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a  b  s  t  r  a  c  t

Levoglucosan (1,6-anhydro-ˇ-D-glucopyranose) is an anhydrosugar found in significant

amounts in pyrolysis liquids obtained from lignocellulosic biomass. Levoglucosan (LG) is

an  attractive source for glucose (GLC), which can be used as a feedstock for biofuels (e.g.

bioethanol) and biobased chemicals. Here, we report a kinetic study on the conversion of

LG  to GLC in water using Amberlyst 16 as the solid acid catalyst at a wide range of condi-

tions in a batch set-up. The effects of the reaction temperature (352–388 K), initial LG intake

(100–1000 mol m−3), catalyst loading (1–5 wt%), and stirring rate (250–1000 rpm) were deter-

mined. The highest GLC yield was 98.5 mol% (388 K, 5 wt% Amberlyst 16, CLG,0 = 500 mol m−3

at 500 rpm stirring rate and t = 60 min). The experimental data were modelled and relevant

kinetic parameters were determined using a first order approach including diffusion lim-

itations of LG inside the Amberlyst particles. Good agreement between experiments and

kinetic model was obtained. The activation energy was found to be 132.3 ± 10.1 kJ mol−1.

Experiments in a continuous packed bed set-up for up to 30 h show that catalyst stability is

good.  In addition, the steady state LG conversion (73 mol%) and the GLC selectivity were in
line  with the kinetic model obtained in the batch reactor.
©  2019 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
.  Introduction

ignocellulosic biomass is an abundant, sustainableand carbon-neutral

enewable resource for the generation of biofuels and valuable biobased

hemicals. Extensive research activities are currently commenced glob-

lly to identify techno-economically viable routes (Corma et al., 2007;

agauskas et al., 2006; van Putten et al., 2013). Pyrolysis is an attractive

ethod among other approaches for the conversion of lignocellulosic

iomass to a liquid energy carrier, referred to as bio-oil or pyrolysis liq-

id. Typical liquid yields are up to 75–85 wt% of the initial biomass feed

Fast pyrolysis, 2016; Lian et al., 2010; Bennett et al., 2009) and the com-
∗ Corresponding author.
E-mail address: h.j.heeres@rug.nl (H.J. Heeres).

ttps://doi.org/10.1016/j.cherd.2019.09.016
263-8762/© 2019 Institution of Chemical Engineers. Published by Elsev
position depends on the type of feedstock (biomass) and the pyrolysis

conditions (Bykova et al., 2012).

Pyrolysis liquids are complex mixtures of low molecular weight

acids, alcohols, furanics, aldehydes, ketones, sugar derivatives and

phenolics as well as higher molecular weight sugar oligomers and

lignin fragments (Oasmaa et al., 2010; Wang et al., 2013; Zacher et al.,

2014). However, upon the addition of water, phase separation of the

pyrolysis liquid is observed leading to a water phase enriched in

polar low molecular weight molecules including the sugars deriva-

tives (sugar fraction) and a lignin rich phase (pyrolytic lignin fraction)

(Oasmaa et al., 2010; Ardiyanti et al., 2012; Elliott et al., 2009; Scholze

and Meier, 2001). Both fractions can be further refined by solvent

extraction protocols, among others giving a sugar fractions with high

amounts of sugar derivatives. (Bennett et al., 2009; Oasmaa et al., 2010;
Venderbosch et al., 2010; Rover et al., 2014; Abou-Yousef and Steele,

2013). The composition of the sugar fraction has been determined in

ier B.V. All rights reserved.
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Nomenclature

At Heat transfer area (m2)
CGLC Aqueous phase concentration of GLC (mol m−3)
CGLC,0 Initial aqueous phase concentration of GLC

(mol m−3)
CLG Aqueous phase concentration of LG (mol m−3)
CLG,0 Initial aqueous phase concentration of LG

