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Abstract

Separation of lignocellulosic biomass components aims to produce materials and chemicals by processing a widely available and
renewable category of raw materials. Corn stalks represent an important category of agricultural waste which can be processed into
papermaking pulp. An often mentioned disadvantage of corn stalk usage as raw material in pulping process is the high amount of
hemicelluloses, considered responsible for the alkali consumption during pulping and poor results in sorted pulp yields.
Hemicelluloses contained by corn stalks can be extracted in a fiber based biorefinery processing approach in which extractive
preliminary treatments forego pulping. We have investigated the effect of autohydrolysis process parameters (temperature and
process time) on: yield of obtained pulp, the mechanical strength of laboratory paper sheets and sugar and lignin content of
autohydrolysis liquors. It was found that in autohydrolysis, moderate conditions - 120°C and up to 90 minutes of treatment- leads
to improvements in sorted pulp yields with minor drops in total yield values. The decreases of mechanical strength may be
considered acceptable within a limit of 25% loss compared with control sample. In comparison with control pulping, the total solid
yield decreased for all preatreated samples. The autohydrolysis loss of material ranged from 12% to 25%, while the concentration
of sugars reached 6.25g/L for glucose and 4.22 g/L for xylose oligomers.
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1. Introduction

The pulp and paper industry properly illustrate
the biorefinery concept, which incorporates the
production of materials, chemicals and energy,
through established technological processes that
maximizes the value of wood chain. In pulp and paper
industry, wood is traditionally the most used virgin
fiber source causing forest overexploitation in many
parts of the world. The industry is facing a continuous
need for virgin fiber resources to overcome different
market demands. Moreover, packaging is lately
turning towards green alternatives by replacing

plastics with fiber-based materials such as paper and
cardboard. In such context, a shift of the industry to
processing nonwood fiber sources is acknowledged.
Attractiveness of non-wood fiber sources resides in
their lower lignin content, availability and shorter
growing cycle.

Most of the disadvantages of nonwoods are
linked to their higher than wood content of
hemicelluloses, ash and extractives, may be solved in
an integrated lignocellulosic biorefinery concept
approach, which must be able to efficiently use local-
regional available feedstocks as raw material. After
wheat, corn is the most cultivated crop in the world.
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According to literature data, corn farming reached
18.6% of total cultivated cereals in the European
Union (Eurostat, 2019). Corn stover yields are in the
range of 1.7 - 4.5 t/ha. The medium harvest rate of2.49
t/ha in which mass of stalks represent at least 70%.
Habitually corn stover end uses: animal feed and
bedding, combustion in power plants. Corn stover
presents a particular interest for fermentative sugars
and further ethanol production (Zhao et al., 2018). In
such contexts, lignin and hemicelluloses are extracted
from raw materials by various physico-chemical
treatments and the remaining solid residue, often
impure cellulose is considered a raw material for sugar
production by hydrolysis and further fermentation to
ethanol (Ying et al.,, 2018). Corn stalks are least
frequently studied as raw material for papermaking
fiber production than straws and other agri-wastes.

Conversion of agri-wastes by integrated fiber
based biorefinery concept is an approach through
which renewable alternatives are to be converted into
valuable commodities such as: fibers, lignin,
chemicals, bio-fuels and energy. In this case, pulping
process aims at lignin removal and liberation of
cellulose fibers. Cellulose fibers obtained from non-
woods are of use for paper and packaging products -
reestablish the papermaking properties of recycled
paper; paper for food contact packaging. Pulping is
also a critical step for processing involving enzymatic
conversion to sugars (Patil et al., 2019).

Hemicelluloses content of some of these types
of resources are responsible for low pulp yield due to
degradation in the initial phases of pulping and alkali
consumption. In this case, the removal of biomass’
hemicelluloses is used as an initial extraction step to
convert them to sugars which could be subsequently
fermented by microorganisms to the much-valued
ethanol and other chemicals. Lignin and extractives
may be separated and converted to various chemicals
or energy (Lauwaert et al., 2019). Literature studies
regarding extraction of the hemicelluloses from both
woods and nonwoods indicate that the most common
types of pre-treatments are: alkaline extraction (Egtiés
et al., 2012); acid hydrolysis (Zimbardi et al., 2007;
Zhao et al., 2018) and finaly autohydrolysis (Buruiana
et al., 2014). The autohydrolysis, also referred as hot
water pretreatment, leads to the lowest drops in yields,
intrinsic viscosity of pulps and better preservation of
mechanical strength (Jahan and Rahman, 2012).

