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Abstract
This work presents the utilization of dual Lewis and BrØnsted solid acid catalysts synthesized from the
acidic functionalized abundant wasted palm oil fruit bunch (POFB) derived porous carbon for a one-pot
conversion of glucose to 5-HMF under a bi-phasic NMP-H2O/MIBK system. The multiscale-porous POFB

based carbon with an enhanced surface area ~ 1,600 m2.g− 1 was obtained at the optimized preparing
condition (1:2 biochar to KOH mass ratio and carbonization at 850 ºC). The impregnated Al2O3 and the
sulfonated POFB derived carbon provided the Lewis (PC-Im1AlLA and PC-Im4AlLA) and BrØnsted (PC-
Im50BA) acid catalysts possessing total acidity up to 2.4, and 13.0 mmol.g− 1, respectively. The optimized
reaction condition parameters and the synergistic effect of mutually using both acidic catalysts were
extensively investigated to achieve the most e�cient 5-HMF production performance. The highest 5-HMF
yield, glucose conversion, and 5-HMF selectivity of 63.9%, 100%, and 63.9%, respectively, was attained at
120 oC, for 6 hr by employing 0.005:0.04 catalyst mass ratio of PC-Im4AlLA to PC-Im50BA with addition
of some NaCl, 1:3 and 3:1 aqueous to organic phase and NMP to H2O volume ratios, respectively.
Besides, the proposed catalytic system could be recycled for 3 times with less than 20% reduction of 5-
HMF production yield.

Statement Of Novelty
The important novelty of this work is the �rst time utilization of the agro-palm oil empty fruit bunch waste
as a base to produce the high value-added solid acid catalysts that can function either as BrØnsted or
Lewis acidic sources. Moreover, these proposed acid catalysts could be successfully prepared thereby a
practical and affordable approach, including the combination of hydrothermal and carbonization with
chemical activation processes, following by acid impregnation. The targeted catalysts has been applied
to facilitate the one-pot conversion of naturally abundant glucose to the high value platform chemical as
5-hydroxymethylfurfural (5-HMF). The essence of employing together of both BrØnsted and Lewis acid
catalysts was the key role to exert high production yield of 5-HMF up to 64% as well as the high glucose
conversion of 100% and 5-HMF selectivity of 64% under mild reaction condition.

Introduction
Biomass has been realized as one of the most abundant source of renewable energy on earth. In recent
years, utilization of the biomass as feedstocks for the production of sustainable biofuels and valuable
chemicals has been regarded as a promising strategy to deal with limited petroleum reserves and
environmental problems [1,2]. Several bio-based carbon, membrane, �ber, and supporting materials have
been prepared from biomass to apply in catalysis and variety of applications. Furthermore, high value-
added platform compounds, such as aldehydes and alcohols, can be obtained through pretreatment of
biomass materials and subsequently converted into chemicals and liquid fuels for transportation,
including gasoline and diesel [3-5]. Among these valuable biomass-derived compounds, 5-
hydroxymethylfurfural (5-HMF) has been realized as a promising valued-added biomass derived platform
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chemical. As the heterocyclic furanic molecule containing hydroxide and aldehyde functionalities, which
is readily transformed into either a dicarboxylic acid or a diol, 5-HMF can be converted to variety of
derivatives, serving as the starting material for various valuable intermediate chemicals, including
polymers, resins, solvents, building block for the synthesis of biofuels, etc [6] as shown in Fig. 1.

5-HMF can be produced through a sustainably catalytic conversion of the abundant bio-based precursors,
as glucose, lignocellulosic compounds, or starch under acidic condition. This process requires a series of
reactions, involving �rstly the acidic hydrolysis of glucans (i.e. lignocellulosic compounds, or starch) into
glucose, following by the isomerization of glucose into fructose over Lewis acid catalysts, and �nally the
dehydration of fructose to form the targeted 5-HMF product by the assist of Brønsted acid catalysts (the
reaction scheme is shown in Fig. 2) [6]. Previously, fructose has been widely researched as the attractive
precursor for directly dehydrating into the high 5-HMF yield. However, regarding to its high cost and
limited resource, fructose is not applicable for a large scale 5-HMF production. Recently, glucose draws
much attention as the promising precursor for the mass production of 5-HMF, due to its abundance with
much lower price compared to the fructose and available for attaining quite high yield. In addition, several
studies reported a promising 5-HMF yield when the tandem catalytic system where both Lewis and
BrØnsted acids were simultaneously applied for the conversion of glucose into 5-HMF. For example.
Yomaira et al. used the combination of AlCl3 and HCl catalysts to achieve 5-HMF yield up to 62% [7].
Rusanen et al. mutually employed the Lewis and BrØnsted solid acid catalysts, prepared from the Zn
impregnated and sulfonated birch sawdust derived carbon support, respectively, for producing 5-HMF and
attained the highest HMF yield of 51%, with its selectivity of 78% [8]. Also, solvent systems play an
essential role on the 5-HMF production and its selectivity. Especially, biphasic system whereby using the
combination of two immiscible reacting phases, e.g. aqueous and organic phases, has been reported for
facilitating the high yield and selectivity of 5-HMF, since the produced 5-HMF from aqueous phase readily
transfers into organic phase, inhibiting contact between 5-HMF and water, and hence preventing its
further conversion to undesired byproducts, such as humins, levulinic acid, or formic acid [9,10].
Moreover, it offers a simple 5-HMF separations and a feasibility of system recycling [6]. Thus, to develop
an e�cient one-pot conversion of glucose to 5-HMF when mutually employing Lewis and BrØnsted acid
catalysts, the appropriate solvent system, the ratio of the applied Lewis and BrØnsted acid catalyst, and
the related reaction condition (e.g., total catalyst loading, reaction time, etc) are the essential key factors
to be optimized with profound understanding.

Nowadays, much of heterogeneous catalytic systems, such as functionalized silica [11-13], zeolites [14],
ion-exchange resins [15], and metal oxide [16] have been extensively researched for the 5-HMF production
as the results of rendering practical and environmental benign. Nevertheless, these oxide supported
catalysts, besides quite expensive, are prone to be unstable in pressurized and hot water, which is a
common condition for biomass transformation reactions [17]. This strong condition cause a collapse of
structural integrity, leading to decreased catalytic performance, production of contamination when metal
leaching to the reacting solution, and di�culty for catalytic recycling. Alternatively, the porous carbon
materials generated from the renewable biomass precursors, such as lignocellulosic source, side streams
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and agricultural waste materials [18-20], appear as the potential and sustainable material for preparing
the biomass valorization catalysts due to offering low cost, possessing large surface area with highly
porous structure, great physical and chemical stability, and capable of surface functionalities by
chemical functionalization or impregnation with metals or acidic functional groups to promote catalytic
performance [21-24]. This utilization of green approach will also help for carbon neutrality to hold back
the climate change crisis. Noteworthy, although so far researches focusing on applying the biomass-
based carbon supported solid acid catalysts in various reactions have been broadly investigated,
including the esteri�cation of oleic acid with methanol [25], esteri�cation of free fatty acids in waste
cooking oil [26], and application for microwave-assisted biodiesel production from waste palm oil [27],
only a few works have been dedicated on exploring the utilization of these catalysts for the 5-HMF
production.

