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Corn stover is a lignocellulosic biomass, an agricultural by-product, a possible raw
material for xylose production. In this study corn stover was hydrolyzed with sulfuric
and hydrochloric acid. In the presented work, hydrochloric acid resulted in the highest,
88.8 % xylose yield of theoretical under the conditions of 2 % (w/w) hydrochloric acid
concentration, 40-minute reaction time, 10 % (w/w) dry matter, at 120 °C. Sulfuric acid
experiments resulted in 81.9 % xylose yield of theoretical by using 1.5 % (w/w) sulfuric
acid, 60-minute reaction time, at 140 °C, 7 % (w/w) dry matter. Acid hydrolysis at low
dry matter content resulted in relatively low sugar concentrations. Hydrolyzate recycling
concentrated xylose to three-times, while the recycling does not decrease the xylose
yields. It is also shown that the pseudo first-order and biphasic kinetic models can be

based on total sugar concentrations.
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Introduction

Recently, more attention has been paid to in-
creasing utilization of lignocellulosic biomass. Lig-
nocellulosic biomass is an abundant, renewable,
low-cost feedstock having the potential to be con-
verted into value-added bioproducts. Lignocellulos-
ic biomass in general consists of mainly three
different types of polymers: 38-50 % cellulose,
23-32 % hemicellulose, and 15-25 % lignin on dry
basis.!® To effectively convert lignocellulosic mate-
rials into valuable products pretreatment is inevita-
ble.*

Acid pretreatment of lignocellulosic feedstock
at relatively high temperatures helps to remove part
of the lignin from the structure, and solubilizes cel-
lulose and hemicellulose to various extents.' Two
categories of acid treatments can be distinguished:
concentrated acid/low temperature and dilute acid/
high temperature. For industrial applications, dilute
acid processes (0.5-1.5 % (w/w) acid, 121-160 °C)
have been most favored because they generally re-
sult in high hemicellulose recoveries, hydrolyze
hemicellulose to monomeric sugars leaving a cellu-
lose-enriched solid fraction.”” The chemical mecha-
nism in dilute acid hydrolysis is complex, since the
reaction is heterogeneous. The substrate is in the
solid phase, while the catalyst is in the liquid phase.

“Corresponding author: zsolt barta@mail.bme.hu

The mechanism depends on transport limitations,
the effect of structure, and interactions owing to
molecular forces.®* The hemicellulose hydrolysis
mechanism is the following: (i) generation of pro-
tons, (ii) migration of protons to the active site, (iii)
disruption of molecular interactions, (iv) diffusion
of hydrolysis products through pores in lignocellu-
lose particles, and (v) mass transfer of products into
and within the bulk solution.’

Compared to concentrated acid hydrolysis, this
pretreatment has several advantages: it generates
less degradation products and less corrosion prob-
lems in the hydrolysis tanks. However, depending
on the hydrolysis conditions applied during dilute
acid pretreatment it has disadvantages, such as, the
formations of inhibitor compounds like furfural,
5-hydroxymethylfurfural (HMF), acetic acid and
phenolic compounds.>3° During dilute acid hydroly-
sis of lignocellulosic residues, parameters such as
temperature, time, acid concentration, and sol-
id-to-liquid ratio play a critical role in obtaining op-
timum sugar recovery and low concentrations of
inhibitors.”!! Sulfuric acid is the usual acid em-
ployed, although hydrochloric acid, nitric acid and
phosphoric acid can also be used.” Sulfuric acid
treatment seems to be an appropriate pretreatment
for corn stover to enhance obtaining useful products
in a biorefinery process.

Corn stover consists of leaves, stalks, husks,
tassels, and cobs of the corn plant remaining in the
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field after the harvest of cereal grain.’ Previous
studies have reported a large diversity in corn stover
composition depending on both genetics and envi-
ronmental factors.'? Corn stover has been investigat-
ed as a fiber source for pulp and papermaking since
1929. Corn stover is utilized as a raw material for
bioethanol, biochemical and xylose production,
which requires the effective hydrolysis of the hemi-
cellulose content of corn stover.

Gao et al. removed 89 % of the hemicellulose
from corn stover with dilute sulfuric acid pretreat-
ment with solid-liquid ratio 1:20 at 130 °C for 30
minutes.'* Lloyd and Wyman summarized some
studies for pretreatment of corn residues."® For corn
stover, the highest xylose yield varied from 53 % to
95 % of the theoretical. The highest xylose yield
(95 %) was obtained by Tucker et al., with 1 %
acid, 190 °C reaction temperature, 1.5-minute reac-
tion time. '

Dilute hydrochloric acid treatment of corn sto-
ver is also used for hemicellulose hydrolysis. The
disadvantages of dilute hydrochloric acid treatment
is that relatively high temperature is needed and in-
hibitory products including furfural, HMF, organic
acid are generated at high reaction temperatures.'’

Hydrolyzate obtained with dilute acid hydroly-
sis of arabinoxylan-containing materials, such as
corn stover, contains arabinose besides xylose. The
0—1—2/3 bonds connecting arabinose moieties to
the xylan backbone are more sensitive to the effects
of pH and temperature than the f—1—4 bonds of the
xylan, thus acid hydrolysis under mild conditions
seems to be an appropriate method to selectively re-
lease a significant part of the arabinose from the
hemicellulose of lignocellulosic residues.'®"”

Fehér et al. investigated a selective arabinose
release from corn fiber under mild conditions (90 °C,
5—-10 minutes and 0.15-0.75 % (w/w) sulfuric acid).
They reported that, at appropriately mild conditions,
moderate arabinose yields were obtained with
high selectivity, however, at high arabinose yields
significant amounts of other sugars are also solubi-
lized.”!

