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Abstract 12 

The catalytic hydrolysis of cellulose allows the transformation of this sustainable and renewable raw material 13 

to obtain biofuels and high-added value chemicals. The process requires acidic catalysts that should be 14 

preferably solid in order to make it greener, and thus, this work proposes the use of functionalized carbon 15 

materials for such an application. A mesoporous commercial carbon of trade name SA-30, abbreviated as SA 16 

in this work, has been chemically treated at room temperature to create acidic surface oxygen functional groups. 17 

The prepared carbon catalysts have been thoroughly characterized by N2 adsorption, temperature programmed 18 

desorption (TPD) and X-ray photoelectron spectroscopy (XPS). SAS carbon (prepared by treatment with a 19 

saturated solution of (NH4)2S2O8 in 1M H2SO4 and named by adding S to the name of the original carbon) is 20 

the most effective of the studied catalysts. It allows achieving high cellulose conversion (about 61%) and 21 

glucose selectivity. Thus, the low-cost functionalized carbons prepared at mild conditions are effective and 22 

promising catalysts for the transformation of cellulose into glucose.  23 

Article Highlights 24 

Activated carbon was modified at mild conditions, identifying and quantifying surface species by XPS and 25 

TPD. 26 

Carbon surface species influence selectivity of cellulose hydrolysis into glucose catalysed by activated 27 

carbon 28 

 positively affect selectivity of cellulose conversion to glucose 29 
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1. Introduction 33 

The conversion of biomass into fuels and chemicals implies the exploitation of a renewable feedstock and can 34 

contribute to reduce the world's dependence on fossil fuels. There are many studies devoted to promote the use 35 

of biomass with the purpose of achieving a suitable way to replace fossil fuels, contributing as well, to mitigate 36 

the environmental damage caused by their use. An example of these studies can be found in references [1–5]. 37 

Nowadays requirements are that the biomass used for such a use must be non-edible and that no agricultural 38 

land is dedicated to biomass growing to avoid interference with food production. Thus, mainly lignocellulosic 39 

biomass by-products from agricultural and industrial processes shall be used. Lignocellulosic biomass is 40 

constituted by the following three polymeric components: cellulose (C6 units (glucose) with 1-4 -glycosidic 41 

bonds), hemicellulose (mainly C5 units (xylose)) and lignin (amorphous polymer with three phenyl propanolic 42 

monomers bound by C-C and ether bonds) [5]. Cellulose, the most abundant component of lignocellulosic 43 

biomass, is considered a particularly attractive resource to obtain fuels and useful chemical products [6] and it 44 

is also frequently used as a model of lignocellulosic materials. Among the several processes for cellulose 45 

conversion into fine chemicals: pyrolysis, microwave cracking, fermentation and hydrolysis, the last one has 46 

shown to be very suitable to obtain important feedstock molecules like glucose or hydroxymethylfurfural [7–47 

9]. Glucose can be considered as the first molecule obtained from cellulose hydrolysis, and it is an important 48 

product that can be converted into a broad variety of high-added value chemicals (Scheme 1).  49 

Compared with other methods, hydrolysis is, in general, less costly and more selective. However, as a 50 

consequence of the robust structure of cellulose due to the profusion of inter and intra-molecular hydrogen 51 

bonds, such a process constitutes a technical and scientific challenge. Cellulose hydrolysis is usually carried 52 

out by means of homogeneous catalysis, either by enzymatic reactions [10] or by acidic hydrolysis using 53 

mineral acids [7]. However, these techniques present important drawbacks like long reaction time, low catalyst 54 

recycling factor, corrosion, etc., and because of that, heterogeneous catalysis using solid acids (e.g., resins, 55 

metal oxides, zeolites) has become an interesting, and much “greener”, alternative [11, 12].  56 

Carbon materials have attracted a lot of attention in the field of heterogeneous catalysis. This is due to 57 

interesting and tuneable properties like morphology, porosity and surface chemistry, in addition to chemical 58 

stability in many liquid media and thermal stability in non-oxidising atmospheres. In fact, they have been 59 

frequently used as catalysts and catalysts supports [13]. The presence of Oxygen Functional Groups (OFG) on 60 

the carbon surface, particularly in the case of mesoporous carbons, seems to be beneficial for the adsorption of 61 