(mol m−3)
Cp Heat capacity of reaction mixture (J g−1 K−1)
Deff Effective diffusivity of LG in the catalyst parti-

cle, m2 s−1

DLG Aqueous diffusivity of LG, m2 s−1

dp Catalyst average particle diameter, m
Ea Activation energy of LG reaction to GLC

(kJ mol−1)
h Modified heat transfer coefficient from the oven

to the reaction mixture (min−1)
k’ Reaction rate constant based on weight of cat-

alyst ((m3 liquid) (kg catalyst)−1 s−1)
k’373 Reaction rate constant at the reference temper-

ature of 373 K, ((m3 liquid) (kg catalyst)−1 s−1)
M Mass of the reaction mixture (g)
r Catalyst particles average radius (m)
R Universal gas constant, 8.3144 J mol−1 K−1

R0 Inital rate of reaction (mol m−3 min−1)
R’ LG LG reaction rate based on weight of catalyst

(mol (kg catalyst)−1 s−1)
SSR Sum of squared residuals (−)
t Time (min or s)
Tbulk Bulk or aqueous phase temperature (K)
Tbulk,i Initial bulk temperature (K)
Tsetpoint Temperature of heating bath, setpoint for the

steady state temperature (K)
TR Reference temperature (K or oC)
U Overall heat transfer coefficient (W m−2 K−1)
vs Superficial velocity (m s−1)
Vliquid Volume of liquid in the reactor (m3 liquid)
VR Volume of the reactor (m3)
Wcat Weight of catalyst (g)
XLG Conversion of LG (mol%)
YGLC Yield of GLC (mol%)
(�/�) Porosity-tortuosity ratio of the catalyst (–)
� Thiel modulus (–)
�v Volumetric flow rate (m3 s−1)
�cat (Internal) catalyst effectiveness factor (–)
�cat Density of the catalyst (kg m−3)
detail, and it typically consists of LG (16 wt%), glycolaldehyde (11 wt%),

acids (2.5 wt%), ketones (1.4 wt%) and phenolics (0.4 wt%) (Wang, 2017),

though the exact amounts are a function of the processing conditions

and composition of the biomass feed.

The sugar fraction is in potential an interesting feed for the

production of value-added biobased chemicals. Levoglucosan (1,6-

anhydro-ˇ-d-glucopyranose, LG), the primary degradation product of

cellulose (Bennett et al., 2009; Helle et al., 2007), has been identified

as the main component in the sugar fraction of pyrolysis liquids. LG

can be converted into a wide variety of chemicals, among others by an

initial conversion to glucose using an acid catalysed hydrolysis reac-

tion (Scheme 1). Glucose (GLC) is an interesting starting material for

value-added furan derivatives such as 5-hydroxymethylfurfural (HMF)
as well as levulinic acid and lactic acid. The latter is the precursor for

polylactic acid, a biodegradable biopolymer (Bozell and Petersen, 2010).
The research described in this paper is aimed to explore the use

of a solid acid catalyst for the reaction of LG to GLC and to optimize

the reaction conditions to obtain high GLC yields. For proper reactor

design, kinetic expressions in the form of rate equations are required,

which to the best of our knowledge are not reported in the literature

for solid acid catalysts. The only examples involve the use of mineral

acids like HCl and sulphuric acid. A kinetic study using hydrochloric

acid catalyst at relatively low temperature (298–323 K) was performed

by (Vidrio (2004)) and an activation energy of 97 kJ mol−1 was reported.

(Helle et al. (2007))conducted a kinetic study using sulfuric acid as the

catalyst in a temperature range between 323 and 403 K and found an

activation energy of 114 kJ mol−1 and. In both studies, the effect of the

initial concentration of LG was not determined and first order kinetics

were assumed. Recently, we have reported a systematic experimental

and modelling study of the conversion of LG to glucose in aqueous

sulfuric and acetic acid solutions with good results (Abdilla et al., 2018).

