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Abstract

The use of biomass wastes for biochar productiapsomising waste management option,
and biochars can be potentially applied in the faadte recycling industry to produce value-
added chemicals. In this study, an advanced Srimnadised biochar catalyst was
synthesised via a novel solvent-free ball millingtpcol to facilitate the isomerisation of
glucose to fructose. Raw wood biomass (W) andetsvdd biochars pyrolysed at low (LB,
400 °C) and high (HB, 750 °C) temperatures wereestigated as catalyst supports. The
interactions between Sn and the carbonaceous gsppere related to the surface chemistry
of the catalysts. The raw W had a functional greagehed surface, which provided more
active sites for anchoring Sn, resulting in highestal loading on the support compared to
LB and HB. The annealing temperature was anothcalrfactor determining the amount
and speciation of loaded Sn. Catalytic conversixpeaments indicated that SnW annealed
at 750 °C exhibited the best fructose yield (12d8%) and selectivity (20.2 mol%) at 160 °C
for 20 min. The catalytic activity was mainly detened by the quantity and nature of active
Sn sites. This study elucidated the roles of thbarasupport and its surface chemistry for
synthesising biochar-supported catalysts, highinghta simple and green approach for
designing effective solid catalysts for sustainddteefineries.

Keywords: solvent-free synthesis; heterogeneous catalgagineered biochar; metal-carbon

interactions; sustainable waste management.
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1. Introduction

The increase in biomass waste generation (e.gstigfagricultural and food wastes) has
posed a critical environmental challenge calling dosustainable solution. As suggested by
various laboratory and pilot tests, the converssbrbiomass into biochars is a promising
waste management option, which is potentially Sop&o conventional treatments, such as
landfill disposal and open burning with low enetggnsformation efficiency that burdens the
environment (Ok et al., 2015). Biochar productiassts only 3-6% of the commercial
activated carbon (Jung et al., 2019), and it hasbmefits of tuneable properties and easy
manufacture, which are advantageous for carbonacewmaterial engineering and green
chemistry. Besides environmental remediation (Ghal.e2019; Ruan et al., 2019) and novel
material synthesis (Wang et al., 2019), emergingiegtions of engineered biochars recently
have been explored in green biorefineries (Xiongl.e017).

Glucose is a six-carbon sugar that can be derineed biomass—e.g., starch-rich bread and
rice wastes (Yu et al., 2018; Cao et al., 2018uniergoes isomerisation to form fructose
that can be further converted into a wide variety ptatform chemicals and energy
derivatives, which reduce the dependence on fasslé and mitigate carbon emissions (Zhu
et al., 2016a; Xiong et al., 2019; Chen et al.,720Glucose isomerisation can be catalysed
by Lewis acids (e.g., $f AI*") or Brgnsted bases (i.e., QH_ewis acids facilitate the ring-
opening of glucose and promote isomerisation vimaamolecular C2-C1 hydride shift (Hu

et al., 2017; Caratzoulas et al., 2014), while Bted bases catalyse an O2-O1 hydrogen
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transfer (Chen et al., 2018).

Solid Lewis acid catalysts can be synthesised Wa impregnation of metals on
graphite/graphene oxide and carbon nanotubes @iab, 2017; Yu et al., 2019b). Biochars
emerge as an attractive alternative supporting mahia view of the low production cost and
favourable eco-friendliness (Yu et al., 2019a; Yatgal.,, 2019a). Previous research has
focused on the physicochemical properties of catimsed catalysts (e.g., porosity,
morphology, acid-base properties) (Qin et al., 204/@n et al., 2019), yet seldom explored
the interactions between carbon support and addaecies that could determine the Lewis
acidity of catalysts. It has been proposed thaahsetpport interactions can take place via
charge transfer, surface complexation, and othe@hamsms (Qiang et al., 2007; Sun et al.,
2019), which may facilitate high loading rates dmanogeneous distribution of active sites
(Zhukovskii et al., 2000). The binding of metalshiochar can be improved by enriching its
structural surface defects (e.g., terraces, stepbskinks) (Lobos et al., 2016). However, it is
uncertain how metal speciation and surface cheynisiry with the metal-biochar interaction,
and whether adverse effects (e.g., inactive spdoresation) can be avoided. In this study,
we prepared Sn-impregnated biochars that providgmad opportunity to investigate the
relationship between catalytic activity and metgbsort interactions. Sn has been suggested
to be an outstanding Lewis acid catalyst in hetenegus and homogeneous systems in
biorefinery studies (Bermejo-Deval et al., 2014; &fwal., 2018).

