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Abstract: In this work, some physical mixtures of Nb2O5∙nH2O and NbOPO4 were prepared to study 12 

the role of phosphate groups in the total acidity of samples and in two reactions involving carbohy- 13 

drate biomass: hydrolysis of polyfructane and dehydration of fructose/glucose to 5-hydroxymethyl- 14 

furfural (HMF). The acid and catalytic properties of the mixtures were dominated by the phosphate 15 

group enrichment. Lewis and Brønsted acid sites were detected by FT-IR experiments with pyridine 16 

adsorption/desorption under dry and wet conditions. Lewis acidity decreased with NbP in the com- 17 

position, while total acidity of the samples, measured by titrations with phenylethylamine in cyclo- 18 

hexane (~3.5 eq m-2) and water (~2.7 eq m-2) maintained almost the same values. Inulin conversion 19 

took advantage of the presence of surfaces rich in BAS and NbP showed the best hydrolysis activity 20 

with glucose/fructose formation. HMF obtained from fructose/glucose dehydration also proceeded 21 

with less deactivation of the catalyst with the more phosphated surface. 22 

Keywords: niobium-based catalysts; surface acidity; inulin hydrolysis; fructose dehydration; 5-hy- 23 

droxymethylfurfural; catalyst deactivation. 24 

1. Introduction 25 

Niobium (Nb) based materials have been widely investigated in the past decades as 26 

promising and versatile heterogeneous catalysts [1–4]. In the class of niobium com- 27 

pounds, niobic acid (i.e. partly hydrated niobium oxide, Nb2O5·nH2O, hereafter labelled 28 

as NbO) [5,6] and niobium oxophosphate (NbOPO4·nH2O, hereafter labelled as NbP) [7,8], 29 

have aroused considerable interest as active phases, as supports, and also as promoters. 30 

In any case, these materials have consolidated their success mainly as solid acid catalysts 31 

[9,10] due to their acid strength (Hammett acidity function -8.2 <Ho <-5.6 for NbO [4] and 32 

-8.2< Ho < -3.0  for NbP [11]), co-presence of both Lewis and Brønsted acid sites (LAS and 33 

BAS, respectively), and capability to preserve Lewis acidity even in the presence of water. 34 

Indeed, in both NbO and NbP the acidity in water is maintained thanks to the formation 35 

of NbO4-H2O adducts, which in part still exhibit Lewis acid character, as proved by 36 

Nakajima through Raman spectroscopy and infrared spectroscopy studies of CO adsorp- 37 

tion [12]. Actually, taking advantage of this combination of BAS and water-tolerant LAS, 38 

NbO and NbP have found successful exploitation in polysaccharidic biomass processing, 39 

in particular for hydrolysis and dehydration reactions [13–23], albeit with some limita- 40 

tions in terms of resistance to deactivation. Indeed, in these reactions, NbP may easily 41 

undergo leaching of phosphate groups in particular in hot water [24], while NbO, alt- 42 

hough more stable in water than NbP, may be blocked by insoluble products (humins or 43 

coke), whose deposition at the catalytic surface seems to be promoted by medium-to- 44 

strong Lewis acid sites [17].  45 
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A fine control of the acidity [25] in terms of nature (LAS/BAS), strength, and surface 46 

density of sites is then required to improve the stability of these catalysts as well as to 47 

address the intrinsic complexity of reaction pathway when highly functionalized mole- 48 

cules are involved, as in the case of polysaccharide valorization processes [26–34].  49 

Several strategies, such as surface treatment [35–37], metal doping [29,38–40], struc- 50 

tural distortions [41,42], mixed oxide formation [43–49] have been proposed over the years 51 

for controlling the acidity of Nb-based catalysts. Regrettable that most of these approaches 52 

imply complicated synthetical routes or limited reproducibility. It is also known that the 53 

ratio of phosphorus to metal represents a key parameter for tuning the surface properties, 54 

and in particular surface acidity, of metal phosphate catalysts [50–53]. On the other hand, 55 

the synthesis of Nb-based catalysts with controlled phosphorus content is not an easy task. 56 

A more practical and cheaper alternative may consist in making balanced mixing of NbO 57 

and NbP to create physical mixtures with controlled P content to attain the desired goal 58 

in terms of LAS-to-BAS ratio, acid site number, and acid strength. Recently, a physical 59 

mixture, obtained by a combination of equal weighed amounts of NbO and NbP, was 60 

reported to exhibit interesting catalytic performances compared to the separated and pure 61 

NbO and NbP solids in the reaction of glucose dehydration to 5-hydroxymethylfurfural 62 

(HMF) reaction [54].  63 

Starting from these encouraging results, in this, work NbO and NbP have been me- 64 

chanically mixed in different proportions to obtain solids with increasing P content. Af- 65 

terwards, physical mixtures have been characterized with particular focus on the acidic 66 

features: the total number and weak-to-strong acid site ratios were determined by solid- 67 

liquid phase titrations by phenylethylamine probe adsorption, while pyridine adsorption, 68 

monitored by infrared spectroscopy, allowed for discriminating and quantifying LAS and 69 

BAS.  70 

The expected differences in the acidic features of the NbO:NbP mixtures in terms of 71 

distribution of the nature, number, and strength of acid sites might influence the catalytic 72 

performances. To prove this, two different reactions have been studied: inulin hydrolysis 73 

and fructose/glucose dehydration to HMF, being both reactions sensitive to the nature 74 

and strength of the acid sites on the surface of Nb-based materials.  75 

2. Results 76 

2.1 Mixture preparation and characterization 77 

Niobic acid (NbO) and niobium oxophosphate (NbP) powder samples, supplied from 78 

CBMM, have the composition reported in detail in the Experimental section. The 79 

morphological properties of the samples have been already studied and reported in the 80 

literature [54]; both NbO and NbP samples were mesoporous solids with specific surface 81 

areas of 177 and 140 m2 g-1, respectively. Starting from these two components, three 82 

physical mixtures were prepared with NbO/NbP mass ratios of 1:3, 1:1, and 3:1, by 83 

accurately weighing precise aliquots of the individual materials and by intimately mixing 84 

them through ball milling.  85 

The intended compositions (expressed as wt.%) of the physical mixtures are reported in 86 

Table 1, with the sample codes used hereafter. In addition, considering the aim of the work 87 

and the central role of phosphate groups in the following discussion, samples have been 88 

classified according to their normalized phosphorous content, calculated by normalizing 89 

the P-concentration in each sample to the one of NbP, considered as the reference. In doing 90 
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so, NbO and NbP represent the lowest and uppermost extremes of the series, with 91 

normalized P-content values equal to zero and one, respectively and, for example, the NbO: 92 

NbP mixture (3:1) contains a quarter of phosphorous of NbP (Table 1). 93 

 94 

Table 1. Composition of niobium-based catalysts. 95 

Code Nominal composition (wt.%) Normalized 

P content Nb P O K 

NbO 69.9 - 30.1 - 0 

NbO:NbP(3:1) 66.0 2.1 31.3 0.5 0.25 

NbO:NbP(1:1) 62.3 4.2 32.5 1.1 0.5 

NbO:NbP(1:3) 58.6 6.2 33.6 1.6 0.75 

NbP 55.0 8.2 34.7 2.1 1 

The compositional uniformity of powder mixtures was evaluated by EDX microanal- 96 

ysis, by mapping out the areal distribution of elements and comparing it with the ele- 97 

mental composition measured at single points. The good agreement between punctual 98 

and areal composition values (Table S.1) confirmed that all the prepared mixtures had 99 

uniform composition.  100 

Semi-quantitative information from EDX analyses were also used to roughly estimate 101 

the P content of the samples. Plotting phosphorous concentration from EDX analysis as a 102 

function of the normalized P content, an almost linearly increasing trend is obtained, alt- 103 

hough in all cases P content from EDX estimations resulted higher than the corresponding 104 

nominal values (black empty symbols in Fig. 1).  105 

The observed trend seems to suggest a phosphate surface enrichment, then, characteriza- 106 

tion by X-ray photoelectron spectroscopy (XPS) was performed to determine in a more 107 

appropriate way phosphorous surface concentration (Table S.1). As expected, the experi- 108 

mental values of P-concentration obtained by XPS analyses indicated a higher surface con- 109 

centration of phosphorous than that calculated from nominal compositions of samples 110 

(Table 1), which assume a homogeneous phosphorous presence from the surface to the 111 

bulk of the samples. This indicated that, likely, for the NbP preparation, phosphating was 112 

carried out on finite niobium oxide. Also, the XPS values resulted higher than the EDX 113 

ones, since EDX technique is characterized by larger interaction volume and lower surface 114 

sensitivity than XPS. Thus, from the XPS analysis, a clear gradual surface enrichment of 115 

phosphorous could be argued within the sample series, passing from NbO to NbP. 116 
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 117 
Figure 1. Phosphorous concentration of the NbO and NbP samples and relevant physical mixtures 118 

as a function of normalized P content (calculated assuming unit value, P = 1, for NbP). Nominal 119 

values refer to the expected composition based on the weighed amount of NbO and NbP in the 120 

NbO:NbP mixtures and sample compositions as indicated in Table 1.  121 

 122 

The high-resolution spectra of the main elements (Nb, O and P) for all the analysed 123 

samples are shown in Fig. 2 and the surface concentrations for the same elements are 124 

reported in Table S.1. Nb 3d photoelectron signal of the NbO:NbP(1:1) and NbO:NbP(3:1) 125 

mixtures appears as a spin–orbit doublet, that can be resolved into the 3d5/2 and 3d3/2 126 

components. The binding energy position of these two components (nearly 207.6 eV and 127 