Thailand is one of the global largest palm oil production countries. After harvesting palm oils for food
industries and biofuel production, almost 70% of the fresh fruit bunches are turned into wastes as the
empty fruit bunches, �bers and shells, as well as liquid e�uent [28]. It has been estimated that a 100 ton
of wastes generated from a typical palm oil mill are composed of about 25 tons of empty fruit bunches,
20 tons of palm kernel shells and 7 tons of �bers [24, 29]. Since the palm kernel shells have low moisture
content and contains residues of palm oil that can provide relatively high heat, they are usually utilized as
the biomass solid fuel for steam boiler to run turbines for electricity generation. Meanwhile, the empty
palm oil fruit bunch waste typically is not suitable for using as biofuels, due to its high water content up
to around 67%, despite containing quite high purity of lingo-cellulosic resource and free from foreign
elements, such as gravel, nails, wood residual, waste etc. Thus, most of palm oil empty fruit bunch
(POFB) wastes are disposed by land�lling or burnt out, causing current serious air pollution. Hence, the
conversion of POFB solid wastes into a value-added product would not only bene�t increasing a value of
the wastes, but also reducing the air pollution from the burning process. Recently, the POFB solid waste
has been mostly exploited as a promising biomass-derived carbon supported acidic catalysts for
biodiesel production via esteri�cation process initiating by various feed-stocks, such as waste cooking
oils [30], palmitic acid [31], and fatty acid methyl ester [32]. However, only few researches on utilizing the
POFB-based carbon supported catalysts for other applications could be found, such as the carbon-
supported CuO catalyst for nitric oxide removal [33], and the Cr-containing activated carbon catalyst for
NH3 absorption [34]. Interestingly, it is di�cult to search for a work on employing POFB derived carbon
supported solid acid catalyst for the catalytic reaction of the value-added 5-HMF production.

Therefore, this work presented the �rst time mutually utilization of the dual solid acid catalysts (Lewis
and Brønsted acid catalysts) prepared from acidic functionalized palm oil empty fruit bunch �ber (POFB)
derived porous carbon support for a one-pot conversion of glucose to 5-HMF in a biphasic NMP-
H2O/MIBK system. The porous carbon catalyst support was synthesized by using a combination of
hydrothermal treatment and carbonization. Subsequently, to prepare the targeted solid acid catalysts, the
obtained porous carbon was acidic impregnated with AlCl3, an aluminium containing precursor, as the
Lewis acid catalyst and a 50% w/v H2SO4 as the Brønsted acid catalyst. The impacts of mass ratio
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between the POFB based biochar to the KOH activation, combining with the applied carbonization
temperature on the morphology of the received porous carbon catalyst support were analyzed. The
physical properties of both solid acid catalyst products were thoroughly characterized. Furthermore, the
effects of reaction condition, including the aqueous-to-organic phase ratio, the mixing solvent ratio of
NMP to water in the aqueous phase, catalyst loading, reaction time, as well as, the impact of
simultaneously loading of the Lewis and Brønsted solid acid catalysts on the e�ciency of 5-HMF
production were investigated. Last but not least, the ability for catalytic reusability by using the proposed
solid acid catalytic system under the optimized reaction condition was assessed.

Experimental
2.1 Chemicals and materials

Potassium hydroxide (KOH, AR Grade), sodium hydroxide (NaOH, AR Grade), Aluminium (III) chloride
hexahydrate (AlCl3.6H2O) were purchased from Kemaus. Hydrochloric acid (HCl 37%wt, AR Grade), and
sulfuric acid (H2SO4 98%wt, AR Grade) were purchased from QRëC. Argon gas (UHP grade) was
purchased from SI Technology. 1-methyl-2-pyrrolidinone (NMP), acetonitrile (HPLC grade), and 5-
hydroxymethylfurfural (AR Grade) for HPLC calibration were purchased from Sigma-Aldrich. Methyl
isobutyl ketone (MIBK, AR Grade) was purchased from Merck. D-Glucose (AR Grade) was purchased from
Fisher Scienti�c.

2.2 Catalyst preparation

The preparation of palm oil empty fruit bunch derived porous carbon, POFB-PC (catalyst support)

The palm oil empty fruit bunch �bers (POFB) were separated from palm oil empty fruit bunch by in-house
mechanical method. In detail, the shaggy part was collected from the palm oil empty fruit bunch and tore
into a bunch of �bers. The collected fruit bunch �bers then was washed with water to remove residual dirt
or insects for 3 times and dried at 105 ºC overnight. Subsequently, the dried �bers were ground into
smaller pieces before further taken to the pretreatment processes. These POFB were used as the starting
material to prepare the porous carbon materials by the combination of hydrothermal process, following
by carbonization with KOH activation. Firstly, 7.5 g of POFB was immersed in 10% w/v NaOH for 30
minute to remove lignin and hemi-cellulose. After that, the POFB was washed with DI water until pH 6.5-
7.0, then dried overnight at 105 ºC. Subsequently, the dried POFB was soaked in 250 mL 0.5 M H2SO4 and
transferred to a 300-mL stainless steel vessel. After heated at 200 ºC for 24 h, the reaction mixture was
allowed to slowly cool down to room temperature. The received biochar was washed in DI water until pH
about 5.5-6.0 and dried overnight at 105 ºC. This biochar was activated by crushing with potassium
hydroxide pellet at different mass ratios of biochar to KOH (e.g. biochar:KOH as 1:2 and 1:3).
Furthermore, the mixed sample was carbonized in a tube furnace at a carbonization temperature of 850
ºC and 950 ºC for 1 h under argon atmosphere with a heating rate of 3 ºC/min. After cooled down to
room temperature, the obtained porous carbon material was stirred in 0.5 M HCl overnight, then washed
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in DI water until pH 5.5-6.0. Finally, the porous carbon product was dried overnight in an oven at 105 ºC to
achieve the targeted porous carbon product [35]. We assigned the name for the obtained porous carbon
samples that were prepared from different mass ratios of KOH to biochar and the carbonization
temperature as BKxyCz. The assigned name was referred to the porous carbon sample that was prepared
from the mass ratio of biochar to KOH as x to y and was carbonized at the pyrolysis temperature of z ºC.
For example, BK12C850 represents for the porous carbon sample prepared by using KOH activation mass
ratio of biochar to KOH as 1:2 and pyrolyzed at 850 ºC.

The preparation of Lewis acid and Brønsted acid functionalized-POFB-PC

Both of the Lewis acid and Brønsted acid functionalized-POFB-PCs were prepared by incipient wetness
impregnation. In case of the Lewis acid functionalized-POFB-PC, an AlCl3.6H2O salt precursor was used
to prepare the Al2O3 containing Lewis acid catalyst. In detail, 1 to 10 (PC-Im1AlLA) and 4 to 10 (PC-
Im4AlLA) mass ratio of the calculated Al metal in the AlCl3.6H2O precursor to porous carbon (PC) was
dissolved in distilled water. The prepared AlCl3.6H2O aqueous solution was dropped onto the POFB-PC
and stirred at 60 ºC for about an hour or until the slurry mixture was completely dried. The mixture was
then dried overnight at 105 °C. Subsequently, the dried aluminium doped POFB-PC was calcined in a tube
furnace at 200 ºC for 3 h under argon atmosphere with a heating rate of 3 ºC/min [21]. For the Brønsted
acid functionalized-POFB-PC, 50 wt% H2SO4 aqueous solution was dispersed in the POFB PC support by
mixing the acid solution and the porous carbon support under stirring for about an hour. Likewise, the
dried sample was then dried overnight at 105 °C and further pyrolyzed in a tube furnace at 400 ºC for 3 h
under argon atmosphere with the same heating rate of 3 ºC/min [21]. This targeted Brønsted acid
functionalized-POFB-PC was assigned as PC-Im50BA.

2.3 Material characterization

The physical and chemical properties of the acid catalysts were characterized by various characterization
methods. The morphology of catalysts were observed by scanning electron microscope (SEM) equipped
with energy dispersive spectroscopy (EDS) elemental mapping. N2 adsorption-desorption isotherms were
used to characterize the porous structure and the speci�c surface area based on the adsorption isotherm
of the Brunauer-Emmett-Teller (BET) equation. Fourier-transform infrared spectroscopy (FT-IR) was
utilized to observe the functional group of the catalysts. X-ray photoelectron spectroscopy (XPS) was
performed to identify the binding energies of the loaded metal compounds or the sulfonic functional
group to the carbon based material. Ammonia temperature programmed desorption (NH3-TPD) was used
to determine total acidity of the acidic catalysts. X-Ray Diffractometer (XRD) was employed to determine
the crystalline phases of aluminium oxide or sulfonic functionality on the proposed acid catalysts.