In conventional catalyst synthesis, the use ofetly is often indispensable to facilitate
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dispersion and mixing for better contact betweer thading materials and support
(Rightmire et al., 2016). As for greener protocotechanochemical technology, such as ball
milling, is based on the direct mixing of materialader solvent-free conditions, which
allows for simple and safe operation with potenndustrial applicability (James et al., 2011,
Takacs, 2018). The shear forces and powerful artmusr ball milling can activate the
catalyst support surface by reducing the partide and creating new defects, which would
alter the surface chemistry—e.g., functionalitydiophobicity, and polarity (Zhang et al.,
2019). Ball milling has been applied to modify dgnape, carbon nanotubes, and metal—
organic frameworks (Kathryn et al., 2013; Francalet2017; Ouyang et al., 2016; Lin et al.,
2017), while its utilisation for functionalisingelbiochars is still in its infancy and deserves
investigation to develop sustainable biochar-basealysts.

This study aims to synthesise a series of Sn-fanatised biochars (SnBCs) as Lewis acid-
type heterogeneous catalysts using ball millingeifbatalytic activity was evaluated for the
isomerisation of glucose to fructose in water und@rowave heating, an important reaction
in biomass waste upcycling for the synthesis ofueadded chemicals. Three different
carbon-based supports were studied: wood biomass@iVpyrolysed) and low- and high-
temperature wood biochar (LB and HB, respectivel))ich were pyrolysed at 400 and 750
°C, respectively. The role of the physicochemicalperties of the carbonaceous supports
and effect of metal-support interactions induceddtfferent annealing temperatures on the

fructose yield and selectivity were studied. Theimmental sustainability of the proposed



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

SnBC catalyst was evaluated by recycling and niesahing tests.

2. Materials and Methods
2.1.Materials

Wood waste is a significant waste stream and puobisgee feedstock in biorefineries
(Hassan et al., 2019). Mixed wood waste in the fafrsawdust (< 2 mm), which was
collected from the Industrial Centre at the Honghgd?olytechnic University, was used as
the carbon precursor, in view of its good perforoeim our recent studies of biochar-based
catalysts (Yang et al., 2019a; Yu et al., 20194 Wood biomass was air-dried at 60 °C
overnight until its weight appeared to be const&mCh-5H,0 (98%, Sigma-Aldrich) was
used as the Sn source. For sample preparatiorlysiataeactions, and calibration of the
analyser, the chemicals of analytical grade weeel s received.

Wood biomass and its two derived biochars were wus®dio-based support for the
synthesis of SnBCs. Biochars were produced via gipnlysis under nitrogen purging (150
mL min™). Wood biomass was subjected to pyrolysis at 4@D790 °C for 2 h in a Carbolite
tubular furnace to obtain LB and HB, respectivelfre prepared support was composited
with SnCl-5H,0 at a weight ratio of 10:1 using a planetary lmailll (DECO-PBM-AD-
0.4L). Approximately 5 g of material was added tb0® mL Teflon jar that contained 100 g
of balls and was operated at 900 rpm for 2 h inTeie rotation direction was changed every

10 min. The energy consumption for ball milling westimated as 0.5 kWh, considering the
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instrument power of 0.25 kW and a milling time oh2 The resultant samples were then
annealed at 500, 750, or 900 °C underlNd were labelled as SnXY, where X is the support,
and Y is the catalyst annealing temperature. Alldsoatalysts were stored in vials for
subsequent experiments.
2.2.Characterisation of ShBC catalysts

Thermochemical changes were monitored in the rahgeom temperature to 1000 °C at a
heating rate of 10 °C mih in Ar atmosphere using a Thermo plus EVO2 (Rigaku)
thermogravimetric analysis (TGA) instrument. The rpimlogy, structure, and surface
composition of the samples were analysed using @AEXM (TESCAN) field-emission
scanning electron microscopy (SEM) apparatus equipwith an energy dispersive
spectroscopy (EDS) system. The crystalline texti@aiures were recorded using a SmartLab
(Rigaku) X-ray diffraction (XRD) device using Cuokradiation (1.5460 A). The porosity
parameters were evaluated usingadsorption—desorption isotherms, which were ctalc
utilizing an ASAP 2020 (Micromeritics) surface araad porosity analyser. Micro-Raman
spectroscopy (Renishaw) was carried out usingtd 8gurce with an excitation wavelength
of 532 nm. The ratios of the intensities of theridl & peaks (1350 and 1590 &n(lp/lg) of
all samples were calculated using their Raman spélgalavithana et al., 2018).