210.4 eV for Nb3d5/2 and Nb3d3/2, respectively) as well as the multiplet splitting values (ca. 128 

2.7-2.8 eV) and the intensity ratio of the two peaks (about 2:3) are typical of Nb5+ species in 129 

bulk Nb2O5.  130 

The Nb 3d spectra recorded on NbO:NbP(1:3) and NbP samples are broader than those 131 

recorded on NbO:NbP(1:1) and NbO:NbP(3:1) and can be decomposed into two different 132 

doublets. One doublet has components centred at the same BE than the already observed 133 

ones (ca. 207.6 and 210.4 eV, dotted blue curves) and it can be then ascribed to Nb5+ in 134 

Nb2O5, while the second one has sub-peaks with BE values ca. 0.8-1.0 eV higher than those 135 

observed for Nb2O5 (ca. 208.5 eV and 211.2 eV, dotted red curves). According to the 136 

literature, this contribution is associated with a highly ionic Nb5+ species and it can be 137 
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ascribed to Nb5+ involved in P–O–Nb–O bonds [55,56].  In fact, this second contribution 138 

was predominant in the NbP sample and it gradually lowered and disappeared by 139 

decreasing P content in the samples. Oxygen signal in the 1s region was fitted with three 140 

components, located at 530.2, 531.1 and 532.4 eV associated with oxygen involved in the 141 

Nb–O and Nb – O – P bonds and in phosphate groups (O – P) [24]. Finally, the P 2p 142 

spectrum can be decomposed as a doublet having a spin-orbital split of ca. 0.9 eV and 143 

centred at 134.6 eV, characteristic of typical phosphate groups [24]. 144 

 145 

Figure 2. Surface composition analysis by XPS: high resolution spectra of: (a) Nb 3d region for NbP 146 

and mixtures, (b) O 1s region and (c) P 2p region for NbP. 147 

 148 

2.2 Characterization of surface acidity 149 

 150 

2.2.1 Intrinsic and effective acidity by liquid-solid phase titrations 151 

The acidity of the surfaces of NbO and NbP and their ability to maintain acidity in water, 152 

for the most part, are properties well known starting from the pioneering works of Ziolek 153 

(among others, [2,4]) and Okuhara [57]. They opened the possibility of using some solids 154 
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containing niobium as acid catalysts in heterogeneous reactions in water, thanks to the 155 

acidic water-tolerance properties possessed by these solids.  156 

To prove both the intrinsic and effective acidities of the studied samples, namely NbO, 157 

NbP, and their mixtures, acid-base titrations by using phenyl ethylamine (PEA), as basic 158 

probe, in cyclohexane and water:isopropanol solution (80:20 v/v, corresponding to the 159 

solvent used in the studied fructose/glucose dehydration reaction), respectively, were 160 

carried out. The results obtained are reported in Table S.2 as total density of the acid sites 161 

with the percentage of strong acid sites. The results have been obtained starting from the 162 

collected PEA adsorption isotherms measured at 30°C that are shown in Fig. 3. On each 163 

sample, two successive isotherms were collected, on the fresh sample (I° isotherm) and on 164 

the PEA-saturated sample (II° isotherm) after it was purged with pure solvent overnight 165 

to remove weakly adsorbed PEA. By this procedure, the amount of total, weak, and strong 166 

acid sites (corresponding to PEAads,max, obtained by the Langmuir model equation used to 167 

fit the isotherms) of each sample could be quantified. Then, considering the value of the 168 

surface area of each sample, the acid site density (equivalent of acid site per unit sample 169 

surface, equiv m-2, Table S.2) could be computed.  170 

Regarding the intrinsic acidity measured in cyclohexane (Fig. 3, left side), all the samples 171 

adsorbed a high approximately similar amount of the PEA probe, except NbP, which 172 

adsorbed a little less PEA probably due to the lower surface area value than NbO. The 173 

strength of the acid sites of the surfaces was quite strong; strong acid sites corresponded 174 

to ca. 66-73% of the titrated total sites without any clear trend with the sample composition. 175 

The acidity picture of the samples changed slightly when the titrations were carried out in 176 

polar-protic solvent, the relative adsorption isotherms of PEA in water:isopropanol 177 

solution (Fig. 3, right side) gave rise to the effective acid site density of the samples that 178 

are shown in Table S.2. Based on the tolerant properties of the two samples NbO and NbP 179 

[60], a maintenance of acidity was expected by all the samples, including the NbO: NbP 180 

mixtures. In water:isopropanol solution, the amount of PEA adsorbed by NbO decreased 181 

by ca. one third compared to the same measured in cyclohexane, while NbP adsorbed PEA 182 

without any decrease. In general, a decrease of the strong acid sites was observed for all 183 

the samples compared with the intrinsic strong acid sites. The ratios between the total 184 

effective and intrinsic acid sites (E.A/I.A.) were 0.67 for NbO and 1 for NbP and around 185 

0.7 for the NbO:NbP mixtures. From all the obtained results, clearly emerges the good 186 

acidity of all the surfaces and their water-tolerant properties, with NbP that appeared as 187 

the best acid surface in the polar-protic medium. 188 
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 189 

Figure 3. Adsorption isotherms at 30°C of PEA probe on Nb-based samples evaluated in 190 

cyclohexane (left, full markers) for measuring the intrinsic acidity and in water-isopropanol 191 

solution (80:20 v/v), (right, empty markers) for the effective acidity. Calculated Langmuir curves of 192 

I° run PEA adsorption (total acid sites), black lines; calculated Langmuir curves of the II° run PEA 193 

adsorption (weak acid sites), blue lines; calculated Langmuir of the strong acid sites, obtained from 194 

difference from the I° and II° PEA adsorptions, red curves. 195 



Catalysts 2021, 11, x FOR PEER REVIEW 8 of 26 
 

 

 

2.2.2 Acid site intrinsic and effective nature  196 

Besides the amount of sites and acid strength, the nature of the acid sites, as well as their 197 

tolerance to water, is of great importance to a comprehensive knowledge of the acid 198 

properties of any surface. By FT-IR spectroscopic analyses of pyridine adsorption- 199 

desorption, LAS can be easily distinguished from BAS, studying the nature of the formed 200 

molecular complexes after adsorption/desorption of suitable base probes. Samples of NbO, 201 

NbP, and their mixtures were contacted with pyridine both in vapor phase and aqueous 202 

solution and FT-IR desorption spectra at 150ºC in the range of 1560 cm-1 to 1400 cm-1 are 203 

shown in Fig. S.1.  204 

All spectra exhibited the same bands pattern typical of formation of pyridine complexes 205 

with BAS and LAS types, but with different intensities indicating that the relative densities 206 

of the acid sites differed considerably among the samples. In particular, the sharp band at 207 

1445 cm-1, due to the interaction of pyridine with LAS (ν19b mode), and the broad band at 208 

1540 cm-1, assigned to the pyridinium ion bounded to BAS (ν19b mode), were observed on 209 

all the samples, while the band at 1488 cm-1 (ν19a mode) is normally related to the 210 

simultaneous interaction of pyridine coupled with BAS and LAS [30,58].  211 

As expected, the FT-IR pyridine desorption spectra collected under dry conditions (Fig. 212 

S.1.a) showed more intense bands than those recorded in the presence of water (Fig. S.1.b). 213 

It suggested a decrease in both LAS and BAS acid sites on the surfaces when water was 214 

present, even if limited. Then, experiments carried out with pyridine under dry conditions 215 

allowed determining the intrinsic nature of the acid sites, which means the number LAS 216 

and BAS characteristic of the surfaces. On the other side, experiments performed using an 217 

aqueous solution of pyridine investigated on the effective nature of the acid sites, which 218 

means the amount of LAS and BAS in real working conditions (i.e., in aqueous solutions). 219 

Both NbO and NbP are known to possess water-tolerant Lewis acid sites on their surface 220 

that have been associated with NbO4 species in tetrahedral coordination [42]. Brønsted 221 

acidity has been related to Nb-OH groups on NbO, while on NbP, both P-OH and Nb-OH 222 

groups concur to the acidity; the former is considered a slightly stronger Brønsted acid site 223 

than Nb-OH [13,42]. 224 

The FT-IR results collected with vapor pyridine and pyridine solution (Fig. S.1 and Table 225 

S.2) indicated that NbO and NbP exposed similar total amount (LAS plus BAS) of acid sites 226 

(0.132 meq g-1 for NbO and 0.115 meq g-1 for NbP). However, the distribution of LAS and 227 

BAS varied on the two samples and then on the related mixtures formed from the two acid 228 

solids. NbP possessed the higher amount of BAS, which decreased within the mixtures by 229 

increasing NbO amount, while the amount of LAS was higher for pure NbO and smaller 230 

for pure NbP.  231 

The amount of LAS and BAS and the LAS/BAS ratio determined in dry and wet conditions 232 

have been correlated to the surface P-concentration of each sample (as determined by XPS, 233 

Table S.1). The trends observed in the two conditions differ in some amount. In general, a 234 

decrease in the amount of intrinsic LAS as a function of normalized surface P-concentration 235 

was observed, while a similar amount of effective LAS was observed on all the samples. 236 
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Intrinsic and effective BAS increased with an exponential trend against normalized surface 237 