2.4 Conversion of glucose to 5-hydroxy methylfurfural (5-HMF)

The conversion of glucose to 5-HMF was performed in a batch reactor thereby using temperature
controlled shaker. The production of 5-HMF undergone under a bi-phasic reaction, composing of the
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aqueous phase as the combination of N-methyl-2-pyrrolidone (NMP) and water, the organic phase as
MIBK solution and the addition of some NaCl. In practical, 0.01 g of glucose, 0.05 g of NaCl, acid
catalysts responsible by Lewis acid (PC-ImAlLA) and Brønsted acid (PC-Im50BA), aqueous phase (NMP
and water), and organic phase (MIBK) were loaded in the reactor at ambient temperature, then the
reaction temperature was raised and kept steady at 120 °C. After attained a certain period of reaction
time, the reaction was quenched in an ice bath at 0 °C immediately. Subsequently, the loaded catalyst
were �ltered off and centrifugally washed for 5 times before dried at 60 °C overnight. The catalyst after
washed was meant to be reused with the optimized reaction condition for the catalysis recyclability
assessment. Meanwhile, the aqueous and organic layers were separated and taken to analyze their
composition by using high performance liquid chromatography (HPLC) [6].

2.5 Product determination [6]

The liquid samples collected from batch experiments (section 2.4) were analyzed by high performance
liquid chromatography (HPLC). The Sugar HMPcolumn (3.5 μm, 4.6 × 100 mm) was used to determine
the amount of glucose by using RI detector (model YL9170, YL Instrument). The column oven
temperature was maintained by column oven (model TCM-004076, Waters) at 60 °C, and mobile phase
was 0.005M sulfuric acid solution at a �ow rate of 0.4 ml/min. The amount of HMF in both layers was
determined using UV detector (model 2550, Varian) at the wavelength of 320 nm. The ACE Excel 5 Super
C18 reverse phase column (4.6 mm x 250 mm, 5µm particle size, Advanced Chromatography
Technologies) was held at 30 °C and the mobile phase was acetonitrile:water (10:90 (v/v)) at the �ow
rate of 0.7 ml/min. The injector (model 7125, Rheodyne) volume of the sample (�ltered through 0.45 μm
Nylon syrings �lter membrane) was 20 μL. The analysis was repeated three times. The conversion of
glucose, the yield of 5-HMF, and the selectivity of 5-HMF were calculated as follows:

Conversion of glucose

Conv.(%) = (1- (moles of the unreacted glucose/moles of starting glucose units)) x 100% (1)

Yield of 5-HMF

Y5-HMF (%) = (moles of the produced 5-HMF/moles of starting glucose units) x 100% (2)

Selectivity of 5-HMF

S5-HMF (%) = (Y5-HMF/Conv.) x 100% (3)

Results And Discussion
3.1 Material characterization

The material morphology of the palm oil empty fruit brunch �ber (POFB) starting material and its
pretreated sample as well as the obtained activated porous carbon material obtained from different
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activating conditions are illustrated in �gure 3 and 4, respectively. By employing the in-house mechanical
separation method, the dried POFB had the average �ber diameter of about 200 micron. After pretreated
with NaOH, the POFB still showed similar �ber diameter with the pristine one but having rougher surface
with grooving structure. The conducted biochar after undergoing the hydrothermal treatment exposed the
formation of quite uniform carbon microspheres on the surface of treated POFB.  Subsequently, the
biochar was further carbonized under different concentrations of KOH activation and at different
carbonization temperatures to investigate their impacts on the morphology of the porous carbon material
products.

As seen from �g. 4, the POFB derived porous carbon showed the highly porous with three dimensional
interconnecting open channels. At the same carbonization temperature of 850°C, increasing the
concentration of KOH activation from the mass ratio for the biochar to KOH as of 1:2 (�g. 4a) to 1:3 (�g.
4b) caused the porous carbon wall to collapse or merge with each other, due to the more aggressive
oxidation of carbon material into small gas molecule (i.e. CO2, CO, or H2O). This led to larger pore size,
and eventually reduced the speci�c surface area. However, elevating the carbonization temperature from
850°C to 950°C under using the same amount of KOH activation as 1:2 mass ratio of biochar to KOH but
(shown in �g. 4a and 4c) provided the porous carbon product with an only slightly change of porous
structure and their pore sizes. This implied that the applied carbonization temperature seemed to play a
less role on the porous structure of the carbon material than the loaded KOH activating agent. In addition,
increasing the carbonization temperature resulted in more sintering of the porous carbon framework,
causing some merging of the opened pore edges, illustrated in �g. 4c. Regarding to providing a porous
carbon material possessing a uniform 3D interconnected pore with an appropriate pore size, the mass
ratio of 1:2 biochar to KOH at the carbonization temperature of 850°C was selected as the preparation
platform for preparing the porous carbon-based catalyst support to serve for further acid
functionalization in the following section.

Furthermore, the porous carbon catalyst support was acidic functionalized via wetness impregnation
approach by using AlCl3 and H2SO4 as the acidic precursor for preparing two Lewis and one BrØnsted
solid acid catalysts, so called PC-Im1AlLA, PC-Im4AlLA, and  PC-Im50BA, respectively. Fig. 5 shows the
SEMs images of material morphology with their active elemental mapping, and their energy dispersive
spectroscopic (EDS) spectra for the acid functionalized POFB derived porous carbon material of the
representative Lewis and BrØnsted solid acid catalysts (PC-Im4AlLA, and PC-Im50BA, respectively).  In
general, both solid acid catalysts resembled the porous structure of the carbon catalyst support. This
may be because only small amount ca. 0.4-9 wt% of the acidic functional groups could be loaded onto
the carbon support surface or some of the impregnated acid went into the inner pores. In addition, the
elemental analysis mapping by using energy dispersive spectroscopy (EDS) technique indicated uniform
distribution of the functionalized active acidic groups on the porous carbon surface, represented by
aluminium and sulfur moieties for the Lewis and BrØnsted acidic functionalities, respectively.

The physisorption isotherms and their pore size distribution of the product samples are illustrated in Fig.
6. Based on the IUPAC classi�cation, the isotherms of the tested samples obviously showed the
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characteristic of type IV physisorption isotherm for multi-scale porous structures that generally facilitate
a pore condensation causing the formation of hysteresis in the isotherms. In addition, the shape of
hysteresis loops can be assigned for the hysteresis type H4, showing the pronounce uptake starting at
low p/po (i.e. < 0.5). This H4 hystereis behavior revealed the presence of mesoporous and microporous
structure that are often found in the micro-mesoporous carbon material. This exposed multi-scale porous
structure agreed well with the previous observed SEM images. 

The BET speci�c surface area (SBET), total pore volume (Vtotal), and average pore size (PSaverage) of the
prepared porous carbon catalyst support and the obtained solid acid catalysts were calculated from N2

adsorption isotherms by Brunauer-Emmett-Teller (BET) method, as reported in Table 1. The porous carbon
catalyst support had a high BET surface area of about 1,600 m2/g. The total pore volume was ca. 1.1
cm2.g-1 with mesopores having average pore size ~2.7 nm (mainly ranging around 1.2-4.5 nm). This
mesopores would bene�t the chemical access during reacting in liquid phase, whereas too small pores
can easily be blocked, inhibiting the mass transport. The impregnating solid acid catalysts (PC-Im1AlLA,
PC-Im4AlLA, and PC-Im50BA) showed the reduction of the surface area, pore volume, and average pore
size compared to their parent porous carbon support. Especially, speci�c surface area of the
corresponding catalyst decreased down to less than 50% of that of the pristine porous carbon. Moreover,
loading more amount of acidic functional group resulted in more reduction of surface area. This might be
explained by the pore blocking or more addition of the functional groups into the pore of the carbon
support after acidic impregnation

 Table 1. Surface morphology of the porous carbon and the solid acid functionalized porous carbon
catalyst

Parameters SBET

(m2.g-1)

Vtotal

(cm3/g)

PSaverage

(Å)

