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Kinetics of the AlICl; catalyzed xylan hydrolysis
during Methanosolv pulping of beech wood+
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In this work the kinetics of the AlCls catalyzed xylan hydrolysis during Methanosolv pulping of beech wood is
investigated in the range of 150 to 170 °C. Herein the focus lies on the maximization of the furfural yield.

Therefore the kinetic rate constants of the xylan hydrolysis, the degradation of monomeric sugars to
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furfural and byproducts and the degradation of furfural are presented. They are compared with literature

data. The yield of furfural is limited to about 45% (mol/mol). At lower temperatures the degradation of
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Introduction

Furfural is a high value added product with an increasing global
production. Its existence as a platform chemical is justified
because of its many applications. Furfural itself can be used as
an extractant, fungicide or nematocide." Furfural can be
hydrogenated to MTHF 2-methyltetrahydrofuran. MTHF can act
as a biofuel component and as an alternative solvent to tetra-
hydrofuran.>* The most important application of furfural is the
production of furfuryl alcohol. It can be further converted to
furan resins. One of the advantages of furan resins compared to
phenol/formaldehyde resins is that there is no toxic formalde-
hyde released. There are many other applications of furfural. A
good overview is given by Zeitsch."

Furfural is produced by hydrolysis of biomass using
Bronsted acids, especially sulfuric acid. The oldest furfural
production technology is the Quaker oats process patented in
1923.* Herein the reaction takes place at about 150 °C for 5
hours. The yield of furfural in this process is about 40% till 50%
of the theoretical value. In addition to the low yield there is
another disadvantage: except the energetic conversion there is
no use of the side products cellulose and lignin in this process.
The kinetics of the Brensted acid catalyzed xylan hydrolysis to
furfural is well known. The formation of byproducts is caused
by a reaction of an intermediate with furfural.* Because of this
knowledge other furfural producing processes are developed.
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monomeric sugars to byproducts and at higher temperatures the degradation of furfural is favoured. The
catalyst concentration has almost no influence on the selectivity.

The BIOFINE and the STAKE process are operating at higher
temperatures and shorter reaction times giving a furfural yield
of about 70% (mol/mol).>* The SUPRAYIELD process exploits
that furfural can't react to byproducts if it's in the vapor phase
during the reaction. Another way to suppress the formation of
byproducts is the in situ extraction of the formed furfural.”
Weingarten et al. report that a furfural yield of 85% (mol/mol)
can be achieved while reacting xylose in a biphasic water/
methylisobutylketon-system.®

Another idea to improve the furfural yield is to change the
catalyst. There are some publications using Lewis acids as
catalysts.”™ Yang et al. reported that the conversion of poplar
wood in a biphasic water/tetrahydrofuran medium catalyzed by
alumina chloride giving a furfural yield of 51% (mol/mol).
Under the same reaction conditions using hydrochloric acid the
yield is 29% (mol/mol).* Mao et al. investigated the hydrolysis
of corncob with concentrated sea water."* They observed a
furfural yield of 73% (mol/mol) when a mixture of iron(u)-
chloride and acetic acid is used as the catalyst system. Unfor-
tunately, there is no kinetics of the Lewis acid catalyzed xylan
hydrolysis published.

In a previous work, the ability of AICl; to catalyze the
hydrolysis of xylan during the Ethanosolv pulping of beech
wood was demonstrated.'” It is shown that in this procedure
furfural is formed up to 50% (mol/mol). This work is continued
in this paper. Here, the kinetics of the xylan hydrolysis during
Methanosolv pulping of beech wood is investigated.

Materials and methods
Materials

All chemicals were purchased from sigma Aldrich with p.a.
quality. The starting material was beech wood chips with the
dimensions of about 200 mm x 100 mm x 100 mm. The
chemical composition of the wood chips is given in Table 1.

This journal is © The Royal Society of Chemistry 2014
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Experimental details are given in the ESL.{ The main part of the
Cs-sugars is xylose. Therefore, xylan is assumed to consist only
of anhydroxylose-units.

Organosolv pulping in microscale and workup

The microscale experiments were done to determine the kinetic
rate constants of the xylan hydrolysis. Before the use of the
wood chips they were chopped with a granulator. These chips
passed a sieve with 2 mm mesh size. About 1 g of the air dried
wood chips (5% moisture) were placed in a stainless steel
autoclave with a volume of 10 ml. First of all, the solvents for the
reactive extractions were prepared. Therefore, 133 mg, 266 mg
and 532 mg AlCl; were dissolved in 50 ml MilliQ water and filled
up to 100 ml with methanol. The resulting concentration of
AlCl; is 0.01 M, 0.02 M and 0.04 M, respectively. The water-
methanol ratio is 1:1 (v/v). Then 5.6 ml of the solvent was
added into the reactor. The solvent includes water and meth-
anol, therefore a type of Organosolv process was applied. The
reactor was placed in a GC-oven and heated for different heating
periods. When the oven reached the desired temperature, the
time was set to be zero. Therefore, only the time at this
temperature is called “reaction time” here. The reactions were
carried out from 150 °C till 170 °C.

