and pore size from 6.49 to 9.47 nm. Unmodified PP had 0.92 g/mL density, which 

agreed with previous studies [546]. The surface modification increased the density of the 

polypropylene to greater than 1 g/mL. The surface area, pore size, and pore volume of modified 

polypropylene remained relatively constant after modification. 

 

Table 8.1. Surface area, density, total pore volume, average pore size, carbon to sulfur ratio and 

pH in methanol of the PP-SO3H 

Polymer Yield 

(wt.%) 

S/C 

ratio 

(w/w) 

SBET 

(m
2
/g) 

Vp 

(cm
3
/g) 

dp 

(nm) 

Densitya 

(g/mL) 

pH in methanolb 

Suspension Filtrate 

PP - - 0.65 0.0011 6.49 0.92 6.0 6.0 

PP-SO3H-

0.08 
112 0.08 0.76 0.0014 7.11 1.01 

2.4 6.0 

PP-SO3H-

0.18 
128 0.18 0.88 0.0018 8.16 1.09 

2.1 5.9 

PP-SO3H-

0.23 
140 0.23 1.14 0.0027 9.47 1.14 

1.9 5.9 

Amberlyst-36 - - - - - - 3.6 6.0 
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Note. SBET = surface area determined by BET, Vp = pore volume determined by from the N2 

desorption values according to the Barrett–Joyner–Halenda (BJH) model, dp = average pore 

diameter determined by the BJH model, aDensity calculated by the water displacement method 

through a graduated cylinder. b pH of a stirred suspension of 8 mg of catalysts in 24 mL of 

methanol at 25 °C. Methanol pH (blank) was 6.0.  

 

3.2. Brønsted acid properties and chemical structure of modified polypropylene 

The strength of Brønsted acidity is a good indicator for catalyst performance for esterification 

reactions [547]. Currently, there are no consistent measurements for determining the acid strength 

of the solid catalysts with sulfonate groups on the solid surface [548]. Thus, to determine the 

Brønsted acid strength of PP-SO3H catalysts, we used the method by Llabres i Xamena and co-

workers [421, 422], who determined the strength of Brønsted acid by measuring pH change of 

methanol (Table 8.1). In the presence of solid catalysts, we measured the polarizing power of the 

solid catalyst on the methanol molecules [422]. As a control, blank (bare methanol) had a pH of 

6.0, which agreed with previous reports [421, 422]. The pH of the solution with PP suspension was 

similar to that of the blank, which suggested that PP had no Brønsted acidity. Amberlyst-36 

produced a pH of 3.6, which indicated that Amberlyst-36 was Brønsted acidic. Interestingly, the 

suspension of PP-SO3H in methanol showed a decrease in pH from 6.0 to 1.9-2.4, which suggested 

Brønsted acidity of PP-SO3H samples. The pH change of methanol with PP-SO3H samples was 

2.4, 2.1, and 1.9 for PP-SO3H-0.08, PP-SO3H-0.18, and PP-SO3H-0.23, respectively. Thus, the 

Brønsted acid was in the following order: PP-SO3H-0.23 > PP-SO3H-0.18 > PP-SO3H-0.08 > 

Amberlyst-36. A large pH change of methanol with PP-SO3H-0.23 compared with blank indicated 

the high polarizing power of PP-SO3H-0.23 on the methanol molecules and the high strength of 

Brønsted acid [422]. Thus, the high sulfonate content of PP-SO3H samples produced high Brønsted 

acid strength. Upon removing all solids, the pH of methanol became ~5.9-6.0, close to the blank. 

Restoration of the pH suggested that the Brønsted acidic proton was on the surface of Amberlyst-

36 and the PP-SO3H catalysts.  
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To determine the chemical properties of PP-SO3H, we characterized PP-SO3H by X-ray diffraction 

and FTIR (Fig. 8.1). As a control, unmodified PP showed the characteristic FTIR peaks of CH2 

bending and CH3 stretching 1455 and 1375 cm-1, respectively. These two peaks were derived from 

polypropylene backbone, which agreed with previous studies [549-551]. Furthermore, the PP-SO3H 

catalysts showed sulfonate bending at 1128 and 1038 cm-1, respectively, which confirmed the 

presence of sulfonate groups on the polypropylene backbone [543, 552, 553]. Interestingly, we 

observed C=C bending at 1644 cm-1. Moreover, an increase in SO3H concentration (an increase in 

S/C ratio) showed the greater intensity of this band. These results suggested that introducing the 

sulfonate group triggered the formation of C=C bonds in the polypropylene backbone [554]. 

 

X-ray diffraction of pristine polypropylene showed the characteristic peaks of (110), (040), (130), 

(111), and (041) at 14.0, 16.9, 18.5, 21.7, and 21.9 °, respectively, which suggested the monoclinic 

α-crystalline phase of PP [555, 556].  An increase in sulfonate concentration lowered the peak 

intensity, which suggested that sulfonate groups on polypropylene reduced the degree of 

crystallinity. In fact, the PP-SO3H materials with an S/C ratio greater than 0.08 became an 

amorphous-like structure.  

 

We used SEM and contact angle measurement to characterize the PP-SO3H catalysts for 

wettability, water suspension, and morphology (Fig. 8.2). As a control, PP was hydrophobic with 

an estimated contact angle of 131°, in agreement with that of PP membrane (~139-149°) [557, 

558]. The PP sample floated on water and was nonporous. PP-SO3H-0.08 had a contact angle of 

53°. Most PP-SO3H-0.08 particles were at the bottom of the water. A higher SO3H concentration 

made PP-SO3H-0.18 and PP-SO3H-0.23 hydrophilic and suspended in water. Surprisingly, we 

observed that PP-SO3H-0.23 was porous. Increased hydrophilicity and density of PP-SO3H 

catalysts enhanced their dispersion in liquid phases, thereby increasing the mass transfer between 

catalysts in the soluble reactants.  
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Figure 8.1. ATR-FTIR spectra (A) and X-ray diffraction patterns (B) of modified polypropylene with 

different sulfonate loading. 

 

Figure 8.2. Physical characteristics of the modified polypropylene with different sulfonate loadings 

by suspension in water (A), SEM images (B), and contact angle (C). 
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3.3. Catalytic performance of PP-SO3H in the esterification of levulinic acid 

To examine the catalytic activity of PP-SO3H catalysts, we performed esterification of levulinic acid 

with methanol using the same loading for each catalyst (Fig. 8.3). As a control, a blank (no added 

catalyst) experiment showed a low conversion of levulinic acid of 10% after 1 h. This catalyst-free 

low conversion of levulinic acid suggested that levulinic acid catalyzed its own conversion, in 

agreement with studies by Shu et al.[559] and Fernandes et al.[539]. We used Amberlyst-36, a 

commercial solid Brønsted acid catalyst, as an additional control. Amberlyst-36 catalyzed a 

progressive increase in conversion of levulinic acid, which reached 65% selectivity to methyl 

levulinate at 38% conversion of levulinic acid after 0.5 h. A prolonged reaction time of 1.0 h 

increased the conversion of levulinic acid to 60%; however, the selectivity to methyl levulinate 

remained constant at 67%. We postulated that the constant selectivity of methyl levulinate with the 

increasing conversion of levulinic acid was due to the formation of by-product water [437, 438], 

which poisoned the Amberlyst-36.  