Biochar 2.9 0.02 255.8

BK12C850 1,599.0 1.1 27.2

BK13C850 1,417.8 0.8 21.4

BK12C950 1,108.3 0.6 21.6

PC-Im1AlLA 672.9 0.4 22.4

PC-Im4AlLA 350.3 0.3 28.7

PC-Im50BA 292.2 0.2 22.2
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As shown in Fig. 7-8 and Table 2, XPS was performed to further con�rm the presence of such active
compounds-containing functionality on the catalyst surface, as the aluminium and sulfur -containing
functional groups for the proposed Lewis acid catalyst (PC-Im1AlLA and PC-Im4AlLA) and BrØnsted acid
catalyst (PC-Im50BA), respectively. Likewise, the abundance of oxygen and carbon functionalities were
also collected. Fig. 7, the rough XPS scan shows main important peaks of binding energy (BE) at about
532, 284, 170, and 75 eV, corresponding to O1s, C1s, S2p and Al2p, respectively. In Fig. 8, the high
resolution deconvoluted spectra of O1s, C1s, S2p, and Al2p were analyzed in order to study the internal
chemical bonds combination forms of the acidic group in the catalysts. For all catalysts, the XPS
spectrum of C1s revealed a relatively high content of carbon functionalities on the surface, as the total C-
% was ranging from 69 to 78 atomic conc. % (see Table 2), relating to C-H, C-C, C=C, C=O, O-C=O and O=C-
OH at the binding energy of 283.9, 284.7, 285.8, 286.8, 288.3 and 289.3 eV, respectively [36-42].  These
series of carbon-oxygen binding energies correspond to the emerging of carboxylic functional groups and
the natural carbonyl groups of the typical biomass. Though, this observable carbon content seems to be
quite lower than that found in typical biomass-based carbon material, which generally contains carbon
moiety of 80 to more than 90 wt.% [43]. A decrease of the normalized carbon content may result from the
addition of oxygen functionalities during surface oxidation and some metal impregnation thereby the
Lewis acidic functionalization. This was also con�rmed by the quite high observable total O-% of about
16-26 atomic conc. % on the catalyst surface (see Table 2). For the deconvoluted XPS spectrum of O1s,
the BE signal at 535.6 eV can correlate to the single-bonded oxygen atoms, e.g. O-H groups of phenol
compounds, or even to S-O bonds in such sulfonic acid groups [8]. Moreover, the XPS spectrum peak at
about 170 eV for S2p indicated the presence of sulfonic acid groups [44]. It is noteworthy that relatively
low concentration of sulfonic group (i.e. based on the S content) could be detected on the surface of the
porous carbon support even impregnating with quite high concentration of sulfuric acid ~50 wt.%. This
may result from the accelerated elimination of the weak binding sulfonic group on the porous carbon
surface under high calcination temperature > 250 °C [45]. Also, some of the sulfonated compound might
impregnate into the inner pores that could not be detected by XPS, causing the substantial reduction of
the surface area observed by the BET surface analysis. For the Lewis acid functionalized porous carbon
based catalyst, illustrated in Fig 8c, the XPS peaks for Al2p appeared at 76 and 76.9 eV, corresponding to
the aluminium oxide types as Al-O and Al-OH, respectively. The addition of Al loading from about 9.1 to
28.6 wt.% (i.e., 1:10 and 4:10 mass ratio of the Al to porous carbon) led to the increment of the
impregnated Al within the catalysts from 8.6 wt.% up to as high as 12.4 wt.%.

 

Table 2. XPS relative compositions of the BrØnsted and Lewis solid acid catalyst
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Position BE
(eV)

Peak PC-Im50BA PC-Im1AlLA PC-Im4AlLA

Atomic conc.
(%)

Mass

conc.
(%)

Atomic conc.
(%)

Mass

conc.
(%)

Atomic conc.
(%)

Mass

conc.
(%)

532.3 O1s 26.4 32.0 15.8 18.6 22.6 25.2

284.3 C1s 72.9 66.3 78.0 68.6 68.9 57.7

199.3 Cl2p - - 1.0 2.7 1.9 4.7

170.0 S2p 0.7 1.7 - - - -

75.3 Al2p - - 4.4 8.6 6.6 12.4

               

In Fig. 9, the metal oxide and sulfonate phases of the impregnated Lewis and BrØnsted solid acid
catalysts were further observed by XRD technique. In all catalysts, the broad XRD peaks at around 2q =
25 o and 44 o are referred to the amorphous carbon phase (JCPDS �le no. 01-082-9929) [8]. For the
BrØnsted acid (Fig 9a), crystalline phases of the sulfonic acid group were observed at 2q of 15.1 o, 20.9 o,
25.9 o, 30.6 o, 32 o, 33.6 o, 34.3 o, 40.9 o, 42.6 o, 44.2 o, 52.7 o, 55.3 o, 56.3 o, 57.1 o, 60.5 o, 65 o, and 68.5 o,
which were attributed to the crystalline ordered planes at (012), (104), (021), (024), (107), (116), (211),
(303), (208), (119), (401), (1210), (317), (045), (234), (3110), and (1311),  respectively. In case of the Lewis
acid catalysts (Fig 9b (PC-Im4AlLA) and 9c (PC-Im1AlLA)), the peaks at 2q of 25.5o, 35.1o, 37.7o, 41.6o,
52.5o, 57.4o, 66.5o, and 68.1o revealed the presence of aluminium oxide phase, respecting to the Al2O3

ordered planes at (012), (104), (110), (006), (024), (116), (214), and (300), respectively. No AlCl3 or Al
metal were detected, indicating that the AlCl3 was completely removed or bonded to the oxygen
functional groups on the carbon support under the applied calcination temperature. Adding more AlCl3
precursor for the PC-Im4AlLA sample clearly resulted in greater amount of forming crystalline Al2O3

phase within the Lewis acid catalyst product. This could be observed by its higher XRD intensity
comparing to that of lower Al2O3 loaded sample, as the PC-Im1AlLA.

The FTIR technique was mainly employed to analyze the functional groups relating to the Brønsted acid.
In Fig. 10, compared to that of the Lewis acid catalyst (PC-Im4AlLA) and the porous carbon support
(BK12C850), the conducted FTIR spectra of the proposed sulfonic acid functionalized catalyst (PC-
Im50BA) exposed a clearly new emerging peak at 625 cm-1, 1114 cm-1, and 1632 cm-1, which were
associated with the O-H, S=O and C=C stretching vibrations of the sulfonic acid group, respectively [36-
37,46-48]. This appearance of sulfur, oxygen, and carbon bonding groups veri�ed the success of the -
SO3H functionalization in the porous carbon support that was also consistent with the previous XPS and

the XRD results. In addition, the strong FTIR peaks located at 3465 cm-1 and 1720 cm-1 were observed in
all tested samples, indicating the presence of the O–H stretching and the –COOH groups, respectively
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[49]. The formation of these oxygenated functional groups may result from the surface oxidation during
the sulfuric acid treatment in the hydrothermal step, when preparing the biochar from the palm oil fruit
bunch �bers raw material. This presence of oxygen functionalities was also detected by XPS. It is worth
mentioning that these conducted FTIR signals of the hydroxyl and the carbonyl vibrations may also
overlap with the natural oxy and carbonyl moieties that were generally found in the biomass material.