The kinetics of hemicellulose hydrolysis has
been investigated in many studies.?*** Most of the
models assume pseudo-homogeneous first-order re-
actions, and they can accurately reproduce experi-
mental data, however, the determined parameters
often apply to specific substrates and cover a nar-
row range of reaction conditions. Some of the mod-
els distinguish two fractions of the xylan (easy-to-hy-
drolyze and hard-to-hydrolyze), and both fractions
have their own hydrolysis rate constants.?***?> These
models are referred to as biphasic models.

The present work aimed the investigation of se-
lective xylose removal from corn stover. The goal

was not only to maximize the xylose yield, but also
to produce concentrated xylose solution, and to in-
crease the xylose purity. For the latter, we report
pre-hydrolyses aiming the selective arabinose re-
moval and dilute sulfuric acid hydrolysis of arabi-
nose reduced corn stover. To assess the efficiency of
the arabinose removal and selective xylose hydroly-
ses, the total sugar concentrations including oligo-
mers and monomers were used for the sugar com-
ponents. The kinetic models for hemicellulose
hydrolysis have been based on monomer and oligo-
mer concentrations; however, the applicability of
total sugar concentrations has not yet been demon-
strated. In this study, we show that both pseudo
first-order and biphasic models can be based on to-
tal sugar concentrations, which results in simple ki-
netic models for studying the efficiency of the arab-
inose removal and xylose hydrolysis.

Materials and methods

Raw material analysis

Corn stover was kindly donated by a Hungarian
farmer. It was dried and chopped to less than 4 mm.
Corn stover was stored at room temperature in plas-
tic bags.

Determination of inorganic compounds

Analytical quantity of corn stover was mea-
sured in formerly annealed crucible, and the sample
was incinerated in a muffle furnace equipped with a
ramping program.”’ Ash content was calculated as
the ratio of the weight after furnace and the original
weight of the dry corn stover.

Determination of glucan, xylan, arabinan and lignin
content

Determination of structural carbohydrates and
lignin was accomplished using National Renewable
Energy Laboratory (NREL) method with minor
modifications.?® A half gram dry, ground, represen-
tative sample was mixed with 2.5 mL of 72 % (w/w)
sulfuric acid. The mixture was kept at room tem-
perature for 2 hours, and mixed every half hour. Af-
ter 2 hours, 75 mL of ultrapure (milli-Q) water was
added to the mixture, and this was treated for an
hour at 120 °C in autoclave. The sample was then
filtered on G3 glass filter with vacuum. Liquid frac-
tion was analyzed by high-performance liquid chro-
matography (HPLC).

Acid treatments

Corn stover (particle size less than 4 mm) was
treated with sulfuric and hydrochloric acids. The re-
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actions were performed in 250-mL glass bottles
filled with 100 mL of reaction volume. Sulfuric and
hydrochloric acid treatments aimed the hydrolysis
of the xylan content of corn stover.

Sulfuric acid hydrolyses at low temperatures
(120 °C and 140 °C) were performed in autoclave
using 5 % (w/w), 7 % (w/w) and 10 % (w/w) dry
matter content. Acid concentration and reaction
time were varied from 1.5 % (w/w) to 4 % (w/w)
and from 60 to 120 minutes, respectively. The
warm-up period of the autoclave from room tem-
perature to 120 °C and 140 °C was 20 and 25 min-
utes, respectively. The cool-down period to 80 °C
was 20 and 40 minutes after the treatments at 120 °C
and 140 °C, respectively. The solid-liquid separa-
tion was performed at 80 °C. Sulfuric acid hydroly-
ses at high temperatures (150—180 °C) were per-
formed in a Parr reactor using a dry matter content
of 7 % (w/w). Acid concentration and reaction time
were varied from 0.5 % (w/w) to 1 % (w/w) and
from 5 to 10 minutes. The warm-up period of the
Parr reactor from room temperature to 150-180 °C
was between 35 and 55 minutes. The cool-down pe-
riod was between 90 and 120 minutes. Hydrochlo-
ric acid hydrolysis experiments were performed at
120 °C using 10 % (w/w) dry matter in autoclave.
Acid concentration and reaction time were varied
from 2 % (w/w) to 4 % (w/w) and from 20 to 120
minutes.

Dilute sulfuric acid hydrolysis of corn stover
aimed the selective release of the arabinose moi-
eties from corn stover. The arabinose removing
pre-hydrolysis experiments were performed at 90
°C in water bath, at 300 rotations per minute (rpm),
at 7 % (w/w) dry matter using different concentra-
tions of sulfuric acid [0.2 % (w/w); 0.25 % (w/w);
0.3 % (w/w)] with or without soaking. Soaking was
carried out for 24 hours with the acidic liquid at
room temperature before the dilute sulfuric acid
pre-hydrolysis at 90 °C.

After acid hydrolyses, the supernatants were
separated by filtration using nylon filter (100 um).
The liquid fractions were analyzed by HPLC and
the solid fractions were washed with 80 °C distilled
water, dried at 40 °C, and the glucan, xylan, arabi-
nan and lignin contents were determined.

Experiment on a pilot scale

Pilot-scale experiment (10 L working volume)
was performed in a 30-L BIOSTAT C-DCU reactor
(Goettingen, Germany). The arabinose removing
pre-hydrolysis was carried out with 1 kg corn stover
and 0.3 % (w/w) sulfuric acid, at 90 °C, 4-hour re-
action time, 10 % (w/w) dry matter. The warm-up
period of the reactor from room temperature to
120 °C was 24 minutes and the cool-down period
was 96 minutes. After the arabinose removing

pre-hydrolysis, the corn stover was filtered on a 50
micron nylon filter, and washed with 80 °C distilled
water. Arabinose reduced corn stover was hydro-
lyzed with 1.5 % (w/w) sulfuric acid, at 120 °C, 7
% (w/w) dry matter. Samples were taken every 10
minutes.