P-concentration. The intrinsic LAS to BAS ratio decreased almost linearly from pure NbO 238 

to pure NbP (Fig. 4 a) and the effective LAS to BAS ratio decreased in an exponentially way 239 

when water was concerned (Fig. 4 b), since LAS suffer more from the presence of water 240 

than BAS. These observations suggest that the amounts of LAS and BAS can be tunable by 241 

varying the percentage of NbO and NbP in the sample mixture.  242 

By comparing the acid site populations of the samples determined with and without water 243 

(Fig. 4 a vs. Fig. 4 b), it can be found that the amount of LAS and BAS on NbO had a 244 

reduction of 57% and 45%, respectively, when water was concerned in comparison with 245 

the experiment performed with pyridine in the vapor phase. On the contrary, NbP showed 246 

a slighter decrease (only 15% of LAS and 19% of BAS), confirming the superior water- 247 

tolerant acid properties.  248 

The decrease, even if slight, in the number of both LAS and BAS in the presence of water 249 

can be explained by the competition between water molecules and pyridine probe for the 250 

adsorption on the acid sites. However, the different impact of water on the LAS and BAS 251 

population among the studied samples can be rationalized considering that the Brønsted 252 

acidity increases with the increment of P in the samples, and the P-OH groups lead to a 253 

slightly stronger Brønsted acidity than Nb-OH sites [2,13,42]. The environment 254 

surrounding NbO4 tetrahedra can affect its water-tolerant activity [42]. The presence of the 255 

P-OH groups on the equatorial plane of the NbO6 octahedron [7] might cause a sort of 256 

steric effect of protection of the LAS. 257 

 258 
Figure 4 Trends of the amount of LAS and BAS (qLAS and qBAS) and LAS/BAS ratio against normalized 259 

surface P-concentration (obtained from XPS) determined following pyridine desorption at 150°C in 260 

experiments with pyridine vapor (intrinsic acidity), a); and pyridine aqueous (effective acidity), b). 261 

  262 
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2.3 Catalytic activity  263 

 264 

2.3.1 Catalytic inulin hydrolysis  265 

Inulin is a polysaccharide naturally occurring in plants from the Asteraceae family (such 266 

as chicory, Jerusalem artichoke, barley, garlic, onion, rye, wheat, and other roots and tubers) 267 

where it acts as a means of energy storage. From a chemical point of view, inulin is a 268 

polydisperse mixture of β-(2,1) fructans, polymeric linear chains whose backbones are 269 

made up by fructose units (connected by β-(2,1)-d-fructosyl-fructose bonds) and 270 

terminated by a glucose unit (linked by an α-d-glucopyranosyl bond). Depending on the 271 

source, different distributions of degree of polymerisation (DP) can be observed, with 272 

values ranging from 2 to 60. Thus, inulin is usually labelled with the general formula GFn, 273 

where G stands for glucose, F for fructose and n is the average DP.  274 

Inulin can undergo depolymerization in solution through enzymatic or acid hydrolysis 275 

of the β-(2,1) bonds, thus resulting in a fructose-rich syrup, which is a suitable feedstock 276 

to produce several interesting platform molecules. A schematic representation of the 277 

reaction of inulin hydrolysis and of production of reducing sugars is shown in Scheme 1. 278 

Mineral acids and protonic solid acids with significant BAS population have been studied 279 

as active acid catalysts for inulin depolymerisation [22,47]. In particular low LAS/BAS 280 

ratios and high effective acid strength in water are responsible for superior activity in 281 

breaking the β-(2,1) bonds of inulin chains.  282 

The five studied samples with different P-concentrations were then tested as catalysts in 283 

the inulin hydrolysis reaction carried out in water. 284 

The progress of the inulin hydrolysis reaction over all the studied samples was followed 285 

as a function of time/temperature in the 50−90°C interval operating in batch-working mode. 286 

According to the reaction pathway (depicted in Scheme 1), the catalytic activity was 287 

evaluated as the capability to hydrolyse inulin to total reducing sugars (RS, Fig. S.2) as well 288 

as to form monosaccharides (fructose and glucose, F + G).  289 

Fig. 5 shows the obtained results on NbO and NbP as well as on the NbO:NbP mixtures in 290 

terms of i) the number of residual inulin bonds, which decreased with reaction 291 

temperature (Fig.5a) and ii) the formation of total reducing sugars (Fig.5b), which 292 

increased with reaction temperature. The progress of the reaction is associated with the 293 

increase in the reaction temperature. Inulin hydrolysis started at ca. 70°C in the presence 294 

of NbP and the NbO:NbP samples with normalized P content ≥ 0.5 (i.e., NbO:NbP(1:1), 295 

NbO:NbP(1:3), and NbP). For these three samples, experimental curves are almost 296 

superposed until 80°C, while for higher temperature, the conversion curves tend to 297 

diverge along exponential trends. In particular, as expected, the higher the P content, the 298 

higher the inulin conversion (i.e. lower number of residual inulin bonds and higher 299 

concentration of formed reducing sugars were detected).  300 

Differently, pure NbO and the NbO:NbP sample containing the lowest normalized P 301 

content (P=0.25; NbO:NbP(3:1)) became active only above 80°C and just a modest 302 

conversion was attained at 90°C. These results confirm that the inulin depolymerization 303 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fructans
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over Nb-based catalysts is determined by Brønsted character of the surface, since the 304 

progressive phosphate enrichment on the surfaces of Nb-based catalysts leads to ever more 305 

active catalysts. This observation is further validated by the exponentially increasing trend, 306 

shown in Fig. 6a, that reports inulin conversion at 90°C, expressed as the ratio between the 307 

reducing sugars produced and the reducing sugars at complete inulin hydrolysis, as a 308 

function of the normalized surface P concentration, obtained from XPS analysis. 309 

Concerning product distribution at 90°C (Fig. 6b), the ratio between polyfructans and 310 

monosaccharides produced by the hydrolysis was much higher for the less active NbO 311 

and NbO:NbP(3:1) samples (which also possess low P content), consistently with the low 312 

activity of these catalysts. 313 

The kinetic coefficients of the inulin hydrolysis were calculated at different average 314 

temperatures (average temperature Tm values were calculated at time intervals of ca. 30 315 

min corresponding to ca. ΔT = 5 °C, according to the temperature program) under the 316 

assumption of first order reaction; the results at three representative reaction temperatures 317 

(70°C, 80°C and 90°C) are listed in Table 2 together with the activation parameters (Ea and 318 

lnA), determined from the Arrhenius plot. By comparing kinetic constant values, it 319 

appears clear that the activity significantly increases passing from NbO to samples with 320 

gradually increasing phosphorous content. The discrepancy between samples with low P 321 

content and P-rich samples is more pronounced at high temperature, being the kinetic 322 

constants values at 90°C (k90) of NbO and NbO:NbP(3:1) samples almost two order lower 323 

than the other catalysts. No significant differences emerged in the computed activation 324 

parameters for the five catalysts (Ea around 100-140 kJ mol-1 and ln A around 30-45). In any 325 

case the obtained values for the individual components, NbO and NbP, were in good 326 

agreement with those previously reported in the literature [22,47].  327 

 328 
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 329 

Scheme 1. Schematic representation of inulin hydrolysis reaction and production of reducing sugars 330 

(fructose, glucose and polyfructans). Although terminal units are more accessible and more reactive, 331 

acid-catalysed hydrolysis of inulin chains can proceed with random scission of the interior or 332 

terminal bonds. In the former case, a monomer and a polyfructan chain reduced by one unit are 333 

formed, while in the latter case two shortened polyfructan chains are obtained. The ultimate step of 334 

the hydrolysis process should consist of all the inulin being completely converted to fructose and 335 

glucose (the monomers). Whatever the location of the bond broken during the process, inulin 336 

hydrolysis is accompanied by a gradual increase in the amount of total reducing sugars (fructose, 337 

glucose and polyfructans, all contain an anomeric carbon and thus can be classified as reducing 338 

sugars). 339 

 340 

 341 
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Figure 5. Results of the batch catalytic reaction of inulin hydrolysis in water on NbO, NbP and 342 

relevant NbO:NbP mixtures as a function of reaction temperature (from 50° to 90°C with linear 343 

increase of 0.12°C min−1), expressed as residual inulin bond concentration, a); and reducing sugar 344 

concentration, b). 345 

 346 

 347 

Figure 6. Catalytic performances of pure NbO and NbP and relevant mixtures in the reaction of 348 

hydrolysis of inulin evaluated at 90°C; inulin conversion against normalized surface P concentration 349 

of samples, a); and distribution of the reducing sugar concentration (glucose, fructose, and 350 

polyfructans) for each sample, b). 351 

 352 

Table 2. Kinetic and activation parameters for the reaction catalytic hydrolysis of inulin. 353 

Catalyst 

Inulin hydrolysis a 

kT b (h-1) 
Ea (kJ mol-1) lnA (A in h-1) 

70°C 80°C 90°C 

NbO 0.00304 0.00457 0.00387 n.d b  n.d. b 

NbO:NbP(3:1) 0.00304 0.00771 0.0763 107.1 ± 20.1 32.6 ± 6.9 

NbO:NbP(1:1) 0.00721 0.0625 0.142 99.8 ± 8.8 31.1 ± 3.0 

NbO:NbP(1:3) 0.0312 0.0808 0.307 123.9 ± 6.5 40.1 ± 2.2 

NbP 0.0373 0.141 0.571 136 ± 5.3 44.6 ± 1.8 

a catalyst mass used, ca. 0.3 g;   b too much low conversion obtained. 354 

 355 

2.3.2 Catalytic dehydration of fructose/glucose  356 

 357 

The dehydration of polysaccharidic biomass to 5-hydroxymethyl-2-furaldehyde (HMF) 358 

through heterogeneous acid catalysis is considered as a key reaction for a sustainable 359 

production of platform chemicals. Indeed, HMF can undergo several transformations to 360 
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produce added-value compounds, such as monomers, solvents, fuels, additives, 361 

intermediates to fine chemicals [59].  362 

When acid solids are used as catalysts in the fructose dehydration reaction, both BAS and 363 