During the reaction the autoclave was mechanically rotated
with 20 rpm. After the desired reaction time the oven was cooled
down and the autoclave was left in the oven. After cooling down
the suspension was filtered and the residue was washed four
times with 5 ml methanol and then four times with 5 ml MilliQ
water. The residue was dried at 105 °C over night.

The combined filtrates were filled up to 100 ml with MilliQ
water and analyzed for carbohydrates and furfuralic
compounds.

Organosolv pulping in larger scale and workup

There were two experiments in an increased scale done. As the
starting material for these experiments uncut wood chips were
used. In the first experiment 60 g of the wood chips, in the
second experiment 50 g were placed in a nonstirred 500 ml
stainless steel reactor. The reactor is equipped with a thermo-
couple element. The solutions were prepared by dissolving 667
mg AlCl; in 250 ml MilliQ water. The aqueous solution was
filled up to 500 ml with methanol. The resulting concentration
of AICl; is 0.01 M and the water-methanol ratio is 1 : 1 (v/v). In
the first experiment 300 ml of the solution and in the second
experiment 250 ml of the solution was added. The oven was set
at the desired temperature. When the oven reached the desired

Tablel Chemical composition of the wood chips based on dry matter

Component Content Component Content
Anhydroglucose 35.8% Anhydrorhamnose 0.3%
Anhydroxylose 17.7% Klason-lignin 22.3%
Anhydrogalactose 1.5% Acid soluble lignin 2.1%
Anhydromannose 1.4% Extractives 1.5%
Anhydroarabinose 0.6% Others 16.8%

This journal is © The Royal Society of Chemistry 2014
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temperature, the reaction time was set to be zero. After cooling
down the suspension was filtered and washed twice with 100 ml
methanol, twice with 100 ml MilliQ water and finally once with
100 ml methanol. An aliquot of the combined filtrates were
analyzed for furfuralic compounds.

Then the solution was distilled in a round bottom flask
equipped with a Vigreux column under reduced pressure. About
400 ml of the first fraction (methanol rich) was distilled at a
boiling point of 33-35 °C at 100 mbar. About 50 ml of the
second fraction (water rich) was distilled at a boiling point of
43-45 °C at 100 mbar.

The second fraction of the distillation was three times
extracted with 50 ml dichloromethane. The organic layer was
dried over magnesium sulphate, the solvent was removed and
'"H-NMR-, "*C-spectra and a GC-MS-chromatogram were
recorded.

The distillation residue was filtered over celite and about 20
ml were extracted five times with 20 ml of ethylacetate. The
organic layer was dried over magnesium sulphate, the solvent
was removed and an "H-NMR-spectrum was recorded.

Analysis of the Organosolv products

The residue was hydrolyzed using the method of Saeman.™
The residue was suspended in sulfuric acid (12 M) at room
temperature for 45 min. Then 84 ml of MilliQ water was added
and the mixture was refluxed for 3.5 h. After cooling down the
suspension was filtered and the filtrate was adjusted to a pH of
about 9 with 26 wt% ammonia solution. The resulting solution
was derivatised according to Sawardeker.** This method deri-
vatises monosaccharide to the correspondingly alditolace-
tates. First 200 pl of the aqueous sample was poured into a 10
ml glass sample tube. Then 2 ml of a fresh prepared NaBH,-
solution in DMSO (¢ = 0.5 M) was added and the solution was
stirred at 60 °C for 1 h. The sample tubes were placed in a cold
water bath and 100 pl of an internal standard myo-inositol, 200
ul glacial acetic acid, 400 pl 1-methyl-imidazole and 4 ml acetic
anhydride were added. The reaction mixture was stirred for 10
min at room temperature. The solution was poured into a
separating funnel and the sample tube was washed two times
with 5 ml MilliQ water. After cooling down 4 ml of chloroform
was added and the layers were separated. The organic layer
was again washed twice with 10 m1 MilliQ water and dried over
magnesium sulfate and measured by an GC “Agilent 5890”.
The column is “RT 2330”. The injection- and the FID-temper-
ature are 275 °C and the oven temperature is 240 °C. The
carrier gas is helium with a flow rate of 1 ml min~" and the
split ratio is 1 : 35.