β-1,4 glucan chains what can help to the cellulose network disintegration. The formation of hydrogen bonds 62 

with the glucan chains promotes the hydrolysis of the glycosidic bonds [14]. Examples of this use of carbon 63 

materials are the work of Shrotri et al. [15] who modified the carbon surface by air oxidation, but added also 64 

diluted HCl to the reaction media to increase the catalyst’s activity, and the work of Hara et al. that used 65 

concentrated H2SO4 solution at high temperature to create not only OFG, but also sulfonic groups [14, 16, 17]. 66 

This work is focused on the preparation of carbon based catalysts for the hydrolysis of cellulose, using a 67 

commercial commercial mesoporous activated carbon and with the purpose of developing the suitable surface 68 

chemistry by oxidation and sulfonation treatments carried out in liquid phase at room temperature. The main 69 

objective is to create the suitable amount and type of surface functionalities, especially acidic ones, while 70 

retaining the optimum desired textural properties.  71 
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The used oxidation method consists of a treatment with a saturated aqueous solution of (NH4)2S2O8 in 1M 72 

H2SO4 at room temperature. It has been selected because, as indicated by Moreno-Castilla et al. [18, 19], it 73 

introduces strong acidic groups and, furthermore, it does not significantly modify the textural properties of the 74 

original activated carbon; and as indicated by Li et al [20] it is non-hazardous, non potentially explosive, 75 

economical and highly soluble in water. On the other hand, as sulphuric acid is frequently used to develop 76 

sulfonic groups on the carbon surface [17, 21, 22], the carbon resulting after the treatment with  the 1M H2SO4 77 

solution at room temperature (the one used in the ammonium persulfate treatment) has been also considered as 78 

a potential catalyst. It should be pointed out that these conditions are clearly milder than those usually reported 79 

for such a way to create sulfonic groups (for example, concentrated H2SO4 at 373 K [22] and 10M H2SO4 at 80 

373 K [21]).       81 

The adopted surface modification strategies involve mild conditions and thus, they can be regarded as low-cost 82 

methods. Minute analysis of the surface chemistry has been performed to determine the specific surface 83 

functionalities that enhance cellulose hydrolysis and selectivity to glucose.  84 

Thus, in summary, this work focuses on the development of effective heterogeneous hydrolysis catalysts 85 

consisting on functionalized carbon materials, as they have properties scarcely exploited yet for this reaction 86 

(like a suitable porosity and a tuneable surface chemistry). The development of such catalysts is desired for the 87 

replacement of the commonly used strong liquid acids. This, together with the use of mild conditions for the 88 

catalysts preparation (with economic and environmental benefits) and the detailed characterization of the 89 

carbon based catalysts, are the main scientific contributions of this work.  90 

 91 

 92 
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Scheme 1. High added-value chemicals from glucose. 106 
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2. Experimental 107 

2.1. Materials 108 

The commercial activated carbon from MeadWestvaco (USA) named SA-30 which is produced by activation 109 

using H3PO4 has been selected to prepare the carbon catalyst because of its high surface area and mesopore 110 

volume [23]. The carbon, named only SA in this work, was treatments with the following chemical agents: 111 

i) saturated solution of (NH4)2S2O8 in aqueous H2SO4 1M (sample SAS) 112 

ii) H2SO4 1M aqueous solution (sample SASu).  113 

In both cases, the mixture carbon/solution (1 g activated carbon/ 10 ml solution) was maintained under stirring 114 

for 24 h at room temperature. Afterwards, the treated carbons were filtered, and then washed several times with 115 

distilled water until the filtrate became neutral and sulfates were removed out (determined by BaCl2 testing). 116 

The performance of the carbon catalysts was compared with that of the Amberlyst 15 resin (Sigma Aldrich), a 117 

known acidic solid [24, 25]. 118 

The commercial microcrystalline Avicel cellulose (99% purity, Sigma Aldrich) was pre-treated by ball-milling 119 

in a planetary mill, with agate balls/cellulose weight ratio of 3, at 500 rpm for 7 h with reverse rotation every 120 

60 min [26]. 121 

2.2. Characterization  122 

The textural properties of SA, SAS and SASu carbon materials were determined by N2 adsorption-desorption 123 

at -196 °C using a Quantachrome Autosorb-6B equipment. The apparent BET surface area (SBET) and the total 124 

micropore volume (Vmicro, volume of pores with diameter lower than 2 nm) were calculated using the BET and 125 