LAS result to be active sites to form HMF. However, the control of surface acidity 364 

represents a crucial tool for maximizing the selectivity/yield to HMF, which can suffer 365 

from the interference by unwanted side reactions. A marked Lewis acidity seems to 366 

promote side-condensation and side-polymerization reactions giving rise to the so-called 367 

humins, with parallel decreased selectivity to HMF and pronounced activity declining. 368 

Actually, being humins highly insoluble in water, they tend to deposit onto catalyst surface 369 

causing deactivation. From this point of view, the choice of an optimal reaction solvent 370 

represents a key point for this reaction. The use of solvents, apolar liquids (such as 371 

dimethyl sulfoxide) or hydroalcoholic mixtures able to limit/prevent humin formation or 372 

to favour/enhance their solubilisation has been pursued by several researchers [60,61]. 373 

Besides the formation of humins under acid conditions, HMF rehydration to levulinic acid 374 

(LA) can also occur contributing to a decrease in the selectivity to HMF. This consecutive 375 

reaction has been proved to be suppressed carrying out the reaction under flow conditions 376 

in a tubular reactor [62].  377 

Among the different types of acid solid catalysts used for the fructose dehydration, NbO 378 

and NbP have both received great attention in the literature due to their ability to 379 

effectively convert fructose to HMF [9,13,17]. In this study, NbO and NbP and two selected 380 

physical mixtures (NbO:NbP 3:1 and NbO:NbP 1:1) were tested in fructose dehydration 381 

reaction to evaluate the effect of phosphate concentration on the activity, selectivity, and 382 

catalytic stability. To minimize the extent of side reactions, catalytic tests were carried out 383 

under flow conditions and by using a water-isopropanol (80:20 v/v) mixture as the reaction 384 

solvent, with final intent to limit the humin deposition on the catalyst surface and to 385 

enhance the catalyst stability. A fructose and glucose solution (0.3 M and 0.06 M 386 

respectively) was used as substrate to simulate typical compositions of sugar solutions 387 

obtained for example from the hydrolysis of inulin. Concentrations of the reagents and 388 

formed HMF were monitored at fixed reaction temperature (120°C) at various reaction 389 

times, randomly modifying the contact time (in the interval 6-15 min∙ g-1∙mL-1) during the 390 

reaction (Fig. S.3 and Fig. S.4).  391 

The obtained results (Fig. S.3) indicated that the reaction proceeded with high deactivation 392 

of all the catalysts because any clear decrease of initial substrate concentration or increase 393 

of formed HMF could not be observed with increasing contact time. In general, 394 

deactivation could be scarcely observed within the first 10 hours of reaction and became 395 

clear over longer reaction times. NbO was clearly more deactivated than the NbO:NbP 396 

mixtures and NbP. During the course of the reaction, the trend of the fructose/glucose ratio 397 

first decreased, and then it increased again as deactivation limited the course of the 398 

reaction (Fig. S.4) Only on NbP, the fructose/glucose ratio maintained a sufficient value 399 

constant even for a long time reaction. Despite the limitation of the reaction extent caused 400 

by deactivation, some interesting information have been deduced and they are shown in 401 
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in Table 3. By comparing the kinetic constant values calculated at two different contact 402 

times (Table 3), it appears that the deactivation extent of catalysts was associated with the 403 

sample effective acidity and in particular with the LAS/BAS ratio and it decreased according 404 

to the following sequence: NbO >> NbO:NbP(3:1) ~ NbO:NbP(1:1) > NbP. 405 

The initial velocity values have been calculated to individuate an activity ranking among 406 

samples, excluding the effects of deactivation (Table 3). The velocity values increased as 407 

higher was the P-concentration on the samples; NbO:NbP(1:1) was as active as NbP.  408 

Also the kinetic constants (k120) at two different contact times, 6 and 15 min mL-1 gcat-1 409 

(correspondent to initial and final reaction times) have been calculated, as reported in the 410 

Materials and Methods section. At each contact time, the activity ranking already 411 

determined was validated, with NbP being the most active catalyst. The very lower values 412 

of k120 at 15 min mL-1 gcat -1 than at 6 min mL-1 gcat -1 confirmed the catalyst deactivation, 413 

which governed the reaction. 414 

 415 

Table 3. Kinetic coefficients for the catalytic dehydration of glucose/fructose in water/isopropanol 416 

solvent.    417 

Samples 

Initial velocitya 

(h-1) 
k120 b  (min-1∙mL gcat) 

 τ = 6 min mL-1 gcat -1 τ = 15 min mL-1 gcat -1 

NbO 0.27 0.10 0.011 

NbO:NbP(3:1) 0.31 0.13 0.017 

NbO:NbP(1:1) 0.38 0.20 0.021 

NbP 0.36 0.20 0.061 

a Calculated at t = 0.5 h by dividing the amount of converted reagents by the product of reaction time 418 

per the effective acid site density (in H2O/2-propanol) and per the mass of catalyst. 419 

b kinetic constant calculated at 120°C as reported in the Experimental section. 420 

3. Discussion 421 

All the results obtained from our study and the targeted characterization experiments con- 422 

firmed the water tolerance of LAS and BAS in the well-known NbO and NbP acid solids. It 423 

is then possible to affirm that a judicious addition of phosphate to NbO allowed tuning the 424 

nature of surface acid sites, progressively modifying the prevalent Lewis feature of NbO 425 

towards the prevalent Brønsted nature of NbP. Figure 7 shows the whole situation of the 426 

sample acidity in terms of quantity, nature, and strength of the acid sites of NbO, NbP, and 427 

related mixture samples, making a merge of the volumetric acid-base titration measure- 428 

ments and the spectroscopically determined LAS/BAS ratios. Intrinsic and effective total 429 

number of the acid sites of each sample is not too much different, thanks to the good water- 430 

tolerance of the acid sites of NbO and NbP. From Fig. 7 emerges the good water-tolerance 431 

of both LAS and BAS of the two Nb-containing samples. 432 
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 433 

Figure 7. Surface acid site density of the studied samples: LAS and BAS determined by combining results from solid- 434 

liquid phase titrations with PEA (see Table S.2) and FT-IR adsorption with pyridine (PY) (from desorption at 150°C). 435 

Solvent, cyclohexane for intrinsic acidity and water/isopropanol mixture for effective acidity measurements. 436 

 437 

The catalytic effect of such gradual phosphate enrichment and Brønsted acidity enhance- 438 

ment has been investigated, unveiling the positive impact on the catalyst performance in 439 

BAS-promoted reactions.  440 

In detail, the inulin depolymerization extent took advantage of the modification of surface 441 

acidity and experimented with an exponentially increasing trend with the P surface con- 442 

centration, which reflected the exponential rise of both intrinsic and effective number of 443 

BAS. 444 

Phosphate groups also improved the catalytic performances in the fructose/glucose dehy- 445 

dration, by curbing the catalyst deactivation. A comparative view of the activity and sta- 446 

bility of all the catalysts against contact time is shown in Fig. 8. The fructose/glucose con- 447 

version was expected to have an increasing trend with the contact time, but more or less 448 

pronounced decreasing trends have been observed. Only NbP was able to maintain a good 449 

conversion throughout the reaction time (approx. 30 h) even if the deactivation caused by 450 

the formation of humins prevented the expected trend from being observed. The two mix- 451 

tures, NbO:NbP(3:1) and NbO:NbP(1:1), showed a low decrease in conversion during the 452 

first part of the reaction (up to about 15 h of time) before the observed deep conversion 453 

drop. Furthermore, the initially observed conversion was higher on NbO:NbP(1:1) than on 454 

NbO:NbP(3:1). These observations confirm the positive role of surface phosphate groups 455 

(and Bronsted acidity) on the dehydration reaction in terms of activity and stability. In 456 

particular, the lower the surface P concentration on the samples, the more pronounced was 457 

the activity decay. 458 
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 459 

Figure 8. Trend of the conversion as a function of contact time in the continuous-flow reaction of 460 

glucose/fructose dehydration reaction (120°C). 461 

Future studies will be devoted to exploring the effect of phosphate enrichment in other 462 

reactions, requiring a controlled balance of LAS and BAS. 463 

4. Materials and Methods 464 

4.1 Materials 465 

Nb2O5.nH2O (NbO, with nominal composition 80 wt% Nb2O5 and 20 wt% H2O, code 466 

AD/5260) and NbOPO4.nH2O (NbP, nominally composed by 66.7 wt% Nb2O5, 15.9 wt% 467 

P2O5, 2.1 wt% K2O and 15.3 wt% H2O, code AD/5261) powder samples were kindly 468 

supplied from Companhia Brasileira de Metalurgia e Mineração (CBMM, Brazil).  469 

All the materials and reagents used with indication of their source and purity have been 470 

detailed in Appendix A. 471 

 472 

4.2 Catalyst preparation and characterization 473 

Three physical mixtures with NbO:NbP mass ratio of 1:3, 1:1, and 3:1 were prepared in a 474 

ball mill equipment (Retsch, Mixer Mill MM 200) to guarantee the uniformity of the 475 

powders before any use. Each combination of samples was shaking for 30 min with a 476 

frequency of 10 Hz. The elemental composition and the homogeneity were assessed by 477 

energy-dispersive X-ray spectroscopy (EDX) (JEOL JSM-5500LV Scanning Electron 478 