An aliquot of the filtrate was measured for furfuralic
compounds using HPLC on a Merck/Hitachi-device. It is a
“Hypersil ODS” column. The mobile phase is a 9:1 (v/v)-
mixture of acetonitrile and MilliQ water with a flow rate of 1 ml
min~'. The injection temperature is 30 °C. The samples are
detected with an UV-VIS-detector at a wavelength of 290 nm.

The residual solution was with 26 wt% ammonia solution
adjusted to a pH of about 9 and derivatised and analyzed for
carbohydrates as described above.

RSC Adv., 2014, 4, 45118-45127 | 45119
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The NMR-spectra were recorded on 250 MHz Bruker device
using CDCIl; as the solvent.

GC-MS Analysis was carried out on a Trace Ultra GC coupled
with a DSQ II quadrupole MS detector from Thermo Scientific.
The samples were diluted in a 1 : 100 ratio in dichloromethane
and were analyzed using split injection at 523 K (injector
temperature) on a 25 m ULTRA 2 silica column ((5% phenyl)-
methylpolysiloxane) from Agilent Technologies. A constant gas
flow rate of 1 ml min~" and a split ratio of 100 with the following
temperature program were applied: initial temperature 313 K,
increased at 6 K min~' to 473 K, further increased with 8 K
min~" to a final 573 K, kept for 5 min. The MS detector was
operated in positive ionization mode at 70 eV with an ion source
temperature of 473 K.

Post analysis method

After analyzing for the furfural concentration a sample is
distilled over a Vigreux column under reduced pressure.
Approximately 50 ml of the water rich fraction (boiling point =
44 °C; pressure = 100 mbar) is extracted three times with 50 ml
dichloromethane, the organic phase is dried and "H-NMR, *C-
NMR-spectra and a GC-MS-chromatogram are recorded.

Kinetic modeling

The experimental procedure for the determination of the
kinetic data is done as described above. The microscale exper-
iments are used to determine the kinetic parameters.

The determination of the kinetic parameters is done with the
program Matlab." To calculate them the kinetic model with the
BDF (backward differential formula), which is an implicit
numerical method, are integrated. The difference between the
measured data and the integrated kinetic model are minimized.
In order to do this, this problem is treated as a least-square-
problem using the Levenberg-Marquardt-formula. It is solved
dependent on the kinetic parameters. The solution of the Leven-
berg-Marquardt-formula leads to the desired kinetic parameters.

The reaction model used is shown in Fig. 1. In 1955,
Kobayashi and Sakai found that the xylan hydrolysis reaction
rate decreases after about 70% conversion.'® This observation

fast reacting xylan

y
oH oy on ka
o oligoxylose ———— <
<OH > OH

OH n /Ks

slow reacting xylan

-

Fig. 1 Reaction model used to determine the kinetic rate constants of the xylan hydrolysis. MS =

products, in the following text also often described as byproducts.
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leads to a biphasic reaction model. Herein there are two types of
xylan introduced, the fast and the slow reacting xylan. The
amount of the fast reacting xylan is about 65% and this value
differs just slightly for most of the materials."” In this study for a
catalyst concentration of 0.01 M and 0.02 M it is also calculated
with an initial fast reacting xylan amount of 65%. In the case of
using the 0.04 M concentrated solution the Saeman model is
used." Herein the reaction model of Fig. 1 can be also used with
an initial fast reacting xylan amount of 100%. The quantity of
xylan is expressed as anhydroxylose [mol] divided by the initial
anhydroxylose, 0 [mol]. Also all the other components are
expressed in regard to anhydroxylose.

Xylose, especially if a Lewis acid is used, tend to isomerize to
xylulose and lyxose.” These carbohydrates are summed as
monomeric sugars MS.

It is assumed that all the reactions follow first order kinetics.
This leads to the differential rate equations (eqn (1)-(4)):
d([xylan,]| + [xylan,])

d[xylan]
- dr = —ky [xylan, | — k[xylan]

(1)

dloligoxylose] _ ky [xylan,| + k[xylan,] — k,[oligoxylose] ~(2)

dt
d[l(\SS] = k,[oligoxylose] — k3[MS] — k4 [MS] (3)
W — ks[MS)] — ks[furfural] (4)

Results and discussion

In Fig. 2 the kinetics of the xylan hydrolysis are shown. From left
to right the temperature is increasing and from up to down the
catalyst concentration is increasing. For the lower concentrated
(0.01 M and 0.02 M) samples A-F, the biphasic reaction model is
used. For the higher concentrated samples (0.04 M) G-I, the
Saeman model is used.