Dubinin-Radushkevich equations [27, 28], respectively. The mesopore volume (Vmeso, volume of pores with 126 

diameter between 2 and 20 nm) was estimated as the difference between the amount of N2 adsorbed at 127 

P/P0=0.99 and at P/P0=0.2 and the total pore volume (Vtot) was obtained from the volume of N2 adsorbed at 128 

P/P0=0.95 [29, 30]. The mean pore size was determined by the equation D = 4×Vtot/ SBET [28]. 129 

The surface chemistry of the carbon catalysts was analysed by Temperature Programmed Desorption (TPD) 130 

(20 °C/min up to 900 °C, 100 ml/min He flow) using a thermobalance (TA-SDT Q600) coupled to a mass 131 

spectrometer (Thermostar, Balzers). This enables the simultaneous record of weight loss, and CO2 and CO 132 

evolution. The surface chemistry of the carbon materials was also characterized by X-ray Photoelectron 133 

Spectroscopy (XPS, VG Microtech Multilab ESCA-3000 spectrometer). XPS spectra were obtained using a 134 

K-Alpha spectrometer (Thermo-Scientific), with a high resolution monochromator and the following 135 

specifications: Al anode (1486.6 eV) X-ray source, 5 × 10-9 mbar analysis chamber pressure and detection in 136 

constant energy mode with pass energy of 200 eV for the survey spectrum, and of 50 eV for the sweep in each 137 

individual region. Data analysis was performed with the Origin peak fitting software.  138 

Moreover, the amount of acidic sites was determined using a simplified Boehm titration method in which 0.1 139 

g carbon were mixed with 20 ml of a 0.05 M NaOH solution. Then, the mixture was treated in ultrasound bath 140 

for 1 h and, after filtration, the solution was titrated with HCl 0.05 M. 141 

The carbon catalysts have been also analysed by TEM in order to characterize their microstructure. JEM-2010 142 

transmission electron microscope from JEOL with an acceleration voltage of 200 kV has been used for this 143 

purpose. 144 
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The crystallinity of the Avicel cellulose, before and after the milling treatment, was analysed by X-ray 145 

diffraction (XRD) using the Miniflex II Rigaku equipment (30 kV/15 mA) with Cu Kα radiation and a scanning 146 

rate of 2°/min, in the 6–80° 2θ range. The crystallinity index has been calculated as CrI (%) = [(I200-147 

Iam)/I200]*100, where I200 and Iam are the intensity of the peaks at 22.30° and 18º, respectively [31].  148 

2.3. Catalytic tests 149 

The catalytic tests were performed in a 50 ml stainless steel Parr reactor (Model 4792), lined with a Teflon 150 

container. The reaction conditions were chosen after a literature revision and are the following: 500 mg 151 

cellulose, 125 mg catalyst, 25 ml distilled water, 190°C and 3 h, under stirring. At the end of the experiment, 152 

the solid and liquid phases were separated by filtration. The liquid phase was analysed by high performance 153 

liquid chromatography (HPLC, 1200 infinity Agilent Technologies, column; Hi-Plex Ca (Duo), 300 × 6.5 mm) 154 

and the solid was dried and weighted to calculate the cellulose conversion. 155 

Conversion, product yield and selectivity were calculated according to the following expressions: 156 

Conversion = [1-(weight of unreacted cellulose / weight of charged cellulose)] ×100 157 

Yield of A = [moles of A / moles of charged cellulose] ×100 158 

Selectivity to A = [yield of A / conversion] ×100 159 

3. Results and Discussion 160 

3.1. Cellulose pretreatment 161 

Ball milling is an efficient physical pre-treatment to decrease the cellulose crystallinity, thus facilitating its 162 

hydrolysis [32]. Figure 1 shows the XRD results obtained for the original and milled Avicel cellulose, which 163 

reveal the important crystallinity decrease produced after the ball-milling treatment.  164 