The use of mineral acids as catalysts for the reaction has severe

drawbacks when considering the green principles of chemistry and

technology. Recycle of such acids is energy and capital intensive and

often the acids are neutralised in the work-up section to produce large

amounts of inorganic salts. As such, the use of solid acid catalysts is

highly desirable, allowing operation in for instance packed bed config-

urations without the need of recycle. We here report an experimental

and modelling study of the hydrolysis of LG in aqueous solution using a

heterogeneous solid catalyst in the form of Amberlyst 16. To the best of

our knowledge, detailed studies on LG hydrolysis in water with a solid

acid catalyst and accompanying kinetic models have not been reported

in the literature. This particular solid acid was selected as it is commer-

cially available, relatively cheap compared to other ion exchange resins

and has a good thermal stability of up to 403 K. The active sites are com-

posed of sulfonic acid groups and in combination with the porous, open

structure, it has shown an excellent solid catalysts for various transfor-

mations. The effects of reaction parameters (temperature, stirring rate,

LG intake and catalyst loading) on the reaction rate were investigated

and the relevant kinetic parameters were determined from the exper-

imental data. The implications of the models regarding GLC yield will

be discussed and finally the stability of the catalyst was investigated in

a continuous set-up for extended run-times.

2.  Experimental  section

2.1.  Chemicals

LG was purchased from Carbosynth, UK. GLC (≥99.5 wt%)
was obtained from Sigma-Aldrich (Steinheim, Germany). Both
chemicals were used without further purification Amberlyst
16 (wet) was acquired from Dow Chemicals (Chauny, France).
The catalyst was washed three times with Milli-Q water and
dried overnight at 50 ◦C (323 K) prior to use. Milli-Q water was
used for all experiments.

2.2.  Experimental  procedures

The batch experiments were carried out in pressure tubes (Ace
pressure tube bushing type, front seal, volume ∼9 ml  with
a length of 10.2 cm and an outer diameter of 19 mm).  The
tubes were loaded with 5 ml  LG solution (100–1000 mol  m−3)
containing the appropriate amounts of the Amberlyst 16 cat-
alyst (1, 2 and 5 wt% loading). After filling, the tubes were
subsequently submerged in a temperature-controlled heat-
ing bath (352–388 K). During reaction, the mixture was stirred
at 500 rpm using a Teflon stirrer. In the tubes, the pressure
is about the vapour pressure of water at the selected tem-
perature (352–388 K). In this temperature range, the pressure
difference is less than 1 bar and is not expected to have a sig-

nificant effect on the reaction rates. As such, pressure effects
of kinetic constants were not considered. At various reaction
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Scheme 1 – Levoglucosan (

imes, a tube was taken and quickly immersed in cold water
o stop the reaction. Subsequently, an aliquot of the reaction

ixture was taken, diluted with Milli-Q water and analyzed
y high performance liquid chromatography (HPLC).

The continuous experiments were performed in a packed-
ed reactor. The setup was equipped with a pre-heater to heat
he feed liquid and an air pressured pump to feed the solution
o the reactor and a back pressure valve to set the pressure,
ee Figure S1 in the Supplementary information for details.
he reactor (length of 14.3 cm and an internal diameter of

 mm)  was filled with 1.33 g of Amberlyst 16. The pre-heater
as approximately the same dimensions as the reactor. The
xperiments were carried out at a set-point of 393 K with a feed
onsisting of 100 mol  m−3 of LG loading at a liquid flowrate of
.2 ml  min−1 and the outlet pressure was set at 5 bar. At dif-
erent runtimes, samples were taken from the reactor outlet,
iluted with Milli-Q water and subjected to analysis by HPLC.

.3.  Analytical  methods

he amounts of LG and GLC in the reaction mixtures were
uantified by HPLC. The HPLC instrument was equipped with
gilent 1200 pump, a Bio-Rad organic acid column (Aminex
PX-87 H)-operated at 60 ◦C, a Waters 410 differential refrac-

ive index detector and a UV detector. The mobile phase
onsisted of aqueous sulfuric acid (5 mM)  at a flow rate
f 0.55 ml  min−1. The Injection volume of the sample was
et at 5 �L. Calibration curves of standard solutions with
nown concentrations were used to determine the concen-
ration of compounds in the product mixture. A typical HPLC
hromatogram of a sample is shown in the Supplementary
nformation (Figure S2).

