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Effect of Phosphoric Acid in the Pre-hydrolysis Process
of Dissolving Pulp Production from Bamboo-willow

Jin-Chao Zhang,? Chao-Jun Wu,2>* and Dong-Mei Yu 2

Bamboo-willow is a type of fast-growing wood with a high hemicellulose
content. In the present study, the effects of phosphoric acid addition on
the main components of bamboo-willow and pre-hydrolysis liquor (PHL)
were explored, and subsequently the pre-hydrolyzed bamboo-willow chips
were cooked, O-H-P bleached, and acid post-treated to produce
dissolving pulp. The results showed that adding phosphoric acid to the
pre-hydrolysis stage effectively removed hemicellulose and increased the
cellulose content of the pre-hydrolyzed bamboo-willow. The major
component of the hemicelluloses was xylan/xylose, which represented
approximately 62% to 78% of the total sugars in the PHL. Glucose was
the most abundant sugar that was produced, apart from xylose, and
represented approximately 12% to 25% of the total sugars in the PHL.
Additionally, 73% to 83% of the total sugars in the PHL were in an
oligomeric form. The obtained bamboo-willow dissolving pulp could be
used to produce viscose rayon with a 92.1% a-cellulose content, 4.77%
hemicellulose content, and 675 degree of polymerization.
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INTRODUCTION

Bamboo-willow (zhuliu in Chinese) is a genus of Salicaceae (Salix) and has a
variety of excellent features, such as a high planting density, fast growth, good resistance
(cold, salt, drought, waterlogging, disease, etc.), high strength, high natural whiteness, high
survival rate, and a wide range of uses (Li et al. 2012; Meng and Zhang 2013). Furthermore,
bamboo-willow contains three major components of lignocellulosic materials: cellulose,
hemicellulose, and lignin. Therefore, it is a potential resource for dissolving pulp
production and biorefinery.

Forest biorefinery has been regarded as a new concept to revisit in the pulping
industry. Using the concept of forest biorefinery, the lignocellulose waste from pulping
and papermaking can be converted into high value-added products (Reardon 2014). The
pre-hydrolysis kraft-based dissolving pulp production process may be a representative
example of an integrated forest biorefinery. Wood chips that are left over after the pre-
hydrolysis process can be subsequently used for pulping and papermaking, while
hemicellulosic sugars (oligosaccharides and monosaccharides) that are dissolved in pre-
hydrolysis liquor (PHL) in the pre-hydrolysis step can be further processed to produce
biofuels, biochemicals, bioplastics, or functional oligosaccharides (Fig. 1). Pre-hydrolysis
liquor contains a diverse palette of degradation products, including lignin derivatives,
acetic acid, formic acid, levulinic acid (LA), hydroxymethyl furfural (HMF), and furfural
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(Wang et al. 2014b). Furfural and HMF are key degradation products of monomeric sugars
under acidic hydrolysis conditions (Chen et al. 2013). Levulinic and formic acids are
formed during further degradation of HMF and furfural during the hydrothermal
conversion process (Wei et al. 2011). Furfural is mainly used as a chemical feedstock for
the production of resins and as an intermediate for synthetic stabilizers, biofuels, plastics,
pharmaceuticals, and agrochemicals. Esters of LA can be used in either the flavoring and
fragrance industry or as blending components in biodiesel (Girisuta et al. 2008). The lignin
in the PHL can be sulfur-free and can be used to produce carbon fibers or polyurethanes
(van Heiningen 2006). The xylose in PHL can be used to produce xylitol by hydrogenation
in the presence of catalysts (Peréz-Bibbins et al. 2016). However, the presence of lignin in
PHL is detrimental for value-added utilization of hemicelluloses.

Wood chips l I _ I l l
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Fig. 1. Conversion of PHL-derived hemicellulose to valuable products in a kraft-based dissolving
pulp production process

Dissolving pulps have a high purity of a-cellulose (> 90%), but low hemicellulose
(1% to 10%) and lignin contents (< 0.05%) (Sugesty et al. 2015). They can be used as raw
materials to produce a range of cellulose derivatives, such as cellulose nitrate, cellulose
xanthate (rayon fibers), cellophane, cellulose acetate, cellulose ethers, and grafted or
crosslinked cellulose derivatives (Wu et al. 2018). Worldwide, over 70% of dissolving pulp
is utilized in the production of viscose staple alone (Kumar and Christopher 2017). In
recent years, the demand for dissolving pulp has been increasing, especially for one of the
largest consumers of viscose fibers (China), which will stimulate the growth of dissolving
pulp output. However, China lacks forest resources, and its lignocellulosic materials for
the pulping and papermaking industry are mainly wood materials (23%), non-wood
materials (15%, mainly wheat straw), and imported waste paper (62%, mainly from the
United States, Japan, Britain, etc.) (Guo 2010). This limits the development of the
dissolving pulp industry in China. Because of the many good features of bamboo-willow,
it is a resource that has the potential to solve this problem.