The choice between different types of
treatments is in strong dependence with the final
purpose of the extraction. In this respect, some authors
showed that alkaline pretreatment is preferable for
higher efficiency hemicellulose extraction from corn
stalks (Egiiés et al., 2012). The same study of Egiiés
et al., 2012 indicated that hot water treatment leads to
hemicelluloses dissolution with minor quantities of
undesirable compounds. Liquid hot water pre-
treatement is also targeted towards removal of
hemicelluloses and also to the increase of enzymatic
digestibility of the remaining cellulose fraction
(Buruiana et al., 2014; Li et al., 2017). Such severe
treatment conditions involve high temperature (over
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160°C), which cause cellulose degradation and loss of
mechanical strength over acceptable limits for
papermaking. In order to preserve the papermaking
properties autohydrolysis condition should be milder.
In the light of these, the data published by Jahan and
Rahman (2012) have shown that a single stage hot
water treatment of 60 minutes at 150°C leads to minor
pulp yield loss and lower but acceptable paper
strength. However, their study was not extended to
further investigations regarding the effect of
autohydrolysis parameters on pulp properties or
liquour sugar content.

A primary objective of the current work was to
determine the effect of autohydrolysis pretreatment
stage of corn stalks on soda pulping process results in
terms of total solid yield, sorted pulp yield, pulp
viscosity and mechanical strength properties. A
secondary objective of our work was the investigation
of obtained autohydrolysis liquors in terms of sugars
(soluble xylose and glucose oligomers) and lignin
content.

2. Materials and methods
2.1. Raw materials

Corn stalks were kindly donated by local
farmers in lasi county from Romania. Before analysis
and laboratory pulping trials, a preliminary processing
stage which included removal of leaves and dirt,
conditioning to about 10% moisture, chopping to 10
cm pieces for pulping and grinding for chemical
analysis was performed.

2.2. Analytical methods

The chemical composition of corn stalks were
established by the following analytical methods:
cellulose (Kurschner and Hoffer ethanol-nitric acid
method); holocellulose (Wise sodium chlorite
method); lignin (TAPPI T 222 om-02, 2002); ash
(TAPPI T 211 om-02, 2002) and 1% sodium
hydroxide solubility (TAPPI T 212 om-02, 2002).
Determination of glucan and xylan content of corn
stalks was performed after a two stage complete
hydrolysis of corn stalks (72% and 4% sulfuric acid)
as described in NREL standard method Determination
of Structural Carbohydrates and Lignin in Biomass
(TP-510-42618). The hydrolysis resulted sugars were
separated and determined wusing a HPLC
chromatography system equipped with Phenomenex
Rezex RPM-Monosaccharide Pb*2 (8%) 300 x 7.8 mm
heated at 75°C and a Shimadzu RID 10A refractive
index detector. The mobile phase consisted of
ultrapure water with a flow of 0.6 mL/minute.

Determination  of  the total  sugars
(oligosaccharides forms of glucose, xylose) content of
autohydrolysis resulted liquors was performed
following the NREL method Determination of Sugars,
Byproducts, and Degradation Products in Liquid
Fraction Process Samples Laboratory Analytical
Procedure (LAP) TP-510-42623. The acid soluble
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lignin content in autohydrolysis liquors was
determined by measuring the absorbance of diluted
filtrates at 320 nm and using an absorptivity
coefficient of 30 L/g cm as recommended by NREL.

2.3. Autohydrolysis treatment and pulping of corn
stalks

In this study, the autohydrolysis time and
temperature impact on the soda pulping of corn stalks
were investigated. In this way, the temperature and
autohydrolysis time were varied: 120 °C, 140 °C and
160 °C and 60 to 180 minutes. Typical experiments
involved using 300 g of oven dried corn stalks which
were treated in a rotary pressurized stainless steel
reaction vessel equipped with electric heating and
temperature controller at a and solid to liquid ratio of
1:5. Samples of autohydrolysis liquor were withdrawn
from the reactor each 30 minutes after reaching the set
temperature of autohydrolysis process in order to
determine the content of oligomers of glucose, xylose,
arabinose and lignin. The pre-treated corn stalks were
washed, dried to convenient moisture (8-10%) and
further used for soda pulping. The loss of material
during autohydrolysis was determined
gravimetrically.

The control soda pulping (in which untreated
corn stalks were used) process conditions were as
follows: solid to liquid ratio of 1:5; heating time - 30
minutes; cooking time - 40 minutes at a temperature
of 120°C. The active alkali charge - 12 % expressed as
NaOH units. The pressure during pulping was kept
constant at 0.2MPa. The autohydrolysis treated corn
stalks pulping trials were performed in the same
conditions as control pulping. The obtained pulps
were screened on a 2 mm screen to determine the
sorting yield and used for further analysis and sheet
formation.

