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Abstract—This work addresses the kinetic mechanism for the dehydration of D-xylose over the SiO,-AlLO; solid cata-
lyst, where the formation of condensed products is included in addition to the production of furfural and its decompo-
sition. The kinetic modeling and parametric sensitivity show that the isomerization of D-xylose takes place in the early
stages of the reaction, followed by the dehydration of isomers. Accordingly, the homogeneous polymerization of iso-
mers is found to be dominant. The developed model is used to evaluate the effects of operating conditions on the cata-
lytic performance; high temperature and D-xylose concentration guarantee high furfural yield.

Keywords: D-Xylose, Furfural, Dehydration, Silica-alumina, Kinetic Modeling

INTRODUCTION

The increasing CO, concentration in the atmosphere and lim-
ited reserves of fossil fuels have motivated the development of green
processes with sustainable and environmentally friendly feed stocks
in place of fossil fuels. Lignocellulosic biomass, which is a poten-
tial renewable feed stock for replacing fossil fuels in the chemical
industry; is typically composed of cellulose, hemicellulose, and lig-
nin, which can be transformed into a variety of chemicals through
biological and chemical processes. Furfural, which can be made
from hemicellulose, is an important intermediate in a broad range of
applications such as nylon, lubricants, solvents, adhesives, medicine,
and plastics. Furfural has also been reported to be upgraded to fura-
nic biofuels via hydrogenation, rearrangement, and C-C coupling [1].

Furfural can be produced through the dehydration of pentoses,
which are abundant in agricultural raw materials including corn-
cobs, oat hulls, bagasse, cottonseed hull bran, cottonseed hulls, and
rice hulls [2]. The commercial process for furfural, that is, the Quaker
Oats process, uses sulfuric acid as a homogeneous catalyst and a
significant amount of steam. Therefore, this process suffers from
corrosion and safety problems and involves considerable cost for
the separation of sulfuric acid from the products and its neutral-
ization [2]. Since other processes based on homogeneous catalysts
(supercritical water [3], hydrochloric acid [4,5], sulfuric acid [6,7],
formic acid [8]) also have the same drawbacks, much attention
has been paid to the dehydration of D-xylose to furfural over het-
erogeneous catalysts, such as microporous zeolites and related mate-
rials [9,10], modified mesoporous silica [11-14], Amberlyst [15],
Keggin-type heteropolyacids [16], titanates and niobates [17], hy-
droxylated MgF, [18], and metal oxides (TiO,, ZrO,, Zr-WO,, VPO,
Sn0O,, SiO,-AlLO;) [19-23]. Among these solid acid catalysts, SiO,-
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AlLLO; has been reported to be stable, commercially available, and
used in various reactions including fluid catalytic cracking, hydro-
cracking, and hydrogenation [24]. Furthermore, the controllable
surface acidity and the presence of mesopores are advantages of
SiO,-ALO; catalysts for this reaction.

A number of byproducts are formed during this reaction. In par-
ticular, humin formation is critical in suppressing the catalyst sta-
bility. However, most previous reports have focused on the kinetics
of the main reaction (from D-xylose to furfural), with the decom-
position considered to be only a side reaction. Thus, there has been
little effort devoted to investigating the mechanism for the produc-
tion of soluble polymers (condensed products), although a detailed
kinetic study for each product is quite important for an understand-
ing of the reaction pathway and determination of the optimum
reaction conditions. In addition, despite many reported kinetic mod-
els for homogeneous [3,5,6,8,25] and heterogeneous [26,27] cata-
lytic systems, no detailed kinetic study has been reported on the
dehydration of D-xylose over the SiO,-ALO; catalyst. In the pres-
ent study; a detailed kinetic model is developed for this reaction to
understand the reaction pathways for the formation of both furfural
and condensed products, and to evaluate the effects of the operating
conditions on the catalytic performance of the SiO,-Al,O; catalyst.

EXPERIMENTAL

The solid acid catalyst, SiO,-ALO;, was purchased from a com-
mercial vendor (ZEOCHEM, ZEObeads™ WS) and calcined in
air at 600 °C before the reaction. The alumina content was 3.55 wt%
[28]. The BET surface area and micropore surface area were 559
m’/g and 82 m’/g, respectively [28]. The total acid sites amounted
to 207 umol NH,/g, and the ratio of the number of Brensted acid
sites to total acid sites was 0.44 [28].