Hydrolyzate recycling

In the hydrolyzate recycling experiments, the
supernatant (first hydrolyzate) obtained after the
1.5 % (w/w) sulfuric acid treatment (first hydrolysis)
of corn stover, was separated from the solid fraction
by vacuum filtration and reused to hydrolyze a new
batch of corn stover (second hydrolysis). Both steps
of the hydrolysis were carried out at 140 °C for 40
minutes at 7 % (w/w) dry matter content. After the
second hydrolysis, the supernatant (second hydroly-
zate) was separated from the solid fraction, and
again a new batch of corn stover was hydrolyzed
(third hydrolysis) under the same conditions. The
aim of the hydrolyzate recycling was to increase the
xylose concentration in the supernatant.

Kinetic modelling

We assumed a simple model based on the pseu-
do-homogeneous first-order reaction of the hydroly-
sis of polysaccharides into oligo- and monosaccha-
rides, however, the sum of monosaccharides and
oligosaccharides in monomer equivalent — referred
to as total sugar — was considered as an overall
product.

Polysaccharide—*—total sugar (sum of monomers
and oligomers in monomer equivalent)

where k refers to the first-order rate constant (min').

The total sugar concentrations has the advan-
tages that 1) they merge the different solubilized
forms of a particular sugar component as a single
value, and 2) they directly show the efficiency of
the arabinose removal and xylose hydrolyses.

The degradation of the sugar monomers is not
incorporated in the model, since in the experiments
used for modelling neither furfural, nor HMF were
detected. When the curve fitting required the intro-
duction of easy-to-hydrolyze and hard-to-hydrolyze
fractions, the rate constant of the latter was assumed
to be zero, and this assumption is the basis of the
biphasic model.?!*® Curve fitting was performed us-
ing the software Berkeley Madonna (University of
California, Berkeley, CA), and Runge-Kutta 4 inte-
gration method was applied.

Total sugar determination

Liquid samples were treated with 8 % (w/w)
sulfuric acid at a volume ratio of 1:1, and treated at
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120 °C in autoclave for 15 minutes to hydrolyze
oligomer sugars into monomer sugars. Glucose,
xylose, arabinose concentrations were determined
by HPLC using BioRad (Hercules, CA, USA)
Aminex HPX-87H column (300%7.8 mm) at 65 °C.
Eluent was 5 mmol L' sulfuric acid, flow rate was
0.5 mL min', and sample volume was 40 pL.
Monosaccharides were detected and quantified by
refractive index. In this study, the sugar concentra-
tion is given as total sugar concentration.

Acetic acid, furfural and HMF determinations

Acetic acid, furfural and HMF concentrations
were determined by the same HPLC method as de-
scribed in the Total sugar determination section.

Statistical analysis

Statistical evaluation was carried out using the
software Statistica 12 (Statsoft Inc., Tulsa, OK).
Two mean values were compared by performing in-
dependent two-tailed #-tests. The probabilities, the
Pearson product-moment correlation coefficients,
and the coefficient of determination are denoted by
p, rand R2, respectively.

Results and discussion

Raw material analysis

The results of the raw material analysis are list-
ed in Table 1. The main components are glucan and
xylan, which contribute 37 % and 25 % to the dry
matter, respectively. Corn stover also contains 5 %
arabinan, 15 % lignin, and 4 % inorganic com-
pounds. The theoretical maximum amounts of xy-
lose, glucose, and arabinose that can be released
from corn stover are 28.6 g, 40.9 g and 8.1 g of
100 g dry matter, respectively. Sugar yield was ex-
pressed as percentage of theoretical based on the
compositional analysis.

Weiss et al. reported the cellulose, xylan, and
lignin content of corn stover ranging from 32.4—
35.5 %, 18.5-21.8 % and 11.2-14.9 %, respective-

Table 1 — Corn stover compositional analysis. Standard de-
viations are calculated from triplicates.

Component Percentage Stapde}rd

of dry matter deviation
Glucan 37.2 0.9
Xylan 25.2 0.4
Arabinan 7.1 0.1
Lignin 15.0 0.1
Inorganic compound 4.0 0.1

ly.® Templeton et al. obtained cellulose, xylan and
lignin contents of 26-38 %, 15-23 % and 11-17 %,
respectively.”” Zu et al. reported 39.6 % glucan,
19.5 % xylan, 2.0 % arabinan, 1.2 % galactan, 19.1
% acid-insoluble lignin and 3.1 % ash contents.!”
The corn stover investigated by Qin ef al. contained
36.1 % glucan, 20.7 % xylan, 2.8 % arabinan and
18.6 % acid-insoluble lignin.** In the case of the
corn stover investigated in this study, xylan and ar-
abinan contents were higher than those reported.

Sulfuric acid hydrolysis

Xylose yields obtained in sulfuric acid hydro-
lysis under different reaction conditions are listed in
Table 2. Low temperature (120 °C) sulfuric acid re-
actions resulted in 81.1 % xylose yield (23.3 g/100 g
dry matter) at 60-minute reaction time, 4 % (W/w)
sulfuric acid concentration, and 5 % (w/w) dry mat-
ter. High (4 %, w/w) acid concentration hydrolysis
probably breaks down the cellulose structure, since
glucose yield was 22 % of the theoretical under the
same reaction conditions. At 120 °C, 10 % (w/w)
dry matter, and at 2 % (w/w) sulfuric acid concen-
tration, the increasing reaction time (60—120 min-
utes) resulted in higher xylose yield (69.4-71.1 %).
However, at 120 °C, 10 % (w/w) dry matter, and 4
% (w/w) sulfuric acid concentration, the xylose
yield decreased (75.6-72.3 %), while the reaction
time increased (60—120 minutes). At 2 % (w/w) and
4 % (w/w) sulfuric acid concentration, high xylose
yields were coupled with high degradation compo-
nents yields. Low temperature sulfuric acid hydro-
lysis showed that at 10 % (w/w) dry matter, liquid
could not impregnate corn stover, although xylose
yields did not show significant difference at 5 %
(w/w) and 10 % (w/w) dry matter (p = 0.07).