 165 

 166 

 167 

Fig. 1. XRD profiles of Avicel cellulose: a) untreated, b) ball-milled. 168 

 169 

The calculated crystallinity index (CrI) of the untreated cellulose (Fig. 1(a)) is 61% while the XRD profile of 170 

the ball-milled cellulose (Fig. 1(b)) does not allow determining the CrI because, as the material becomes quite 171 

amorphous, a clear I200 peak can not be distinguished. Therefore, it is evident that the ball-milling pretreatment 172 

greatly reduces the crystallinity of this microcrystalline cellulose.  173 
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3.2. Catalysts textural properties 174 

Figure 2 shows the N2 adsorption-desorption isotherms at -196 ºC obtained for the three carbon materials used 175 

as catalysts. They are type IV isotherms according to the IUPAC classification [30], characteristic of 176 

mesoporous adsorbents. The relatively high adsorption at low relative pressure indicates that the samples have 177 

a significant micropore volume, and the steep slope indicates that their pore size distribution is wide The pore 178 

size distribution graphs are presented as Supplementary Material (Figure S1) and they show that samples SA 179 

and SASu have similar pore size distribution while the SAS sample has also a wide pore size distribution but 180 

with lower narrow micropore volume. The textural parameters, calculated from the N2 adsorption isotherms as 181 

indicated in the experimental section, are presented in Table 1.  182 

 183 

 184 

Fig. 2. N2 adsorption-desorption isotherms at -196ºC. 185 

Table 1. Textural properties. 186 
 187 

 188 

 189 

SBSBET: BET surface area, Vmicro: micropore volume,Vmeso: mesopore volume, Vtotal: total pore 190 

volume (for details see the text) 191 

 192 

The SA activated carbon presents high specific surface area and a well-developed porosity, both in the micro 193 

and mesopore ranges. The treatment with the H2SO4 1M solution (sample SASu) produces only a slight 194 

modification of the porous structure. In contrast, the treatment of SA with the solution of (NH4)2S2O8 in 1M 195 

H2SO4 (sample SAS) leads to a significant decrease of the adsorption capacity, which can be due either to 196 

destruction of pores, or to porosity blockage by the developed surface oxygen groups, as reported for other 197 

carbon materials submitted to a similar treatment [33].  198 

In any case, the three carbon materials used in this work present well-developed mesoporosity and high surface 199 

area. As previously reported [34], mesoporosity is useful for the adsorption of β-1,4 glucan chains, which could 200 

then be broken on the carbon surface. The Amberlyst 15 resin has low surface area and total pore volume 201 

(about 40 m2g-1 and 0.2 cm3g-1, respectively) [24, 25], much lower than those of the carbon materials. 202 

The micro/nanostructure of the carbon materials as revealed by TEM can be observed in Figure S2 203 

(Supplementary Material). It can be seen that it is the expected one for an activated carbon in which the small 204 
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carbon platelets can be observed forming a microcrystalline structure. It must be mentioned that such a structure 205 

is not significantly modified by the chemical treatments performed. 206 

3.3. Catalysts surface chemistry 207 

Figure 3 shows the CO2 and CO evolution profiles obtained in the TPD experiments carried out with the three 208 

studied carbon materials. It can be observed that the treatment with 1M H2SO4 leads to the creation of a 209 

moderated amount of oxygen functional groups (OFG) on the carbon surface (sample SASu) while, as 210 

expected, the oxidation treatment carried out to produce the SAS sample results in much higher development 211 

of surface OFG (be aware of the different scale of Figures 3a and 3b). The total amount of CO2 and CO evolved 212 

in the TPD measurements, calculated as CO+CO2, accounts 3.3, 4.1 and 8.5 mmolg-1 for carbons SA, SASu 213 

and SAS, respectively. The TG data associated to the TPD experiments (Figure S3, Supplementary Material) 214 

show that the mass loss is in agreement with the thermal removal of OFG (comparison of mass loss below 215 

100 °C indicates that sample SASu contained more humidity).  216 

 217 

Fig. 3. TPD spectra of samples SA, SASu and SAS: a) CO2 evolution and b) CO evolution. 218 

 219 

In order to perform a deeper characterization of the surface chemistry, the CO2 and CO evolution profiles 220 

shown in Figure 3 were deconvoluted with the purpose of determining the amount of different types of OFG 221 

(deconvolution is shown in Figure S4 of the Supplementary Material (SM)). For this purpose, deconvolution 222 

was done using a multiple Gaussian function and each peak was centred at temperature values selected 223 

according to the literature [35–37]. The CO2 evolution peaks corresponding to the decomposition of strongly 224 