The type and total amount of acid sites on the surface of the POFB derived porous carbon support, the
prepared BrØnsted acid (PC-Im50BA) and Lewis acid (PC-Im1AlLA and PC-Im4AlLA) catalysts were
determined by temperature-programmed desorption of ammonia (NH3-TPD). The position of desorption
peaks is responsible for the acid strength, while its area correlates to the acid amount.  The ammonia
desorption process was monitored up to 710°C. As seen from the TPD pro�le in Fig. 11, roughly there are
distinct NH3 desorption peaks around 100-125 °C and 450-600 °C for all samples, and additionally the
very strong sharp peak at more than 600 °C for only the BrØnsted acid (PC-Im50BA) sample. The required
relatively low desorption temperatures of around 100-125 °C correlated to the NH3 desorption process
from weak acids, as carboxylic acids, lactone, lactols or phenols, and anhydrides. These weak acidic
groups are typically seen in activated carbon or somehow generated via surface oxidation [43], as
previously mentioned. Comparing to the other samples, the PC-Im50BA obviously showed strong sharp
desorption peaks mostly at high temperature of 614 and 705 °C, which can be attributed to the NH3

desorption from strong BrØnsted acid sites [50]. Additionally, it also expressed the trace amount of
weaker desorption signal at the weak acid region, shown as desorption peak at 107 °C. This con�rms the
success and effective strong sulfonic acid functionalization on the porous carbon support through the
concentrated sulfuric acid (50 wt%) impregnation process. This accumulation of the large amount of
strong BrØnsted acid content in conjunction with some weak acidic functionalities led to the high total
acidic content up to 13 mmol.g-1. For both Lewis acid samples (PC-Im1AlLA and PC-Im4AlLA), two NH3

desorption processes could be detected at temperature around 123-125 °C and 450-600 °C, corresponding
to the weak acidic groups and thermally stable Lewis acid sites, respectively. Interestingly, the PC-
Im4AlLA sample with slightly more Lewis acidic loading content—6.6 atomic loading% for PC-Im4AlLA
comparing to 4.4 atomic loading% for PC-Im1AlLA, showed extensively more thermally stable functional
groups, as shifting the desorption energy at ~460 °C for PC-Im1AlLA to much higher desorption energy at
~588 °C for PC-Im4AlLA. In addition, more content of Lewis acid groups may facilitate more formation of
oxygen-bearing functionalities, appearing as more amount of the weak acid in the NH3 desorption at 123-

125 °C. This exerted greater amount of acid sites as 2.4 mmol.g-1 for PC-Im4AlLA, comparing to 2.0 for
PC-Im1AlLA. In the case of porous carbon support, there were combination of acid sites shown in the
weak acidic region (i.e. desorption peak at 122 °C), attributed to natural oxygen-bearing functional groups
in typical biomass, and probably some introduced by dilute sulfuric acid treatment during hydrothermal
process, and also the relatively high thermally stable acidic functional groups shown as desorption at
594 °C. The total amount of acidic sites for the porous carbon support were 1.78 mmol.g-1, suggesting
high amount of acid sites generated during the proposed porous carbon preparation procedure.
Regarding to morphology and the amount of functionalized acid sites, PC-Im4AlLA and PC-Im50BA were
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selected as the Lewis and BrØnsted solid acid catalysts for further investigating catalytic performance of
glucose conversion to 5-HMF in the next section. 

Table 3. The acidity of fresh porous carbon support (BK12C850), and the solid acid catalysts PC-Im1AlLA,
PC-Im4AlLA, and PC-Im50BA.

      Temp.

Samples

100-300 oC

(mmol.g-1)

301-500  oC

(mmol.g-1)

501-700 oC

(mmol.g-1)

Total acidity (mmol.g-

1)

BK12C850 0.7 (121.9
oC)

- 1.1 (593.8 oC) 1.8

PC-
Im1AlLA

0.5 (123.4
oC)

1.5 (459.7
oC)

- 2.0

PC-
Im4AlLA

0.9 (125.1
oC)

- 1.5 (588.2 oC) 2.4

PC-
Im50BA

0.3 (107.4
oC)

- 2.4 (613.6 oC), 10.3 (704.7
oC)

13.0

Note: The number in parentheses are the peak positions of the NH3 desorption temperatures 

 

3.2 Catalytic determination

Effect of aqueous and organic phase ratio

Fig. 12 shows the effect of aqueous to organic phase ratio on the production yield of 5-HMF, conversion
of glucose, and selectivity toward 5-HMF. In the biphasic system, methyl isobutyl ketone (MIBK) has been
used as the organic solvent to readily collect the generated 5-HMF product before further undergoing
undesired side reactions in the aqueous phase. Therefore, for this study we employed the biphasic
system of NMP/H2O (mixed solvent in aqueous phase) and MIBK (organic phase) for investigating the
conversion of glucose to 5-HMF in a batch reaction. The volume ratio of NMP/H2O aqueous phase to the
MIBK organic phase was varied from 1:1 to 1:4, while the total volume of the bi-phasic solvent mixture
was constant at 1 mL. The amount of Lewis acid (PC-Im4AlLA), Bronsted acid (PC-Im50BA), glucose, and
NaCl were constant at 0.005 g, 0.04 g, 0.01 g, and 0.05 g, respectively.The reaction time, temperature and
NMP/H2O ratio were held constant at 60 min, 120 oC and 1:1, respectively. It was found that increasing
the volume ratio of organic phase to aqueous phase resulted in the increase of glucose conversion, 5-
HMF production yield as well as the selectivity through 5-HMF, according to the readily transfer of 5-HMF
from aqueous to organic phase that prevents the favorable side reactions of 5-HMF within the aqueous
phase [51,52]. The 5-HMF produced in the aqueous phase is favorable to be extracted by the organic
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solvent, leading to the loss of 5-HMF in the aqueous reacting phase. The reduction of the 5-HMF in
aqueous phase will drive the equilibrium to promote more production of the 5-HMF product. In addition,
surrounding by the organic solvent can inhibit the contact of 5-HMF with water molecules, resulting in a
less possible rehydration to form undesired byproducts. The excess water in the system can promote the
formation of levulinic and formic acids due to the rehydration of 5-HMF with the vast amount of
surrounding water molecules [1]. However, lowering aqueous-to-organic phase ratio from 1:3 to 1:4 would
reduce the 5-HMF yield from 20.19% to 18.50% and selectivity from 50.68%, to 34.13% because, more or
less, glucose still needed an appropriate water amount to transform into fructose via isomerization.
Insu�cient water content caused the increase of glucose concentration in the aqueous system that
would accelerate the cross-polymerization of glucose into humins. Alternatively, high concentration of the
glucose starting material will probably drive reaction to produce more fructose and continuing support
the formation of 5-HMF under the appropriate amount of the related catalysts. However, the appearance
of too concentrated fructose or 5-HMF in the system could eventually also promote their own cross-
polymerization into humins (see Fig.2) [1]. Based on the received highest 5-HMF product yield, the 1:3
aqueous to organic phase volume ratio was used as the base amount of the applied biphasic system for
following optimization of other related parameters.

Effect of NMP to H2O ratio

The effect of NMP/H2O volume ratio was subsequently investigated to improve the reaction performance
for the synthesis of 5-HMF as illustrated in Fig. 13. The NMP/H2O volume ratio was varied from 1:1 to
4:1, while the 1:3 aqueous to organic phase volume ratio, 0.005 g of PC-Im4AlLA, 0.04 g of PC-Im50BA,
the reaction temperature of 120 °C, and the reaction time of 60 min were held constant. The result
indicated that increasing the NMP to H2O volume ratio from 1:1 to 4:1 provided more glucose conversion,
as well as the yield of 5-HMF production, and mostly selectivity of 5-HMF. This may be explained that
NMP can facilitate the favorable formation of the more stable form of fructose into fructofuranose via
tautomerization. The forming fructofuranose form is readily to be converted to 5-HMF, hence eventually
enhancing the production of the 5-HMF product. However, at the same time, under the presence of a
BrØnsted acidic catalyst, the generated 5-HMF could possibly be protonated, and further dehydrated to
form a reactive carbonium ion intermediate. This HMF intermediate form could also react with several
other intermediates, such as fructose or 5-HMF itself, to form humins or other oligomeric by-products [53],
hence leading to a great reduction of the HMF selectivity when increasing the amount of NMP addition,
as indicated by the substantial decrease of the selectivity when increasing the NMP portion from 1:1 to
2:1 NMP to H2O volume ratio. As the results, continuingly increasing the NMP/H2O volume ratio to 4:1
could only slightly increase both 5-HMF yield and selectivity, while boosting up the glucose conversion up
to 92.46%. This was because basically NMP acted as an aqueous phase modi�er, preventing the
generation of humins or other by-products, such as levulinic acid, and formic acid, via rehydration of the
5-HMF in water. As an aprotic organic solvent, NMP also simultaneously enlarges the partitioning of 5-
HMF into the organic phase [10]. Considering from all comparable production indicators, including 5-HMF
production yield, glucose conversion, and 5-HMF selectivity, consuming saver amount of NMP as the
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case of using 3:1 NMP/H2O volume ratio has been chosen, though the 4:1 NMP/H2O volume ratio could
provide a little higher yield for all production parameters.