The catalytic activity was measured under isothermal conditions
with operating conditions varied between 160 and 200 °C, while a pre-
heater was installed to heat the feed to 80 °C. The reaction pressure
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Table 1. Experimental conditions and measured data used in the parameter estimation

Conditions Measured data
No.  Space velocity =~ Temperature  D-Xylose concentration ~ D-Xylose conversion Selectivity [%]
[m’/(geyh)] [°’C] [wt%] [%] Furfural Isomer  Condensed products
1 1 331 189 52.8 10.9
2 160 3 335 16.0 519 17.6
3 5 45.6 21.6 394 20.8
4 1 65.0 33.6 317 7.8
5 11x10°° 180 3 68.8 286 280 19.8
6 5 76.4 26.1 229 294
7 1 89.2 329 13.7 23.8
8 200 3 93.2 24.8 83 43.9
9 5 90.0 24.0 14.1 41.0
10 1 18.8 6.2 69.2 133
11 160 3 221 85 712 7.6
12 5 22,6 81 55.5 26.5
13 1 281 10.2 65.3 11.1
14 44x10°° 180 3 325 11.0 61.1 134
15 5 435 12.2 47.8 26.7
16 1 512 169 46.9 16.7
17 200 3 589 20.3 36.7 233
18 5 56.4 16.4 372 29.1

was maintained at 3.0 MPa by a backpressure regulator (TESCOM).
Products were collected in a cold trap maintained at room tempera-
ture and sampled every 4 h for analysis (for the 12h duration of the
experiment). Detailed experimental conditions are listed in Table 1.
Note that the solid acid catalyst can be deactivated due to some
causes, one of which is carbon deposition, occurring in the initial
stage of the reaction. Since the catalytic activity decreased slowly
during the course of the reaction for a long time, it was assumed that
deactivation did not mislead us about the activity data in this work.

Liquid products were filtered with a 0.2-um membrane filter
and analyzed using an HPLC instrument (Waters 1525 Binary HPLC
pumps, YL 9110 quaternary pump) equipped with a 2487 dual-
wavelength absorbance detector (Waters) at 210 nm for furfural,
and refractometer detector (Water, YL 9170 RI detector) for D-xylose,
lyxose, xylulose, aldehydes, dihydroxyacetone, and organic acids.
To separate the D-xylose, lyxose, and xylulose in the aqueous-phase,
a Ca”*-form ion exchange column (PL Hi-Plex Ca 300x7.7, Agi-
lent) was used. Products such as aldehydes, dihydroxyacetone, and
organic acids were separated using the Ca™*-form ion exchange col-
umn (PL Hi-Plex Ca 300x7.7, Agilent) and a H'-form ion exchange
column (Aminex HPX-87H, BIORAD) with 0.01 M H,SO, solu-
tion. The D-xylose conversion (X, ;.. the molar carbon yield (Y;),
and the molar carbon selectivity (S;) were calculated using the fol-
lowing equations:

XD—xylose [%] = (N[»xylus& 0 N[Hryluse)/ ND—xyluse, 0X 100 (1)
Yvi [%] :Ni/ND-xyIusc,Ox 100 (2)
Si [%] :Ni/ (ND—xylose, 0 Nl)—xylose) %100 (3 )

where N, o, 0 and N, ., Tepresent the moles of carbon in D-xylose
at the inlet and the outlet of the reactor, respectively, while N; is
the moles of carbon of species (i) in the product. Because humin
could not be detected by HPLC, the yield of humin (Y,,,) was
calculated by subtracting the sum of the other products’ yields from
D-xylose conversion.

RESULTS AND DISCUSSION

A reaction pathway for the dehydration of xylose over solid acid
catalysts, suggested in the present study, is shown in Fig. 1. Since
the dehydration of xylulose (one of the isomers of D-xylose) into
turfural is faster than the direct conversion of D-xylose into furfu-
ral (activation energies for the dehydration of D-xylose and xylu-
lose are 134 and 97 kJ/mol, respectively [29]), two consecutive steps
were considered in the present study: the isomerization of D-xylose
to xylulose or lyxose (step 1), and their subsequent dehydration to
turfural (step 2) [30]. Note that L-xylose, isomer of D-xylose, was
not considered in the present study due to difficulties in detection.
The isomerization of D-xylose is reported to occur either by the
rearrangement of a functional group or through a change in con-
figuration around the C1 and C2 carbon atoms [30]. Some research-
ers have suggested the reversible isomerization of D-xylose [3], while
others assumed an irreversible process [8,31]. In the present study,
irreversible isomerization was assumed since it was difficult to cal-
culate the Gibbs energy for the equilibrium constant owing to the
existence of many kinds of isomers.