.4.  Definitions

he concentrations of the relevant compounds involved in the
eaction were determined by HPLC. These concentrations were
sed to calculate the conversion of LG (XLG) and the yield of
LC (YGLC) according to the definitions given in Eqs. (1) and (2).

LG = (CLG,0 − CLG)
CLG,0

.100% (1)

GLC = CGLC

CLG,0
.100% (2)

.  Results  and  discussion

.1.  Batch  experiments:  Product  distribution,  mass
alances  and  reproducibility

he conversion of LG with Amberlyst 16 as the solid acidic cat-
lyst in water was performed in a batch set-up in a broad range

f reaction conditions (352–388 K, CLG,0 = 100–1000 mol  m−3

nd a catalyst loading between 1 and 5 wt%  on LG) at various
ydrolysis to glucose (GLC).

stirring speeds. An example of a concentration versus time
profile for LG and GLC (CLG,0 = 1000 mol  m−3, 5 wt%  catalyst,
500 rpm at 388 K) is shown in Fig. 1 (left). At these conditions,
LG is nearly fully converted to GLC within 60 min. At prolonged
reaction times, the concentration of GLC is slightly reduced.
This is most likely due to subsequent reactions of GLC to for
instance HMF, levulinic acid (LA), formic acid (FA) and humins
(insoluble polymers) (Girisuta et al., 2006). The formation of
LA, FA (HPLC) and/or humins (by visual observations) was not
observed for all experiments. HMF  was detected in a very small
amount when T > 370 K. However, the amounts were too lim-
ited to allow accurate quantification.

Furthermore, mass (carbon) balance calculations were con-
ducted based on the total amount of HPLC detectables (LG and
GLC, excluding HMF, as it is only detected as traces) and the LG
intake. The results are given in Fig. 1 (right) and show that car-
bon balance closure is quantitative from the beginning of the
reaction until about 90 min. Above 90 min, a slight decrease in
the carbon balance closure is apparent. This is due to limited
decomposition of GLC, also visible in the GLC concentration
versus time profile at extended batch times (Fig. 1, left). The
level of decomposition of GLC is by far lower than found in
our previous study using sulfuric acid (Abdilla et al., 2018),
implying that Amberlyst 16 is more  preferred than sulfuric
acid when aiming for high GLC yields.

The reproducibility of the experiments was tested by per-
forming a number of duplicate experiments. The results are
given in Figure S3 (Supplementary information) and indicate
that reproducibility of the experiments is good.

3.2.  Assessment  of  mass  transfer  limitations  in  batch
experiments

The conversion of LG to GLC in water using a solid Amberlyst
16 catalyst is an example of a heterogeneous reaction sys-
tem. As such, diffusion limitations of LG, both externally and
inside the porous Amberlyst particles, may occur and affect
the conversion and yield of the process. To test the possibil-
ity of external mass-transfer limitations of LG from the liquid
bulk to the catalyst surface, the effect of stirring rate on the
LG conversion was determined and the results are presented
in Fig. 2. It is evident that within the tested range of stirring
speeds (250–1000 rpm), the conversion of LG does not depend
on the stirring rate. From this observation, we  conclude that
external mass-transfer limitation of LG is absent.

To investigate whether intra-particle mass transfer limita-
tions are of importance, the Weisz-Prater criterion (Vannice
and Joyce, 2005) (NW-P) was determined for a number of
representative experiments (Table 1, see Supplementary infor-
mation for calculation details). According to this criterion, a
value of ≤0.3 implies the absence of intra-particle mass trans-
fer limitations.
The Weisz–Prater criterion was found in the range between
0.25 and 2.77, indicating that most experiments were per-
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Fig. 1 – Representative example of a concentration-time profile in batch (left) and carbon balance closure (right) at 388 K,
CLG,0 = 1000 mol  m−3 and 5 wt%  catalyst at 500 rpm.