 

When we used PP-SO3H catalysts of varying sulfonate contents, all catalysts showed a progressive 

increase in conversion of levulinic acid. PP-SO3H-0.08, -0.18, and -0.23 reached 69, 83, and 94% 

conversion of levulinic acid after 1 h. Interestingly, PP-SO3H catalysts were highly selective and 

reached 78, 81, and 88% selectivity to methyl levulinate after 0.5 h. The PP-SO3H-0.23 had the 

highest selectivity of methyl levulinate of 96% at 94% conversion after 1 h. To assess the quality of 

active sites, we plotted levulinic acid conversion vs. selectivity to methyl levulinate (Fig. 8.3C). We 

found that selectivity to methyl levulinate at similar conversion was in the order of PP-SO3H-0.23 > 

PP-SO3H-0.18 > PP-SO3H-0.08 > Amberlyst-36. This order of selectivity to methyl levulinate was 

the same order as Brønsted acid strength measured by pH change (Table 8.1). Overall, these 

results showed that PP-SO3H catalyst with a high S/C ratio improved levulinic acid conversion and 

selectivity to methyl levulinate.   
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Figure 8.3. Catalytic performance of PP-SO3H catalysts for levulinic acid esterification with 

methanol. Evolution of levulinic acid conversion (A), methyl levulinate selectivity (B), and 

conversion vs. selectivity (C). Reaction condition: levulinic acid (100 mg): methanol (0.7 g) = 1:25 

(molar ratio), 10 mg PP-SO3H, 65 °C. 

 

3.4. Influence of different alcohols 

To determine the effect of alcohol carbon chain length on catalyst activity, we performed 

esterification of levulinic acid with ethanol, n-propanol, and n-butanol using PP-SO3H-0.23 catalyst 

(Fig. 8.4). The PP-SO3H-0.23 exhibited high selectivity to the ester (>93%) at >91% conversion of 

levulinic acid in methanol, ethanol, n-propanol, and n-butanol. With 2-butanol, the ester selectivity 

was 21.4% at a low conversion of levulinic acid (46%), significantly lower performance compared 

with the primary alcohols. Our findings were similar to those of Enumula et al.[560] who concluded 

that, compared with primary alcohols, the inferior performance of WO3-SBA-16 catalyst for 

esterification of levulinic acid with 2-butanol was due to steric hindrance that reduced the 

nucleophilic attack by the hydroxyl group of alcohol.   

 



199 
 

 

Figure 8.4. Effect of alcohols on esterification of levulinic acid. Reaction condition: levulinic acid: 

alcohol = 1:25 (molar ratio), 10 mg PP-SO3H-0.23, 65 °C, 1 h. 

 

3.5. Stability and reusability of PP-SO3H catalysts 

The ability to reuse catalysts is important for their practical use. We recycled the PP-SO3H-0.23 

catalyst by centrifugation and washing with ethyl acetate to remove the residual products, 

intermediates, and unreacted levulinic acid. The catalyst was then dried in a vacuum oven at 120 

°C. The PP-SO3H catalyst maintained its high selectivity to ester with a <8% drop in levulinic acid 

conversion and retained its selectivity to methyl levulinate (95%) for four cycles (Fig. 8.5A).  

 

To evaluate catalyst stability, we conducted the esterification of levulinic acid using PP-SO3H-0.23 

catalyst over 0.5 h at 65 °C, then filtered the PP-SO3H-0.23 catalyst from the reaction mixture and 

heated the liquid phase under the same reaction condition (65 °C) for 2.5 h (Fig. 8.5B). We sampled 

the mixture three times during 2.5 h and measured levulinic acid conversion and methyl levulinate 

yield. The levulinic acid conversion increased slightly during the prolonged 2.5 h (likely by self-

catalysis), whereas the yield of methyl levulinate remained constant. These results demonstrated 
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that the PP-SO3H-0.23 catalyst was structurally stable and did not release any catalytic material 

during the reaction.  

 

Further, after the 4th reuse cycle, we characterized the PP-SO3H-0.23 catalyst by EDS, XRD, and 

FTIR (Fig. 8.6). The S/C ratio of the used catalyst, measured by EDS, was 0.18, compared with 

0.23 for fresh catalyst. Thus, a slight loss of the sulfonate group occurred during reuse. We 

postulated that this decrease in the S content was due to the loss of weakly functionalized sulfonate 

groups. Nevertheless, the catalyst maintained a high selectivity to an ester (95%) during four reuse 

cycles. Furthermore, the XRD and FTIR spectra of the used catalyst confirmed its chemical 

structure and functionality similar to the fresh PP-SO3H-0.23 catalyst. Together, these filtration and 

characterization results suggested catalyst stability under the present experimental conditions. 

Overall, PP-SO3H catalyst maintained high selectivity to desired products for all the cycles and 

structural integrity after four reuses, as evidenced by its performance in the esterification of levulinic 

acid. 

 

 

Figure 8.5. Reusability (A) and stability (B) of PP-SO3H-0.23 catalysts for levulinic acid 

esterification with methanol. Reaction condition: levulinic acid (100 mg): methanol (0.7 g) = 1:25 

(molar ratio), 10 mg PP-SO3H, 65 °C, 1 h.  
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Figure 8.6. FTIR spectra (A) and X-ray diffraction pattern (B) of spent PP-SO3H-0.23 catalyst. 

 

4. Discussion 

The development of active, selective, and recyclable solid Brønsted acidic catalysts is a major 

challenge in the production of levulinate esters [540]. Here, we devised a simple strategy to 

synthesize solid Brønsted acidic PP-SO3H catalysts by grafting sulfonate groups onto 

polypropylene. The Brønsted acid strength increased as the S/C ratio of PP-SO3H catalyst 

increased, which was responsible for high esterification activity and selectivity to esters. The PP-

SO3H catalyst with an S/C of 0.23 had the highest Brønsted acid strength and enabled the 96% 

selectivity of methyl levulinate at 94% conversion of levulinic acid. Moreover, PP-SO3H catalysts 

were stable and reusable.  