High temperature sulfuric acid reactions were
performed with 0.5-1.5 % (w/w) sulfuric acid con-
centration, 7 % (w/w) dry matter, and the reaction
temperature was varied from 140 to 180 °C. At
high temperature sulfuric acid treatment, 81.9 %
(23.5 g/100 g dry matter) xylose yield was obtained.
In this case, 14 % (5.9 g/100 g dry matter) glucose
yield was obtained. At 140 °C and 1.5 % (w/w) sul-
furic acid hydrolysis, the yield of xylose increased
by decreasing the reaction time. The same, 81.1 %
xylose yield were obtained at 140 °C (60 minutes,
1.5 % (w/w) sulfuric acid, 7 % (w/w) dry matter),
and at 120 °C (60 °C, 4 % (w/w) sulfuric acid, 5 %
(w/w) dry matter) sulfuric acid hydrolysis. Hence,
at slightly higher temperature, significantly lower
amount of acid was needed. Reducing the quantity
of the acid has several advantages: chemical cost
reduction, less alkali needed to neutralize, and less
by-products are created during the neutralization.
Acetic acid appears at 140 °C in the hydrolysis
solution, and 2.5-2.9 g/100 g dry matter yields were
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Table 2 — Reaction conditions, total sugar yields and degradation component yields of corn stover sulfuric acid hydrolysis. Standard
deviations are calculated from duplicates. HMF: hydroxymethylfurfural. na: not analyzed.

Temp. Dry Time | Acid conc. Glucose Arabinose Xylose Xylose Acetic acid HMF Furfural
°C) matter (min) | (%, wiw) (g/100 g dry| (g/100 g dry |(g/100 g dry %) (g/100 g dry | (g/100 g | (g/100 g
(%) matter) matter) matter) matter) dry matter)|dry matter)

120 5 60 2 4.6 (0.2) 3.9(0.04) 21.9(0.2) 76.4 0.0 (0.0) 0.0 (0.0) 0.1 (0.0)
120 10 60 2 3.7(0.5) 4.6 (0.3) 19.9 (1.7) 69.4 na na na
120 10 120 2 4.5(0.3) 5.1(0.3) 20.4 (1.1) 71.1 0.1 (0.0) 0.0 (0.0) 0.3(0.1)
120 5 60 4 9.0 (0.4) 5.1(0.3) 23.3 (1.0) 81.1 0.1 (0.0) 0.0 (0.0) 0.6 (0.0)
120 10 60 4 4.5(0.4) 5.3(0.3) 21.7 (0.9) 75.6 na na na
120 10 120 4 5.2(0.5) 5.5(0.2) 20.7 (0.7) 72.3 0.2 (0.0) 0.0 (0.0) 0.9 (0.1)
140 7 40 1.5 5.9 (0.7) 4.6 (0.7) 23.5 (0.1) 81.9 2.6 (0.5) 0.0 (0.0) 0.5(0.1)
140 7 60 1.5 6.1 (0.8) 4.6 (0.3) 23.3 (0.7) 81.1 2.5(0.2) 0.0 (0.0) 0.6 (0.3)
150 7 5 1 7.5 (1.2) 4.8 (2.8) 21.0 (0.2) 73.2 2.7 (0.0) 0.3 (0.0) 0.5(0.0)
150 7 10 1 6.3 (1.2) 5.7 (1.1) 20.8 (2.2) 72.6 2.9 (0.5) 0.4 (0.2) 1.0(0.6)
160 7 5 0.5 6.3 (0.1) 4.6 (0.7) 20.0 (1.3) 69.9 2.1(0.1) 0.2 (0.0) 0.3(0.0)
160 7 10 0.5 4.5(0.4) 4.8 (1.3) 20.6 (0.8) 71.6 1.6 (0.3) 0.1 (0.0) 0.3(0.1)
160 7 5 1 7.4 (0.4) 4.5 (0.1) 19.9 (0.9) 69.2 3.2(0.3) 0.2 (0.1) 0.5(0.2)
160 7 10 1 6.2 (0.1) 4.8 (1.2) 18.3 (0.8) 63.9 1.9 (0.3) 0.2 (0.0) 1.0(0.1)
170 7 5 0.5 6.7 (0.6) 4.0 (0.6) 18.8 (1.5) 65.4 2.4 (0.0) 0.3 (0.0) 0.6 (0.1)
180 7 10 0.5 9.1(0.2) 2.6 (0.2) 9.9 (0.7) 343 1.9 (0.1) 0.2 (0.0) 2.6(0.1)
180 7 10 1 13.3 (0.2) 1.7 (0.5) 3.6 (0.3) 12.5 1.7 (0.2) 0.2 (0.0) 2.5(0.1)