(SC) and weakly (WC) acidic carboxylic groups are centred in the 230-270 °C and 360-380 °C intervals, 225 

respectively. Thus, SC and WC are carboxylic groups that differ in their thermal stability and in the pH that 226 

they confer to an aqueous suspension [38]. The TPD peaks due to the decomposition of other functional groups 227 

are centred in the following temperature intervals: ~520-550°C--carboxylic anhydride groups (CA); ~650-228 

670 °C--lactone groups (LN) at, ~650-700 °C-- phenol type groups (PH) and 750-943°C--carbonyl and quinone 229 

groups (CQ). These temperature intervals reveal that some OFG can decompose showing overlapped CO2 and 230 

CO desorption peaks.  231 

It should be noted that two low temperature CO peaks (labelled as CO#1 and CO#2) appear in the fitting of the 232 

CO evolution profiles. They are centred at temperatures similar to those at which the peaks corresponding to 233 

the decomposition of SC and WC carboxylic groups are located. This phenomenon is also reported in literature. 234 

Figueiredo and co-workers attributed these peaks to the reaction between CO2 and the carbon surface [39], 235 
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while Moreno-Castilla et al. consider that the low temperature CO probably comes from carbonyl groups that 236 

proceed from the decomposition of α-substituted ketones and aldehydes [18]. 237 

In the case of the SA carbon, the CO2 and CO desorption at ~870 ºC (see Figure 3 and Figure S4) has been 238 

explained as due to surface reactions of trace phosphoric groups remaining from the activation treatment with 239 

H3PO4 [40, 41] The absence of such features in the TPD spectra of SASu and SAS samples would indicate that 240 

phosphoric groups were mostly eliminated by the treatments with acidic solutions carried out to obtain them 241 

from the original SA carbon. 242 

The amount of each type of OFG determined from the areas of the deconvoluted TPD profiles (excluding those 243 

related to phosphoric acid in carbon SA) is presented in Table 2. It can be observed that in the original activated 244 

carbon, the most abundant OFG are phenol-type groups, followed by carbonyl and quinone groups. The 245 

treatment with 1M H2SO4 solution leads to the development of all OFG types, being the increase of strongly 246 

acidic carboxylic groups the most pronounced. The treatment with the saturated solution of (NH4)2S2O8 in 1M 247 

H2SO4 produces a noticeable increase in the total amount of OFG, which corresponds to the creation of all 248 

types of groups. It can be observed that compared to SASu, the SAS carbon contains less carbonyl-quinone 249 

groups (Table 2). 250 

The three samples contain a large amount of acidic OFG (calculated as the sum of SC, WC, CA, PH and LN) 251 

and the order regarding the OFG content is SA<SASu<<SAS. 252 

The acidity of the carbon materials determined by titration (expressed as mmol of acidic sites per gram of 253 

carbon, Table 2) follows the same trend, although the differences between samples are less pronounced. 254 

 255 

 256 

Table 2. Distribution of OFG determined by deconvolution of the TPD profiles and amount of acidic sites 257 

measured by titration 258 

 259 

The amount of acidic OFG determined by deconvolution of the TPD spectra has been plotted versus the amount 260 

of acidic sites determined by titration, and a linear correlation has been found (Fig. S5, Supplementary 261 

Material). However, the difference between the total amount of acidic oxygen groups determined from TPD 262 

data and the acidity determined by titration is relatively large. This point could be explained considering that 263 

not all the surface functional groups have the same acidity. Thus, titration is the result of an average 264 

measurement of groups with different acidity and basicity.  265 

Sample OFG (mmolg-1) 

Total 

OFG[a] 

(mmolg-1) 

 

Acidic 

OFG [b] 

(mmolg-1) 

Acidic 

sites [c] 

(mmolg-1) 