As can be seen in Fig. 2 it is necessary to take the oligoxylose
content into account. Its amount is in between 38 and 55%

G WP

HO ™" H OH
Z = OH
OH OH ] OH DP1
xylose cyclic xylose

OH OH O & o
: WJ\ 0.

oH 0 OH OH N/ H
xylulose lyxose furfural
monomeric sugars J ks
DP,

monomeric sugars; DP = degradation
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Fig. 2 Kinetic plots of the xylan hydrolysis during Methanosolv pulping of beech wood. B xylan; ® monomeric carbohydrates; x furfural;
solid line: fitted xylan; dashed line: fitted monomeric carbohydrates; dotted line: fitted furfural; dashed/dotted line: calculated oligoxylose;
reaction conditions: (A): 150 °C, 0.01 M AlCls; (B): 160 °C, 0.01 M AlCls; (C): 170 °C, 0.01 M AlCl5; (D): 150 °C, 0.02 M AlCls; (E): 160 °C, 0.02 M
AlCls; (F): 170 °C, 0.02 M AlCl5; (G): 150 °C, 0.04 M AlCls; (H): 160 °C, 0.04 M AlCls; and (1): 170 °C, 0.04 M AICls. The reaction temperature and the
catalyst concentration are additionally shown on top right of each graph.

(mol/mol). It is not suitable to use the steady state approxima-
tion. The temperature has no influence of the maximum
concentration of oligoxylose. Its value is constant at about 53%,
49% and 37% (mol/mol), respectively. Both parameters, the
temperature and the catalyst concentration, influence the time
until the oligoxylose maximum occurs. With increasing
parameter values, the time that oligoxylose reaches its
maximum is decreased.

The momomeric carbohydrates are in every case less
concentrated. Their maximum is in between 10% and 15%
(mol/mol). For low temperatures and low catalyst concentra-
tions (A and B), the amount of monomeric carbohydrates is
constant at about 10% (mol/mol) for a long period of time.

The maximum furfural amounts are given in Table 2. At 0.01
M and 0.02 M catalyst concentration the furfural yield is
increasing with increasing temperature. At 0.04 M it is quite
constant at 40% (mol/mol). A similar tendency can be observed,
if the temperature is set as constant and the catalyst concen-
tration varies. At 150 °C the yield increases with increasing
catalyst concentration. At 160 °C and 170 °C it is quite constant.

This journal is © The Royal Society of Chemistry 2014

Table 2 Maximum furfural yields during Methanosolv pulping of
beech wood. The values are calculated with Matlab and given as
percentage of theoretical yield. In brackets are the corresponding
reaction times given

150 °C 160 °C 170 °C
0.01 M AICl, 0.30 (717 min) 0.36 (346 min) 0.42 (188 min)
0.02 M AICl, 0.32 (258 min) 0.39 (139 min) 0.40 (74 min)
0.04 M AICl, 0.39 (72 min) 0.42 (51 min) 0.41 (131 min)

The yield of all experiments is in the range of 30 and 42% (mol/
mol) comparable with the Quaker Oats process but much less in
the BIOFINE process. In the BIOFINE process there is almost
70% of the theoretical furfural yield reached.

The graph in Fig. 3 shows the difference between the
measured and the calculated values of Fig. 2. If there were no
differences between the calculated and the measured values the
data points would be on the straight with the intercept through
the origin and a slope of one. The mean error ¢ is calculated as
the mean variation of a linear regression with (eqn (5)).

RSC Adv., 2014, 4, 45118-45127 | 45121
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Fig. 3 Comparison of the measured and with the Matlab calculated

amounts of xylan, monomeric sugars and furfural. The solid line has an

in intercept of zero and a slope of one. The dashed lines are the upper

and the lower boundaries of the mean error.

I ¢ 2
5—\/n_2;(cv,-—r—sMV,-) (5)

herein CV and MV are the calculated and measured values: r
and s are the intercept and the slope, respectively. Because r is
zero and s is one, (eqn (5)) simplifies to (eqn (6)). The mean
error of the calculated values is about 2.6%. Thus, the
calculated

1 n

o= \/n — ; (CV; = MV,)’ (6)

values with Matlab are in a good agreement with the experi-
mental ones.

Temperature dependency of the kinetic constants

The reaction rate constant is dependent on the temperature and
the catalyst concentration. This correlation can be expressed as
the following equations (eqn (7)) and the logarithmic form

(eqn (8))-

Ex
= T) = koo™ A 7
k =k(c,T) = koc eXP( RT) )
B o Ex
Ink=Inky+mlnc T (8)

herein £ is the rate constant in min~", k, is the pre-exponential
factor in min~', ¢ the catalyst concentration in mol 1, E, is the
activation energy in ] mol™", R is the universal gas constant in J
K ' mol™ " and T is the temperature in K.

Bhandari et al. showed that the activation energy is inde-
pendent of the catalyst concentration.”® Furthermore it is
assumed that the pre-exponential factor k, and the exponent m
are temperature independent. By using (eqn (9)) the activation
energy.