Fig. 2 – Effect of stirring rate on LG conversion to GLC with
Amberlyst 16 (CLG,0 = 100 mol  m−3, 388 K and 2 wt% catalyst).

Table 1 – Calculated values for the Weisz-Prater criterion
(NW-P) for a number of representative experiments.

T, K Wcat
a, g CLG,0, mol m−3 NW-P

388 0.1 100 1.64
352 0.05 100 0.26
370 0.05 100 0.78
388 0.05 100 2.59
370 0.05 500 0.98
388 0.05 500 2.77
352 0.1 100 0.16
370 0.1 100 0.79
370 0.1 500 0.83
388 0.1 500 1.75
370 0.25 100 0.63
388 0.1 1000 1.69
388 0.25 1000 0.48

a Catalyst intakes of respectively 0.05, 0.1 and 0.25 g correspond to
catalyst loadings of 1, 2 and 5 wt%.

Fig. 3 – Conversion of LG and yield of GLC versus time at
different temperatures (CLG,0 = 1 M, Wcat = 2 wt%, at stirring
speed of 500 rpm).
formed in a regime where the overall rate is affected by
intra-particle diffusion limitation of LG. As such, this effect
was considered in the kinetic modeling studies (vide infra).

3.3.  Effect  of  process  conditions  on  the  conversion  of
LG to  GLC  in  batch

The effects of various process conditions on the conversion
of LG and the GLC yield were determined experimentally. The

temperature has a major effect on the rate of the reaction,
see Fig. 3 for details. For instance, at a temperature of 388 K,
96 mol% of LG conversion (XLG) was obtained after 2 h and it
dropped to 45 mol% at lower temperature (370 K). The LG con-
version versus time curve follows the trend of the GLC yield
versus time curve, indicating that the reaction is very selective
with GLC as the sole product.

The effect of the catalyst loading (wt% on LG) on the LG
conversion vs time (370 K and CLG,0 = 100 mol  m−3, 500 rpm) is
given in Supplementary information (see Figure S4, left side).
A linear relation between the initial reaction rate and the cata-
lyst loading was observed (see Figure S4, right side), indicating
a first order dependency in catalyst.

The effect of the initial concentrations of LG on the conver-
sion of LG was determined (CLG,0 = 100 − 1000 mol  m−3, 388 K
and 5 wt% catalyst) and the results are given in Fig. 4 (left).
The conversion of LG is essentially independent on the initial
concentration of LG, indicating that the reaction order in LG is
close to one. The rate of the undesired decomposition reaction
of GLC, however, seems a function of the LG concentration,
with high concentrations leading to a lower GLC yield (see
Fig. 4 (right)). This implies that the rate of the decomposition
reaction is concentration dependent and has an order higher
than 1. The maximum yield of GLC was close to quantita-
tive (98.5 mol%) when the reaction was carried out with 5 wt%
of Amberlyst 16, an initial LG concentration of 500 mol  m−3,
388 K, 500 rpm and at batch time of 60 min.
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Fig. 4 – Effect of initial LG concentration on LG conversion, XLG (left) and yield of GLC, YGLC (right) at reaction conditions:
388 K, 5 wt%  catalyst and stirring speed of 500 rpm.

Fig. 5 – Determination of catalyst stability by successive batch experiments showing XLG (left) and yield of GLC, YGLC (right)
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.4.  Catalyst  stability

atalyst stability was tested in the batch set-up by
erforming three successive experimental runs (388 K,

LG,0 = 100 mol  m−3, 2 wt% catalyst and a stirring speed of
00 rpm). After each run, the Amberlyst 16 catalyst was col-
ected, washed with Milli-Q water and dried at 323 K for 4 h
efore a next run. The results are compiled in Fig. 5. Clearly,
he LG conversion and GLC yield are not affected after 3 runs,
ndicating that catalyst stability is good.