obtained. A significant correlation (» = 0.71, p =
0.003) exists between the acetic acid and HMF,
which indicates that the release of acetic acid esca-
lates under harsher conditions. At high temperature
(150-160 °C) and 0.5 % (w/w) sulfuric acid, in-
creasing the reaction time increased the xylose
yield, however, at 1 % (w/w) sulfuric acid and high
temperature, increasing the reaction time had an op-
posite effect on the xylose yield. The xylose yield
obtained at 160 °C, 1 % (w/w) sulfuric acid concen-
tration, 10 minutes reaction time did not significant-
ly differ from that obtained at 170 °C, 0.5 % (w/w)
sulfuric acid concentration, 5 minutes (p = 0.23).
These results showed that, with temperature in-
crease, less acid was needed to obtain the same xy-
lose yield. Degradation components were also mea-
sured during the hydrolysis. Between 120 °C and
170 °C, the degradation component — HMF, furfural
— yields were lower than 1 g/100 g dry matter (Ta-
ble 2). At 180 °C, 10 minutes reaction time and 1 %
(w/w) sulfuric acid concentration, only 12.5 % xy-
lose yield was obtained, since the xylose probably
degraded to a great extent under the harsh reaction
conditions. In this work, the goal was also to solu-
bilize xylose selectively from the corn stover.
Hence, selectivity (S) was calculated as a ratio of
xylose concentration to total sugars (glucose, arabi-
nose and xylose) concentration. The highest selec-

tivity (S = 0.72) was achieved at 120 °C, 2 % (w/w)
sulfuric acid concentration, 60-minute reaction time
and at 5 % (w/w) dry matter. At 140 °C reaction
temperature, selectivity was 0.7. The lowest selec-
tivity was obtained at 180 °C reaction temperature.
Lu et al. obtained 0.73 selectivity [xylose/(glucose
and xylose)] at 100 °C, 5.5 % (w/w) sulfuric acid
concentration, 60-minute reaction time, although
arabinose concentration was not mentioned.*! In an-
other paper, Dominguez et al. reported selectivity
0.87, at 100 °C, 2 % (w/w) sulfuric acid, solid to
liquid ratio 1:4 and 2-hour reaction time.*

Hydrochloric acid hydrolysis

The results of hydrochloric acid hydrolysis are
given in Table 3. Hydrochloric acid hydrolysis with
2 % (w/w) acid concentration, 40-minute reaction
time resulted in 88.8 % xylose yield, and the yields
of degradation components were low (0.1 g/100 g
dry matter) (Table 3). At 2 % (w/w) hydrochloric
acid concentration, high xylose yield (79.4-88.8 %)
was obtained in a short reaction time (2040 min-
utes). In the case of hydrochloric acid reactions
with 2 % (w/w) acid concentration and more than
40-minute reaction time, xylose degradation com-
pounds were obtained. At 2 % (w/w) hydrochloric
acid hydrolysis and 60-minute reaction time, 17 %
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Table 3 — Reaction conditions, total sugar yields and degradation component yields of corn stover hydrochloric acid hydrolysis at
120 °C. Standard deviations are calculated from duplicates. HMF': hydroxymethylfurfural.

Time Acid conc. Glucose Arabinose Xylose Xylose Acetic acid HMF Furfural
(min) (%, Wiw) (g/100 g dry | (g/100 g dry | (/100 g dry %) (g/100 g dry | (g/100 g dry | (g/100 g dry
matter) matter) matter) matter) matter) matter)
20 2 5.0 (0.0) 6.4 (0.5) 22.8 (0.6) 79.4 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
40 2 6.2 (0.0) 8.0 (0.1) 25.5(0.2) 88.8 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
60 2 5.6 (0.1) 5.6 (0.5) 20.5 (1.4) 71.3 0.1 (0.0) 0.0 (0.0) 0.9 (0.1)
120 2 4.7 (0.1) 5.1(0.1) 17.1 (0.6) 59.8 0.2 (0.0) 0.0 (0.0) 1.3 (0.0)
60 4 5.9 (0.0) 5.4 (0.1) 16.0 (0.3) 55.8 0.3 (0.0) 0.0 (0.0) 2.0 (0.0)
120 4 6.7 (0.8) 4.5 (1.3) 11.7 (1.9) 40.9 1.2 (0.2) 0.0 (0.0) 2.8 (0.1)

less xylose yield was obtained than at 2 % (w/w)
hydrochloric acid and 40-minute reaction time
(» = 0.09). At 2 % (w/w) hydrochloric acid reac-
tions, 0.9 g/100 g dry matter, furfural was obtained.
Degradation component yield increased by increas-
ing the reaction time. Xylose yield decreased at
long reaction time (60—120 minutes). At 4 % (W/w)
hydrochloric acid, approximately two-times higher
furfural yields were obtained than at 2 % (w/w)
hydrochloric acid hydrolysis during the same time
(p = 0.14 and 0.12, respectively). Hence, xylose de-
graded to a greater extent at 4 % (w/w) acid con-
centration than at 2 % (w/w) acid concentration.

In the tested reaction conditions with hydro-
chloric acid the highest, 98.7 % arabinose yield was
obtained at 2 % (w/w) acid concentration, and
40-minute reaction time. Glucose yields varied from
11 to 16 % of the theoretical. Selectivity of the hy-
drochloric acid reactions was calculated as xylose
to total sugars ratio. The highest (S = 0.67) selectiv-
ity was obtained at 120 °C, 2 % (w/w) hydrochloric
acid and 20-minute reaction time. Higher selectivity
was obtained at mild conditions. Dominguez ef al.
obtained 0.85 selectivity at 100 °C, 2 % (w/w) hy-
drochloric acid concentration and 2-hour reaction
time.*

Hydrochloric acid hydrolysis reaction worked
differently than the reactions with sulfuric acid. In the
case of sulfuric acid, significant xylose degradation
started at high reaction temperature (170-180 °C).
At 2 % (w/w) hydrochloric acid concentration, and
60-minute reaction time, 71.3 % xylose yield and
2.0 g/100 g dry matter furfural were obtained. At2 %
(w/w) acid concentration, 120 minutes, only 59.8 %
xylose yield was obtained together with 2.8 g/100 g
dry matter furfural (Table 3), which indicated that
the xylose degradation depended on the reaction
time. Hydrolysis with 4 % (w/w) hydrochloric acid
further increased the xylose degradation. A signifi-
cant correlation (r = 0.82, p = 0.044) is obtained
between the acetic acid and furfural, which indi-
cates that similarly to the sulfuric acid hydrolyses,

the release of acetic acid increases under more se-
vere conditions.