Ex

lnk:a—ﬁ (9)

45122 | RSC Adv., 2014, 4, 45118-45127
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can be determined by plotting the logarithm of the rate
constants against the reciprocal temperature. In (eqn (9)) the
parameter q is independent of the temperature but it depends
on the catalyst concentration. In ESI Fig. S1t the Arrhenius-
plots at three different catalyst concentrations are shown. The
mean activation energies are determined as the arithmetic
mean E, and the error AE, is calculated as the mean error of the
mean value using (eqn (10)). In this equation j is the reaction
pathway f, s, 2, 3, 4 or 5.

_ 1 n ) 5
AEA: m(;EAJ] —nEA]>

(10)

The mean values and mean errors of the activation energy
are given in Table 3.

Concentration dependency of the kinetic constants

The parameter a is determined by repeated plotting the loga-
rithm of the rate constants against the reciprocal temperature.
This time the slope is set as constant using the mean activation
energies and the mean errors of Table 3. The resulting plots are
shown in ESI Fig. S2.f

As already mentioned before the parameter a is temperature
independent but it depends on the catalyst concentration.
Equate (eqn (8) and (9)), the parameter a can be expressed as

(eqn (11)).

a=alc)=Inky+mlnc (11)

By plotting parameter a against the logarithm of the catalyst
concentration the last two parameters k, and m can be deter-
mined. The plots are shown in ESI Fig. S3.1 These values are
also given in Table 3. The error of m is expressed as the mean
error of the linear regression of Fig. S3.1 The mean error of the
calculated values using (eqn (7)) is calculated using (eqn (6)). It
is with 3.7% a little bit higher than the calculated mean errors
with Matlab (2.6%), but it is still in a very good agreement with
the experimental data.

Thus (eqn (7)) and the values from Table 3 can be used to
predict the kinetics of the xylan hydrolysis in the AICI; catalyzed
Methanosolv pulping of beech wood. Now it is examined which
reaction conditions are necessary to achieve a maximum yield
of furfural. Therefore the yield is shown in Fig. 4 in dependency
of the catalyst concentration and the temperature. In this graph
the yields are calculated with Matlab using (eqn (7)) and the
parameters from Table 3. First of all it is seen that in the
temperature range from 140 °C till 200 °C and in the catalyst
concentration range from 0.01 M to 0.12 M the maximum
furfural yield is in between 31% and 45% (mol/mol). By
increasing the catalyst concentration the maximum furfural
yield is also increasing. By increasing the temperature, the
maximum furfural yield has a maximum in between 180 °C and
190 °C. The maximum is in the same temperature range for
every catalyst concentration.

This behavior can be explained by discussing the kinetic
parameters from Table 3. Therefore the kinetic rate constants

This journal is © The Royal Society of Chemistry 2014
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Table 3 Kinetic constants of the AlCls catalyzed xylan hydrolysis during Methanosolv pulping of beech wood. The unit of kg is min™
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1

ke ks ky ks ka ks
Ex [KJ mol™!] 5244 90 + 5 83+8 83 + 14 4747 13149
In k, 1541 26 + 1 24 42 24 44 14+ 2 35+3
M 0.65 1.30 1.26 + 0.09 1.08 + 0.12 0.98 + 0.29 1.07 + 0.24

[FU]max

180
170
160

150

TI°C] w0

c[moll]

Fig. 4 3-D-plot of the maximum furfural yields in dependency of the
catalyst concentration and the temperature. The yields are calculated
with Matlab using (eqn (7)) and the values from Table 3.

ks, k4 and ks are plotted in dependency of the temperature and
the catalyst concentration. In Fig. 5, these rate constants in
dependence of the temperature at a constant catalyst
concentration are shown. At lower temperatures until 180 °C,
ks has the highest value. That means until this temperature is
reached, the formation of the undesired byproducts DP; is
favored. Above 180 °C, the rate constant k, gets more domi-
nant, thus the formation of the desired furfural is now favored.
The activation energy can be discussed as the temperature
dependent term of the kinetic rate constants. The activation

0,16 4
0,14 1
0,12
0,101

0,08+

. -1
k[min™]
[=]
k=)

[+>]
1

T T T 1
120 140 160 180 200

7°ql
Fig. 5 Kinetic rate constants ks (solid line), k4 (dashed line) and ks
(dotted line) in dependency of the temperature and a constant catalyst

concentration of ¢ = 0.01 M. The rate constants are calculated using
(egn (7)) and the parameters of Table 3.

This journal is © The Royal Society of Chemistry 2014

energy of ks shows with 131 000 ] mol™* the highest value
compared to the other rate constants. Thus at higher
temperatures the degradation of furfural to the degradation
products DP, gets more and more dominant. Both facts, at
lower temperatures k; is more favored than k, and at higher
temperatures ks is getting more dominant, lead to a limited
yield of 30% till 45 (mol/mol) of furfural.