Microscope, accelerating voltage max. 30kV, magnification 5000x, EDS FWHM Resolution 479 

128 eV). 480 

Experiments were carried out aimed at stabilizing the phosphorus content of NbP to avoid 481 

leaching of P during the catalytic reactions that take place in the solid-liquid phase (water 482 

or water solution: isopropanol). The leaching of P can be attributed to the excess of 483 

phosphate groups resulting from the process of obtaining NbP (as indicated by CBMM). 484 



Catalysts 2021, 11, x FOR PEER REVIEW 18 of 26 
 

 

 

The experiments were performed as follows: 1.4 g of NbP was suspended in deionized 485 

water (20 ml) in a sealed tube put in an autoclave at 120°C for a maximum of 2 hours under 486 

1.5-2 bar. Then, the solution was filtered and UV-vis spectrum was measured on the 487 

collected waters. The amount of phosphate present in the water samples was determined 488 

by the molybdenum blue phosphorous method [63]; the resulting blue complex gave a 489 

signal at 820-830 nm. The experiments were repeated until there was no evidence of 490 

phosphate in the solution.  491 

X-Ray photoelectron spectroscopy analysis was performed on an M-PROBE Surface 492 

Spectrometer, with an Al (Ka) source and a spot size from 150 m to 1 mm in diameter. 493 

The applied voltage was 10 V at a vacuum of 10-7–10-8 Torr. The survey scans were acquired 494 

in the binding energy range 0 - 1100 eV, using a spot size of 800 m. The energy resolution 495 

was 4 eV and the scan rate was 1 eV per step.  ESCA Hawk Software was employed for 496 

spectra elaboration. 497 

4.3 Characterization of surface acidity 498 

4.3.1 Acid site intrinsic nature and water tolerance properties  499 

 500 

Lewis (LAS) and Brønsted (BAS) acid sites were determined by Fourier Transform Infrared 501 

Spectroscopy (FT-IR) (BioRad FTS-60A) using pyridine as a probe molecule under dry 502 

conditions. Powder samples (ca.  0.01 - 0.02 g) were pressed into a self-supporting wafer 503 

(12 mm of diameter), put in a glass IR cell with CaF2 windows and pretreated for 2 h at 150 504 

ºC under air, followed by outgassing for 30 min in high vacuum. Then, the pyridine 505 

adsorption was carried out by contacting the sample with the probe molecule vapors at 506 

room temperature for 10 min. The pyridine desorption was successively monitored by 507 

evacuating the sample for 30 min in a high vacuum at increasing temperatures (i.e. RT, 50, 508 

100, 150, 200, and 250ºC) and cooling to room temperature between each step before 509 

recording the spectrum. 510 

The concentrations of BAS and LAS were determined by integration of the peaks at 1540 511 

cm-1 and 1448 cm-1, respectively, of the spectra collected after outgassing at 150 ºC, 512 

according to the equation 1, proposed by Emeis [64]: 513 

𝑞𝑖 = (𝐴𝑖𝜋𝑅
2)(𝑤𝜀𝑖)

−1 (1) 

where R (cm) is the radius of the sample wafer; w (mg) the sample weight and A is the 514 

integrated area of the characteristic bands of LAS or BAS, obtained after baseline correction. 515 

For the extinction coefficients, ɛ, of pyridine in interaction with BAS and LAS values from 516 

Emeis [64] were adopted (ɛBAS = 1.67±0.12 cm∙µmol-1 and ɛLAS 2.22±0.21 cm∙µmol-1, 517 

respectively). 518 

The investigations of the water tolerance acid properties of the catalysts were carried out 519 

under the same experimental conditions. For this purpose, instead of using pyridine 520 

vapors, a 1×10-3M pyridine aqueous solution was dropped on self-supporting wafers under 521 

argon flow. The obtained wafers with pyridine/water co-adsorbed were measured by FT- 522 

IR monitoring pyridine desorption at 150°C to quantify the amount of BAS and LAS. 523 

 524 
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4.3.2 Liquid-solid acid site titration for the determination of intrinsic and effective acidity 525 

The amount of acid sites and their strength were determined by liquid-solid phase titration 526 

by using 2-phenylethylamine (PEA, pKa = 9.83) as basic probe. The titrations were carried 527 

out on powder samples (around 80-100 mg, 75-180 m) at 30°C±0.1°C in cyclohexane, an 528 

apolar/aprotic solvent, for the intrinsic acidity (I.A.) and in water:isopropanol mixture 529 

(80:20 v/v), a polar/protic solvent, for the effective acidity (E.A.). Analyses were performed 530 

in a modified liquid-chromatographic line operating in a recirculating mode[23,45,65,66].  531 

The collected isotherms were interpreted following the Langmuir model (equation 2): 532 

𝑃𝐸𝐴𝑎𝑑𝑠

𝑃𝐸𝐴𝑎𝑑𝑠,𝑚𝑎𝑥

𝑏𝑎𝑑𝑠[𝑃𝐸𝐴]𝑒𝑞
(1 + 𝑏𝑎𝑑𝑠[𝑃𝐸𝐴]𝑒𝑞)

 
(2) 

where, PEAads and PEAads,max indicate the amount of PEA adsorbed and the maximum 533 

amount of PEA adsorbed by the surface, [PEA]eq indicates the PEA concentration in 534 

solution at equilibrium, and bads is the Langmuir constant. From the conventional 535 

linearized equation, reporting [PEA]eq/[PEA]ads vs. [PEA]eq, the values of PEAads,max 536 

(mmol∙g-1) could be obtained. Assuming a 1:1 stoichiometry for the PEA adsorption on the 537 

acid site, the value of PEAads,max of the I run isotherm gives the total number of acid sites, 538 

while the value of PEAads,max obtained from the II run isotherm corresponded to the number 539 

of weak acidic sites. The number of strong acid sites was obtained by the difference 540 

between the number of total and weak sites.  541 

All the details on the operative and interpretative procedures can be found in Appendix 542 

A. 543 

 544 

4.4 Catalytic experiments and analysis 545 

4.4.1 Catalytic tests of inulin hydrolysis  546 

The catalytic hydrolysis of inulin was performed in aqueous phase in a glass slurry batch 547 

reactor (Syrris, Atlas, UK) with magnetic stirrer at a constant rate of 800 rpm under 548 

increasing temperature from 50 to 90 ºC (0.1ºC min–1, for a total of 6 h of reaction). 549 

Prior to the reaction, the catalyst sample (ca. 0.3 g) was treated at 120 ºC for 16 h in an oven 550 

under air atmosphere. Inulin (ca. 1.5 g) was put into the reactor with 150 mL of water at 551 

50°C; after catalyst addition, the reaction started. 552 

The reaction (Scheme 1) was followed by measuring the total reducing sugars by the 553 

classical colourimetric Nelson-Somogyi method. The blue complex formed was quantified 554 

at 520 nm. In parallel, the concentrations of glucose and fructose were determined by D- 555 

glucose/D-fructose Boehringer Mannheim enzymatic assay (Enzymatic BioAnalysis/Food 556 

Analysis by Roche-Biopharm).  557 

The inulin conversion, that is the extent of hydrolysis reaction, has been calculated as the 558 

ratio between the reducing sugars at any given time/temperature of reaction and the 559 

reducing sugars at complete inulin hydrolysis. The selectivity to fructose and glucose was 560 
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evaluated as ratio between produced fructose or glucose and all the formed reducing 561 

sugars. 562 

Details on the kinetic interpretation for the determination of activation parameters are 563 

reported in Appendix A. 564 

 565 

4.4.2 Catalytic tests of fructose and glucose dehydration 566 

The dehydration of fructose and glucose (0.3 M and 0.06 M, respectively) to HMF was 567 

performed in a continuous reaction line equipped with a pump (HITACHI Merck L-6200 568 

Intelligent Pump), stainless steel pre-heater and a tubular catalytic reactor (length 120 mm, 569 

i.d. 6 mm). The pre-heater and the reactor were assembled in an oven kept at a constant 570 

temperature (120 ºC). The sample (1.5 g, sieved to 350-700 m) was held in the middle of 571 

the reactor between two sand pillows (0.5 g each). Water:isopropanol (80:20 v/v) was used 572 

as the solvent. The monosaccharides solution was continuously fed into the catalytic bed 573 

reactor at different fixed flow rates (0.1 to 0.25 mL∙ min-1) to vary contact times (from 6.0 to 574 

15.0 min∙g-1∙mL-1) during the reaction course. After each change of flow rate, at least 30 ml 575 

of solution was left to flow to ensure the stationary conditions. At least three analyses were 576 

performed at each contact time, averaging the results. The pressure in the reactor was kept 577 

between 6 and 10 bar by means of a micrometric valve at the end of the reaction line, to 578 

guarantee the solvent in a liquid phase. 579 

The products were analyzed in a high-performance liquid chromatographic (HPLC), 580 

consisting of injector (Waters U6K), pump (Waters 510), heater (Waters CHM) for the 581 

column, and refractive index detector (Waters 410). A Sugar-Pack I (300 mm × 6.5 mm, 10 582 