SC WC CA PH LN CQ 

SA 0.06 0.18 0.18 1.02 0.04 0.85 2.33 1.48 3.33 

SASu 0.11 0.25 0.25 1.50 0.06 1.33 3.50 2.17 3.44 

SAS 0.27 0.82 0.93 3.40 0.22 1.16 6.80 5.64 4.08 

[a]: sum of all identified OFG’s groups 

[b]: sum of SC, WC, CA, PH and LN groups 

[c]: measured by titration 
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It can be pointed out that the acidity of carbon SAS (4.08 mmolg-1 determined by titration), is comparable to 266 

the acidity of Amberlyst 15 resin (4.7 mmolg-1)[24]. This strong acidity is expected to enhance the catalytic 267 

activity in the hydrolysis of cellulose [14, 42].  268 

The surface chemistry of the carbon materials has been also characterized by means of XPS. Figure 4 shows 269 

the O1s XPS spectra of the three studied samples. 270 

 271 

Fig. 4. O 1s XPS data of SA, SASu and SAS 272 

Deconvolution of the O1s spectra (Figure 4) based on the binding energy (B.E.) assignments found in the 273 

literature [25, 43, 44] shows peaks centred at the following B.E. values (in eV): i) 530.7±0.2, assigned to C=O 274 

bond in quinone groups, ii) 531.8±0.2, related to oxygen in O=C or –OH structures of carbonyl or anhydrides 275 

and hydroxyl groups, iii) 533.3±0.2, attributed to phenol type groups and iv) 534.6±0.2, assigned to carboxylic 276 

groups. Table 3 shows the quantification of the O1s spectra in atomic O percentage (At. %) in any of the 277 

mentioned oxygen containing surface functionalities.  278 

The contribution of acidic OFG has been calculated assuming that species 2 to 4 (see Table 3) are related with 279 

anhydrides and hydroxyl, phenol, and carboxylic acid groups. It can be observed that the total amount of oxygen 280 

groups, and acidic OFG content determined this way, is similar for SA and SASu samples, and clearly higher for 281 

SAS. 282 

 283 
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Table 3. O1s XPS data: B.E. (eV), species identification and quantification (At. %). 293 

 [a] sum of acidic OFG (species 2,3 and 4) 294 

The C 1s spectra (presented in Figure S6, Supplementary Material) show, apart from the peak centred at about 295 

284.5±0.1 eV due to graphitic C=C, other less intense peaks appearing at 286.0±0.1 eV, 286.7±0.1 eV and 296 

287.5±0.3 eV, which can be attributed to C–O in ether or phenol groups, to quinone or carbonyl groups (C=O), 297 

and to carboxylic or carboxylic anhydride groups, respectively. Quantification of the C1s spectra has not been 298 

included, as it will be not precise enough because the intensity of the C1s signals due to OFG is low compared 299 

to the main peak due to C=C bonds (see Figure S6). 300 

The S 2p XPS spectra of samples SASu and SAS, although with a lot of noise, show a peak located at about 301 

168.1 eV attributed to S in -SO3H groups [45]. This means that sulphur is present in these two samples, although 302 

the amount of this element is very low. In fact, the determination of sulphur by elemental analysis shows that 303 

the weight concentration of this element in both samples is about 0.1 %. Figure S7 in Supplementary Material 304 

shows the S 2p XPS spectra of the SAS catalyst before and after the reaction. The profiles obtained are similar, 305 

which indicates that the -SO3H groups have not been leached during reaction.  306 

As in the case of the TPD analysis, acidic OFG evaluated by XPS are predominant in all samples (more than 307 

75% of oxygen atoms are present in acidic groups). This is an interesting property of these carbon materials, 308 

as the interaction between cellulose β-1,4-glucan chains and acidic OFG on the carbon surface is supposed to 309 

favour the breakage of the cellulose network, leading to higher catalytic activity [14]. 310 

 311 

3.4. Catalytic performance 312 

 313 

The hydrolysis of cellulose with the four tested catalysts has led, mainly, to the formation of glucose and 314 

hydroxymethylfurfural (HMF). As reported in the literature, the reaction starts with a proton from the acid 315 

catalyst interacting with the glycosidic oxygen atoms that link two sugar units, forming a conjugated acid. 316 

After addition of water, free sugar and a proton are liberated, and further rehydratation and hydrolysis of 317 

glucose yields HMF [7, 46]. 318 

The obtained values of cellulose conversion and product selectivity are shown in Figure 5. 319 

Element O 1s (At. %) 

Species 1 2 3 4  

B.E. (eV) 530.7 531.7 533.3 534.6 Acidic  

OFG [a] 

 

 