Surface chemistry and metal speciation were eweduating a Frontier (PerkinElmer)
Fourier transform infrared (FTIR) spectroscopy rimstent and a K-Alpha (Thermo Fisher

Scientific) X-ray photoelectron spectroscopy (XEi8yice. The FTIR and XPS spectra were
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manipulated using the OMNIC and XPSpeak41 softwaogrammes, respectively.

The total amount of Sn loaded onto each catalyst determined using an FMX36
SPECTROBLUE inductively coupled plasma mass speutter after the samples were
completely digested using aqua regia, accordirtgeganodified United States Environmental
Protection Agency Method 3051A.
2.3.Glucose isomerisation to fructose over ShBC catalysts

The glucose isomerisation process was conductethaiches following the protocol
previously described in the literature (Yang et2019a). In brief, 0.5 g of glucose, 0.25 g of
SnBCs, and 10 mL of deionised water were addedl@lamL vessel and were stirred until a
homogeneous mixture was obtained. The vessel vedsdsand heated at 160 °C for 20 min
in an ETHOS UP (Milestone) microwave reactor in(@mp time of 5 min). The catalyst
dosage and catalytic test settings were mainlycdasehe preliminary experiment and were
intended to achieve discernible differences in Igtata activity and selectivity between
different synthesised catalysts, which may not pegnwal. Future efforts should be made in
that direction. The liquid products were collectéliered, and diluted with deionised water
by a factor of four before being subjected to hpginformance liquid chromatography
(HPLC) analysis. The details for analytical cormhs and calculation of product yield and

selectivity are shown in SI.

3. Results and Discussion
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3.1.Characteristics of biochar-supported Sh catalysts prepared via ball milling

The synthesis of the SnBC catalysts consisted ofdigps: (1) the uniform dispersion of
the Sn source onto the supporting materials (HB, a2l W) using ball milling; and (2) the
activation of the Sn-support mixture at differemnaaling temperatures. Each Sn-support
composite without annealing was subjected to TG-DfbAinvestigate its heat-induced
transformation (Fig. 1). The significant decreasemass (7.13%) of the SnHB sample at
100-200 °C could be attributed to the volatilisataf the surface-free Sn{(Freiser, 1959),
which was absent from the TGA patterns of SnLB &mWV. This suggests the weak
interaction between Sn and HB after ball milling #ustrated in Table 1, the O/C ratios of
both LB and W were higher than that of HB because latter lost more O-containing
functional species during the high-temperaturettneat (Yang et al., 2018). The surface O-
containing groups could act as active sites fotharing Sn. At 230-500 °C, the SnW and
SnLB samples exhibited a major mass decay of 5&ab8611.5%, respectively. Significant
mass loss (~75%) in this temperature range wasnalgad in the TGA pattern of the raw W
(Yu et al., 2019a). This could be attributed to ttleermal decomposition of the
lignocellulosic fraction of W and degradable carbmoieties remaining in the partially
pyrolysed LB (Igalavithana et al., 2017). At temgtares above 500 °C, the mass changes of

all samples became minor considering the plateatlei DTG curves (Fig. 1b).
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Figure 1. (a) Thermogravimetric analysis and (b) differeinti@ermogravimetric analysis
curves of SnW, SnLB, and SnHB obtained after ngllhfferent supporting materials with
SnCl- 5H0 (without annealing).