 

Our most significant finding was the creation of the active Brønsted acidic PP-SO3H catalysts with 

tunable acid strength that were selective to esters. First, the strength of Brønsted acid facilitated 

the esterification. Cirujano et al.[422, 561] used UiO-66(Zr) metal-organic frameworks (MOFs) to 

catalyze the esterification of levulinic acid with ethanol at 80 °C. They found that the Brønsted acid 

sites of UiO-66(Zr) were the active sites for esterification of levulinic acid, which enabled >93% 

selectivity to an ester at a near-complete conversion. Mbaraka et al.[562] reported a strong 

dependence of esterification of fatty acids on the strength of Brønsted acid, a result that agrees 
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with our findings. Second, the sulfonate (SO3H)-containing solid catalysts possessed a strong 

Brønsted acidity. Melero et al.[563] reported that sulfonate sites were important in the catalytic 

activity of sulfonate-modified SBA-15 catalysts. Although commercially available SO3H-containing 

ion-exchange resins (e.g., Amberlyst, Amberlite, Dowex, and Purolite) have been used in the 

chemical industry [564], these resins swell in solvents. The relationship between the swelling 

property and catalytic activity is still under debate. For example, aliphatic and aromatic alcohols 

swell sulfonated polystyrene resins (i.e., Amberlyst) and diffuse through the swollen polymer gel to 

bulk acid sites[565],[566]. Tejero et al.[541]  found that swollen gel-type polystyrene-divinylbenzene 

(PS-DVB) resins had a low acid site density, which resulted in high catalytic activity for esterification 

of levulinic acid. Bihani et al.[567] reported the catalytic activity of Amberlyst-21 was independent 

of its swelling properties for the synthesis of pyran annulated heterocycles. Our PP-SO3H catalysts 

retained high selectivity to the ester at a high conversion, which was indicative of the high stability 

of the PP-SO3H catalyst in the presence of various aliphatic alcohols. Compared with commercial 

ion-exchange resins, our PP-SO3H catalysts were superior to ion-exchange resins in terms of 

Brønsted acid strength, stability in alcoholic solvents, and selectivity to esters.  

 

On the basis of experimental results, we proposed the chemical pathway for esterification of 

levulinic acid with methanol by PP-SO3H catalysts (Fig. 8.7). The reaction mechanism proceeded 

through three steps. First, levulinic acid was adsorbed on Brønsted acidic protons from the -SO3H 

groups of PP-SO3H catalysts, created a protonated levulinate intermediate, and increased the 

electrophilicity of carbonyl carbon. Next, this electrophilic carbonyl carbon underwent the 

nucleophilic attack by the oxygen atom of methanol and formed an oxonium ion. Then, a proton 

transfer and dehydration in the oxonium ion occurred, followed by deprotonation to form the ester 

and regenerate the Brønsted acid sites on the catalyst surface. Studies by Corma et al.[534], 

Osatiashtiani et al.[568], and Koo et al.[569] showed that the esterification activity of carboxylic 

acids depended on acid strength, which corroborated our findings. The high strength of the 

Brønsted acid sites of PP-SO3H-0.23 catalyst facilitated the activation of the carbonyl group and 

resulted in the high conversion of levulinic acid and selectivity to the ester. 
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Figure 8.7. Proposed chemical pathway for esterification of levulinic acid with methanol by PP-

SO3H catalyst 

 

These findings demonstrated that polypropylene-derived Brønsted acidic catalysts were active, 

selective, and stable for the esterification of levulinic acid. Furthermore, the ability to tune the 

Bronsted acid strength provides opportunities to use these catalysts in various organic reactions, 

such as acetalization [444, 570, 571], dehydration [443, 572, 573], condensation [398], 

isomerization [304, 574], and hydrolysis [446, 575, 576]. The additional benefit of these catalysts 

is that they are based on polypropylene, which is significant because polypropylene is one of the 

top three most poorly recycled waste plastics consigned to landfills [577]. Thus, the use of 

polypropylene-derived catalysts for the chemical industry potentially increases plastic recycling 

rates and mitigates plastic pollution.  

 

Although our results show the PP-SO3H catalysts were promising for levulinic acid esterification, 

we have not yet extensively investigated the interaction and stability between the -SO3H groups 

and solvents that affect their physicochemical properties and catalytic performance. Moreover, the 

economic and environmental impact of using waste plastic should be assessed to understand how 

developing catalysts from waste plastic impacts chemical production cost and the environment. 
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The knowledge gained will help in designing stable and selective catalysts and systems for the 

esterification of acids and other organic reactions.  

 

5. Conclusion 

This work illustrates a feasible route to synthesize Brønsted acidic PP-SO3H catalysts from 

polypropylene for levulinic acid esterification. The synthesized catalysts addressed the inferior 

catalytic esterification performance of commercial ion-exchange resins. The synthesized PP-SO3H 

catalysts had a high strength of Brønsted acidity, which provided high selectivity to esters at a high 

conversion for levulinic acid esterification. Moreover, the degree of sulfonation controlled the 

strength of Brønsted acid, which will enable applications of the catalysts in various organic 

reactions. The use of polypropylene as a precursor for catalyst synthesis in biomass conversion 

will promote biorefineries and plastic upcycling. Future work will focus on investigating the stability 

of the sulfonate groups in various solvents and reaction temperatures. 
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6. Supplementary Information  

Table 8.S1. List of chemicals/reagents used in this study 

Material/Chemical Supplier Purity CAS Number 

Polypropylene 

powder 

135-168 µm 

Haihang Industry Co, ltd. 

(Shangdong, China) 

99.5% 9003-07-0 

1,1,2,2-

Tetrachloroethane 

Beantown Chemical Corporation 

(Hudson, NH) 

98% 79-34-5 

Chlorosulfonic acid Beantown Chemical Corporation  99% 7790-94-5 

Dichloromethane Avantor (Radnor Township, PA) ≥99.5% 75-09-2 

Levulinic acid Sigma-Aldrich, St. Louis, MO, USA 98% 123-76-2 

Methyl levulinate   Sigma-Aldrich, St. Louis, MO, USA >98% 624-45-3 

Methanol Ward's science Lab grade 67-56-1 

Amberlyst-36* Sigma-Aldrich, St. Louis, MO, USA Industrial grade 39389-20-3 

*from manufacturer: solid sulfonic acid resin with macropores, acid site concentration 5.4 

equivalent/kg, SBET = 33 m2/g, Vp = 0.2 cc/g, dp = 24 nm, particle diameter = 550-700 µm, 

maximum operating temperature = 150 °C. 
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CHAPTER 9 

UPCYCLING POLYPROPYLENE TO SULFONIC ACID CATALYSTS FOR CONVERSION OF 

BIOMASS-DERIVED COMPOUNDS TO SUSTAINABLE CHEMICALS 

 

1. Introduction 

Fossil fuels are primary feedstocks for the chemical industry [578]. However, fossil fuels are non-

renewable, and processing fossil fuels generate a large number of greenhouse gases (CO2 and 

CH4), which contribute to climate change [579, 580]. Therefore, the ability to use renewable 

feedstock, such as lignocellulose, for the production of chemicals will revolutionize the chemical 

industry and promote sustainable chemical manufacturing. Furfural is a versatile precursor for 

plastics, adhesives, fungicides, fertilizers, pharmaceutical intermediates, flavoring compounds, and 

fuel additives [581]. For example, furfural can be catalyzed into 2,5-furandicarboxylic acid (FDCA) 

[582, 583], γ-valerolactone [584, 585], and 1,5-pentanediol [586, 587]. We can obtain furfural from 

dehydration of xylose using acid catalysts [588, 589]. Homogeneous acid catalysts, such as HCl, 

H2SO4, H3PO4, and HNO3, are effective for xylose dehydration [590]. Mazar et al. used H2SO4 to 

catalyze xylose to furfural, generating 78% furfural yield at 240 °C after 60 min for the industrial 

scale [591]. However, homogeneous Brønsted acid is corrosive, hazardous, hard to separate and 

reuse, which contributes to production, equipment maintenance, safety problems, and waste 

management costs [531].  