Zu et al. pretreated corn stover under different
conditions with 1 % (w/w) hydrochloric acid at rel-
atively high reaction temperature (100-130 °C).
Xylose yield ranged from 14.9 to 20.4 g/100 g raw
material. The maximum xylose yield (92.2 % of the
theoretical) was obtained at 120 °C and 40-minute
reaction time. As the pretreatment severity in-
creased, the xylose yield decreased due to the xy-
lose degradation into furfural or other by-products,
although degradation compounds were not reported.
Glucose yield varied from 0.59 g/100 g raw material
(100 °C and 20 minutes) to 2.33 g/100 g raw mate-
rial (130 °C and 40 minutes)."”

Hydrolyzate recycling

Concentration of xylose solution can be carried
out with the recycling of the hydrolyzate. Sulfuric
acid hydrolysis results showed that sulfuric acid did
not degrade xylose considerably at low sulfuric acid
concentration (less than 2 %, w/w) and low tem-
perature (120-140 °C) (Table 2). Therefore, the su-
pernatant can be used for hydrolyzing a new batch
of corn stover. By hydrolyzate recycling, the xylose
concentration increased, however, the concentra-
tions of other components (e.g. glucose, arabinose,
furfural, HMF, acetic acid) also increased. Hydroly-
zate recycling results are given in Table 4. The hy-
drolyzed sugar yields are calculated from the
amount of corn stover used during the given hydro-
lysis step. Although the xylose yield of hydro-
lysis #1 is lower than that obtained under the same
conditions and shown in Table 2, there is no signif-
icant difference between these xylose yields (p = 0.07).
Table 4 lists the hydrolyzed sugar yields that did not
change significantly in each step. Hence, at the end
of the third hydrolysis, the xylose concentration
was approximately three-times higher than that after
the first hydrolysis. The third hydrolyzate contained
47 g L' xylose, 11.6 g L' glucose and 7.3 g L!
arabinose.
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Table 4 — Total sugar yields in g/100 g dry matter and xylose yields (% of the theoretical) of corn stover sulfuric acid hydrolysis in
hydrolyzate recycling. The hydrolyzate recycling experiments were carried out at 140 °C reaction temperature, 40-minute
reaction time and 7 % (w/w) dry matter. Standard deviations are calculated from duplicates.

Hvdrolvsis Glucose Arabinose Xylose Xylose
yarotly (g/100 g dry matter) (g/100 g dry matter) (g/100 g dry matter) (%)
#1 5.0 (0.3) 3.2(0.2) 21.1 (1.0) 73.4
#2 4.9 (0.1) 3.0 (0.0) 20.1 (0.3) 69.9
#3 5.1(0.5) 3.2(0.3) 20.8 (1.6) 72.6

Arabinose removing pre-hydrolysis

Acid hydrolysis is a simple method for the lib-
eration of monosaccharides from hemicellulose,
hence the yields of the products, the ratio of arabi-
nose to xylose, could be easily controlled by choos-
ing conditions, such as the type and concentration
of acid, and the period and temperature of hydroly-
sis.®* In our work, the purpose of arabinose remov-
ing pre-hydrolysis experiments was to enhance the
xylose selectivity in the hydrolysis experiments.
Arabinose removing pre-hydrolysis was performed
at 0.2 % (w/w), 0.25 % (w/w), and 0.3 % (W/w)
sulfuric acid concentration based on the results of
Fehér et. al?®' Results of sulfuric acid hydrolysis
carried out with 0.2 % (w/w) acid concentration are
shown in Figure 1. In the case of pre-hydrolysis
without soaking, the initial yields were greater than
zero. This can be explained by the following: the
raw material was thoroughly mixed with the 90 °C
acid solution, and then the zero-time sample was
withdrawn and centrifuged. The supernatant could
contain some oligomers, which were then hydro-
lyzed during the total sugar determination giving
significant total sugar concentrations.

In the case of arabinose removing pre-hydroly-
sis carried out with 0.2 % (w/w) sulfuric acid, the
yields of glucose, xylose, and arabinose were 11.9 %,
13.1 %, and 19.8 %, respectively, after 8-hour acid
hydrolysis (Figure 1a). In the case of 24-hour soak-
ing before hydrolysis, glucose, xylose and arabinose
yields were 13.3 %, 14.2 %, and 22.9 %, respective-
ly (Figure 1b). The arabinose yield within 3-hour
acid hydrolysis was lower than the glucose and xy-
lose yields. After 4-hour reaction, arabinose yield
increased faster than the yields of glucose and xy-
lose.