2.4. Pulp and laboratory sheets characterization

The overall process - autohydrolysis
pretreatment and soda pulping total yield and sorted
pulp pulping yields (gravimetric method); The
obtained pulp was subjected to determination of
intrinsic viscosity (ISO 5351:2010) and mechanical

strength properties in unbeaten state (17-18°SR) and
five minutes beaten (850 rotations) pulps beaten. A
Jokro mill was used for beating (ISO 5264-3:1979).
The obtained laboratory sheets were subjected for
analysis of tensile strength (ISO 1924:2008) and burst
strength (ISO 2758:2001).

3. Results and discussion
3.1. Chemical composition of raw materials

The chemical composition of corn stalks as of
other types of lignocellulosic biomass, includes:
cellulose, hemicelluloses and lignin. The results
regarding the corn stalks used in the current study are
displayed in Table 1. The values were comparable to
other data presented in other similar existing studies
(Chesca et al., 2018; Hu et al., 2018; Zhang et al.,
2015).

It should be noted that the values reported in
the literature vary greatly as function of many factors
including the variety of corn and cultivation area.
Threre are also some minor differences regarding the
values of cellulose and lignin content caused by the
method diffferences. In case of cellulose, its
determination by NREL method involves the
hydrolysis to glucose via two steps of sample
treatment (hydrolysis with sulphuric acid 72% and
posthydrolysis with sulphuric acid 4%). These results
in higher values due to its cuantification as glucose
oligomers which could result from hydrolysis of
cellulose but also from hemicellulosic branches such
as glucomanan (Bajpai, 2018).

The data displayed in Table 1 shows that corn
stalks may be considered an adequate material for
pulping, but as in case of other nonwoods raw
materials some considerations regarding the pulping
process should be discussed. In this particular case, the
lower lignin content and high content of 1% sodium
hydroxide solubility value may indicate that the
pulping should be performed in milder conditions with
lower alkali charges. The high value of
hemicelluloses, mainly represented by pentosans
indicates the opportunity of their extraction prior to
pulping process (Egiiés et al, 2012).

Table 1. Chemical composition of corn stalks

Chemical composition (%)
Cellulose Acidl_ins_oluble ACiO.' so_luble Xylan Holocellulose NaOH .(.1%) Ash
ignin lignin solubility

4228 22.1° 0.92° - 70.89¢ 44.5¢ 4.34¢
(£1.05) (0.88) (£0.18) (£1.02) (£0.68) (£0.28)
43.05° 19.56° 1.07° 18.7 - - -
(£0.35) (£0.48) (£0.38) (£0.58)

40.9¢ 16.6¢ - 23.07 - - -
30.89h 23.49h - 15.77" - - -

38.0! 18.5! - 26.11 - - 5.1

3. Determined according to method Kurschner and Hoffer method; - determined according to TAPPI T 222 om-02, 2002; °- determined according
to sodium chlorite Wise method; ¢- determined by TAPPI T 211 om-02, 2002; &- determined according to T 212 om-02, 2002; f- determined according
to NREL TP-510-42618; 9- reported by Zhang et al. (2015), "- Hu et al.(2018); -Chesca et al. (2018).
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3.2 Impact of autohydrolysis pretreatment on process
yield, pulp and laboratory sheets quality

The autohydrolysis pretreatment significantly
affects both the values of overall process solid yield
and sorted pulp yield. In case of the reference sample
(without pretreatment) the determined total yield was
48.3% while the sorted yield value was 29.5%. These
aspects can be observed in Figs. 1-2 which indicate
that the increase of either the autohydrolysis time or
temperature leads to significant drops in both total
yield and sorted pulp yield. At constant temperature,
both solid yield and sorted pulp yield are significantly
affected by the increase of treatment time. The
reference (unhydrolised) sample showed higher values
of total yield compared to all of the autohydrolysed
samples. In case of sorted pulp yield, the
autohydrolysis treatment had a positive effect by
increasing its values for the samples with 60 minutes
of autohydrolisis treatment at temperatures of 120 and
140°C. The values obtained for overall process solid
yield were comparable with the results mentioned in
other studies (Sarwar Jahan and Mostafizur Rahman,
2012). When compared to control pulping, in our
study the total solid yield decreased for all the
preatreated corn stalk experimental trials with values
ranging from about 3% to 56%. In case of sorted pulp
yield, a parameter which reflects the potential usage of
resulted pulping material for papermaking, the only
experiments which were recorded with increased
values (range between 14% to 23%) were those
performed at 120°C and autohydrolysis time below 90
minutes.