Because of the low hemicellulose content required for dissolving pulp, pre-
treatment is essential for dissolving pulp production. The purpose of pre-treatment is to
remove as much hemicellulose as possible from lignocellulosic materials before
delignification operations (cooking). The common pre-treatment methods are auto-
hydrolysis, acid hydrolysis (dilute and organic acid), alkali treatment (Jun et al. 2012),
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mechanical and swelling treatments, enzymatic (xylanase) hydrolysis alone or combined
with alkaline extraction (Ibarra et al. 2010), etc. Auto-hydrolysis includes steam and hot
water treatment, and generally requires a treatment temperature of 180 °C to 200 °C.
During the auto-hydrolysis stage, acetic acid is formed from the cleavage of acetyl groups
in the hemicellulose (Wei et al. 2011), which contributes to the completion of pre-
hydrolysis. Unfortunately, at high temperatures, the sugar yield is reduced because of side
reactions that generate byproducts, such as furfurals (Jun et al. 2012). Tong et al. (2016)
reported that 40% to 43% of the hemicelluloses were removed by the addition of 0.1% to
0.7% boric acid (based on the oven dry weight of material) to the pre-hydrolysis stage of
Whangee (a genus of bamboo). According to Pitarelo et al. (2010), dilute sulfuric and dilute
phosphoric acids were used for impregnation and pretreatment of cane bagasse during
steam explosion. The results showed that impregnation with dilute phosphoric acid resulted
in a better selectivity towards hemicellulose hydrolysis. Furthermore, the dilute phosphoric
acid in high temperature pretreatment of corn stover could effectively hydrolysis
hemicellulose and further convert pentosans into furfural at the same time preventing the
degradation of cellulose (Avci et al. 2013).

The objectives of this study were to determine the effects of phosphoric acid
addition in the pre-hydrolysis process on the main components of bamboo-willow and
PHL, and the impact on the resource utilization of PHL. Subsequently, the feasibility of
using bamboo-willow as a raw material to produce dissolving pulp was analyzed using four
steps: (1) pre-hydrolysis with phosphoric acid (with various times and temperatures), (2)
kraft pulping, (3) O—H-P bleaching, and (4) acid post-treatment.

EXPERIMENTAL

Materials
Raw materials

Bamboo-willow (Salix sp or zhuliu in Chinese) was provided by one of the forestry
centers in the Xinjiang autonomous region of China. Chipped bamboo-willow was
screened to obtain chips with the dimensions 15 mm to 20 mm x 10 mm to 20 mm X 3 mm
to 5 mm. A portion of the wood chips was taken for moisture determination for subsequent
experiments. Another portion of the wood chips was ground into powder, and the particles
that passed through a 40-mesh to 60-mesh screen were kept for chemical analysis. Standard
TAPPI methods were used to analyze the a-cellulose (TAPPI T203 cm-99 1999), pentosan
(TAPPI T223 cm-01 2001), acid insoluble lignin (TAPPI T222 om-11 2011), acid-soluble
lignin (TAPPI UM 250 2000), ash (TAPPI T211 om-02 2002), and alcohol-benzene
extractives contents (TAPPI T204 cm-07 2007). The ferric ion content in the raw materials
was determined according to 1ISO 779 (2005). The holocellulose content in the bamboo-
willow chips was measured using the acidified sodium chlorite method (Leopold 1961).
The a-cellulose was then separated from the holocellulose using a 17.5% sodium hydroxide
solution.

Methods
Pre-hydrolysis

Pre-hydrolysis was performed in an electrically heated stainless-steel digester with
a 1-L capacity at a reaction temperature of 165 °C for 60 min. Deionized water was added
to reach a 6:1 liquid-to-wood ratio. Various dosages of phosphoric acid were added (0%,
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0.1%, 0.3%, 0.5%, 0.7%, and 0.9%, based on the oven-dried weight of materials) to explore
the optimum acid dosage in the pre-hydrolysis stage. Subsequently, phosphoric acid pre-
hydrolysis was done at 150 °C, 160 °C, and 170 °C for 60 min, 90 min, and 120 min,
respectively. The dosage of phosphoric acid was 0.5% (based on the oven-dried weight of
the materials). Upon completion of pre-hydrolysis, the temperature of the digester was
cooled by decompressing the exhaust valve, which subsequently separated the PHL from
the solid mass. The hydrolyzed bamboo-willow chips were thoroughly washed with tap
water until a neutral pH was achieved. Afterward, the hydrolyzed chips were air-dried for
the chemical composition analysis, with the same methods and standards used as
mentioned above. The collected PHL was filtered using two-tiers of slowly quantitative
filter paper and kept refrigerated until analysis.