 

Effect of catalyst loading

The amount of catalyst loading is another important factor that determines the production e�ciency.
Especially in our speci�c case, since the conversion of glucose to 5-HMF occurs through two consecutive
acid catalytic reactions (i.e. isomerization and dehydration) that require both Lewis acid and Bronsted
acid catalysts, hence it also necessitates to optimize a suitable ratio of the applied dual acidic catalysts.
As shown in Fig. 14, the effect of catalyst loading and the ratio of simultaneously applied Lewis acid and
BrØnsted acid catalysts on the 5-HMF production e�ciency has been investigated. In this study, the total
amount of both catalysts was varied from 35 to 60 mg to explore the appropriate amount and ratio of the
dual solid acid catalysts. Roughly, increasing amount of total catalysts resulted in more production yield.
Considering in detail, increasing the amount of BrØnsted acid catalyst (PC-Im50BA), while keeping
amount of Lewis acid catalyst (PC-Im4AlLA) constant, enhanced the 5-HMF production yield, its
selectivity as well as the total glucose conversion. This indicated that the fructose generated from the
isomerization of glucose in the initial step was readily transformed into 5-HMF under the presence of
more BrØnsted acid catalyst in the following dehydration step. Noteworthy, under a strong acidic
condition, BrØnsted acid catalyst can also directly assist the dehydration of glucose into the 5-HMF,
bypassing the Lewis acid catalyzed glucose-fructose isomerization [54]. The synergistic effects of
mutually using Lewis and BrØnsted acid catalysts may lead to the high obtained glucose conversion in
the order of 90-93%.  In contrary, while using same amount of BrØnsted acid catalysts, increasing the
Lewis acid catalyst resulted in slightly decrease of the 5-HMF yield and its selectivity, but rather increase
the glucose conversion. This may be explained by that the activated isomerization reaction, from adding
more amount of Lewis acid catalyst, would promote more conversion of glucose into fructose. However,
more concentration of forming fructose may probably support more cross-polymerization of fructose into
humins, causing lower fructose for further dehydration into 5-HMF product. As the catalyst loading
aspect, we chose the total catalyst loading of 45 mg with the mass ratio of Lewis and BrØnsted acid
catalysts as 0.005 to 0.04 g for further optimizing of reaction time based on the quite high 5-HMF yield
and its selectivity (i.e. 27.0% and 29.9%, respectively) at a saver amount of employed catalysts. 

Effect of reaction time

Finally, the effect of reaction time for the reaction performing under the previous optimized reaction
condition was explored to maximize the targeted 5-HMF production performance.  In Fig. 15, a set of
reacting time varied from 1 h to 8 h under reaction temperature of 120 oC with the aqueous to organic
phase volume ratio of 1:3, NMP to H2O volume ratio of 3:1, 0.05 g of NaCl, 0.005 g of PC-Im4AlLA, and
0.04 g of PC-Im50BA was performed. The conversion of glucose, 5-HMF yield, and 5-HMF selectivity
increased with reaction time from 1 h to 6 h. However, with a longer reaction time up to 8 h, the yield and
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selectivity of 5-HMF dropped to 57.66% while the conversion of glucose was nearly constant. This can be
explained that a great extent of 5-HMF was further converted to byproducts, such as polymers, livulinic
acid, formic acid, and humins due to the prolonged reaction time [7]. For instance, the produced 5-HMF
can undergo a further rehydration to form byproducts, such as a levulinic acid or formic acid  [55]. In
addition, under the strong BrØnsted acidic condition, the 5-HMF can also be deprotonated and dehydrated
into the intermediate form that is readily to react with other existing sugars, such as glucose and fructose.
The condensation polymerization of 5-HMF with these sugars results in the formation of oligomers, as
soluble polymers and insoluble humins [56]. Therefore, The optimized condition that provided the highest
glucose conversion (100%), 5-HMF yield (63.88%), 5-HMF selectivity (63.88%) were obtained by 0.01 g of
glucose, 0.05 g of NaCl, catalyst ratio of 0.005 to 0.04 (PC-Im4AlLA to PC-Im50BA), aqueous to organic
phase volume ratio of 1:3, and NMP to H2O volume ratio of 3:1, under 120 oC, and reacting time for 6 h.

Effect of dual applied Lewis and BrØnsted solid acid catalysts

In this section, the impact of simultaneously using dual acidic catalysts on the catalytic performance for
5-HMF production was investigated. The obtained 5-HMF production performance from reactions run by
various sets of solid acid catalysts under the optimized reaction condition from the previous study in
prior section  are illustrated in Fig. 16. The catalytic reaction that was run by the bare POFB based
activated porous carbon was utilized as the reference reaction and only 0.39% 5-HMF yield was received.
The small production of 5-HMF may result from the help of some oxygen-bearing groups working as
weak acids and the added NaCl that has been reported for its participation in catalyzing 5-HMF
production, where the chloride ions could enhance the isomerization of glucose to fructose and also
dehydration of fructose to 5-HMF [57]. Solely using Lewis acid catalyst, as only either PC-Im1AlLA or PC-
Im4AlLA, seemed to just a little improve the 5-HMF production performance by increasing the yield to
about 3.66% and 13.21%, respectively. More production of 5-HMF when carried out by using PC-Im4AlLA
catalyst compared to that of received by PC-Im1AlLA can reasonably be explained by its more
functionalized Lewis acid sites on the porous surface, con�rmed by the XPS results. It is worth noting
that the PC-Im4AlLA could signi�cantly deliver higher 5-HMF yield than PC-Im1AlLA even possessing
considerably less surface area. This may imply the more essential role of the active acid sites than the
surface area for the case of acidic catalyst. The better production performance of 5-HMF may be
according to the presence of Lewis acid catalyst that facilitate the conversion of glucose into fructose
and then the generated fructose might be able to transform to 5-HMF by the containing weak acid
functionality on the porous carbon support. In addition, without the BrØnsted acid catalyst, further
transformation of fructose into 5-HMF was limited due to a less reactivity, hence delivering quite high
glucose conversion (50.6%) but relatively low 5-HMF yield (13.2%). On the other hand, applying only
BrØnsted acid catalyst could substantially enhance the 5-HMF yield up to about 51.10%, which increased
more than 30 percentage unit comparing to the case of solely using Lewis acid catalyst even with high
acidic site (PC-Im4AlLA). This may be explained by that the BrØnsted acid catalyst itself can also
facilitate the direct dehydration of glucose into a reactive 5-membered ring intermediate that is readily to
be further dehydrated into the 5-HMF product as mentioned in the previous section. In addition, with the
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assisting of NaCl, the loading NaCl may function as substituted Lewis acid to support the conversion of
glucose to fructose and it was readily transform to 5-HMF under the presence of the applied BrØnsted
acid catalyst (PC-Im50BA). Utilizing dual Lewis and BrØnsted acid catalysts clearly enhanced the
performance of 5-HMF production to more than 60 yield%, as well as boosted up the glucose conversion
and the HMF selectivity, regarding to the effective conversion of both glucose isomerization into fructose
by Lewis acid catalysts and then dehydration of fructose to 5-HMF by BrØnsted acid catalysts. As
expected, employing combination of the BrØnsted acid catalysts and the Lewis acid catalyst with more
acid sites as PC-Im4AlLA would exert more 5-HMF yield (up to 63.88%) due to its higher active acidic
groups that was consistent with the results derived from using solely Lewis acid catalyst. In conclusive,
using the bi-acidic solid acid catalysts was the effective approach to promote the production of 5-HMF
from glucose via a practical batch one-pot conversion of glucose to 5-HMF reaction.