µm particle size, Waters) column operating at 90 ºC and eluted with an aqueous solution 583 

of Ca–EDTA (10-4 M) was used. 584 

The kinetic constants (kT) values can be obtained by the following equation: 585 

– dC/dτ = kT C 586 

where τ is the contact time in min·mL-1 gcat-1. Assuming a first-order reaction [17] 587 

kT = 1/τ ln (C°/C) 588 

where C° and C are the concentrations of the reagent, respectively, before and after the 589 

catalytic bed.  590 

 591 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1,  592 

Figure S1: FT-IR spectra of the catalysts samples with pyridine vapor (A) and pyridine 593 

aqueous (B) after pyridine desorption at 150°C. The baselines of all spectra have been cor- 594 

rected, Figure S.2: Cumulative trend of the reducing sugars against inulin conversion, 595 

taken as an index of reaction course, observed on all the catalysts in the inulin hydrolysis 596 

reaction, Figure S.3: Curve profiles obtained from the continuous-flow reaction of glu- 597 

cose/fructose dehydration collected at 120°C: concentration of reagents (GLU+FRU) and 598 

HMF formed as a function of reaction time at different contact times: ● = 6 min∙ g-1∙mL-1; ▪ 599 
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= 10 min∙ g-1∙mL-1; ◊ = 15 min∙ g-1∙mL-1;▲ = 7.5 min∙ g-1∙mL-1, Figure S.4: Plot of the fructose 600 

to glucose ratio as a function of reaction time in the continuous-flow reaction of glu- 601 

cose/fructose dehydration at 120°C at at different contact times: ● = 6 min∙ g-1∙mL-1; ▪ = 10 602 

min∙ g-1∙mL-1; ◊ = 15 min∙ g-1∙mL-1;▲ = 7.5 min∙ g-1∙mL-1, Table S1: EDX and XPS compositions 603 

of Nb-bases samples, Table S.2: Determination of the nature and surface density of the acid 604 

sites of NbO and NbP solids and physical mixtures determined by FT-IR with pyridine 605 

(PY) adsorption in vapor phase with/without water and by solid-liquid phase titrations 606 

with phenyl-ethylamine PEA. 607 
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 618 

Appendix A 619 

Experimental details 620 

Reagents and materials 621 

Cyclohexane (AnalaR, NORMAPUR, ACS, Reag. Ph. Eur. from VWR), 2-propanol (HPLC 622 

grade, 99.9% from Merck Sigma-Aldrich), water (HPLC grade, from VWR BDH Chemi- 623 

cals), 2-phenylethylamine (≥ 99%, from Sigma-Aldrich) were used for solid-liquid phase 624 

titrations.  625 

Inulin (from chicory root, loss on drying ≤ 10%, Free fructose, glucose, sucrose ≤ 5%) in 626 

powder form with a number-average degree of polymerization (DPn) of 6 was purchased 627 

from Acros Organics.  628 

Glucose (99.5%), D(-)-Fructose (≥99%) and 5-(Hydroxymethyl)-furfural (99+%) were sup- 629 

plied from Sigma-Aldrich. 630 

Ammonium heptamolybdate tetrahydrate (NH4)6MoO14·4H2O (99.98% from Sigma-Al- 631 

drich), H2SO4 (98% from Sigma-Aldrich) and Na2HAsO4·7H2O (99%, from Carlo Erba) 632 

were mixed to prepare Nelson reagent.  633 

Somogyi reagent was prepared by mixing i) sodium phosphate dibasic dodecahydrate 634 

Na2HPO4 · 12H2O, ii) potassium sodium tartrate tetrahydrate 635 

COOK(CHOH)2COONa·4H2O (99%, from Carlo Erba), iii) sodium hydroxide solution 2 636 

N (from Carlo Erba), iv) sodium sulfate decahydrate Na2SO4·10H2O (≥99%, from Sigma- 637 

Aldrich) and v) copper sulfate pentahydrate CuSO4·5H2O (99%, from Sigma-Aldrich). 638 

Solid-liquid phase titration of surface acid sites by phenylethylamine probe 639 
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A weighed amount (ca. 0.05 g) of sample previously crushed and sieved as 80 – 200 mesh 640 

particles, was placed between two sand pillows into a stainless-steel tubular sample 641 

holder (2 mm i.d. and 13 cm of length). Prior to the measurements, the sample was ther- 642 

mally pre-treated at 150 ºC overnight under flowing air (8 mLmin-1) and then evacuated 643 

and filled with the proper solvent (cyclohexane or water:isopropanol mixture). The sam- 644 

ple holder, inserted in a glass jacket connected with a thermostatic water bath to maintain 645 

a constant temperature (30.0 ± 0.1 ºC), replaced the conventional chromatographic col- 646 

umn. A pump (Waters 510) and a monochromatic UV detector (Waters 2487, λ = 254 nm) 647 

completed the analytical apparatus.  648 

The acid sites were titrated by injecting successive doses (0.05 mL) of PEA solution (0.1 M 649 

in cyclohexane or water:isopropanol) into the line where the solution continuously circu- 650 

lated at a flow of 3 mLmin-1 until adsorption equilibrium was achieved. Raw data ob- 651 

tained from the titration experiments were in the form of step-chromatogram, consisting 652 

on a series of increasing steps, each one representing the attainment of the adsorption 653 

equilibrium. The titration was considered concluded when at least three consecutive steps 654 

possessed the same height, indicating the attainment of surface saturation. After the col- 655 

lection of the first adsorption isotherm of PEA on the fresh sample (I run), the pure solvent 656 

was pumped at a flow of 0.1 mLmin-1 through the sample overnight to remove the PEA 657 

feebly adsorbed on weak acid sites. Then, a new adsorption run of PEA on the same sam- 658 

ple was repeated (II run).   659 

Numerical interpretation of the PEA adsorption isotherms was carried out considering 660 

the Langmuir model equation.  661 

Kinetic interpretation of catalytic data 662 

Inulin hydrolysis 663 

For inulin hydrolysis the kinetic coefficients (kTm) were computed at the average temper- 664 

ature Tm between two samplings according to eq S1: 665 

kTm = (ΔC/Δt)/Cm                                   (S1) 666 

where Δt is the time interval between two samplings (Δt = 30 min and ΔT = 5 °C); ΔC is 667 

the variation of bond concentration between two samplings; and Cm is the average bond 668 

concentration between two samplings.  669 

References 670 

1.  Ziolek, M.; Sobczak, I. The role of niobium component in heterogeneous catalysts. Catal. Today 2017, 285, 211–225, 671 

doi:10.1016/j.cattod.2016.12.013. 672 

2.  Ziolek, M. Niobium-containing catalysts - The state of the art. Catal. Today 2003, 78, 47–64, doi:10.1016/S0920-5861(02)00340- 673 

1. 674 

3.  Tanabe, K. Catalytic application of niobium compounds. Catal. Today 2003, 78, 65–77, doi:10.1016/S0920-5861(02)00343-7. 675 

4.  Nowak, I.; Ziolek, M. Niobium Compounds: Preparation, Characterization, and Application in Heterogeneous Catalysis. 676 

Chem. Rev. 1999, 99, 3603–3624, doi:10.1021/cr9800208. 677 

5.  Iizuka, T.; Ogasawara, K.; Tanabe, K. Acidic and Catalytic Properties of Niobium Pentaoxide. Bull. Chem. Soc. Jpn. 1983, 56, 678 

2927–2931. 679 

6.  Védrine, J.C.; Coudurier, G.; Ouqour, A.; Pries De Oliveira, P.G.; Volta, J.C. Niobium oxide based materials as catalysts for 680 

acidic and partial oxidation type reactions. Catal. Today 1996, 28, 3–15, doi:10.1016/0920-5861(95)00213-8. 681 



Catalysts 2021, 11, x FOR PEER REVIEW 23 of 26 
 

 

 

7.  Zhu, J.; Huang, Y. Solid-state NMR study of dehydration of layered α-niobium phosphate. Inorg. Chem. 2009, 48, 10186–10192, 682 

doi:10.1021/ic9011668. 683 

8.  Okazaki, S.; Wada, N. Surface properties and catalytic activities of amorphous niobium phosphate and a comparison with 684 

those of H3PO4-treated niobium oxide. Catal. Today 1993, 16, 349–359, doi:10.1016/0920-5861(93)80074-B. 685 

9.  Carniti, P.; Gervasini, A.; Biella, S.; Auroux, A. Intrinsic and Effective Acidity Study of Niobic Acid and Niobium Phosphate 686 

by a Multitechnique Approach. Chem. Mater. 2005, 17, 6128–6136, doi:10.1021/cm0512070. 687 

10.  Sun, Q.; Auroux, A.; Shen, J. Surface acidity of niobium phosphate and steam reforming of dimethoxymethane over 688 

CuZnO/Al2O3-NbP complex catalysts. J. Catal. 2006, 244, 1–9, doi:10.1016/j.jcat.2006.07.027. 689 

11.  Martins, R.L.; Schitine, W.J.; Castro, F.R. Texture, surface acidic and catalytic properties of niobium phosphate. Catal. Today 690 

1989, 5, 483–491, doi:10.1016/0920-5861(89)80012-4. 691 

12.  Nakajima, K.; Baba, Y.; Noma, R.; Kitano, M.; N. Kondo, J.; Hayashi, S.; Hara, M. Nb 2 O 5 ·nH 2 O as a Heterogeneous 692 

Catalyst with Water-Tolerant Lewis Acid Sites. J. Am. Chem. Soc. 2011, 133, 4224–4227, doi:10.1021/ja110482r. 693 