In general, the FTIR spectra of W and LB and tleirvative samples presented stronger
absorption at 1000-1750 ¢hthan those of HB and its derivatives (Fig. 2af)is is in a
good agreement with the higher O/C ratios for W &l that implied more abundant
functional groups on their surfaces (Table 1). Ballling with Sn (without annealing)
resulted in an increased broad band at 3409 ttrat represents the O-H stretching, possibly
due to the formation of new surface defects in exygontaining atmosphere (Li et al.,
2020). The largely preserved O functionalities aeav defects on the supporting materials
may enhance the interaction with Sn via surfaceptexation. The XRD patterns of the raw
and ball-milled samples were similar and displagetbrphous characteristics (Figs. 2d—),
suggesting that ball milling may not provide su#fit energy for converting the Sn precursor
(SnCl) to crystalline minerals. After annealing at 5, SnQ could be observed, and it
further transformed to metallic Sn at the high temagures of 750 and 90Q. The formation
of metallic Sn (8 = 30.64°, 32.02°, and 44.91°) was more signifidanthe SnW750 and

10



195 SnW900 samples than in the annealed SnLB and Sraiplss, suggesting the stronger
196 carbothermal reduction capacity of W that coul@éaske more reducing gases,(BO) during

197 thermal treatment (Sikarwar et al., 2016).

11



198 Table 1.Physicochemical characteristics of supporting nieand synthesised samples.

BET t-plot micropore  t-plot external Pore volume Ave_rage o/c o/l
surface area surface area surface area pore diameter
m?g* cm’ kg nm
HB 179.8 123.9 55.9 49.6 4.54 0.04 0.56
LB 85.4 53.7 31.8 354 6.45 0.15 0.82
w 0.73 0.02 0.71 7.64 38.0 0.71 -
SnHB 3.07 0.01 3.06 99.9 53.1 0.09 0.58
SnHB500 65.6 31.9 33.7 40.6 9.81 0.08 0.79
SnHB750 382.7 311.7 71.0 73.5 6.33 0.07 0.82
SnHB900 137.9 59.5 78.5 114.4 5.40 0.07 0.96
SnLB 2.86 0.01 2.85 34.1 45.6 0.20 0.84
SnLB500 447 7.99 36.7 58.2 11.8 0.09 0.79
SnLB750 125.2 73.2 52.0 103.0 8.29 0.07 0.82
SnLB900 110.9 53.4 575 89.0 8.74 0.04 0.97
SnW 0.33 0.01 0.32 8.10 43.8 0.54 -
SnW500 50.6 11.6 39.0 16.6 5.21 0.13 0.63
SnW750 131.0 72.6 58.4 85.0 5.58 0.08 0.81
SnW900 138.2 79.9 58.3 79.6 5.32 0.13 0.91

199 BET - Brunauer—-Emmet-Teller; O/C - oxygen/carbdiordp/ls - ratio of the intensities of the D and G Ramaakge W - wood biomass, LB

200 and HB - biochars pyrolysed at low (400 °C) anchHigh0 °C) temperature, respectively; SnW, SnLBL &nHB - Sn-functionalised samples;
201 500, 750, and 900 are the annealing temperatures.

202
203

12
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Figure 2. (a—c) Fourier transform infrared spectra and (d&fay diffraction patterns of
synthesised samples, where W is wood biomass; IdBBH# are biochars pyrolysed at low
(400 °C) and high (750 °C) temperature, respectivéinW, SnLB, and SnHB are Sn-
functionalised samples; and 500, 750, and 900 &Ghar annealing temperatures.

The SEM-EDS images reaffirmed the incorporatiorSaofspecies in the W, LB, and HB
supporting materials after ball milling and annegl{Fig. 3). The proportion of Sn followed
the same order for the quantity of O-containingctionalities — W > LB > HB (Table 1).
Surface Sn content of approximately 10 wt% was iofeskin SnW, which was equivalent to
the initial Sn dosage. However, the SnLB and SnH&sgnted much lower surface Sn

contents than the Sn loading amount: 2.64 and Wt%é respectively. Carbon supports (W)

13
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featuring larger amount of $parbons (highd/l ratio) and more hydrophilic surface (high
O/C ratio) can present higher affinity for Sn presaw, leading to higher possibility of

forming Sn complexes during the ball milling proeé$able 1).