Solid content
The total solid content in the PHL was determined gravimetrically by drying a 10-
mL sample at 105 °C until a constant weight was achieved.

Analytical methods

The dissolved lignin in the PHL was measured via ultraviolet visible (UV-vis)
spectroscopy at a wavelength of 205 nm, according to TAPPI UM 250 (2000).

The sugars (dissolved hemicelluloses) content of the PHL was measured using an
indirect method based on quantitative acid hydrolysis of the liquid sample. To convert the
oligomeric sugars of the PHL to monomeric sugars, the PHL was acid hydrolyzed using
4% (wt.) sulfuric acid at 121 °C for 1 h in an oil bath (Shen et al. 2011; Sluiter et al. 2006).
The acid-hydrolyzed PHL was then diluted, and the content of monomeric sugars was
measured. The monomeric sugars were measured using high-performance anion-exchange
chromatography coupled with a pulsed amperometric detector (HPAEC-PAD) and an
HPAEC-PAD system (ICS-5000, Thermo Fisher, Sunnyvale, USA) equipped with a
CarboPac PA20 analytical column (3 mm x 150 mm) (Thermo Fisher) and guard column
(3 mm x 30 mm). The samples were filtered through 0.22-um syringe filters prior to
injection (Wang et al. 2015). The concentration of the sugars after this additional
hydrolysis stage reflected the total sugars (hemicelluloses) content of the PHL. The
oligomeric sugar content of the PHL was determined by considering the monomeric sugar
and total sugar contents of the samples before and after this additional acid hydrolysis stage
(Shen et al. 2011).

The degradation byproducts from carbohydrates in the PHL, such as formic acid,
acetic acid, and furfural, were analyzed by a high performance liquid chromatography
system (Shimadzu, Japan) equipped with a Symmetry® C18 column (4.6 x 150 mm, 5 um)
(Waters, Milford, MA, USA) and a UV-vis detector at 210 nm and 30 °C, with 0.1% H3zPO4
(v/v) used as the eluent at a flow rate of 0.5 mL/min (Wang et al. 2014b). The samples
were filtered through 0.22-um syringe filters prior to injection.

Kraft cooking

The kraft cooking of pre-hydrolyzed bamboo-willow (at 160 °C for 90 min with a
0.5% phosphoric acid dosage) was done in the same digester that was used for pre-
hydrolysis, but at a constant cooking temperature of 165 °C for 120 min. The liquid-to-
wood ratio was 1:5 (g/mL). The active alkali (as Na2O) charge was 18 wt% with a sulfidity
of 1.0% (Wu et al. 2018). After kraft cooking, the pulp was washed thoroughly with tap
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water until a neutral pH was achieved before being screened by a laboratorial screener
equipped with a 0.2-mm slotted plate to remove the rejects.

O-H-P bleaching

The pre-hydrolyzed kraft pulps were bleached with O—H-P bleaching sequences.
Oxygen delignification (O) was performed in an oxygen bleaching tank (1 L). The oxygen
pressure was 0.6 MPa, the NaOH charge was 2.0%, the MgSOa charge was 0.5%, and the
temperature was 100 °C for 60 min. Sodium hypochlorite bleaching (H) was performed in
a plastic bag with an active chlorine charge of 2.0%, and the temperature was 40 °C for 60
min. Peroxide bleaching (P) was done in a plastic bag with 0.5% NaOH, 0.5% MgSOQOs, and
0.2% iminodisuccinic acid with an H20: charge of 3.0%, and the temperature was 90 °C
for 120 min. The pulp consistency was 10% in all of the bleaching stages. After each
respective bleaching stage, the pulp was washed thoroughly with tap water until a neutral
pH was achieved and the pulp properties were determined.

Acid post-treatment

The acid post-treatment was performed in a plastic bag with a hydrochloric acid
(HCI) charge of 1.2% and 0.2% iminodisuccinic acid. The temperature was 30 °C for 60
min, and the pulp consistency was 5%. After acid post-treatment, the pulp was washed
thoroughly with deionized water and kept refrigerated until pulp analysis.