Spent catalyst characterization

The spent dual solid acid catalyst system (PC-Im4AlLA + PC-Im50BA) after �rst and third reused for the
acidic catalytic glucose to 5-HMF conversion under the optimized reaction condition were retrieved to
elucidate their physicochemical changes via SEM equipped with the EDS elemental mapping, XPS, and
the acidity analysis using NH3-TPD. Fig. 17 demonstrates SEM images with their composing elemental
mapping of the used catalysts to observe any morphology changes and the residual acidic functionalities
represented as Al, S, O, and C moieties. The spent catalysts even after reused for 3 times still retained the
morphology of their respective fresh catalysts (referring to Fig. 5.), judging from the observed similar
mesoporous structure. Obviously, the presence of residual active acidic functional groups, such as Al2O3

and sulfonic acid, representing by Al, S, and O elements could also be detected on surface of the used
catalysts. However, it could not exactly determine the quantity of the acidic group by only relying on the
rough EDS mapping display.

Furthermore, XPS was employed to investigate the presence of the residual active acidic functional
groups and the change of their binding interaction of the recycled acid catalysts. The comparison of the
residual acidic functionalities and their corresponding binding interaction for the spent catalysts and their
parent fresh catalysts was summarized in Table 4. Clearly, the Lewis and BrØnsted acidic groups were
consumed during several uses, observed by the loss of Al and S as well as the related O functionalities.
Though, after the 3rd recycled the Al content within the spent catalysts could be observed in the EDS
mapping, with a much lower detection depth for the XPS surface analysis technique, the very little
amount of the surface Al functional groups led to its normalized content closing to zero, as summarized
in the Table 4. This reduction of the active acid group caused the increase of the normalized C content.
The greater decrease of the surface residual Al functional groups implied that the surface Lewis acid
might have been consumed faster than the BrØnsted acids, or readily detached from the porous carbon
support surface, regarding to its weaker binding energies. Interestingly, all acidic functional groups within
the spent catalyst exhibited lower binding energies compared to its comprising fresh catalyst. This might
suggest that the binding interaction between the functionalized acidic groups were weaken after each
consecutively used.
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Table 4. XPS relative compositions of the spent catalyst system by using X-ray photoelectron
spectroscopy (XPS)

Peak Fresh acid catalysts Spent catalyst system (PC-Im4AlLA+ PC-
Im50BA)

Position BE
(eV)

PC-Im50BA PC-Im4AlLA Position BE
(eV)

1st

recycled
3rd

recycled

Atomic conc.
(%)

Atomic conc.
(%)

Atomic
conc.

(%)

Atomic
conc.

(%)

O1s 532.3 26.4 22.6 530 38.3 31.3

C1s 284.3 72.9 68.9 282 55.0 67.7

Cl2p 199.3 - 1.9 NA - -

S2p 170 0.7 - 167 3.1 1.0

Al2p 76 - 6.6 72 3.6 0.0

 

The change of acidities for the spent catalyst was analyzed by using NH3-TPD. The comparison of the

NH3 desorption isotherms and their acidity detail between the 1st and 3rd recycled catalysts, and their
starting fresh acid catalysts is illustrated in Fig. 18 and summarized in Table 6, respectively.  Roughly,
both Lewis and BrØnsted acidic functional groups have been substantially used during the glucose
conversion, observed by the great reduction of the total acidity from ~13 mmol.g-1 to 3.7 mmol.g-1 since
the �rst reuse (see Table 6). Comparing to the fresh BrØnsted acid catalyst (PC-Im50BA) sample, the
strongest BrØnsted acid site, initially found at the NH3 desorption temperature ~705 oC, was gone since
even after �rst recycling. Likewise, another desorption signal of a strong acidic BrØnsted functionality at
~614 oC also signi�cantly decreased since the �rst use. A plausible explanation was these strong
BrØnsted acidic functional groups, referring to the sulfonic acid functionality, might readily involve in the
reaction from the early cycles. The reduction of the desorption peak shoulder starting from ~400 oC to
~500 oC for the spent catalyst, respect to its composing fresh Lewis acid catalyst (PC-Im4AlLA), indicated
a consumption of the strong Lewis acid site (shown at NH3 desorption temperature ~600 oC) during the

reaction.  Interestingly, the peak of weak acidic groups, showing at the desorption peak around 125 oC, for
the Lewis acid catalyst in the used catalyst system considerably reduced compared the corresponding
fresh catalyst one, implying a great consuming of this Lewis acidic functionality for catalyzing the
reaction. In contrary, the weak BrØnsted acidic signal of the recycled catalyst system that appeared in the
same region showed only slightly decrease compared to the starting fresh BrØnsted acid. This suggested
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that the main BrØnsted acidic groups that play a role in the reaction may mostly be the strong sulfonic
acidic functionality.

Table 6. The comparison of acidity between the spent catalyst systems (PC-Im4AlLA + PC-Im50BA) and
its composing fresh solid acid catalysts (PC-Im4AlLA, and PC-Im50BA) analyzed by NH3-TPD

                    Temp.

Samples

100-300oC

(mmol/g)

301-500
oC

(mmol/g)

501-700 oC

(mmol/g)

Total acidity
(mmol/g)

Fresh sample

PC-Im4AlLA 0.9 (125.1
oC)

- 1.5 (588.2 oC) 2.4

PC-Im50BA 0.3 (107.4
oC)

- 2.4 (613.6 oC), 10.3
(704.7 oC)

13.0

Spent catalyst system

1st recycled

(PC-Im4AlLA+ PC-
Im50BA)

0.3 (131.5
oC)

- 3.4 (615 oC) 3.7

3rd recycled

(PC-Im4AlLA+ PC-
Im50BA)

0.2 (119.9
oC)

- 2.9 (614.3 oC) 3.1

Note: The numbers in parentheses are the peak positions of the NH3 desorption temperatures 

 

Preliminary catalyst recyclability assessment

The catalyst recyclability is essentially important for the practical 5-HMF production. The results of our
solid acid catalysts recycling experiment are illustrated in Fig. 19. In this study, the used solid acid
catalysts were carefully centrifugal washed with water for 5-time, following by drying at 105 oC, before
the subsequently used. The recycling was achieved with a 6-hour reaction time in conjunction with the
optimized reaction condition as catalyst ratio of 0.005:0.04 PC-Im4AlLA to PC-Im50BA, 1:3 aqueous to
organic phase volume ratio, 3:1 NMP to H2O volume ratio, at reaction temperature of 120 oC. The
recycling results indicated that the 5-HMF yield and glucose conversion decreased after each consecutive
run. The reduction of the 5-HMF yield was not signi�cant until after the �fth runs where the decrease in
the yield was over 20% which the 5-HMF yield was about 39.5% compared to 63.9% for that of the �rst
run. The production yield of 48.8% for the third run was still acceptable as the 5-HMF reduction yield was
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in the range of about 15%. The decrease in glucose conversion and 5-HMF production yield during
recycling test may be attributed to the adsorption and accumulation of humins or cross-polymerized
byproducts on the acidic sites within the porous catalyst [49] after several used. Besides, the readily loss
of the active Lewis and BrØnsted acidic sites during the reaction, indicated by the characterization result
of the spent catalysts from the previous section, was also a major cause for the deactivation of catalytic
performance. Interestingly, while the glucose conversion and 5-HMF yield continuingly reduced after
consecutive running with the recycled catalysts, greater corresponding 5-HMF selectivity was achieved at
the latter cycles. The less reactive catalysts after recycling may deactivate the formation of fructose and
the following 5-HMF product, resulting in reduction of the glucose conversion and 5-HMF yield. As a
result, a low rate of glucose conversion or fructose transformation may limit the possible polymerization
of the correlating products for the undesired byproducts, hence enhancing 5-HMF product selectivity.
Moreover, the presence of low BrØnsted acid concentration in the reaction due to the signi�cantly loss of
the strong BrØnsted acidic groups during reacting cycle could prevent the formation of the byproducts,
since the rate of side reactions that were favorable under the acidic condition (e.g. the direct dehydration
of glucose into a reactive fructose intermediate, the rehydration of 5-HMF, or the polymerization of 5-HMF
with the sugars, such as glucose, and fructose) could be subsided [53, 55, 56, 58].