The concentration dependency of the furfural yield is not
such high. The parameter m is for k3, k4 and k5 quite similar in
the range of one. Thus the catalyst concentration has less
influence on the furfural selectivity but of course a huge influ-
ence on the reaction time (Table 2).

Results of the larger scale experiment

In this section it is checked, whether the furfural yield can be
predicted using different experimental conditions and scales.
Therefore, two experiments were done in a 500 ml non-stirred
stainless steel autoclave. The catalyst concentration used is
0.01 M. There are several differences in between the micro-
scale and the larger scale experiments. To determine the
kinetic parameters of the xylan hydrolysis, reactors of 10 ml
volume are used. The wood chips are cut with a granulator
before usage. The resulting chips have a diameter of less than
2 mm. The liquor to wood ratio is constant at 5.6 : 1 (v/wt).
During the reaction the reactor is rotated mechanically with
about 20 rpm. The larger scale experiment is done in a 500 ml
non-stirred reactor. The wood chips are not grinded before
usage. They have dimensions of about 200 mm x 100 mm x
100 mm. The liquor to wood ratios differs with 5:1and 6: 1
just slightly from the microscale experiment. The experi-
mental conditions are summarized in Table 4. Probably the
most important difference is the heating period because of the
different sizes of the reactors. In the microscale experiments it
is assumed that there is no temperature difference between
the reactor and the external heating source. The reactor in the
larger scale experiments is equipped with a thermocouple
element. The heating profiles are shown in Fig. 6. The data
points are fitted as described in the following text. After
filling the reactor with wood chips and the liquor the oven is
tuned to 170 °C in the one and to 180 °C in the other experi-
ment. When the oven has reached the desired temperature the
reaction time is set as zero. The temperature is kept for
120 min and the oven temperature is tuned to 25 °C after-
wards. It is difficult to find a function which fits the data points
over the whole range. Therefore the heating period from zero
till 120 min and the cooling period from 120 min till 150 min
are fitted separately. A fifth grade polynom (eqn (12)) is used

(Fig. 6).
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Table4 Comparison of the experimental conditions of the microscale
and the bigger scale experiments and comparison of the calculated
and the measured furfural yields

Sample 1 Sample 2 Microscale
Reactor volume [ml] 500 500 10
Wood chips Uncut Uncut Cut
Cat.-conc. [mol 17'] 0.01 0.01 Various
Liquor : wood-ratio (v/w) 5 6 5.6
Desired oven temp. [°C] 170 180 Various
Calculated furfural yield 21% 35%
Measured furfural yield 17% 35%

460 -
440 -
420
400

z 380

~ 360
340
320

300

T T T T
0 20 40 60 80 100 120 140

£[min]

Fig. 6 Temperature profiles of the larger scale experiments. @: the
oven temperature is set as 170 °C. x: the oven temperature is set as
180 °C. Solid line: polynomial fits of the data points.

0=r=120
120=1=150

(12)

Ty =48 + gt + g3 + gl + gst* + got;
/’ll + hzf + ]’131‘2 + /’141‘3 + ]’l5t4 + I’l(,ls;

The concentrations of xylan and its degradation products
can be calculated with Matlab using (eqn (13)). This equation is
equal

k =k(c,T,t) = koc" exp( (13)

Ex

- RT(I))
to (eqn (7)), but here the temperature and thus the kinetic rate
constants are time dependent. In (eqn (13)) the different cata-
lyst to wood ratios should also be considered. To determine the
kinetic rate constants at 0.01 M catalyst concentration, a ratio of
catalyst to initial anhydroxylose units of 0.038 (mol/mol) is
used. In sample 1 and 2 ratios of 0.042 (mol/mol) and 0.035
(mol/mol) are used. Because the difference of these ratios is very
less the catalyst to wood ratios are neglected in (eqn (13)).

The calculated furfural concentration profiles are shown in
Fig. 7. Up to 35 min for sample 2 and 45 min reaction time for
sample 1 there are no significant changes in the furfural
concentration. A comparison with the temperature profile of
Fig. 6 leads to the conclusion that the reaction is very slow below
150 °C (423 K). The same can be concluded at reaction times
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Fig. 7 Calculated furfural concentration profile in the larger scale
experiment using (egn (7). Dashed line: sample 1; solid line: sample 2.

higher than 130 min. There is neither a significant increase nor
a decrease of the furfural concentration seen.

The calculated and the measured furfural yields are
compared in Table 4. The comparison of the measured and the
calculated furfural yields shows that the kinetic model, the
kinetic rate equation (eqn (13)) and the parameters from Table 3
can be used to predict the furfural yield in a pretty good
agreement to the experimental values.