After annealing at 500 °C, the Sn dot contour pesfof all samples were analogous to the
catalyst shape (Fig. 3). However, further incregsine annealing temperature led to a
decrease in Sn dot intensity and different Snibistion patterns. In particular, the clusters of
Sn dots can be observed in ShNW750/900. Calculatisimgy the XRD results and Scherrer
equation confirmed that nanosized metallic Sn gagiwere formed in SnHB750 (20.7 nm)
and SnLB750 (28.5 nm), whereas microsized met8Higarticles were observed in ShW750
(269 nm). The higher surface Sn concentration W $iossibly induced metal agglomeration
to larger particles during the annealing processchvbecame more severe as the annealing
temperature increased (Fig. 3). Hence, selectirgaipropriate starting materials is critical
for the preparation of carbon-based catalysts k& ltall milling process, because their
properties (particularly for surface functional gps and carbonisation degree) play a key

role in determining the extent of metal loadinge@ption, morphology, and distribution.
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234  Figure 3. Scanning electron microscopy images and energpedis/e X-ray spectroscopy Sn
235 mapping results of synthesised samples, where SnM\B, and SnHB are Sn-functionalised
236 wood biomass (W) and biochars pyrolysed at low (Z0Pand high (750 °C) temperatures,
237 respectively (LB and HB respectively); 500, 7504 &0 °C are the annealing temperatures.

238

239 It was noted that when Sn salt was milled with shpports, the surface area and average
240 pore size significantly decreased (Table 1), pdgsibe to pore blocking by the introduced
241 Sn (Baca et al., 2008). However, the porosity bball-milled samples could be developed

242  after annealing, as a result of new pore formadiioa partial volatilisation of carbon moieties
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and surface-adsorbed Sn. This effect was more gadtle when the annealing temperature
increased from 500 to 750 °C, whereas the sampiesated at 900 °C displayed only small
increases or even a decrease in porosity. FHe tatios of all samples increased as the
annealing temperature increased, implying that naetects were formed and possibly
facilitated catalytic conversion. However, the Q#tio, which is also an index for surface
hydrophobicity (Yang et al., 2019b), showed lillependence on the annealing temperature

(Table 1).

3.2.Important role of initial support materialsfor catalytic conversion

When the SnBC samples annealed at 500 °C wereassedtalysts (160 °C, 20 min; Fig.
4), the fructose yield was negligible regardlessth&f support materials and despite their
higher amounts of total Sn (e.g., > 100 my$n for SNW500) compared to those annealed at
750 and 900 °C. This indicated that the catalytativdly strongly depended on the
availability of active Sn sites rather than theataturface Sn content. At a low annealing
temperature, some thermal-sensitive volatiles, a,iclCQ and C}, would be generated via
decomposition (Sikarwar et al., 2016), reactinghwiite loaded Sn to form chemically inert
SnQ, which is inactive towards the glucose isomerisafiYu et al., 2018). Previous studies
reported that the tetra-coordinated*Ssites would be the major contributors for cataigsi
glucose isomerisation, rather than the octahedmaieinated SH, such as Sng which

exhibited poor Lewis aciditiDijkmans et al., 2015).
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Figure 4. Fructose vyield and selectivity obtained from nmwave-assisted glucose
isomerisation tests over different synthesisedlysts (conversion conditions: 160 °C for 20
min in water), where HMF, LA, FA, and LG are 5-hggymethylfurfural, levulinic acid,
formic acid, and levoglucosan, respectively; Sn\WLE; and SnHB are Sn-functionalised
wood biomass (W) and biochars (LB and HB) pyrolyaetbw (400 °C) and high (750 °C)
temperatures, respectively; and 500, 750, and @0éré the annealing temperatures.

For the samples produced using HB, SnHB900 achievddgher fructose yield and
selectivity than SnHB750 (Fig. 4), despite the IoB&T surface area of the former (Table
1). The XRD patterns indicated that a metallic 8age was formed after annealing at 750 °C
or above (Figs. 2d—f), revealing the occurrenca ofdox reaction at the interface region via
electron transfer between the adsorbed metal amdomasupport. This carbothermal
reduction could activate the inactive Sn speciegd¢p during high-temperature annealing.
The presence of Sn-8@C was probably relevant for the superior catalgtvity (Section
3.3). It is noteworthy that the catalytic activafthe Sn-functionalised biochar catalysts was
affected by the choice of initial supporting madésj i.e., SnW750 and SnW900 were the

most active (Fig. 4). The metal-support interactiotould be the decisive factor for
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controlling the catalytic activity of the Sn-funatialised biochar catalysts prepared by ball

milling.