Conclusion
The abundance agro palm oil empty fruit bunch (POFB) waste was the �rst time utilized as the value-
added biomass-based porous carbon supported Lewis (PC-Im1AlLA and PC-Im4AlLA) and BrØnsted (PC-
Im50BA) solid acid catalysts for a one-pot conversion of glucose into 5-HMF under a biphasic NMP-
H2O/MIBK system among mild condition. The effective POFB derived porous carbon catalytic support
could be conducted by employing the combination of the affordable hydrothermal and carbonization
processes. The analysis for the effect of KOH activating concentration and the operating carbonization
temperature revealed more pronounced impact of the activating concentration than that of carbonization
temperature on the formation of mesoporous structure. Under the optimized condition whereby applying
1:2 biochar to KOH activating agent at the carbonization temperature of 850 oC, the obtained porous
carbon material exposed a multi-scale porous structure with an enhanced speci�c surface area of ~1600
m2.g-1 and the total pore volume of about 1.1 cm3.g-1. Characterized by the NH3-TPD, consecutively
impregnating the obtained POFB derived porous carbon with AlCl3 and 50 w/v% H2SO4 led to the strong
Al2O3 and sulfonic acid containing Lewis and BrØnsted solid acid catalysts with a total acidity up to

around 2.4 and 13 mmol.g-1, respectively. The in�uence of operating reaction conditions, involving mixed
NMP to H2O solvent volume ratio in the aqueous phase, volume ratio of aqueous to organic phase,
amount of catalyst loading, and reaction time, as well as, the synergistic impact of mutually using both
Lewis and BrØnsted acidic catalysts on the catalytic performance of the 5-HMF production were carefully
investigated. The results indicated that increasing the volume ratio of NMP:H2O in the aqueous phase,
and volume ratio of organic MIBK to aqueous phase, with an appropriated amount of loading catalysts,
tended to provide better catalytic performance, generally resulting in higher 5-HMF yield and selectivity.
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Increasing the amount of acid catalysts, especially the BrØnsted acid would promote the glucose
conversion to more than 90%, though supporting the formation of byproducts, resulting in quite low 5-
HMF yield and its selectivity. Prolong the reacting time typically led to the more conversion and 5-HMF
production yield. However, running the reaction for too long caused the reduction of 5-HMF production
yield and the selectivity, regarding to more possibility of the side reactions. The study of synergistic effect
of using dual solid acid catalysts implied that a greater catalytic performance could be achieved by
mutually applied both Lewis and BrØnsted solid acid catalysts compared to solely utilizing either Lewis
or BrØnsted acidic catalyst. The highest 5-HMF yield, glucose conversion, and 5-HMF selectivity of 63.9%,
100%, and 63.9%, respectively, were accomplished under the optimized condition by employing mixture of
0.005:0.04 g PC-Im4AlLA Lewis acid to PC-Im50BA BrØnsted acid catalyst ratio, in the 3:1 volume ratio of
mixed NMP to H2O solvent, 1:3 bi-phasic aqueous to organic phase volume ratio, under 120 oC, and
reacting time of 6 hr. In addition, the preliminary assessment of a catalytic recyclability suggested the
capability of 3 times catalytic recycling under the optimized reaction condition, where reduction of the 5-
HMF production yield was less than 20%.
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Figures

Figure 1

5-HMF applications [6]
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Figure 2

Reaction conversion of glucose to 5-HMF [6]

Figure 3

SEM images of palm oil empty fruit bunches (POFB): a) dried POFB, b) NaOH pretreated POFB, c) biochar
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Figure 4

SEM images of the obtained porous carbon material prepared under carbonization temperature of 850°C
at different KOH activation concentrations: a) biochar to KOH as 1:2, b) biochar to KOH as 1:3, c) biochar
to KOH as 1:2 but undergone under carbonization temperature of 950°C.
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Figure 5

SEM images of the acid functionalized POFB derived porous carbon material: a1) PC-Im4AlLA, b1) PC-
Im50BA, their active elemental analysis mapping of a2) aluminium, b2) sulfur, and their corresponding
energy dispersive spectroscopic (EDS) spectra of a3) PC-Im4AlLA, b3) PC-Im50BA
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Figure 6

The porous morphology analysis of the prepared porous carbon support and the solid acid catalyst
samples by N2 adsorption technique: a) N2 adsorption-desorption isotherms and b) pore size distribution
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Figure 7

XPS survey spectra of PC-Im50BA, PC-Im4AlLA, and PC-Im1AlLA
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Figure 8

Deconvoluted high-resolution XPS spectra for PC-Im4AlLA: a) O1s, b) C1s and c) Al2p, and for PC-
Im50BA: d) O1s, e) C1s and f) S2p.
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Figure 9

XRD pattern of a) PC-Im50BA, b) PC-Im4AlLA and c) PC-Im1AlLA
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Figure 10

FTIR spectra of porous carbon support (BK12C850), PC-Im4AlLA, and PC-Im50BA
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Figure 11

NH3-TPD analysis of porous carbon support (BK12C850), PC-Im1AlLA, PC-Im4AlLA, and PC-Im50BA
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Figure 12

Effect of aqueous to organic phase ratio (reaction conditions: 0.01 g of glucose, NMP:H2O volume ratio =
1:1, 0.05 g of NaCl, 0.005 g of PC-Im4AlLA, 0.04 g of PC-Im50BA, reaction temperature of 120 °C and
reaction time of 60 min.



Page 37/43

Figure 13

Effect of NMP to H2O volume ratio (reaction conditions: 0.01 g of glucose, aqueous to organic phase
volume = 1:3, 0.05 g of NaCl, 0.005 g of PC-Im4AlLA, 0.04 g of PC-Im50BA, reaction temperature of 120
°C, and reaction time of 60 min
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Figure 14

Effects of catalyst loading and the ratio of applied Lewis and BrØnsted solid acid catalysts (reaction
conditions: 0.01 g glucose, 0.05 g NaCl, aqueous to organic phase volume ratio = 1:3, NMP: H2O volume
ratio = 3:1, reaction temperature of 120 °C and reaction time of 60 min)
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Figure 15

Effect of reaction time (reaction conditions: 0.01 g of glucose, aqueous to organic phase volume ratio =
1:3, NMP to H2O volume ratio = 3:1, 0.05 g of NaCl, 0.005 g of PC-Im4AlLA, 0.04 g of PC-Im50BA, and
reaction temperature of 120 °C)
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Figure 16

5-HMF production performance obtained by using various types of catalysts (reaction conditions: 0.01 g
of glucose, aqueous to organic phase volume ratio = 1:3, NMP to H2O volume ratio = 3:1, 0.05 g of NaCl,
0.005 g of PC-Im4AlLA, 0.04 g of PC-Im50BA, reaction temperature of 120 °C, and reaction time of 6 h)



Page 41/43

Figure 17

SEM images and the corresponding electron dispersive spectroscopic (EDS) mapping of the spent
catalyst system (PC-Im4AlLA + PC-Im50BA): a) 1st recycled, b) 3rd recycled
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Figure 18

The comparison of NH3-TPD desorption isotherms between the spent catalyst systems (PC-Im4AlLA +
PC-Im50BA) and the fresh solid acid catalysts (PC-Im4AlLA, and PC-Im50BA) analyzed by NH3-TPD
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Figure 19

The catalyst recyclability (reaction conditions: 0.01 g of glucose, 0.05 g of NaCl, catalyst ratio of
0.005:0.04 (PC-Im4AlLA/PC-Im50BA), aqueous to organic phase volume ratio of 1:3, NMP to H2O of 3:1,
reaction temperature of 120 °C, and reaction time of 6 h)
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