After analyzing sample 2 for the furfural concentration, it
is treated with the “Post-analysis method”. The components
furfural, 5-methylfurfural and methyl lactate can be clearly
identified evaluating the spectra (The spectra and the chro-
matogram are shown in ESI Fig. S4-S97). It is reported that as
furfural also 5-methylfurfural forms an azeotrope with water."
The origin of the formation of 5-methylfurfural is the
conversion of 5-methylpentosanes which are contained in
lignocellulosic biomass. To confirm the appearance of lactic
acid derivates, 20 ml of the distillation residue is extracted
five times with 20 ml ethylacetate, the organic phase is dried,
the solvent evaporated and an "H-NMR-spectrum is recorded
(The spectrum is shown in ESI Fig. S11%). The spectrum
confirms the appearance of lactic acid or one of its derivates.
M. S. Holm et al. reported that the Sn-beta-zeolite catalyzes
the conversion of xylose to methyl lactate.”* C. B. Rasrendra
et al. were using alumina salts for the conversion of glucose in
aqueous media.” They found that these salts catalyze not only
the formation of 5-hydroxymethylfurfural but also the
formation of lactic acid. Thus it can be assumed that there are
two main products in the conversion of xylan in the AICI;
catalyzed Methanosolv pulping of beech wood, furfural and
lactic acid.

Comparison of the kinetic rate constants with literature data

In this work, the kinetic rate constants for the xylan degradation
are investigated using AlICl; as a Lewis acid in an Organosolv
pulping process of beech wood. These data are compared with
other Organosolv pulping experiments using different kinds of
catalysts.

This journal is © The Royal Society of Chemistry 2014
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Table5 Comparison of the activation energies and the pre-exponential factor of the xylan hydrolysis under different conditions. Entry 1 uses the
Saeman model for the xylan hydrolysis, entry 2 and entry 3 the biphasic reaction model. Initial fast reacting xylan content in entry 2 is about 50%,
in entry 3 65%. frX = fast reacting xylan; srX = slow reacting xylan. The parameter a includes the pre-exponential factor and the concentration

dependency of the kinetic rate constant (see (eqn (11))

Entry 1 Entry 2 Entry 3

Source Spruce wood Giant reed Beech wood
Solvent EtOH : H,0 = 1:1 (viv) EtOH : H,0 = 2 : 3 (V/v) MeOH : H,O = 1:1 (v/v)
Liquor to solid (v/wt) 6 6 5.6
Catalyst SO, NaOH AlCl,
Catalyst to solid (wt/wt) 75 25 0.007
E, [k] mol™'] 155 frX: 74 frX: 52

srX: 141 srX: 90
a 40 frX: 21 frX: 12

srX: 35 srX: 20
Reference 23 24 This work

Xylan hydrolysis

In Table 5 the parameters for the xylan hydrolysis under various
conditions are given. The activation energies are in the case of
using a Brensted acid (entry 1) or a Brensted base (entry 2)
much higher than using a Lewis acid (entry 3) as a catalyst. Very
impressive is the case of using a Lewis acid, there is much less
catalyst needed to reach similar values of the parameter a.

Monomeric sugars degradation

In Table 6 the kinetic data of the degradation of xylose are
shown. Entries 1-3 are using a xylose decay following first order
kinetics. It is seen that either in the non-catalyzed (entry 1) or
the Brensted acid catalyzed (entry 2 and 3) reactions the acti-
vation energy is higher than in the Lewis acid catalyzed (entry 4)
reaction. In a previous work it was shown that Lewis acids are
able to catalyze the isomerization of xylose to xylulose.*> The
degradation of the ketose xylulose is much faster than the
degradation of the corresponding aldose xylose. That is why the
activation energy of the Lewis acid catalyzed reaction is less
compared to the Brgnsted catalyzed one.

Following the selectivity of the furfural formation will be
discussed. Therefore the kinetic data are compared in Table 7.
In the Bronsted acid catalyzed formation of furfural the
byproducts are formed by reaction of the furfural and a
nonvolatile intermediate of the xylose degradation.® Thus it (ay,
entry 1, Table 7) is a second order reaction. In entry 1 and entry
2 the formation of the byproducts (k,) is favored at lower
temperatures. In the case of using a Brensted acid as a catalyst
this problem of the limited furfural yield at lower temperatures
can be solved by distillation the reaction medium. The furfural
is in the vapor phase and can't react with intermediates. In the

Table 7 Comparison of the kinetic data of the furfural formation via
pathway 3 and the byproducts formation via pathway 4 (Fig. 1)

Ex3 Exa

Entry Catalyst [k mol ] @z [min~'] [k] mol '] a@,” Ref.