3.3.Effect of annealing temperature on catalytic conversion

Fig. 4 indicates that the annealing temperature amimportant parameter, and heating at
750 or 900 °C was essential for the formation aivacSn on the ball-milled biochar
catalysts. To elucidate the valence states of thddpants in the biochar catalysts, the XPS
spectra in the vicinity of Sn 3d were deconvoluietb three subpeaks (Figs. 5a—c),
corresponding to Sh Srf*, and SA (Zhu et al., 2016b). The results indicated that th
binding energies of the two characteristic peakSmf3d (Sn 3¢, and Sn 3g¢,) of ShW750
and SnW900 shifted towards the higher energy regionpared to the reference values. This
shift often is associated with the occurrence aofreg metal-support interactions and partial
reduction of Sn@ to metallic Sn (Ma et al., 2011). Therefore, iragi@g the annealing
temperature could promote the electron-donor etbetiveen the metal and carbon support,

thereby enriching the d-electron density of SnBid¢ et al., 2014).
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Figure 5. X-ray photoelectron spectroscopy (XPS) (a—c) Sa3d (d—f) O 1s spectra of Sn-
functionalised biochar catalysts (SnW500, SnW750d &nW900) prepared at three
representative temperatures (500, 750, and 90@e¥pectively) using wood biomass (W) as
supporting material. Ratios were calculated fromXIPS results using their atomic numbers.

At the lowest annealing temperature, the Sn speni€nW500 mainly consisted of tin
oxides—i.e., Sn@and SnO—and were chemically inert and exhibitike Icatalytic capacity
despite the large amount of Sn. The ratio of {BfiSn*]+[Sn") increased from 0.65 to 1.01
as the annealing temperature increased from 500Q8C. It appears that the interconversion

of the multiple valence states of Sn species (Zhedrad., 2014) could induce the formation of
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active tetra-coordinated $n(Fig. 6), possibly accounting for the superior bata
performance of SnW900 (Fig. 4). In addition, theneading process would facilitate the
substitution of the metal in the carbon matrichsereby inducing distortion and defects in the
biochar catalysts owing to the larger ionic radiiSr'" compared to that of C. This could be
reflected by the increasing/lg ratio as the annealing temperature increased € THbwhich

may also contribute to the increased catalytio/agti

@ SnCl, © SnoO,
JSn® O Sn** @ Sn*

Catalytic activity

20

Annealing temperature

Figure 6. Schematic diagram for the transformation of Srehav catalysts.

The O 1s XPS signals were deconvoluted into theskp at 530.2, 531.3, and 533.1 eV
(Figs. 5d-f), which were ascribed to three typesOo$pecies: lattice O, O vacancies, and
chemisorbed O species, respectively (Jung et @L.2)2 The content of lattice O decreased
from 16.5 to 5.5% as the annealing temperatureeasad from 500 to 9GKC. This could be
caused by the replacement of carbon atom with @iaalence metal (e.g., Shleading to
charge compensation in the catalysts. The surfap§Sn] ratio of SnW500 was 5.84, which

was lower than those for SnW750 (20.1) and SnW2R 8|, suggesting that the Sn
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speciation varied with annealing temperatures (karaet al., 2014). While the XPS valance
band pattern of ShW500 exhibited four sub-bands2a eV (Fig. 7), they disappeared from
the spectra of SnW750 and SnW900 with a new C 3k pmerging (Zatsepin et al., 2016).
The BET surface areas of SnW750 and SnW900 wer&ol&itd 173% higher than that of
SnW500, which may be partly ascribed to the surfgtcing of the carbon support in the
presence of Sn (Yu et al., 2019c). The annealingpé&ature not only affected the
transformation of active Sn species but also imibeel the surface chemistry and structure of

the biochar catalysts, and thereby their catajygidormance.
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Figure 7. X-ray photoelectron spectroscopy valence bandtspet Sn-functionalised wood
biomass (W)-based catalysts annealed at 500, #&0,980 °C: Snw500, ShW750, and
SnW900, respectively.

3.4.Evaluation of recyclability of ShBC catalysts prepared by ball milling
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The adsorption tendency by the SnBC catalysts wasstigated. The SnBC catalysts
adsorbed only a trivial amount of sugars (Tablev)jch was favourable for the rapid
separation of catalysts after conversion, simitathe commonly used heterogeneous acid

catalysts, such as Amberlyst-15 and sulfonatednaiofHafizi et al., 2016; Cao et al., 2018).