Results of sulfuric acid hydrolysis carried out
with 0.25 % (w/w) acid concentration are shown in
Figure 2. In the case of 0.25 % (w/w) sulfuric acid
hydrolysis at 8-hour reaction time, glucose, xylose
and arabinose yields were 13.4 %, 15.6 %, and
33.8 %, respectively. Soaked in 0.25 % (w/w) sulfu-
ric acid corn stover hydrolysis results are shown in
Figure 2b. After 8-hour reaction time, glucose, xy-
lose, and arabinose yields were 13.6 %, 16.1 %, and
28.8 %, respectively. In the case of 0.25 % (w/w)

sulfuric acid hydrolysis at the 2.5-hour reaction
time, higher arabinose yield was obtained than that
of xylose or glucose, while in the case of arabinose
removing pre-hydrolysis with 0.2 % (w/w) sulfuric
acid, arabinose yield overtook glucose and xylose
yields at 3-hour reaction time. Arabinose yield grew
faster at higher sulfuric acid concentration. The hy-
drolysis profiles are similar in both cases (Figures
2a and 2b). Comparing 0.2 % (w/w) and 0.25 %
(w/w) sulfuric acid hydrolyses, higher acid concen-
tration results in higher sugar yield in the hydroly-
zate.
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Fig. 1 — Arabinose removing pre-hydrolysis at 90 °C and
7 % (w/w) dry matter using 0.2 % (w/w) sulfuric acid (a), and
arabinose removing pre-hydrolysis at 90 °C and 7 % (w/w) dry
matter using 0.2 % (w/w) sulfuric acid after 24 hours soaking
of the raw material in the acidic liquid (b)
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arabinose removing pre-hydrolysis at 90 °C and 7 % (w/w) dry
matter using 0.25 % (w/w) sulfuric acid after 24 hours soaking
of the raw material in the acidic liquid (b)

Results of arabinose removing pre-hydrolysis
carried out with 0.3 % (w/w) sulfuric acid concen-
tration are shown in Figure 3. In the case of 0.3 %
(w/w) sulfuric acid hydrolysis (Figure 3a), the re-
sults are 14.5 % glucose yield, 18.7 % xylose yield,
and 38.2 % arabinose yield at 8-hour reaction time.
In the case of soaking after 8-hour hydrolysis, 14.0 %
glucose, 18.3 % xylose, and 37.8 % arabinose yields
were obtained (Figure 3b). At 0.3 % (w/w) sulfuric
acid hydrolysis, arabinose yield is higher than glu-
cose and xylose yields at 2-hour reaction time.

Separate curve fitting was performed for each
dataset of the arabinose removing pre-hydrolyses,
and obtained k values are listed in Table 5. In the
case of arabinose, the pseudo first-order rate equa-
tion resulted in high R? values, which indicated high
level of accuracy. At a given acid concentration, the
k values of arabinose formation with soaking do not
significantly differ from those without soaking. In
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Fig. 3 — Arabinose removing pre-hydrolysis at 90 °C and
7 % (w/w) dry matter using 0.3 % (w/w) sulfuric acid (a), and
arabinose removing pre-hydrolysis at 90 °C and 7 % (w/w) dry
matter using 0.3 % (w/w) sulfuric acid after 24 hours soaking
of the raw material in the acidic liquid (b)

the case of glucose, the pseudo first-order model
did not fit properly neither with nor without soak-
ing, and the biphasic model could result in accept-
able R? values. The pseudo first-order model could
not predict well the formation of xylose without
soaking. However, when soaking was applied, the
formation of xylose followed pseudo first-order ki-
netics, which implies that the soaking could convert
the whole xylan fraction into an easy-to-hydrolyze
fraction. By applying the biphasic model for the
formation of xylose, the R* values increased only
moderately compared to those obtained with the
pseudo first-order model, which was due to the
large deviation between the predicted and experi-
mental data in the first phase of the reaction (0—4
hours). In the second phase (4-8 hours), good fits
were observed (data not shown). The & values of the
formation of all the components increased by in-
creasing the acid concentration, which was due to
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Table 5 — Model parameters for the arabinose removing pre-hydrolyses

0.25 0.3
No No

Acid concentration (%) 0.2
Soaking No
component Glucose  Xylose Arabinose Glucose

k, first-order (min™)

Xylose Arabinose Glucose Xylose Arabinose

2.1-10% 1.7-10% 46-10* 28-10* 2.7-10* 79-10* 34-10% 3.7-10* 1.1-10*

R? 0.76 0.76 0.96 0.70 0.74 0.98 0.66 0.84 0.98

k, first-order, biphasic (min')* 3.0 - 10° 1.7 - 1073 - 6.0-103 3.0-103 - 1.3-102 6.0-10° -

R? 0.87 0.80 - 0.89 0.76 - 0.96 0.85 -
Acid concentration (%) 0.2 0.25 0.3

Soaking Yes Yes Yes

component Glucose  Xylose Arabinose Glucose Xylose Arabinose Glucose  Xylose Arabinose

k, first-order (min')

R 0.89 0.95 0.97
k, first-order, biphasic (min™)* 2.0 - 1073 - -
R? 0.95 - -

1.6-10* 87-10° 43-10* 1.8-10* 1.2-10* 6.7-10* 22-10* 2.1-10* 9.8-10*

0.85 0.96 0.98 0.74 0.95 0.95
2.0-107° - - 3.0-10° - -
0.92 - - 0.86 - -

*Easy-to-hydrolyze fractions (0.146 and 0.187 for glucose and xylose, respectively) were estimated based on the highest yields

obtained in the arabinose removal hydrolyses.

the more severe reaction conditions, under which
the hydrolyses become faster.

The 24-hour soaking of the raw material in the
acidic liquid before hydrolysis did not increase the
arabinose yield significantly compared to sulfuric
acid hydrolysis without soaking. Results demon-
strate that dilute sulfuric acid hydrolysis supports
arabinose removal. Comparing 0.2 % (w/w) and
0.3 % (w/w) sulfuric acid hydrolysis, 15 % higher
xylose yield was obtained at 8-hour reaction time
with 0.3 % (w/w) sulfuric acid hydrolysis. The goal
of arabinose removing pre-hydrolysis was to solubi-
lize arabinose, while keeping xylose in the solid
fraction. In the case of 0.3 % (w/w) sulfuric acid
hydrolysis at 8-hour reaction time, 37.8 % arabi-
nose yield was obtained together with 18.7 % xy-
lose yield. We arbitrarily chose a 15 %-limit for the
xylose yield in arabinose removing pre-hydrolysis.
Xylose yield was 14.6 % and 26.0 % arabinose
yield was obtained at 0.3 % (w/w) sulfuric acid
concentration and 4-hour reaction time, hence these
conditions were chosen for scaling up the arabinose
removing pre-hydrolysis on a pilot scale.