The decomposition of D-xylose (step 3) has been identified from
the retro-aldol condensation reactions of D-xylose in water at high
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Fig. 1. Reaction pathway for the dehydration of D-xylose to furfural.

temperature [3]. The species obtained from the decomposition of
D-xylose include glycolaldehyde, dihydroxyacetone, and glyceral-
dehyde; glyceraldehyde can be further converted to formaldehyde
through the retro-aldol condensation reaction [3]. In addition, the
dehydration of either glyceraldehyde or dihydroxyacetone produces
pyruvaldehyde, which is further converted to lactic acid through
rearrangement [3]. Although acetaldehyde was detected by HPLC
analysis in the present study, no convincing hypothesis for its for-
mation by the decomposition of D-xylose has yet been reported.
Formic acid has been reported to be produced from the rehydra-
tion of D-xylose and/or a fragment of furfural [27,32]. However,
trace amounts of formic acid and other organic acids [3,8,27,33]
were observed here. Therefore, the oxidation of furfural to organic
acids such as 2-furoic acid, which may reduce the yield of furfural,
was not considered. Notably, some researchers have reported that
furfural can also be decomposed. However, our previous experi-
ments [23], in which furfural was fed to the catalytic reactor, showed
no existence of decomposed products, and thus, the decomposi-
tion of furfural was neglected in the present study.

In addition to D-xylose, isomers, furfural, and decomposed prod-
ucts (directly measurable by HPLC analysis [28]), it was found from
the carbon balance that unmeasurable products existed, which were
assumed to be condensed from isomers and furfural. The corre-
sponding pathways were taken into account (steps 4-6); Dee and
Bell [34] suggested that humin (one of the condensed products)
can be produced via the condensation polymerization of furan and
glucose. As an analogy, the heterogeneous polymerization of furfu-
ral and isomers was suggested in the present study (step 4). Addi-
tionally, Ferreira et al. [26] identified humin as one of the soluble
polymers, consisting of aliphatic and aromatic compounds includ-

March, 2016

retro aldol reaction, \hyﬂr&yﬂ
HO

Pyru valdehyde

Dihydroxyacetone

OH
Lactic acid

ing furan and/or benzene rings. Recently, van Putten et al. [35] dis-
cussed humin formation, and there are several reported works on
the condensation of furfural via Diels-Alder reaction [36,37]. Despite
the plausible heterogeneous condensation reported in the literature,
there is also a possibility of homogeneous condensation for the for-
mation of condensed products. Therefore, two additional steps (con-
densations of isomers and furfural, in steps 5 and 6, respectively)
were included in the reaction mechanism.

For the development of the reaction rates, a power-law model
was assumed for each reaction step. A heterogeneous model was
not considered because information on the existence of intermedi-
ate species on the surface was available neither in the literature nor
in our experimental data. In addition, one of the purposes of the
present study was the comparison between three possible reactions
for the formation of condensed products, and thus, it was assumed
that a simple reaction rate would be enough. Kinetic parameters
and reaction orders were estimated using the “Isqcurvefit” subrou-
tine in MATLAB (MathWorks, Inc.), in which the Levenberg-
Marquardt method is applied. Since the number of elements in the
objective function which should be minimized in the estimation
was 4 (conversion and 3 selectivies; ¢f. Table 1), the total number
of independent data used in the minimization was 72. The num-
ber of data is approximately three-times more than that of param-
eters to be estimated. The resulting rates are as follows:

—4 =61,900(1 1 1.29
r,;=2.88x10 exp[ 2 (———)JC . “@
R T Tref xylose
— 37,400 1 X
r,=1.94x10 3exp[T(T T, )JC}SS;W 5)
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Fig. 2. Comparison of (a) xylose conversion and (b) selectivities between simulated results and experimental data.
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Here, the reaction rates (r) and concentrations (C) are in mol/(n’-s)
and mol/m’, respectively, and the gas constant (R) is 8.314 J/(mol-
K). The reference temperature (T,,;) was specified as 165 °C. Fig. 2
shows the parity plot for D-xylose conversion, and the selectivities
of furfural, isomers, and condensed products, and satisfactory agree-
ment between the experimental data and simulated results with
the estimated parameters is observed. The mean of absolute rela-
tive residuals (MARR) values was calculated to be 8.3, 12.2, 16.0,
and 20.2% for the D-xylose conversion, and the selectivities of fur-
fural, isomers, and condensed products, respectively. Considering
that the standard deviation of the measurement for either two or
three repeated experiments was ~15.1%, the MARR values were
determined to be reasonable.