 

Solid heterogeneous Brønsted acid catalysts, such as zeolites [592], Amberlyst [593], MCM-41 

[594], Nafion [595], have been used for xylose conversion. However, they obtained low xylose 

conversion and selectivity of furfural. Kim et al. [596] used H-zeolites for xylose dehydration in 
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DMSO and obtained 39% selectivity of furfural at 62% conversion at 140 oC. Wu et al. [597] used 

lignosulfonic acid and got an 18% furfural yield in ionic liquid. Weingarten et al. [598] used 

Amberlyst-70 and achieved 25% xylose conversion with 55 % furfural selectivity at 160 oC. Although 

these solid acid catalysts were a promising catalyst for xylose dehydration to furfural, their low 

selectivity and high price limit their use in large-scale industrial applications [599]. Clearly, we need 

to develop selective, efficient, and reusable solid Brønsted acid catalysts to address these issues.  

 

Here, we developed solid Brønsted acidic catalysts by sulfonating polypropylene to create 

sulfonated polypropylene (PP-SO3H) for xylose dehydration. We varied the content of the sulfonate 

group and determined the relationship between the sulfonate group, acid strength, and catalytic 

performance for xylose dehydration. The PP-SO3H with the highest S/C ratio had the highest 

Brønsted acid strength and selectivity of furfural of 88% at 85% xylose conversion at 120 °C after 

2 h. In addition, we recycled PP-SO3H catalyst five times which retained catalytic activity without 

significant loss in furfural yield.  

 

2. Materials and Methods 

2.1. Materials. All chemicals were used as received unless otherwise noted. Their CAS numbers, 

purity, and manufacturers are listed in Table 9.S1. 

 

2.2. Synthesis of SO3H-functionalized polypropylene (PP-SO3H). PP-SO3H was synthesized 

by the previously described method with a slight modification [543, 544]. Briefly, 1.00 g of 

polypropylene (PP) powder was dispersed in 25 mL of 1,1,2,2-tetrachloroethane with stirring (300 

rpm) under reflux at 65 °C for 30 min. Next, we mixed different vol. % (10 - 33%) of chlorosulfonic 

acid into dichloromethane and kept the total volume of 15 mL fixed. Finally, we added the mixture 

of dichloromethane and chlorosulfonic acid into the solution dropwise over 30 min. The resulting 

mixture was kept for an additional 2 h, and the solvents were removed by distillation. The black 

precipitate was obtained by centrifugation and washed with deionized water until the supernatant 

became colorless, and the solids were dried in a vacuum oven at 120 °C overnight.  
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2.3. Characterization of the PP-SO3H. The structural characteristics and morphologies of the 

catalysts were determined by X-ray diffraction (XRD), N2 adsorption-desorption, Diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS), Fourier-transform infrared spectroscopy (FTIR), 

and scanning electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDS). 

 

2.3.1. X-ray diffraction. X-ray diffraction (XRD) analysis of samples was carried out on a Bruker 

AXS Model D8 Advance A28 diffractometer (Germany) using CuKα radiation in the 2θ range from 

5° to 40° with 0.02 degree/step. 200 mg of samples were used in each analysis. 

 

2.3.2. N2 adsorption-desorption. The N2 adsorption-desorption was measured by a Micromeritics 

Tristar (Norcross, GA, USA) instrument to calculate the surface area, pore size, and pore volume. 

The function of TriStar was verified with reference materials (Micromeritics). Prior to the 

measurement, the sample was pretreated at 130 °C for 4 h using a Micromeritics FlowPrep with 

sample degasser (Norcross, GA, USA). The surface area, SBET, was determined from N2 isotherms 

by Brunauer–Emmett–Teller equation (BET) at -196.1°C [174, 175]. BET surface area was 

calculated over the range of relative pressures between 0.05 and 0.3. The pore volume was 

estimated from the N2 desorption values according to the Barrett–Joyner–Halenda (BJH) model 

[178]. The pore volume was calculated as the uptake (cm3/g) at a relative pressure of 0.95. We 

measured the average pore size of the samples by the BJH model [179, 180]. 

 

2.3.3. Scanning electron microscopy. To determine the microstructure and elemental distribution 

of the samples, scanning electron microscopy (HRTEM) was performed using a Tescan Vega V3 

SEM microscope with energy dispersive X-ray spectrometry (EDS). 

 

2.3.4. Fourier transforms infrared spectroscopy. Infrared spectra of samples were recorded on 

a JASCO Fourier transform infrared (FTIR) spectrometer (Easton, MD, USA), equipped with an 

attenuated total reflection stage (ATR). 5 mg of samples were used in each analysis. The samples 
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were scanned between 400 and 4000 cm-1  at a 4 cm−1 resolution. Spectra were collected using 

deuterated triglycine sulfate (DTGS) detector averaging 256 scans. 

 

2.3.5. Measurement of acid properties by pH change in methanol. The Brønsted acid properties 

of synthesized catalysts were determined by measuring the pH change of methanol upon 

suspending catalysts inside, as described by previous studies [199, 600, 601]. In short, 8 mg 

catalysts were suspended in 24 mL methanol and kept stirring at ambient temperature before pH 

measurement. This amount was selected because previous experiments, which varied the amount 

of catalysts, revealed that it was high enough, so the measured pH was independent of the solid 

amount. The pH was measured with a gel-filled, double junction electrode (Milwaukee Instruments, 

Inc., Rocky Mount, NC, USA). The electrode was calibrated with the pH 4, 7, and 9 buffers. All 

measurements were conducted in triplicate.  

 

2.4. Xylose dehydration to furfural. Xylose dehydration experiments were conducted using 15 

mL pressure tubes in an oil bath. Typically, 50 mg xylose, 1 g DMSO, and 30 mg catalysts were 

added into 15 mL pressure tube, sealed, and stirred at 120 °C unless otherwise noted. Xylitol was 

used as an internal standard. The reaction was stopped by quenching in the cold water bath, 

followed by adding water (~5 mL) to dissolve those reaction products, intermediates, and unreacted 

xylose. The solution was centrifuged, and the solid catalysts were removed. The liquid sample was 

then plugged into HPLC for the analysis of the product distribution and xylose conversion. 