13.  Armaroli, T.; Busca, G.; Carlini, C.; Giuttari, M.; Raspolli Galletti, A.M.; Sbrana, G. Acid sites characterization of niobium 694 

phosphate catalysts and their activity in fructose dehydration to 5-hydroxymethyl-2-furaldehyde. J. Mol. Catal. A Chem. 2000, 695 

151, 233–243, doi:10.1016/S1381-1169(99)00248-4. 696 

14.  Carlini, C.; Giuttari, M.; Galletti, A.M.R.; Sbrana, G.; Armaroli, T.; Busca, G. Selective saccharides dehydration to 5- 697 

hydroxymethyl-2-furaldehyde by heterogeneous niobium catalysts. Appl. Catal. A Gen. 1999, 183, 295–302, doi:10.1016/S0926- 698 

860X(99)00064-2. 699 

15.  Catrinck, M.N.; Barbosa, P.S.; Filho, H.R.O.; Monteiro, R.S.; Barbosa, M.H.P.; Ribas, R.M.; Teófilo, R.F. One-step process to 700 

produce furfural from sugarcane bagasse over niobium-based solid acid catalysts in a water medium. Fuel Process. Technol. 701 

2020, 207, doi:10.1016/j.fuproc.2020.106482. 702 

16.  García-Sancho, C.; Rubio-Caballero, J.M.; Mérida-Robles, J.M.; Moreno-Tost, R.; Santamaría-González, J.; Maireles-Torres, P. 703 

Mesoporous Nb2O5 as solid acid catalyst for dehydration of d-xylose into furfural. Catal. Today 2014, 234, 119–124, 704 

doi:10.1016/j.cattod.2014.02.012. 705 

17.  Carniti, P.; Gervasini, A.; Biella, S.; Auroux, A. Niobic acid and niobium phosphate as highly acidic viable catalysts in 706 

aqueous medium: Fructose dehydration reaction. Catal. Today 2006, 118, 373–378, doi:10.1016/j.cattod.2006.07.024. 707 

18.  Shao, Y.; Xia, Q.; Dong, L.; Liu, X.; Han, X.; Parker, S.F.; Cheng, Y.; Daemen, L.L.; Ramirez-Cuesta, A.J.; Yang, S.; et al. Selective 708 

production of arenes via direct lignin upgrading over a niobium-based catalyst. Nat. Commun. 2017, 8, 1–9, 709 

doi:10.1038/ncomms16104. 710 

19.  Vieira, J.L.; Paul, G.; Iga, G.D.; Cabral, N.M.; Bueno, J.M.C.; Bisio, C.; Gallo, J.M.R. Niobium phosphates as bifunctional 711 

catalysts for the conversion of biomass-derived monosaccharides. Appl. Catal. A Gen. 2021, 617, 712 

doi:10.1016/j.apcata.2021.118099. 713 

20.  Yang, F.; Tang, J.; Ou, R.; Guo, Z.; Gao, S.; Wang, Y.; Wang, X.; Chen, L.; Yuan, A. Fully catalytic upgrading synthesis of 5- 714 

Ethoxymethylfurfural from biomass-derived 5-Hydroxymethylfurfural over recyclable layered-niobium-molybdate solid 715 

acid. Appl. Catal. B Environ. 2019, 256, 117786, doi:10.1016/j.apcatb.2019.117786. 716 

21.  Zhang, Y.; Wang, J.; Ren, J.; Liu, X.; Li, X.; Xia, Y.; Lu, G.; Wang, Y. Mesoporous niobium phosphate: An excellent solid acid 717 

for the dehydration of fructose to 5-hydroxymethylfurfural in water. Catal. Sci. Technol. 2012, 2, 2485–2491, 718 

doi:10.1039/c2cy20204b. 719 

22.  Campisi, S.; Bennici, S.; Auroux, A.; Carniti, P.; Gervasini, A. A Rational Revisiting of Niobium Oxophosphate Catalysts for 720 

Carbohydrate Biomass Reactions. Top. Catal. 2018, 61, 1939–1948, doi:10.1007/s11244-018-0999-x. 721 

23.  Molina, M.J.C.; Granados, M.L.; Gervasini, A.; Carniti, P. Exploitment of niobium oxide effective acidity for xylose 722 



Catalysts 2021, 11, x FOR PEER REVIEW 24 of 26 
 

 

 

dehydration to furfural. Catal. Today 2015, 254, 90–98, doi:10.1016/j.cattod.2015.01.018. 723 

24.  Gervasini, A.; Campisi, S.; Carniti, P.; Fantauzzi, M.; Imparato, C.; Clayden, N.J.; Aronne, A.; Rossi, A. Influence of the Nb/P 724 

ratio of acidic Nb P Si oxides on surface and catalytic properties. Appl. Catal. A Gen. 2019, 579, 9–17, 725 

doi:10.1016/j.apcata.2019.04.008. 726 

25.  Busca, G. The surface acidity of solid oxides and its characterization by IR spectroscopic methods. An attempt at 727 

systematization. Phys. Chem. Chem. Phys. 1999, 1, 723–736, doi:10.1039/a808366e. 728 

26.  Xue, F.; Ma, D.; Tong, T.; Liu, X.; Hu, Y.; Guo, Y.; Wang, Y. Contribution of Different NbOx Species in the 729 

Hydrodeoxygenation of 2,5-Dimethyltetrahydrofuran to Hexane. ACS Sustain. Chem. Eng. 2018, 6, 13107–13113, 730 

doi:10.1021/acssuschemeng.8b02648. 731 

27.  Vieira, J.L.; Almeida-Trapp, M.; Mithöfer, A.; Plass, W.; Gallo, J.M.R. Rationalizing the conversion of glucose and xylose 732 

catalyzed by a combination of Lewis and Brønsted acids. Catal. Today 2020, 344, 92–101, doi:10.1016/j.cattod.2018.10.032. 733 

28.  Foo, G.S.; Wei, D.; Sholl, D.S.; Sievers, C. Role of Lewis and brønsted acid sites in the dehydration of glycerol over niobia. 734 

ACS Catal. 2014, 4, 3180–3192, doi:10.1021/cs5006376. 735 

29.  Kim, K.D.; Wang, Z.; Jiang, Y.; Hunger, M.; Huang, J. The cooperative effect of Lewis and Brønsted acid sites on Sn-MCM-41 736 

catalysts for the conversion of 1,3-dihydroxyacetone to ethyl lactate. Green Chem. 2019, 21, 3383–3393, doi:10.1039/c9gc00820a. 737 

30.  Carniti, P.; Gervasini, A.; Bossola, F.; Dal Santo, V. Cooperative action of Brønsted and Lewis acid sites of niobium phosphate 738 

catalysts for cellobiose conversion in water. Appl. Catal. B Environ. 2016, 193, 93–102, doi:10.1016/j.apcatb.2016.04.012. 739 

31.  Zaccheria, F.; Santoro, F.; Iftitah, E.D.; Ravasio, N. Brønsted and lewis solid acid catalysts in the valorization of citronellal. 740 

Catalysts 2018, 8, doi:10.3390/catal8100410. 741 

32.  Weingarten, R.; Tompsett, G.A.; Conner, W.C.; Huber, G.W. Design of solid acid catalysts for aqueous-phase dehydration of 742 

carbohydrates: The role of Lewis and Brønsted acid sites. J. Catal. 2011, 279, 174–182, doi:10.1016/j.jcat.2011.01.013. 743 

33.  Santos, K.M.A.; Albuquerque, E.M.; Innocenti, G.; Borges, L.E.P.; Sievers, C.; Fraga, M.A. The Role of Brønsted and Water- 744 

Tolerant Lewis Acid Sites in the Cascade Aqueous-Phase Reaction of Triose to Lactic Acid. ChemCatChem 2019, 11, 3054–3063, 745 

doi:10.1002/cctc.201900519. 746 

34.  Védrine, J.C. Acid-base characterization of heterogeneous catalysts: An up-to-date overview. Res. Chem. Intermed. 2015, 41, 747 

9387–9423, doi:10.1007/s11164-015-1982-9. 748 

35.  Rocha, A.S.; Costa, G.C.; de Araujo, L.R.R.; Misael, W.A.; Oliveira, R.R.; Rocha, A.B. Insights into the Phosphate Species on 749 

Niobia Treated with H3PO4. Catal. Letters 2019, doi:10.1007/s10562-019-03056-3. 750 

36.  Oliveira, L.C.A.; Portilho, M.F.; Silva, A.C.; Taroco, H.A.; Souza, P.P. Modified niobia as a bifunctional catalyst for 751 

simultaneous dehydration and oxidation of glycerol. Appl. Catal. B Environ. 2012, 117–118, 29–35, 752 

doi:10.1016/j.apcatb.2011.12.043. 753 

37.  Celdeira, P.A.; Gonçalves, M.; Figueiredo, F.C.A.; Bosco, S.M.D.; Mandelli, D.; Carvalho, W.A. Sulfonated niobia and pillared 754 

clay as catalysts in etherification reaction of glycerol. Appl. Catal. A Gen. 2014, 478, 98–106, doi:10.1016/j.apcata.2014.03.037. 755 

38.  Delgado, D.; Fernández-Arroyo, A.; Domine, M.E.; García-González, E.; López Nieto, J.M. W-Nb-O oxides with tunable acid 756 

properties as efficient catalysts for the transformation of biomass-derived oxygenates in aqueous systems. Catal. Sci. Technol. 757 

2019, 9, 3126–3136, doi:10.1039/c9cy00367c. 758 

39.  Kim, M.; Ronchetti, S.; Onida, B.; Ichikuni, N.; Fukuoka, A.; Kato, H.; Nakajima, K. Lewis Acid and Base Catalysis of YNbO4 759 