Table 2. Adsorption properties of ball-milled Sn-biochar catalysts tos& glucose and
fructose (initial concentration was 0.5 g/10 mLdaquilibrium was reached in 30 min at
room temperature).

Adsorbed capacity of chemic

Catalyst per gram of catalyst (mg 1§
Glucose Fructose
SnHB500 1.35 1.12
SnHB750 1.72 2.01
SnHB900 0.17 0.44
SnLB500 1.83 1.72
SnLB750 0.89 1.23
SnLB900 0.85 1.34
Snw500 0.08 0.14
SnW750 1.47 1.84
Snw900 1.05 1.28

For the reusability test, the SnBC catalysts wepasated and recovered by filtration after
each reaction cycle. The liquid fraction was usedrialyse the product distribution, and the
solid fraction was sonicated with deionised watairftimes before the subsequent re-use.
During the first recycling experiment, the fructogeld decreased from ~13 to 4 mol% for
SnW750 and SnW900, which remained nearly constatite second and third runs (Fig. 8).
The XRD results (Fig. S1) indicated that Sréinerged after the reaction; in accordance, the
XPS spectra (Fig. S2) showed an increasedf Santent of 77% for the RSnW750. In
addition, the leaching test (Fig. S3) showed ~20%oleaching in the first cycle for both
SnW750 and SnW900 catalysts, which was consistéhtthe SEM-EDS mapping showing

a decreased surface Sn content (Fig. S4). The $otalontent remained almost constant in
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362 the next three cycles (Fig. S3). Therefore, theuced catalytic performance may be
363 associated with the transformation of active Sncigseto inactive species and with Sn
364 leaching. The chemical transformation of the SnBffalysts deserves future studies to
365 improve the recycling performance under hydrothérmanditions. From a long-term

366 perspective, the advantages of the ball millingcpss for biochar-supported catalyst
367 synthesis should be demonstrated via life cycldyaisaand techno-economic assessment.
368 Fair comparison can be carried out when energyimideall milling and solvent use in

369 conventional protocols are evaluated using the saetecs, e.g., environmental impacts and

370 costs.
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373 Figure 8. Reusability tests of (a) ShW750 and (b) SnW900dlorcose isomerisation to
374 fructose (three reaction cycles: C1-C3 were comdlander the same catalytic conditions at
375 160 °C for 20 min), where HMF, LA, FA, Fru, and L&e 5-hydroxymethylfurfural,
376 levulinic acid, formic acid, fructose and levoglsen, respectively; and SnW750 and

377 SnW900 are Sn-functionalised wood biomass (W)-baseadlysts annealed at 750 and 900
378 °C, respectively.

379

380 4. Conclusions

381 We proposed an effective and green approach foydipg wood waste into Sn-

382 functionalised biochar catalysts by solid mixing Source with biomass/biochar support
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under solvent-free conditions in a ball mill. TheB& catalysts were evaluated in terms of
production of fructose from glucose, which is ampartant step in the valorisation of food
waste for value-added chemical synthesis. The tsesuhdicated that different

biomass/biochar supports and annealing temperatigesicantly influenced the catalytic

performance of SnBCs because of the variationsnifo&ding rate, metal speciation, and
surface chemistry. The catalysts prepared fromtional group-rich biomass (SnwW750 and
SnW900) presented more effective glucose-to-frictesmerisation than SnLBs and SnHBs.
An intensive annealing process facilitated the fation of active Sn species, leading to
higher catalytic activity. Understanding the metapport interactions is the key to designing
cost-effective biochar catalysts serving sustam#ibrefineries, which is a promising option

for wood waste management.
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Operational conditions of HPLC; differences in XRIDd FTIR spectra of pristine and
reused SnW750; XPS results of reused SnW750; SEMpes and surface Sn content of

reused SnW750; Sn content in pristine and reustadlysts.
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Highlights:

« Sn-functionalized biochar catalysts were synthesized via solvent-free ball milling.
» The sustainable biochar catalysts promoted glucose-to-fructose i somerization.
»  Supporting materials and annealing temperatures determined catal ytic activity.

* Meta-support interactions governed Sn loading and its speciation.
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