 

2.5. Product analysis and quantification. The reactants and products were analyzed by High-

Performance Liquid Chromatography (HPLC, Agilent Technology, Santa Clara, CA, USA) equipped 

with a refractive index detector (RID) and diode array detector (DAD). The Aminex HPX-87H (300 

x 7.8 mm, Bio-Rad®, Hercules, CA, USA) was used for reactants and products separation at 60 °C 

with 0.6 ml/min of 4mM H2SO4 as a mobile phase. The concentration of the product was determined 

by the peak area from the RID signals. Reaction products were calibrated against certified 
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standards (Absolute Standards, Inc., Hamden, CT, USA). The reactant conversion, product yield, 

and product selectivity were calculated as follows: 

Reactant conversion (%) = 
 reactant reacted (mol)

initial reactant (mol)  × 100 

Product yield (%) = 
product generated (mol) 

initial reactant (mol)  × 100 

Product selectivity (%) = 
product yield

reactant conversion  × 100 

3. Results 

We modified polypropylene (PP) with a chemical donating agent to graft sulfonate groups on the 

polymer surface and formed sulfonated polypropylene (PP-SO3H). We varied the amount of 

chemical donating agent from 10 - 33 vol.% during synthesis to affect the concentration of sulfonate 

group in PP-SO3H catalysts. We referred these catalysts to S/C ratios as PP-SO3H-0.08, PP-SO3H-

0.18, and PP-SO3H-0.23. Then, we investigated the effect of sulfonate concentration on catalysts’ 

physicochemical properties. We expected that PP-SO3H materials exhibited Brønsted acidity and 

evaluated the catalytic performance of PP-SO3H catalysts in xylose dehydration. We used dimethyl 

sulfoxide (DMSO) as a solvent for xylose dehydration because it minimizes the furfural degradation 

by providing a shielding effect in the acid-catalyzed reaction [602]. DMSO showed high catalytic 

activity for furfural production compared to other solvents such as water, alcohols, ketones, toluene, 

alkylphenol, N, N dimethylformamide, and ionic liquids [602]. 

 

3.1. Physicochemical properties of sulfonated polypropylene at different sulfonate loading 

To evaluate the physicochemical properties of PP-SO3H catalysts, we characterized them by 

scanning electron microscope (SEM), contact angle measurement, X-ray diffraction, Fourier-

transform infrared spectroscopy (FTIR), N2 adsorption-desorption and acidity. 

 

First, N2 adsorption-desorption was examined to measure surface area, pore-volume, and pore 

size (Table 9.1). The calculated surface area of unmodified PP was 0.65 m2/g with 0.0011 cc/g. An 

increase in sulfonate loading slightly increased the surface area from 0.65 and reached 1.14 m
2
/g, 



211 
 

pore volume from 0.0011 to 0.0027 cm3/g, and pore volume from 6.49 to 9.47 nm. These results 

suggested that sulfonation did not significantly affect the surface area, pore size, and pore volume 

of polypropylene. 

 

We used SEM and contact angle measurement to characterize the PP-SO3H catalysts for 

wettability, water suspension, and morphology (Fig. 9.1A - C). Surprisingly, we started to observe 

pores on the surface of the PP-SO3H catalyst by SEM, and PP-SO3H-0.23 was porous (Fig. 9.1A). 

As a control, PP was hydrophobic with an estimated contact angle of 131°, in agreement with that 

of PP membrane (~139 - 149°) (Fig. 9.1C) [558, 603]. The PP sample floated on water and was 

non-porous. PP-SO3H-0.08 had a contact angle of 53°. Therefore, most PP-SO3H-0.08 sank at the 

bottom of the water (Fig. 9.1B). An increase in SO3H concentration made the materials PP-SO3H-

0.18 and PP-SO3H-0.23 become completely hydrophilic and suspended in water. Unmodified PP 

had 0.92 g/mL density, which was in agreement with previous studies (Table 9.1) [546]. The density 

of PP-SO3H increased from 0.92 to 1.14 g/mL with an increasing S/C ratio from 0 to 0.23, which 

was higher than the density of water (∼1 g/mL). Increased hydrophilicity and density of PP-SO3H 

catalysts enhanced their dispersion in liquid phases and increased the mass transfer between 

catalysts and reactants. 

Table 9.1. Surface area, density, total pore volume, average pore size, carbon to sulfur ratio, and 

pH in methanol of the PP-SO3H 

Polymer SBET 

(m
2
/g) 

Densitya 

(g/mL) 

Vp 

(cm
3
/g) 

dp 

(nm) 

S/C ratio 

(w/w) 

pH in methanolb 

Suspension Filtrate 

PP 0.65 0.92 0.0011 6.49 - 6.0 6.0 

PP-SO3H-0.08 0.76 1.01 0.0014 7.11 0.08 2.4 6.0 

PP-SO3H-0.18 0.88 1.09 0.0018 8.16 0.18 2.1 5.9 

PP-SO3H-0.23 1.14 1.14 0.0027 9.47 0.23 1.9 5.9 

Amberlyst-36 - - - - - 3.7 6.0 
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Note. SBET = surface area determined by BET, Vp = pore volume determined by from the N2 

desorption values according to the Barrett–Joyner–Halenda (BJH) model, dp = average pore 

diameter determined by the BJH model, aDensity calculated by the water displacement method 

through a graduated cylinder. b pH of a stirred suspension of 3 mg of catalysts in 12 mL of 

methanol at 25 °C. Methanol pH (blank) was 6.0, which was in agreement with previous reports 

[600, 601].  

 

To evaluate the change in chemical properties of PP-SO3H, we characterized PP-SO3H by X-ray 

diffraction (Fig. 9.1D) and FTIR spectra (Fig. 9.1E). X-ray diffraction of virgin polypropylene showed 

the characteristic peaks of (110), (040), (130), (111), and (041) at 14.0, 16.9, 18.5, 21.7, and 21.9°, 

respectively, suggested the monoclinic α-crystalline phase of PP [555, 556]. An increase in 

sulfonate concentration lowered the peak intensity. These results suggested that an increase in 

sulfonate groups on polypropylene decreased the degree of crystallinity. As a control, unmodified 

PP showed the characteristic FTIR peaks of CH2 bending and CH3 stretching 1455 and 1375 cm-

1, respectively (Fig. 9.1E). These two peaks were polypropylene backbone, reported by the 

literature [549-551]. In addition, PP-SO3H catalysts showed sulfonate bending at 1128 and 1038 

cm-1, respectively. These results confirmed the formation of sulfonate groups on the polypropylene 

backbone [543, 552, 553]. Interestingly, we observed C=C bending at 1644 cm-1 suggested that 

introducing the sulfonate group triggered the formation of C=C bonds in the polypropylene 

backbone [554]. Moreover, an increase in SO3H concentration (an increase in S/C ratio) showed a 

stronger intensity of this band.  

 

3.2. Brønsted acid properties of modified polypropylene 

To determine the Brønsted acidity of PP-SO3H catalysts, we measured the pH change of the filtrate 

after suspending PP-SO3H in methanol (Table 9.1). In the presence of solid catalysts, we measured 

the polarizing power of the solid catalyst on the methanol molecules [601]. As a control, blank (bare 

methanol) showed a pH of 6.0. The pH of the solution after suspension with PP was similar to that 
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of blank, which suggested PP had no Brønsted acidity. Another control of Amberlyst-36 showed a 

pH of 3.6, which suggested that Amberlyst-36 was Brønsted acidic. 