Fig. 3 displays the variation of pH of the
autohydrolysis liquor, while Fig. 4 shows the intrinsic
viscosity of pulp samples obtained after
autohydrolysis treatment at different temperatures and
process time. From Fig. 3 the continuous drop of pH
as autohydrolisys time and temperature increase may
be visualized. The pH decrease is a result of acetic acid
formation during decomposition of hemicelluloses at
high temperatures as mentioned by different authors
(Buruiana et al., 2014; Li et al., 2017; Pola et al.,
2019).
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Fig. 1. Effect of autohydrolysis pretreatment on overall
process yield
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Fig. 4. The effect of autohydrolysis pretreatment
parameters on pulp intrinsic viscosity

The autohydrolysis pretreatment has a
significant impact on pulp viscosity which is directly
correlated with cellulose degree of polymerization.
While the intrinsic viscosity value of the reference
sample was 1089 cm’/g, the viscosity of pulps
obtained from autohydrolysed corn stalks decrease
linearly both with temperature and at constant
temperature with autohydrolysis time as observable in
Fig. 4. The recorded viscosity loss ranged from 11%
to 38% as compared to the reference pulp sample.
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Figs. 5-8 show the variation of tensile strength
and of the burst strength of the obtained paper sheets
in both unbeaten and beaten state. As compared with
reference sample (tensile index for unbeaten and
beaten pulp sheets - 39.5 N.m/g and 62.4 N.m/g; burst
index 2.3 kPa-m?/g for unbeaten and 3.27 kPa-m%/g
beaten pulp sheets- it may be observed that
mechanical properties are significantly affected by the
autohydrolysis treatment.
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Fig. 5. The variation of tensile index of laboratory paper
sheets in case of unbeaten pulps as function of time of
autohydrolysis process performed at different temperatures
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Fig. 6. The variation of tensile index of laboratory paper
sheets in case of beaten pulps as function of time of
autohydrolysis process performed at different temperatures

The observed mechanical strength loss of the
laboratory obtained paper sheets can be ecasily
associated with the same phenomena observed for the
viscosity decrease - cellulose degradation during the
hemicellulose extraction process associated with the
pH drop caused by the release of acetic acid (Liu et al.,
2015). The mechanical strength loss compared to
reference sample for the unbeaten and beaten pulps
was found to be up to 64% fort the tensile strength and
66% for burst strength. As regarding to the suitability
of the fibers for producing packaging papers, the
determined tensile and burst index values indicate that
most favorable conditions for corn stalk treatment

with acceptable strength loss is that performed at
lower temperature (120°C and 140°C for at most 60
minutes). The observed increase of strength of
obtained paper sheets occurring after beating is a
result of the increase apparent density and fiber
bonding (Motamedian et al., 2019).
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Fig. 7. The variation of burst index of laboratory paper
sheets in case of unbeaten pulps as function of time of
autohydrolysis process performed at different temperatures
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Fig. 8. The variation of burst index of laboratory paper
sheets in case of beaten pulps as function of time of
autohydrolysis process performed at different temperatures

3.3. Characterization of autohydrolysis resulted liquid
stream

The chemical composition profile of
autohydrolysis resulted liquid stream fraction is rather
complex and includes: sugars (both as monomers and
oligomers either extracted or resulted as products of
polysaccharide hydrolysis; organic acids - mainly
acetic acid originating from hemicelluloses acetyl
groups cleavage; furfural and the
hydroxymethylfurfural formed by dehydration of
pentoses and hexoses; lignin and lignin degradation
products and other water soluble extractives as well as
mineral salts previously determined as ash (Rivas et
al., 2012; Santos et al., 2018). These chemicals make
up the amount of corn stalks autohydrolysis loss of
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mass which is also as function of the treatment time
and temperature as it may be observed in Fig. 9., and
could end up to about 25% at highest temperature and
residence time of 160°C and 180 minutes of treatment.
The increase of either process time or temperature
leads to the increase of the corn stalks mass loss. At
160 °C the mass los percentage seems to be much
more important than the values at 120 °C and 140 °C,
being almost double. The overall range of
autohydrolysis loss of material ranged from 12% to
25%. The obtained data regarding autohydrolysis
mass loss are in accordance with reported literature
data. By example, Buruiana et al. (2014) reported a
weight loss of 24% by treating corn stover at 180°C
for 30 minutes, while Egues et al. (2012) reported a
higher loss of about 39% for corn stalks treated at
160°C for 60 minutes.
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Fig. 9. The effect of autohydrolysis parameters on the
corn stalk loss of mass - AHL (%) in autohydrolysis liquor
samples

A increasing trend is also observed in case of
lignin concentration variation displayed in Fig. 10.
also increased in respect with temperature and time.
The concentration of lignin in autohydrolysis liquour
samples varied from 6 g/L to about 14g/L. In case of
lignin, the literature mentions it as unwanted in case
of use hydrolysis liquors as raw material for
fermentative processes, therefore its elimination is
necessary (Chen et al., 2016).