.5.  Kinetic  model  development

 kinetic model for the reaction of LG in water with Amberlyst
6 as the catalyst was developed based on a simplified
echanism where LG is converted to GLC as a sole product

Scheme 1), justified by the very good carbon balance closures
nd excellent selectivity of the reaction. The LG and GLC com-
onent balances for the batch rector with the assumption of

 constant liquid volume are given in Eqs. (3) and (4).

liquid
dCLG

dt
=  −R’

LGWcat (3)

liquid
dCGLC

dt
= R’

LGWcat (4)

here R
′
LG denotes the LG reaction rate based on the weight

f catalyst. The reaction is taken as a first order in LG, as con-
rmed by experiments with different initial LG concentrations

Fig. 4) and proceeds in the catalyst particles. The LG concen-

ration in the catalyst particles can differ from the aqueous
hase concentrations if the rate of diffusion of LG cannot keep
t and a stirring speed of 500 rpm.

up with the reaction rate. In that case the actual reaction rate
is lower than the reaction rate based on bulk concentrations.
Indeed, assessment of the WP  criterion for the system reveals
that intra-particle diffusion limitation of LG play a role (vide
supra). To incorporate this effects the reaction rate is expressed
as:

R’
LG = k’CLG�cat (5)

where �cat denotes the catalyst effectiveness factor (�cat ≤ 1).
The reaction rate constant varies with the temperature

according to an Arrhenius equation (Eq. 6) that depends on
two parameters, the reaction rate constant at the reference
temperature of 373 K, k’373, and the activation energy, Ea:

k’ = k’
373exp

[−Ea

R

(
1
T

− 1
373

)]
(6)

The temperature in the batch reactor increases over time
from the initial, Ti to the set point value of the heating bath,
Tsetpoint as given by Eq. (7) (for details see the Supplementary
information).

Tbulk = Tsetpoint −
(

Tsetpoint − Tbulk,i

)
e−ht (7)

The reactor temperatures calculated from Eq. (7) are shown
in the Supplementary information (Figure S5). It shows that
the set-point is reached within a couple of minutes. As such,
for reaction performed at particularly the highest temperature
where the reaction rates are highest, the non-isothermal tra-
jectory may have to be considered in the kinetic modeling (vide

infra). The temperature of the catalyst particles is expected to
closely follow the liquid bulk temperature and any difference
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Table 2 – Experimental conditions employed for the
kinetic measurements.

Parameter Values

CLG,0 (mol/m3) 100, 500, 1000
Catalyst loading (wt%) 1, 2, 5
T (K) 352, 370, 388

Fig. 6 – Arrhenius plot of the conversion rate constant of LG
to GLC. Solid line: fitted through all the data, see Eq. (12).
Circles and horizontal bars: average and standard deviation
of 9 sequences consisting of 8 batch experiments each.
Dotted line: isothermal conditions assumed. Dashed line
setpoint

between the two and any temperature gradients inside the
catalyst particles are assumed negligible. For first order reac-
tions the effectiveness factor of the catalyst is given by the
well-known equation (Fogler, 1999).

�cat = 3
�

(
1

tanh�
− 1

�

)
(8)

where the Thiele modulus, �, is defined as:

� = R

√
k’�cat

Deff
(9)

3.6.  Modeling  approach

Experimental data were obtained at the conditions given in
Table 2. For each of the possible 27 combinations of reaction
conditions a sequence of 8 batch experiments was performed
with reaction times ranging from 5 to 120 min  (300–7200 s).
Concentration-time profiles of all the batch experiments are
available in the Supplementary information (Figure S6).