 

Interestingly, the suspension of PP-SO3H in methanol showed a decrease in pH from 6.0 to 1.9 - 

2.4, which suggested the Brønsted acidity of PP-SO3H samples. The pH of methanol with PP-SO3H 

samples was 2.4, 2.1, and 1.9 for PP-SO3H-0.08, PP-SO3H-0.18, and PP-SO3H-0.23, respectively. 

A significant decrease in pH of methanol of PP-SO3H-0.23 compared with blank indicated the high 

polarizing power of PP-SO3H-0.23 on the methanol molecules and the high strength of Brønsted 

acid. These results suggested that the increasing sulfonate content of PP-SO3H samples enhanced 

the strength of Brønsted acid. After filtering all solid out, the pH of methanol became ~5.9 - 6.0, 

close to the blank (methanol). These results suggested that the Brønsted acidic proton was on the 

surface of Amberlyst-36 and PP-SO3H catalysts.  

 

 

Figure 9.1. Characterization of functionalized polypropylene with sulfonate at different loading, 

SEM images (A), suspension (B), contact angle (C), XRD spectra (D) and FTIR spectra (E). 
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3.3. Catalytic performance of PP-SO3H in xylose dehydration 

To evaluate the catalytic performance of PP-SO3H, we performed xylose dehydration in DMSO at 

120 °C by using the same amount of catalyst (30 mg in all sulfonate loading) (Fig. 9.2). A blank (no 

added catalyst) experiment showed a low xylose conversion (20%) with no furfural yield after 2 h. 

These blank results suggested xylose was slightly degraded by heat conversion and xylose 

dehydration to furfural required Brønsted acid catalyst. As a control, we used Amberlyst-36, a 

commercial solid Brønsted acid catalyst. We observed a progressive increase in conversion of 

xylose and reached 30% selectivity to furfural at 60% conversion of xylose after 2 h. Although the 

conversion of xylose increased from 27 to 60% within 0.5 to 2 h, the selectivity to furfural remained 

low (22 - 30%). We postulated that the low selectivity of furfural with the increasing conversion of 

xylose was due to the lower strength of Brønsted acid in Amberlyst-36, which was observed during 

the pH test of methanol (Table 9.1). 

 

Then, we tested the catalytic activity of PP-SO3H for xylose dehydration in DMSO. An increase in 

sulfonate loading from 10 to 33% improved xylose conversion from 25 to 40 % after 0.5 h under 

the same amount of catalyst. PP-SO3H-0.08, -0.18, and -0.23 reached 65, 75 and 85 % conversion 

of xylose after 2 h, respectively. The PP-SO3H-0.23 gave the highest furfural selectivity of 88% at 

85% conversion after 2 h. Finally, we compare the quality of active sites through the performance 

of catalysts by plotting conversion vs. selectivity. We found that furfural selectivity at similar 

conversion was in the order of PP-SO3H-0.23 > PP-SO3H-0.18 > PP-SO3H-0.08 > Amberlyst-36, 

corresponding to the same order as Brønsted acid strength measured by pH change (Table 9.1). 

Overall, these results suggested that PP-SO3H catalyst with a high S/C ratio improved xylose 

conversion and selectivity to furfural.   
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Figure 9.2. Catalytic performance of PP-SO3H catalysts for xylose dehydration. Evolution of xylose 

conversion (A), furfural selectivity (B), and conversion vs. selectivity (C). Reaction condition: 50 mg 

xylose, 30 mg PP-SO3H, 1 g DMSO, 120 °C. 

 

3.4. Stability and reusability of PP-SO3H catalysts 

The recyclability of catalysts is important for their practical use and commercialization. To examine 

the catalyst reusability, we recycled the PP-SO3H-0.23 catalyst by centrifugation and washing with 

water to remove the residual products, intermediates, and unreacted xylose. The catalyst was then 

dried in a vacuum oven at 130 °C to remove moisture for 6 h. The PP-SO3H-0.23 catalyst 

maintained its activity with a < 11% drop in xylose conversion and retained its high furfural 

selectivity (>85%) for four cycles (Fig. 9.3A).  

 

To evaluate the catalyst stability under the reaction condition, we performed the filtration 

experiments by conducting the xylose dehydration using PP-SO3H-0.23 catalyst over 1 h at 120 

°C, filtering the PP-SO3H-0.23 catalyst from the reaction mixture, and heating the filtrate under the 

same reaction condition (120 °C) for 4 h (Fig. 9.3B). We sampled the reaction mixture 3 times 

during 3 h and measured xylose conversion and furfural yield. The xylose conversion increased 

during the prolonged 3 h. At the same time, the yield of furfural remained constant. These results 

suggested that the Brønsted acid site was only on the surface of PP-SO3H-0.23 and stable.  
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Further, we characterized the spent PP-SO3H-0.23 catalyst after the 4th reuse cycle by EDS, XRD, 

and FTIR (Fig. 9.4). The S/C ratio of the spent catalyst, measured by EDS, was 0.19, compared 

with 0.23 of the fresh catalyst. These results suggested a slight loss of the sulfonate group during 

reuse. We postulated that this decrease in the S/C ratio of the spent PP-SO3H-0.23 was due to the 

weakly functionalized sulfonate groups during modification. The XRD and FTIR spectra of the spent 

catalyst exhibited similar chemical structure and functionality to those of fresh PP-SO3H-0.23 

catalyst, which suggested minimal changes in the chemical structure after reuse. These filtration 

and characterization results suggested catalyst stability under the present experimental conditions. 

Overall, PP-SO3H catalyst maintained high selectivity to desired products for all the cycles and 

structural integrity after four recycles, as evidenced by its performance in xylose dehydration. 

 

Figure 9.3. Catalyst recyclability (A) and stability (B) of PP-SO3H-0.23 for xylose dehydration. 

Reaction condition: 50 mg xylose, 30 mg PP-SO3H-0.23, 1 g DMSO, 120 °C, 2 h.  

 



217 
 

 

Figure 9.4. FTIR spectra (A) and X-ray diffraction pattern (B) of spent PP-SO3H-0.23. 

 

3.5. Applications of acidic PP-SO3H catalysts for conversion of biomass-derived 

compounds 

To further evaluate the feasibility of this Brønsted acid PP-SO3H catalyst, we applied the PP-SO3H 

catalysts to catalyze selected biomass-derived reactions in different solvents. We summarized the 

results in Table 9.2. We applied PP-SO3H catalyst for fructose dehydration to HMF and obtained 

high HMF selectivity 78 - 88% with ∼98% fructose conversion in DMSO and [C4C1im]Cl at 120 °C. 