The evolution of the concentrations of sugars
(determined as sum of monomers and oligomers of
glucose and xylose respectivelly after posthydrolysis
at 121°C) with time and temperature of the
autohydrolysis process can be visualized in Fig. 11
and Fig. 12. The glucooligomers concentration in corn
stalks autohydrolys liquour decreses almost linearly at
all temperatures. This aspect was found as
contradictory to literature reports which mostly report
the increase of glucose and its oligomers in
autohydrolysis liquours of agri-waste biomass with
time and treatment temperature (Aboagye et al., 2017;
Moniz et al., 2013). The glucose concentrations which
were higher in lower temperature and residence time
hydrolysates are sugesting that it originates in the pith
as free gluose or oligomers (Dong et al., 2011; Jones
et al., 1979; Yan et al., 2006).

394

We hypothesized that these glucose and
glucooligomers were extracted during heating to
autohydrolysis set temperature period and further
degraded due to effect of pH decrease and
pretreatment conditions. In case of glucose the
maximum concentration of 6.25g/L. was observed for
the sample of autohydrolysis liquour extracted at the
reach of 120°C (initial moment of treatment).
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Fig. 10. The effect of autohydrolysis temperature and time
on the lignin concentration in autohydrolysis liquor
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the autohydrolysis liquid streams
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During the autohydrolysis process the xylose
oligomers  concentration in the  produced
autohydrolysis liquours increase with both time and
temperature. The concentration of xylooligomers have
indicated a much lower yield of extraction than those
reported in the literature. Chen et al. (2016) reported
an efficiency of about 13.5% (on o.d. corn stalks) or
water extraction of xylose oligomers at 160°C for 180
min at a solid to liquid ratio of 1/10 for fine grounded
stalks.

The same authors concluded that extending the
pretreatment time for more than 180 minutes leaded to
the decrease in the extracted xylan and oligomers due
to degradation reasons. The concentration drops of
xylose and coresponding oligomers are a result of their
conversion to furfural at high temperatures (Buruiana
et al., 2014; Khalili and Amiri, 2020; Koo et al., 2019;
Zhang et al., 2011). However most of the cited studied
report the use of corn stalks in finely ground state for
exeperimental purposes, while in our case the
fragmentation of stalks was limited to chopping to
sizes of 5-6 cm. This shows a considerable difference
in active surface which could end up in higher values
of extraction yield (Liu et al., 2013). In case of xylose
oligomers the highest concentration was achieved by
extracting corn stalks for 180 minutes at 160°C.

4. Conclusions

The autohydrolysis treatments affect both
pulping yields and pulp properties and the extent of
induced variations have been found to be in good
correlation with temperature and process time. In
order to obtain pulps with acceptable yield and
mechanical strengths suitable for packaging paper
moderated temperatures and autohydrolysis time are
recommended. The selection of preliminary treatment
temperature and time should take into considerations
the minimum acceptable fiber yield and maximum
acceptable loss of mechanical strength according to
final destination of obtained fibers. The mechanical
strength loss compared to reference sample for the
unbeaten and beaten pulps was found to be up to 64%
fort the tensile strength and 66% for burst strength.

When compared to control pulping, in our
study the total solid yield decreased for all the
preatreated corn stalk experimental trials with values
ranging from about 3% to 56%. In case of sorted pulp
yield, a parameter which reflects the potential usage of
resulted pulping material for papermaking, the only
experiments which were recorded with increased
values (range between 14% to 23%) were those
performed at 120°C and autohydrolysis time below 90
minutes. The recorded intrinsic viscosity loss ranged
from 11% to 38% as compared to the reference pulp
sample.

The analysis of resulted autohydrolysis liquid
streams confirmed the presence of lignin and sugars in
amounts which also depended on the process
parameters. While the overall range of autohydrolysis
loss of material ranged from 12% to 25%. The
concentration of lignin in autohydrolysis liquour

samples varied from 6 g/L to about 14g/L. In case of
glucose the maximum concentration of 6.25g/L eas
observed for the sample of autohydrolysis liquour
extracted at the reach of 120°C (initial moment of
treatment), while in case of xylose oligomers, the
highest concentration was achieved by extracting corn
stalks for 180 minutes at 160°C.
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