1 0.1 M HCl 124 30 72
2 0.1 M AICI; 83 22 47

18 8
12 This work

“ The unit of a, is for entry 1 is I mol™* min~" and for entry 2 min™".

“Suprayield” and “Batch reactive distillation process” yields in
excess of 85% (mol/mol) of theoretical are reported.®® Conven-
tionally furfural processes reach a yield of about 50% (mol/mol).
In the Lewis acid catalyzed xylose dehydration the byproducts
are not formed by reaction of furfural with an intermediate. A
reactive distillation at lower temperatures would not give any
yield improvements.

Furfural degradation

In Table 8 the kinetic data of the furfural degradation are
shown. In the case using neither catalyst nor hydrochloric acid
(entry 1-3) the activation energy is lower compared to using
AICl; (entry 7) as a catalyst. If sulfuric acid or formic acid is used
(entry 4-6) the activation energy is in the same range. This is a
huge commonly difference of the concentration dependent
parameter a for Bronsted and Lewis acids in entries 1 till 6. This
parameter is much lower than in entry 7. This means that
even at high temperatures, the degradation of furfural, if a
Bronsted acid is used, is low compared to the furfural forma-
tion. Thus, using higher temperatures the furfural degradation
via reaction pathway 5 (Fig. 1) can be neglected. The “STAKE”

Table 6 Kinetic data of the degradation of xylose in entry 1-3 and of monomeric sugars in entry 4

Entry Solvent Catalyst Ep 3+ [K] mol™] 314 [min~"] Ref.

1 Water None 123 27 25

2 Water 0.05 M H,SO, 134 32 20

3 Water 0.05 M H,S0, 114 24 26

4 Water/MeOH 0.05 M AICl; 68 17 This work

This journal is © The Royal Society of Chemistry 2014
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Table 8 Kinetic data of the furfural degradation

Entry  Catalyst Eps[kfmol™"]  as[min™']  Ref.

1 None 59 12 25

2 0.1 M HCI 48 7 27

3 0.1 M HCI 68 13 8

4 0.1 M H,S0, 92 6 28

5 0.1 M H,S0, 125 7 29

6 0.1 M HCOOH 135 7 30

7 0.1 M AICl; 131 33 This work

and the “BIOFINE” processes are operating at temperatures
above 200 °C with a theoretical furfural yield of about 70%
(mol/mol).*>** Working at these temperatures in the AlCl;
catalyzed hydrolysis of xylan would not improve the furfural
yield because of the fast furfural degradation (see also Fig. 5).

Conclusions and future work

In this work the kinetics of the AICl; catalyzed xylan hydro-
lysis during Methanosolv pulping of beech wood is investi-
gated. The xylan hydrolysis using the Lewis acid AICl; is faster
than using a Brensted acid or base. In addition there is much
less catalyst needed for the conversion. The kinetics of the
Brognsted and the Lewis acid catalyzed xylose degradation
shows the same tendency: at lower temperatures the forma-
tion of byproducts and at higher temperatures the formation
of furfural is favored. But the nature of the byproducts is
different. In the Bronsted acid catalyzed xylose dehydration
the origin of the byproducts is a reaction in between an
intermediate and furfural. Using AICl; as a catalyst the
formation of lactic acid and its derivates is observed. The
amount of lactic acid is not quantified and this will be done in
future work. Another important difference in between the
catalysts is the degradation of furfural. In the Bronsted acid
catalyzed case, this degradation can be neglected in a wide
temperature range. In the Lewis acid catalyzed case, the
furfural degradation plays an important role at higher
temperatures and reduces the furfural yield. Thus if AICI; is
used, a limited furfural yield of 45% (mol/mol), in xylose
dehydration can be summarized: at lower temperatures the
formation of byproducts (lactic acid) is favored and at higher
temperatures the degradation of furfural gets more impor-
tant. The selectivity for the furfural formation is nearly
independent of the catalyst concentration. The xylose dehy-
dration to furfural, the degradation to byproducts and the
degradation of furfural show almost the same concentration
dependencies.

In this work exclusively the xylan hydrolysis is investigated.
To make an assessment of the AICl; catalyzed Methanosolv
pulping of lignocellulosic biomass there are more properties
which have to be discussed. The quantity and quality of the
residual cellulose is one of the key factors of an Organosolv
process. Also the delignification and the properties of the
Organosolv lignin play an important role of the efficiency of an
Organosolv process. The cellulose and the lignin may have an
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influence on the kinetics of the xylan hydrolysis. However, the
influence is not considered in this work.

The kinetic data of the xylan hydrolysis are obtained in the
temperature range from 150 °C till 170 °C and a catalyst
concentration range from 0.01 M till 0.04 M. To do a more
detailed assessment of this process more experiments in a
wider temperature and catalyst concentration range are
necessary.
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