We observed low HMF selectivity (46 %) in p-dioxane. These results suggested that HMF was not 

stable in p-dioxane and degraded to humin and corresponded to the previous study [604]. Unlike 

fructose dehydration to HMF, [C4C1im]Cl gave low furfural selectivity (18 %) with 74 % xylose 

conversion at 120 °C. These results suggested that furfural was not stable and degraded to humin 

in [C4C1im]Cl. Previous studies demonstrated that ionic liquid acted as both solvent and catalyst, 

which could catalyze xylose dehydration furfural and side reaction of furfural degradation to humin 

[604-606]. To minimize humin formation and maximize furfural yield, the selection of solvents and 

a reactive furfural extraction process should be considered [211]. However, the further study of 

solvent effect on PP-SO3H-catalyzed dehydration of xylose to furfural is ongoing.  
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Brønsted acid catalysts are an active catalyst for glycerol acetalization, producing solketal, an 

expensive fuel additive. We also applied this PP-SO3H catalyst for glycerol acetalization reaction 

and obtained 93% selectivity of solketal at 95% glycerol conversion at 30 °C. Wang et al. [531] 

added Brønsted acid sites to Sn-containing β-zeolites for glycerol acetalization. Rahaman et al. 

[395] used organic surfactant functionalized HY zeolites for glycerol acetalization and obtained 95% 

selectivity of solketal at 89% glycerol conversion at 30 °C. Overall, our Brønsted acidic PP-SO3H 

catalysts showed outstanding performance in glycerol acetalization, fructose, and xylose 

dehydration. 

 

Table 9.2. Applications of PP-SO3H catalysts in the conversion of selected biomass-derived 

molecules.  

Conversion Solvent Yield/selectivity Yield/selectivity 

 

X = 97.3% DMSO Y = 85.3% 

S = 87.7% 

Y = 3.3% 

S = 3.4% 

X = 98.5% p-Dioxane Y = 45.6% 

S = 46.3% 

Y = 12.9% 

S = 13.1% 

X = 98.6% [C4C1im]Cl* Y = 77.2% 

S = 78.3% 

Y = 1.3% 

S = 1.3% 

 

X = 84.9% DMSO Y = 74.5% 

S = 87.8% 
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X = 74.6% [C4C1im]Cl* Y = 13.2% 

S = 17.7% 

 

X = 95.1% Acetone Y = 88.2% 

S = 92.7% 

Y = 6.3% 

S = 7.1% 

*[C4C1im]Cl = 1-butyl-3-methylimmidazolium chloride 

 

3.6. Proposed mechanism of xylose dehydration to furfural by PP-SO3H 

On the basis of experimental results, we proposed the chemical pathway for xylose dehydration by 

PP-SO3H catalysts (Fig. 9.5). The reaction mechanism proceeded through protonation of the C2 

hydroxyl group and dehydration. As a result, the carbenium ion was generated and formed a bond 

with the ring oxygen (O1). Subsequently, the bond between the anomeric carbon (C1) and the ring 

oxygen was broken to form the 2,5-anhydroxylose intermediate. This intermediate was dehydrated 

twice to form furfural [607-609]. 

 

We further described the chemical pathways of fructose dehydration and glycerol acetalization by 

acidic PP-SO3H catalyst (Fig. 9.5). For the conversion of fructose to HMF, the reaction is started 

by protonating the fructose hydroxyl group and leaves the ring as water. Then, the 2,5-anhydro-d-

mannose intermediate is formed via the tautomerization reaction. The process is followed by the 

water loss to form the HMF. The glycerol acetalization with acetone proceeds in the first step with 

the protonation of acetone by the acidic proton of PP-SO3H catalyst, which at the same time forms 

the C-O bond between carbon of acetone and hydroxyl oxygen of glycerol to give a hemiketal 

intermediate. Then, the dehydration process is followed to form a tertiary carbenium ion. Finally, 

the nucleophilic secondary or terminal hydroxyl group can attack the carbenium ion with the 

deprotonation process to generate the solketal and acetal, respectively [513, 610]. Overall, these 
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results suggested the potential use of acidic PP-SO3H catalyst for conversion of biomass-derived 

compounds.  

 

Figure 9.5. Proposed reaction pathways for conversion of biomass-derived compounds by acidic 

PP-SO3H catalyst. 

 

4. Discussion 

Developing cost-effective, active, selective, and recyclable solid Brønsted acidic catalysts is a 

major challenge in converting biomass-derived molecules [531]. Here, we proposed a simple 

strategy to synthesize solid Brønsted acidic catalysts by grafting sulfonate groups onto 

polypropylene to form solid PP-SO3H catalysts. Then, we investigated the relationship of the 

sulfonate group concentration in PP-SO3H to their physicochemical properties and catalytic 

activities. High sulfonate group loading (high S/C ratio) in PP-SO3H catalysts increased wettability 

and density, promoting the mass transfer between catalysts and reactants and catalytic activity and 

furfural selectivity in DMSO. Moreover, the results demonstrated that PP-SO3H catalysts were 

stable and reusable up to four times. 
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Our most significant finding was that PP-SO3H catalysts were active and selective Brønsted acidic 

catalysts for furfural production better than the commercial Brønsted acid (Amberlyst). The superior 

selectivity and conversion attributed the high Brønsted acid strength, corresponding to previous 

studies [611-613]. Krzelj et al. developed foam catalyst derived from sulfonation of polypropylene 

and polystyrene foam for xylose dehydration to furfural [613]. The foam catalyst showed high 

furfural selectivity (70 – 80 %) in a continuous process at 160 – 200 oC in water-toluene biphasic 

due to high acid strength and mass transfer. Although effective, high operating temperature and 

pressure led to high operating costs, and catalyst synthesis was complicated. 

 

These findings demonstrated that polypropylene-derived Brønsted acidic catalysts were active, 

selective, and stable catalysts for xylose dehydration reactions. Furthermore, the ability to tune the 

Brønsted acid strength provides opportunities to use these catalysts in various organic reactions, 

such as Isomerization [304, 393, 574], Meerwein–Ponndorf–Verley reduction [394], acetalization 

[395], esterification [397], condensation [398], and hydrolysis [446, 575, 576]. The additional benefit 

of these catalysts is the utilization of polypropylene as a starting material, which is significant 

because polypropylene is one of the top three most common waste plastic found in landfills with a 

low recycling rate [577]. Thus, using polypropylene-derived catalysts for the chemical industry 

potentially increases plastic recycling rates and mitigates plastic pollution.  

 

Although our results show the PP-SO3H catalysts were promising for xylose dehydration, the 

interaction and stability between the -SO3H groups and solvents that affect their physicochemical 

properties and catalytic performance have not been extensively investigated. Moreover, the 

economic and environmental impact of using waste plastic should be investigated to understand 

how developing catalysts from waste plastic impacts chemical production cost and the 

environment. These results are essential in designing active, selective, and reusable solid Brønsted 

acid catalysts for biomass conversion reactions. In addition, the knowledge gained will help design 

stable and selective catalysts and systems for biomass dehydration and other organic reactions. 
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5. Conclusion 

Our work described a feasible route to synthesize Brønsted acidic PP-SO3H catalysts from 

polypropylene for xylose dehydration. The synthesized PP-SO3H catalysts had a high strength of 

Brønsted acidity, which provided high selectivity to furfural at the high conversion of xylose. 