The validity of the estimated kinetic parameters was proven by
comparison with the reported values. As shown in Table 2, the acti-

Table 2. Reported values of kinetic parameters

Activation energy

Catalyst type ~ Catalyst [kJ/mol]
E, E, E;
Hot water” [38] 77  59-154
Formic acid [8] 155 142 147
Homo- Sulfuric acid” [39] 84
geneous Hydrochloric acid® [40] 48
Hydrochloric acid” [5] 124
(HCI & SnCl,) [29] 65 97
Hetero- (H-ZSM-5) [27] 4097 98
geneous

“Direct dehydration of xylose into furfural was considered

vation energy for the isomerization of D-xylose (step 1) ranges be-
tween 40 and 100 kJ/mol, and the estimated value in the present
study (61.9 kJ/mol) is within this range. Meanwhile, the activation
energy for the dehydration of isomers was estimated to be lower
than the reported values.

For the formation of condensed products, the activation ener-
gies for all three pathways (steps 4-6) were estimated to be similar,
while the reaction orders of steps 4 and 6 were determined to be
lower than expected, indicating that step 5 might have a higher
contribution than the others. Given the characteristics of conden-
sation reactions, both reaction orders of step 4 (N, s and D)
were expected to be one, while the order of over two seemed to be
reasonable for step 6. For quantitative analysis of the contribution
of each step, the normalized parametric sensitivity, defined as the
ratio of the fractional change of output to the fractional change of
parameter [=(Ay/y)/(Ap/p)] was calculated, and the results are shown
in Fig. 3. As shown, the effects of k, and k, on the conversion and
selectivities are negligible compared with that of k;, indicating that
homogeneous condensation of isomers is more dominant than the
condensation involving furfural (steps 4 and 6). This feature can
be explained by the time evolutionary behavior of the reactions.
As shown in Fig. 4, the selectivity of the isomers decreased with
decreasing space velocity (SV) (increasing residence time) while
the furfural selectivity increased, suggesting that the isomerization

1.0
> mmEE conversion
£ 0.8 r s furfural selectivity
S s isomer selectivity
E 0.6 == condensed products selectivity
2 04t I
3 1
Rl 1 1 |
E 0.0 =
o
= 02 -

-0.4
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Fig. 3. Normalized parametric sensitivity on the xylose conversion,
and the selectivities of furfural, isomers, and condensed prod-
ucts, when the temperature, xylose concentration, and SV
were 180 °C, 3 wt%, and 30 mL/(g,,-h), respectively.
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Fig. 4. Experimentally measured selectivities of isomers and furfural,
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of D-xylose takes place in the early stages of the reaction, and then
the produced isomers are dehydrated to furfural. Therefore, the
condensation of isomers occurs prior to the other condensation
reactions involving furfural. Although the products by r; (the con-
densation of isomers) are unidentifiable, on the basis of other reports,
the major component of the condensed products by reactions r,
and 1, (furfural involved) might be humin [26,34].
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The effects of D-xylose concentration and temperature were inves-
tigated by using the developed reaction rates (see Fig. 5). Positive
effects of both concentration and temperature were shown for the
conversion (Fig. 5(a)), while a slightly negative effect of concentra-
tion on the furfural selectivity was shown at high temperatures
(Fig. 5(b)). However, the highest yield of furfural was obtained under
conditions of high concentration and high temperature.

As discussed above, when the reaction proceeds further, more
isomers are dehydrated to furfural, and thus, the isomer selectivity
decreases with increasing conversion (Fig. 5(c)). On the other hand,
the selectivity of condensed products also increases with decreas-
ing isomer selectivity; probably owing to the trigger of r; and r, by
the production of furfural.

CONCLUSIONS

A kinetic mechanism for the dehydration of D-xylose over the
SiO,-ALO; solid catalyst has been suggested on the basis of experi-
mental observations and reported results. In addition to well-known
pathways for the production of furfural and decomposed products,
the suggested mechanism includes the formation of condensed
products in both homogeneous and heterogeneous polymeriza-
tions. The developed kinetic model successfully describes the experi-
mental results, and further analysis shows a time evolutionary reac-
tion procedure: isomerization and the condensation of isomers,
followed by their dehydration to furfural and condensation lead-
ing to the formation of (probably) humin. It is concluded that the

(b)

Furfural selectivity [%]

(d)

Condensed products
selectivity [%]

Fig. 5. Effects of xylose concentration and temperature on (a) xylose conversion, and the selectivities of (b) furfural, (c) isomers, and (d) con-

densed products, when the SV was 30 mL/(g,,-h).
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kinetic model in the present study can be used to better under-
stand the governing reactions over the SiO,-ALO; solid catalyst,
and will be applied to provide useful information on the scale-up
of the reactor and the optimal operating conditions.
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