Sample 
C=O 

O=C or 

–OH 
C–OH C=OOH 

SA 2.6 3.6 1.9 0.7 6.2 

SASu 2.9 4.5 0.4 1.0 5.9 

SAS 1.0 7.5 4.3 0.6 12.5 

Species 
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 320 

 321 

Fig. 5. Cellulose conversion (red points) and products selectivity (HMF: Hydroxymethylfurfural)  322 
(500 mg cellulose, 125 mg catalyst, 25 ml distilled water, 190°C and 3 h). 323 

 324 
Using the original SA carbon, cellulose conversion significantly increases compared to the blank test (56% vs. 325 

35% conversion), leading as well to a higher selectivity to glucose. This means that this activated carbon is a 326 

good catalyst for cellulose hydrolysis. After surface functionalization (samples SASu and SAS), the carbon 327 

catalysts improve their catalytic performance, leading to 60% cellulose conversion and glucose selectivity close 328 

to 50%. In contrast, the commercial resin Amberlyst 15 exhibits a good cellulose conversion (62%), but a lower 329 

selectivity to glucose (41%). Besides, as in the case of the blank experiment, the Amberlyst 15 resin renders a 330 

high proportion of other products, each of them in low concentration, that have not been completely identified 331 

(furfural, ethylene glycol, polyethylenglycol and levulinic acid can be some of these products), meaning that 332 

using this catalyst, the main hydrolysis products (glucose and HMF) are highly degraded.  333 

Regarding the effectiveness of the studied catalysts in terms of glucose yield, the obtained results with the 334 

carbon catalysts are 17%, 28% and 32% for SA, SASu and SAS, respectively, while 25% is obtained with 335 

Amberlyst 15. The glucose yield of the oxidized carbon materials is higher than that of Amberlyst 15 because 336 

they afford a similar cellulose conversion and are clearly more selective to glucose. Thus, the oxidized carbon 337 

materials are more effective catalysts than the commercial resin Amberlyst 15. On the other hand, they are 338 

more active than the SA original carbon, in spite of having lower pore volume and, in the case of SAS, also 339 

lower surface area, what can be attributed to the increase in the amount of acidic surface groups. However, the 340 

extensive creation of acidic OFG by the oxidation treatment with the (NH4)2S2O4 solution in 1M H2SO4 (SAS 341 

sample) does not lead to a further increase of the cellulose conversion respect to the behaviour of the SASu 342 

catalyst, and the increase in glucose selectivity is much lower than the increase in the amount of OFG. The 343 

increase in selectivity is more pronounced from SA to SASu than from SASu to SAS. This can be explained 344 

either by a limit in the positive effect of acidic OFG, by the lower surface area and pore volume, or by a 345 

combination of these two reasons. The good catalytic performance of the SASu and SAS carbons for cellulose 346 

hydrolysis can be also related with the presence of sulfonic groups (detected by XPS). The stability of those 347 

groups was proved by their presence in the SAS catalyst surface before and after reaction (Fig. S4, SM). 348 
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The obtained results mean that the oxidized carbon materials show a good catalytic performance. However, to 349 

support this idea, it is necessary to compare the obtained data with recent results on the topic reported in the 350 

literature. Nevertheless, such a comparison is usually not straightforward because the reaction conditions are 351 

different, and sometimes the way to express the catalytic activity is different as well. In any case, some reported 352 

data have been collected in Table 4, indicating the differences in the operation conditions. The reported data 353 

correspond to the use of carbon materials as catalysts, without acid addition, and water as solvent. Explanations 354 

and comments on the information presented in the table are given below. 355 

 356 

Table 4. Summary of reported results for several carbon based catalysts in hydrolysis reaction conditions 357 

similar to those used in the present work. 358 

Entry Catalyst name S/C[a] T (°C) T (h) 
Xcellulose 

(%) 

Yglucose 

(%) 
Ref. 