Moreover, the degree of sulfonation controlled the strength of Brønsted acid and enabled the 

conversion of biomass-derived molecules into value-added chemicals. Applications of 

polypropylene as a precursor for solid acid catalyst synthesis would promote biorefineries and 

plastic upcycling. Further studies will focus on investigating the stability of the sulfonate groups in 

various solvents and reaction temperatures. 
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6. Supplementary Information  

*from manufacturer: solid sulfonic acid resin with macropores, acid site concentration 5.4 

equivalent/kg, surface area (BET) = 33 m2/g, Vp = 0.2 cc/g, dp = 24 nm, particle diameter = 550-

700 µm, maximum operating temperature = 150 °C. 

 

Table 9.S1. List of chemicals/reagents used in this study 

Material/Chemical Supplier Purity 
CAS 

Number 

Polypropylene powder 

135-168 µm 

Haihang Industry Co, ltd. 

(Shangdong, China) 

99.5% 9003-07-0 

1,1,2,2-

Tetrachloroethane 

Beantown Chemical Corporation 

(Hudson, NH) 

98% 79-34-5 

Chlorosulfonic acid Beantown Chemical Corporation  99% 7790-94-5 

Dichloromethane Avantor (Radnor Township, PA) ≥99.5% 75-09-2 

D-xylose Acros Organics 99+% 58-86-6 

Furfural Alfa Aesar, USA 98% 98-01-1 

D-fructose Ward’s science (NY, USA) 100% 57-48-7 

Levulinic acid Sigma-Aldrich, St. Louis, MO 98% 123-76-2 

Xylitol Acros Organics 99+% 87-99-0 

Glycerol Fisher Scientific 99.5% 56-81-5 

Methanol Ward's science Lab grade 67-56-1 

Ethanol Decon Laboratories, Inc. 200 Proof 64-17-5 

Amberlyst-36* Sigma-Aldrich, St. Louis, MO lab grade 39389-20-3 

Dimethyl sulfoxide Sigma-Aldrich, USA 99.9% 67-68-5 

1,4-dioxane VWR, USA >99.9% 123-91-1 

BMIMCl Alfa Aesar, USA 96% 79917-90-1 

Acetone Electron Microscopy Sciences  99.8% 67-64-1 
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CONCLUSION AND FUTURE WORK 

 

This dissertation has investigated the methodology to develop the porous solid acid catalysts and 

tested their performance for the lignocellulosic biomass and waste plastic upgrading. At first, we 

modified the surface of zeolite with a long-chain organic surfactant which improved the contact 

between glycerol and acetone for glycerol acetalization and resulted in high catalytic activity. Later, 

we focused our study on MOFs' tuning and linker engineering. We developed the bi-functional 

Lewis-Brønsted acidic MOFs and tested the effect of functional groups on the framework. We also 

created the surface defect on the MOFs framework. We found that defective UiO-66 MOFs have 

Lewis and Brønsted acidity, which exhibited superior catalytic performance. We also combined 

experimental results and density functional theory to elucidate how Hf- and Zr-containing MOFs 

activated carbonyl compounds during transfer hydrogenation. Finally, we developed the novel solid 

Brønsted acidic catalysts by sulfonating polypropylene to create sulfonated polypropylene (PP-

SO3H). We applied these PP-SO3H catalysts to convert selected biomass-derived molecules and 

achieved high selectivity towards desired products. Although we developed the solid acid catalysts 

with high catalytic activity, there are several research areas/directions that we could further expand 

the work presented in this dissertation. 

 

Re-design "thermal catalysis" into "electrification-driven catalysis": Most plastics are 

discarded in landfills, and they pollute waterways and food chains, negatively affecting human 

health and the environment [614, 615]. Mechanical processes recycle about 30% of discarded 

plastics globally. However, mechanical recycling alone is insufficient to keep pace with the ever-

growing accumulation of discarded plastics. Current combustion and pyrolysis technologies 

eliminate discarded plastics and produce energy/chemical feedstocks. However, the pyrolysis 
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process requires high temperatures (300-900 °C), lacks product selectivity [616-618], and 

generates CO2, contributing to greenhouse gases. Thus, a critical need is to develop a cost-

effective electrification process to break plastic waste into valuable chemicals for a circular 

economy. In recent years, electricity-driven reactions have been of interest because we can obtain 

electricity from renewable wind, tide, and solar. In addition, plasma at the gas/water interface 

generates reactive oxygen species, such as H2O2 and radicals (superoxide (O2-), hydrogen-free 

(H), and hydroxyl (OH) radicals) without added oxidants. The ability to use plasma-derived 

reactive oxygen species in plastic upcycling to chemicals would revolutionize the plastic and 

chemical industry.  

 

Engineering Plasma Catalysis at ambient atmosphere for Plastic Upcycling: A key challenge 

in upgrading plastics is their hydrophobicity which hinders dissolution in solvents, resulting in low 

contact efficiency with catalysts. A strategy to overcome the nonreactivity of polyolefins would 

involve the introduction of polar functionalities onto the polymer chains. Recently, nonthermal 

atmospheric plasma processes have been of great interest in wastewater treatment and chemical 

processing because they can use renewable solar and wind-generated electricity [619]. Moreover, 

plasma processes allow low-temperature operations to initiate chemical reactions [620]. In the case 

of plastic upcycling, plasma discharge can generate active radicals, which could contribute to 

oxidative depolymerization and overcome the limited reactivity of plastic conversion into organic 

acids. 

 

Application of MOFs for oxidative depolymerization of plastic: Metal-organic frameworks 

(MOFs) are promising catalytic materials because of their high surface area, high porosity, tunable 

functionalities. Furthermore, many accessible metal sites make MOFs ideal catalytic materials, 

especially for oxidation reactions [621]. The accessible metal nodes promote oxidation activity; the 

transition metal nodes act as a Lewis acid and/or change oxidation states [622-624]. Among MOFs 

that catalyze oxidation reactions, Zr-containing MOFs (i.e., UiO-66(Zr)) catalysts [625] have been 

investigated because of their high thermal stability [626], chemical stability in the presence of 
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oxidizing agents [627-629], and plasma [630-633]. Therefore, we could apply MOFs as a catalyst 

for the plasma oxidation of plastics.  

 

Plastic wastes as feedstock for making biodegradable plastics: We can develop the plasma 

catalytic process to synthesize biodegradable plastics. Oxidative depolymerization by plasma 

would generate organic acids. These acids could be treated to Pseudomonas putida and Ralstonia 

eutropha. These bacterial species naturally biodegrade organic acids to produce medium-chain-

length polyhydroxyalkanoates (mcl-PHAs), which are potential bioplastic alternatives to petroleum-

derived plastics.
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