Experiment on a pilot scale

With the arabinose removing pre-hydrolysis
(data not shown) 2 g L' and 5.6 g L ™! arabinose and
glucose was removed, respectively, which means
25.7 % arabinose and 12.1 % glucose of the theoret-
ical. The hydrolysis aiming at arabinose removal
results in 4.0 g L' xylose concentration that is
12.6 % xylose of the theoretical.

The arabinose reduced corn stover was subject-
ed to a more severe hydrolysis (Figure 4). The ze-

ro-time sample was withdrawn when the tempera-
ture reached 120 °C, and during the heating period
the hydrolysis already started resulting in signifi-
cant initial total sugar yields. After 60-minute reac-
tion time in hydrolysis with 1.5 % (w/w) sulfuric
acid, at 120 °C, and with 7 % (w/w) dry matter,
16.4 g L' xylose was obtained on a pilot scale,
which corresponds to 64.1 % of theoretical maxi-
mum. Yields of glucose and arabinose were 7.2 %
and 45.1 % of the theoretical, respectively.
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Fig. 4 — Hydrolysis with 1.5 % (w/w) sulfuric acid, at 120 °C
and with 7 % (w/w) dry matter on arabinose reduced corn
stover on a pilot scale. Arabinose removal was performed with
0.3 % (w/w) sulfuric acid, at 90 °C, 4-hour reaction time and
with 10 % (w/w) dry matter.
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Table 6 —Model parameters for the hydrolysis with 1.5 %
(w/w) sulfuric acid, at 120 °C and with 7 % (w/w) dry matter
on arabinose reduced corn stover on a pilot scale

Component | Glucose | Xylose |Arabinose

1.4-10% 2.6-10% 7.3-10°

k, first-order (min™")

R? 0.90 0.88 0.98
k, first-order, biphasic (min')* 5.2 - 102 8.5 102 -
R? 0.99 0.99 —

*Easy-to-hydrolyze fractions (0.072 and 0.649 for glucose and
xylose, respectively) were assumed to be equal to the yields
obtained at the end of the hydrolysis reaction.

Pilot scale experiment on arabinose reduced
corn stover resulted in 0.74 selectivity at 60-minute
reaction time. Nearly the same (S = 0.72) selectivity
was obtained in a one-step hydrolysis, at 120 °C,
60-minute reaction time, 5 % (w/w) dry matter with
2 % (w/w) sulfuric acid. Pilot scale experiment
highlighted that a two-step hydrolysis (arabinose re-
moving pre-hydrolysis and consequent xylose hy-
drolysis) did not result in significantly higher selec-
tivity, however, the xylose yield was lower. Xylose
hydrolysis in one-step required 20 g sulfuric acid
per 100 g dry matter, while in the case of two-step
hydrolysis, 21.2 g acid was used per 100 g dry mat-
ter. Based on these results, one-step hydrolysis can
be more economical.

The arabinose formation showed first-order ki-
netics in the case of the hydrolysis of arabinose re-
duced corn stover (Table 6), and a high level of ac-
curacy (R*) was obtained. However, the formation
of glucose and xylose could be described accurately
by the biphasic model; in the case of the first-order
model, poor fits were observed, although the R* val-
ues do not reflect this.

Conclusions

Corn stover hydrolysis with sulfuric or hydro-
chloric acid gives high xylose yields. Although hy-
drochloric acid resulted in the highest, 88.8 % xy-
lose yield under the condition of 2 % (w/w) acid
concentration, 40-minute reaction time, 10 % (W/w)
dry matter, at 120 °C, sulfuric acid was chosen for
scaling up corn stover hydrolysis, since hydrochlo-
ric acid degrades xylose at reaction times longer
than 40 minutes. Sulfuric acid hydrolysis with 7 %
(W/w) dry matter mainly results in low sugar con-
centrations, around 15 g L' xylose. The concentra-
tion of the hydrolyzate can be carried out with hy-
drolyzate recycling, since it has been proven in this
study that recycling does not decrease the xylose
yield. Hence, a three-step hydrolysis performed
with recycled hydrolyzate can increase xylose con-
centration three times. Corn stover pre-hydrolysis

with dilute sulfuric acid (0.3 %, w/w) at 90 °C,
4-hour reaction time resulted in relatively high
arabinose yield, 26.0 % of theoretical, in the hydro-
lyzate while keeping the bulk of the xylose in the
solid fraction. Sulfuric acid hydrolysis with mild
conditions (acid concentration lower than 0.3 %,
w/w) is suitable to produce arabinose reduced corn
stover. Pilot scale experiment proved that arabinose
reduced corn stover hydrolysis results in neither
higher selectivity nor higher xylose yield. As in the
two-step hydrolysis, nearly the same amount of sul-
furic acid was applied per 100 g dry matter, it can
be concluded that one-step acid hydrolysis can be
the more economical option. The kinetic modelling
of pre-hydrolysis and xylose hydrolysis based on
the total sugar concentration revealed that the arab-
inose formation could be described by pseudo
first-order kinetics, however, in the case of glucose
the biphasic model performed well. The xylose for-
mation in the hydrolysis of arabinose reduced corn
stover could also be described accurately by the bi-
phasic model, however, when soaking was applied
prior to the pre-hydrolysis, the first-order kinetics
gave good fit in the pre-hydrolysis.
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