The model, consisting of Eq, (3)–(9), was fitted to the experi-
mental data using MATLAB software. The diffusion coefficient
of LG was obtained from the Wilke–Chang equation (see Sup-
plementary information). The effective diffusivity of LG in
the catalyst particle was estimated as: Deff = (�/�)DLG with
(�/�) = 0.1. The objective function in the optimization of the
reaction rate was the sum of squared relative residuals, SSR,
according to:

SSR =
∑

i

(
Cmodel − Cexperimental

Cexperimental

)2

i

(10)

where the summation is over all of the experimental data.
Using relative residuals here ensures that more  or less equal
weights are attributed to the data points despite the variation
in the magnitude of the concentrations. The 95% parameter
confidence intervals were obtained by adjusting the parame-
ters until the SSR increases to a value given by Eq. (11):

SSR0.95 = SSRmin

[
1 + m

N − m
F (m,  N − m,  0.95)

]
(11)

where F (m,N–m,0.95) is the value of the Fisher distribution
at a 95% confidence level with (m,N – m)  degrees of freedom
(Draper and Smith, 2014).

3.7.  Modelling  results

The values of the parameters k’373 and Ea in Eq. (6) were fitted
to all experimental data simultaneously. The resulting equa-
tion for the reaction rate is given as:

k’ = (6.08 ± 0.51) ×10−6exp
[
− (132.3 ± 10.1) × 103

R

(
1
T

− 1
373

)]
(12)
and squares: diffusion limitations assumed absent.

The activation energy for the reaction is
132.3 ± 10.1 kJ mol−1 and this value is somewhat higher
compared to the ones found in the literature for soluble
mineral acids. For instance, the activation energy for the
conversion of LG to GLC using sulfuric acid as the catalyst
in the temperature range of 323–403 K was reported to be
114 kJ mol−1 (Helle et al., 2007), whereas we  recently obtained
a value of 123.4 kJ mol−1 for a temperature range between of
353–433 K (Abdilla et al., 2018).

The reaction rate according to Eq. (12) is plotted in Fig. 6
(solid line). The influence of the non-isothermal conditions
(Figure S7, Supplementary information) on the final outcome
is small as shown by small deviation of the dotted line in Fig. 6.
The latter was obtained by assuming that the reactor tem-
perature was always equal to the setpoint temperature. This
approach was inspired by Figure S7 where the reactor temper-
atures are shown to deviate from the setpoint temperatures
only for the first 2 to 3 min, compared to a total reaction time of
2 h. Also shown in Fig. 6 are the results obtained by neglecting
any diffusion limitation in the catalyst particles. The observed
values of the rate constants, equal to �catk’, are shown as
squares and the dashed line. Specifically at the highest tem-
perature applied here the difference between the observed and
intrinsic values of the reaction rate is substantial: 1.55 × 10−5

vs 3.16 × 10−5 m3 kg−1 s−1 respectively.
The effectiveness factors from Eq. (8) show that the exper-

iments at the highest temperature applied suffered from
significant diffusion limitation, with an effectiveness factor
as low as 0.68. The variation of the catalyst effectiveness fac-
tor as a function of the temperature is illustrated in Figure S8,
(Supplementary information).

The assumption of a first order dependency of the reaction
rate on the LG concentration is very plausible because of the
excellent fit of the Arrhenius plot, see Fig. 6. The first order
kinetics are further substantiated by considering the plot of
the relative concentrations vs the time multiplied with the
amount of catalyst in the reactor. Fig. 7 and 8 show these plots

for all the experimental results obtained at 388 K. The data
plotted in Fig. 7 and 8 converge on a single curve. This type of
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Fig. 7 – Relative LG concentrations vs t x Wcat at 388 K.
Symbols: experimental data obtained with 9 sequences
where CLG,0 = 100, 500 and 1000 mol  m−3, and the catalyst
loading is 1, 2 and 5 wt%. Line: model calculations using
the result of Eq. (12).

Fig. 8 – Relative GLC concentrations vs t x Wcat at 388 K.
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Fig. 9 – Required batch time for XLG = 90 mol% as a function
of T (CLG,0 = 0.1 M,  Wcat =0.1 g).