Toward Aqueous-Phase Conversion of Hexose and Triose Sugars to Lactic Acid in Water. ChemCatChem 2020, 12, 350–359, 760 

doi:10.1002/cctc.201901435. 761 

40.  Wei, W.; Yang, H.; Wu, S. Efficient conversion of carbohydrates into levulinic acid over chromium modified niobium 762 

phosphate catalyst. Fuel 2019, 256, 115940, doi:10.1016/j.fuel.2019.115940. 763 



Catalysts 2021, 11, x FOR PEER REVIEW 25 of 26 
 

 

 

41.  Skrodczky, K.; Antunes, M.M.; Han, X.; Santangelo, S.; Scholz, G.; Valente, A.A.; Pinna, N.; Russo, P.A. Niobium pentoxide 764 

nanomaterials with distorted structures as efficient acid catalysts. Commun. Chem. 2019, 2, 1–11, doi:10.1038/s42004-019-0231- 765 

3. 766 

42.  Nakajima, K.; Hirata, J.; Kim, M.; Gupta, N.K.; Murayama, T.; Yoshida, A.; Hiyoshi, N.; Fukuoka, A.; Ueda, W. Facile 767 

Formation of Lactic Acid from a Triose Sugar in Water over Niobium Oxide with a Deformed Orthorhombic Phase. ACS 768 

Catal. 2018, 8, 283–290, doi:10.1021/acscatal.7b03003. 769 

43.  Somma, F.; Puppinato, A.; Strukul, G. Niobia-silica aerogel mixed oxide catalysts: Effects of the niobium content, the 770 

calcination temperature and the surface hydrophilicity on the epoxidation of olefins with hydrogen peroxide. Appl. Catal. A 771 

Gen. 2006, 309, 115–121, doi:10.1016/j.apcata.2006.05.003. 772 

44.  Abdel-Rehim, M.A.; dos Santos, A.C.B.; Camorim, V.L.L.; da Costa Faro, A. Acid-base reactions on alumina-supported niobia. 773 

Appl. Catal. A Gen. 2006, 305, 211–218, doi:10.1016/j.apcata.2006.03.023. 774 

45.  Carniti, P.; Gervasini, A.; Marzo, M. Silica-niobia oxides as viable acid catalysts in water: Effective vs. intrinsic acidity. Catal. 775 

Today 2010, 152, 42–47, doi:10.1016/j.cattod.2009.07.111. 776 

46.  Stošić, D.; Bennici, S.; Rakić, V.; Auroux, A. CeO2–Nb2O5 mixed oxide catalysts: Preparation, characterization and catalytic 777 

activity in fructose dehydration reaction. Catal. Today 2012, 192, 160–168, doi:10.1016/j.cattod.2011.10.040. 778 

47.  Aronne, A.; Di Serio, M.; Vitiello, R.; Clayden, N.J.; Minieri, L.; Imparato, C.; Piccolo, A.; Pernice, P.; Carniti, P.; Gervasini, A. 779 

An Environmentally Friendly Nb–P–Si Solid Catalyst for Acid-Demanding Reactions. J. Phys. Chem. C 2017, 121, 17378–17389, 780 

doi:10.1021/acs.jpcc.7b05886. 781 

48.  Qiu, G.; Huang, C.; Sun, X.; Chen, B. Highly active niobium-loaded montmorillonite catalysts for the production of 5- 782 

hydroxymethylfurfural from glucose. Green Chem. 2019, 21, 3930–3939, doi:10.1039/c9gc01225g. 783 

49.  Stošić, D.; Bennici, S.; Pavlović, V.; Rakić, V.; Auroux, A. Tuning the acidity of niobia: Characterization and catalytic activity 784 

of Nb2O5–MeO2 (Me = Ti, Zr, Ce) mesoporous mixed oxides. Mater. Chem. Phys. 2014, 146, 337–345, 785 

doi:10.1016/j.matchemphys.2014.03.033. 786 

50.  Fovanna, T.; Campisi, S.; Villa, A.; Kambolis, A.; Peng, G.; Rentsch, D.; Kröcher, O.; Nachtegaal, M.; Ferri, D. Ruthenium on 787 

phosphorous-modified alumina as an effective and stable catalyst for catalytic transfer hydrogenation of furfural. RSC Adv. 788 

2020, 10, 11507–11516, doi:10.1039/d0ra00415d. 789 

51.  Campisi, S.; Sanchez Trujillo, F.; Motta, D.; Davies, T.; Dimitratos, N.; Villa, A. Controlling the Incorporation of Phosphorus 790 

Functionalities on Carbon Nanofibers: Effects on the Catalytic Performance of Fructose Dehydration. C 2018, 4, 9, 791 

doi:10.3390/c4010009. 792 

52.  Campisi, S.; Capelli, S.; Motta, D.; Trujillo, F.; Davies, T.; Prati, L.; Dimitratos, N.; Villa, A. Catalytic Performances of Au–Pt 793 

Nanoparticles on Phosphorous Functionalized Carbon Nanofibers towards HMF Oxidation. C 2018, 4, 48, 794 

doi:10.3390/c4030048. 795 

53.  Shivhare, A.; Kumar, A.; Srivastava, R. Metal phosphate catalysts to upgrade lignocellulose biomass into value-added 796 

chemicals and biofuels. Green Chem. 2021, doi:10.1039/D1GC00376C. 797 

54.  Catrinck, M.N.; Ribeiro, E.S.; Monteiro, R.S.; Ribas, R.M.; Barbosa, M.H.P.; Teófilo, R.F. Direct conversion of glucose to 5- 798 

hydroxymethylfurfural using a mixture of niobic acid and niobium phosphate as a solid acid catalyst. Fuel 2017, 210, 67–74, 799 

doi:10.1016/j.fuel.2017.08.035. 800 

55.  Marco, J.F.; Gancedo, J.R.; Berry, F.J. The oxidation states of titanium and niobium in compounds of composition 801 

SnxNbTiP3O12 (0 < x ≤ 0.50): An XPS study. Polyhedron 1997, 16, 2957–2961, doi:10.1016/S0277-5387(97)00055-7. 802 

56.  Francisco, M.S.P.; Landers, R.; Gushikem, Y. Local order structure and surface acidity properties of a Nb 2O5/SiO2 mixed 803 

oxide prepared by the sol-gel processing method. J. Solid State Chem. 2004, 177, 2432–2439, doi:10.1016/j.jssc.2004.03.035. 804 



Catalysts 2021, 11, x FOR PEER REVIEW 26 of 26 
 

 

 

57.  Okuhara, T. Water-tolerant solid acid catalysts. Chem. Rev. 2002, 102, 3641–3666, doi:10.1021/cr0103569. 805 

58.  Zhang, Y.; Wang, J.; Li, X.; Liu, X.; Xia, Y.; Hu, B.; Lu, G.; Wang, Y. Direct conversion of biomass-derived carbohydrates to 5- 806 

hydroxymethylfurural over water-tolerant niobium-based catalysts. Fuel 2015, 139, 301–307, doi:10.1016/j.fuel.2014.08.047. 807 

59.  Kong, Q.S.; Li, X.L.; Xu, H.J.; Fu, Y. Conversion of 5-hydroxymethylfurfural to chemicals: A review of catalytic routes and 808 

product applications. Fuel Process. Technol. 2020, 209, 106528, doi:10.1016/j.fuproc.2020.106528. 809 

60.  Ordomsky, V. V.; Van Der Schaaf, J.; Schouten, J.C.; Nijhuis, T.A. The effect of solvent addition on fructose dehydration to 5- 810 

hydroxymethylfurfural in biphasic system over zeolites. J. Catal. 2012, 287, 68–75, doi:10.1016/j.jcat.2011.12.002. 811 

61.  Fu, X.; Hu, Y.; Zhang, Y.; Zhang, Y.; Tang, D.; Zhu, L.; Hu, C. Solvent Effects on Degradative Condensation Side Reactions 812 

of Fructose in Its Initial Conversion to 5-Hydroxymethylfurfural. ChemSusChem 2020, 13, 438, doi:10.1002/cssc.201903479. 813 

62.  Carniti, P.; Gervasini, A.; Marzo, M. Absence of expected side-reactions in the dehydration reaction of fructose to HMF in 814 

water over niobic acid catalyst. Catal. Commun. 2011, 12, 1122–1126, doi:10.1016/j.catcom.2011.03.025. 815 

63.  Ingle, J.D.; Crouch, S.R. Simultaneous determination of silicate and phosphate by an automated differential kinetic procedure. 816 

Anal. Chem. 1971, 43, 7–10, doi:10.1021/ac60296a029. 817 

64.  Emeis, C.A. Determination of integrated molar extinction coefficients for infrared absorption bands of pyridine adsorbed on 818 

solid acid catalysts. J. Catal. 1993, 141, 347–354. 819 

65.  Ferri, M.; Campisi, S.; Scavini, M.; Evangelisti, C.; Carniti, P.; Gervasini, A. In-depth study of the mechanism of heavy metal 820 

trapping on the surface of hydroxyapatite. Appl. Surf. Sci. 2019, 475, 397–409, doi:10.1016/j.apsusc.2018.12.264. 821 

66.  Schieppati, D.; Patience, N.A.; Campisi, S.; Patience, G.S. Experimental methods in chemical engineering: High performance 822 

liquid chromatography—HPLC. Can. J. Chem. Eng. 2021, 99, 1663–1682, doi:https://doi.org/10.1002/cjce.24050. 823 

 824 