1 AC BA-475 6.5 180 0.3 96 27 [15] 

2 GO-SO3H 1 130 8 - 1.4 [47] 

3 LDSA 0.25 180 4 - 46-TRS [48] 

4 MPCSA 0.5 150 6 - 58-TRS [49] 

5 R-MCMB-SO3H 0.2 140 4 68 66-TRS [50] 

6 G-TsOH 1 170 12 31 16 [51] 

7 SAS 4 190 3 60 32 this work 

[a]: Substrate/Catalyst ratio 359 
 360 
BA-475, an oxidized (air, 475 °C, 3 h) high surface area (1100 m2.g-1) commercial activated carbon was used 361 

as catalyst in a mix-milling process with microcrystalline cellulose (entry 1[15]) and, although a high cellulose 362 

conversion was obtained (with the advantages of high S/C ratio and low reaction time), the glucose yield is 363 

moderate, meaning that many by-products have been formed. Besides, the oxidation treatment led to 54% burn-364 

off, which implies a significant loss of solid. Huang et al. (entry 2 [47]), used a graphene oxide prepared from 365 

graphite by the harsh Hummers method, and then submitted to a sulfonation treatment (with 98% sulfuric acid). 366 

The results are poor using water as solvent (data shown in the table), but they noticeably improve when the 367 

solvent is 1/10 (vol/vol) mixture of water and N-dimethylacetamide. Gan et al. (entry 3[48]) use a lignin derived 368 

solid acid (LDSA) sulfonated in concentrated sulfuric acid with quite low S/C ratio (high amount of catalyst). 369 

The results are expressed as yield to total reducing sugars (TRS) and because of that it is not possible to make 370 

a proper comparison of glucose yield. Data of entry 4 [49] correspond to a solid acid catalyst prepared by the 371 

co-carbonization of cellulose and PVC (as a way of reusing plastic wastes) and to cellulose pretreated in highly 372 

concentrated phosphoric acid. The S/C used is low and instead of glucose yield, yield to TRS is presented. In 373 

the work of Li et al. (entry 5 [50]) the carbon catalyst is based on coal tar pitch mesocarbon mesobeads 374 

(MCMB) submitted to a sulfonation treatment in concentrated sulfuric acid. Cellulose was previously 375 

chemically treated, the S/C is very low and the activity results are also presented as yield to TRS. Finally, the 376 

work of Chen et al. (entry 6 [51]) reports the behaviour of several carbon materials prepared from glucose by 377 

hydrothermal synthesis and submitted to different treatments. The one indicated in the table shows the best 378 

behaviour in terms of glucose yield among those studied.  379 
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The comparison with literature results shows that the carbon catalysts prepared in the present work, particularly 380 

SAS, can be considered among the best ones because they lead to a high cellulose conversion and good glucose 381 

yield, using water as solvent, a relatively high S/C ratio and short reaction time, although the reaction 382 

temperature is somewhat higher. It is important to point out that the SAS carbon leads to the lowest amount of 383 

by-products, being 74% the global selectivity to interesting products (glucose and HMF). Besides, the carbon 384 

catalysts used in this work have been obtained from a commercial activated carbon and the treatments 385 

performed to modify the surface chemistry can be considered mild, in contrast with the more complex and 386 

costly treatments reported in most publications. 387 

In summary, the low-cost (mild conditions) modified carbon materials developed in this work combine the 388 

required acidity and suitable textural properties, and because of that, they perform better than the Amberlyst 389 

15 resin and some other carbon materials reported in the literature. Amberlyst 15 has low surface area and 390 

porosity and a high acidity, which promotes side reactions, converting cellulose or glucose to other by-products. 391 

Also, the carbon materials used in this work can be considered advantageous when compared to the resin and 392 

other carbon materials because of their lower price or easier (and cheaper) preparative procedures. 393 

4. Conclusions 394 

Low-cost solid acid catalysts for cellulose hydrolysis have been prepared by the modification under mild 395 

conditions of the surface chemistry of a commercial mesoporous activated carbon. The three studied carbon 396 

catalysts are active for cellulose conversion, and the two oxidized ones show a high selectivity to glucose. 397 

Because of that, they show a better performance (higher glucose yield and less by-products) than the 398 

commercial Amberlyst 15 resin. SAS carbon (prepared by treatment with a saturated solution of (NH4)2S2O8 399 

in 1M H2SO4) is the most effective of the studied catalysts, leading to 61% cellulose conversion and 52% 400 

selectivity to glucose. This good behaviour can be attributed to a proper combination of high OFG amount and 401 

suitable porosity. Acidic OFG were found to play a key role in improving the catalytic performance of carbon 402 

materials for cellulose hydrolysis and selectivity to glucose, but the presence of a small amount of sulfonic 403 

groups seems to be also relevant. 404 
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