Fig. 10 – Glucose yields versus runtime for triplicate packed
bed experiments. Symbols: measured data points. Grey
area: calculated from Eq (15) over the temperature range
of.395–400 K.
ymbols and line: see Fig. 7.

ehavior is obtained only with a first order reaction. With other
eaction orders the results plotted according to this method
annot be represented by a single line.

.8.  Model  implications

ith the kinetic models available, it is possible to gain insight
nto LG conversion, selectivity and yield of GLC as a function
f the process conditions. For instance, a simulation of the
ypical batch time needed to achieve 90 mol% LG conversion
ith 0.1 g Amberlyst 16 as catalysts at various temperatures is

iven in Fig. 9.

.  Continuous  experiments  in  a  packed
ed  reactor

he Amberlyst catalyst was tested for its performance in the
ydrolysis of LG over extended time periods in a packed bed

eactor (Figure S1, Supplementary information). In total, three
uns with of up to 30 h run time were performed with a feed
consisting of 0.1 M of LG with a flow rate of 2.2 ml  min−1

(WHSV = 1.65 min−1). The results of the three runs are given in
Fig. 10. The system reaches a steady state within 30 min, where
the conversion of LG reached 73 mol% on average. Higher LG
conversions were not aimed, as very high conversions ham-
per determination of catalyst stability. Selectivity is close to
quantitative and other byproducts were not identified (HPLC).
Moreover, it is also apparent from the three (triplicate) runs
that the reproducibility of the system is good. In addition, cat-
alyst stability also seems on par, at least for 30 h runtimes, in
line with the batch recycle experiments.

The packed bed reactor was modeled as an ideal plug flow
reactor. The component balance for a plug flow reactor reads:

vs
dCLG

dx
= −k’�catCLG

Wcat

VR
(13)

In Eq. (13) any effects due to diffusion limitation in the cat-
alyst is taken into account via the catalyst effectiveness factor
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�cat. Any external (gas-to-liquid) mass transfer limitations are
assumed negligible here. Integration of Eq. (13) gives:

CLG

CLG,0
= exp

[
−�catWcatk’

�v

]
(14)

and:

CGLC

CLG,0
= 1 − CLG

CLG,0
= 1 − exp

[
−�catWcatk’

�v

]
(15)

Experimentally some difficulties in controlling the temper-
ature were encountered, resulting in some variation of the
operating temperature of the reactor around the set point.
The inlet reactor temperature was found to be 398 K, the exit
temperature was 388 K. This difference is likely due to heat
losses to the environment due to insufficient isolation. There-
fore, in Fig. 10, we  compare the experimental results of the
packed bed reactor with modeling results over the tempera-
ture range of 395–400 K. It can be concluded that the kinetic
model derived in batch including intra-particle mass transfer
limitations describes the experimental runs in the packed bed
reactor well and confirms its validity.

5.  Conclusions

An experimental study on the conversion of LG to GLC with a
solid Amberlyst 16 catalyst in water was performed in a batch
set-up using a wide range of process conditions (250–1000 rpm,
initial LG concentration between 100–1000 mol  m−3, 352–388 K
and a catalyst loading between 1–5 wt%) The highest GLC yield
was 98.5 mol% (388 K, 5 wt%  Amberlyst 16, CLG,0 = 500 mol  m−3

at 500 rpm stirring rate and t =60 min).The data were suc-
cessfully modeled assuming a first order reaction in LG and
incorporation of intra-particle diffusion limitation of LG. The
activation energy was found to be 132.3 ± 10.1 kJ mol−1. Cat-
alyst stability was assessed by recycle runs in batch and
continuous experiments in a packed bed reactor. Catalyst
activity was stable for runtimes up to 30 h, indicating good
catalyst stability, supported by the batch recycle experiments.
The steady state conversion levels in the packed bed reactor
were successfully modelled using the kinetic model from the
batch data.
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