Evaluation of the pulps

The following pulp properties were tested in accordance with standard TAPPI
methods: ash content (TAPPI T211 om-02 2002), pentosan content (TAPPI T223 cm-01
2001), a-cellulose content (TAPPI T203 cm-99 1999), kappa number (TAPPI T236 om-99
1999), and brightness (TAPPI T525 om-02 2002). The ferric ion content in the pulp was
measured according to ISO 779 (2005). The average degree of polymerization (DP) of the
pulp was determined and calculated (DP%°® = 0.75z) using the intrinsic viscosity (z),
which was measured according to the Chinese national standard FZ/T 50010.3 (2011). The
reaction property of the dissolving pulp made from bamboo-willow was determined via a
two-step method, according to FZ/T 50010.13 (2011) and Wu et al. (2014). The only
difference from the standard was that the addition volume of CS> was 8 mL for the wood
dissolving pulp, instead of 11 mL for non-wood dissolving pulp during the viscose
preparation process. The reactivity is considered to be the most important property of
dissolving pulp and is related to the accessibility of chemicals to the cellulose, which means
the relative ease in which the hydroxyl groups can be obtained by chemical reagents
(Martino et al. 2017). A shorter reaction time corresponds to a greater reactivity of the
dissolving pulp.

Equations

The pre-hydrolysis yield was calculated using Eq. 1,

X (1-
v =220 5 100% (1)
ax (1-w)

where Y is the pre-hydrolysis yield (%), a1 is the weight of wood chips after pre-hydrolysis
(9), w1 is the moisture content of wood chips after pre-hydrolysis (%), a is the weight of
wood chips before pre-hydrolysis (g), and w is the moisture content of wood chips before
pre-hydrolysis (%).
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The pentosan removal was calculated using Eq. 2:
Pentosan Removal (%) =

Pentosan content in raw material (%) - Pentosan content in prehydrolysis solid (%) % Prehydrolysis yield (%) x100%
()

Pentosan content in raw material(%)
)
The pre-hydrolysis factor (P-factor) was calculated using Eqg. 3 (Brasch and Free
1965),

T;{—100  Tjpq — 100
37 10 +3 10 ]x At;

P=%izoPi= Zi:o[ > (©)

where P is the P-factor at a certain reaction temperature and time, P; is the pre-hydrolysis
factor corresponding to the i time interval, Ti is the reaction temperature at a certain time
(°C), and At; is the time interval (h).

RESULTS AND DISCUSSION

Raw Materials

The chemical composition of the bamboo-willow is listed in Table 1. The a-
cellulose content of the bamboo-willow was lower than that of bamboo and willow, and
the pentosan and holocellulose contents were higher than those of bamboo. These are
challenges for using bamboo-willow as a raw material to produce dissolving pulp because
dissolving pulp is required to have a low hemicellulose content and high «-cellulose
content (Sugesty et al. 2015). However, a large amount of hemicellulose will be removed
in the subsequent pre-hydrolysis stage. Fortunately, the acid insoluble lignin, ethanol-
benzene extractives, and ash contents were lower than those of bamboo. These are
beneficial qualities for the production of dissolving pulp.

Table 1. Chemical Composition of the Bamboo-willow

Parameter (%) Bamboo-willow Bamboo* (Sugesty et | Willow (Barimani et
(experiment) al. 2015) al. 2014)
Holocellulose 77.2 56.81 - 68.25 68.19
a-Cellulose 40.4 44.36 - 48.60 45.61
Pentosan 241 18.37 - 21.61 -
Acid-insoluble Lignin 20.3 22.41 - 25.27 25.5
Acid-soluble Lignin 3.46 - -
Extra;tlve (Ethanol- 234 341-838 )
enzene)
Ash 0.661 1.66 - 6.09 (SNI) -
Ferric lon (mg/kg) 31.8 - -

* Contains four species of bamboo (apus, sembilang, petung, and mayan); SNI - Indonesian
National Standard

Pre-hydrolysis
Phosphoric acid addition in the pre-hydrolysis stage

To investigate the effect of phosphoric acid addition in the pre-hydrolysis stage on
the main components of bamboo-willow and to determine the optimum phosphoric acid
dosage, various phosphoric acid dosages were added in the bamboo-willow pre-hydrolysis
stage. Table 2 lists the effects of the addition of various phosphoric acid dosages on the
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chemical composition of the pre-hydrolyzed bamboo-willow. As the phosphoric acid
dosage increased (from 0% to 0.9%), the a-cellulose content of the pre-hydrolyzed
bamboo-willow gradually increased (from 45.6% to 52.7%), while the a-cellulose content
in the raw material was 40.4%. The pentosan content gradually decreased (from 22.4% to
13.8%), and the content in the raw material was 24.1%. This illustrated that the addition of
phosphoric acid to the pre-hydrolysis stage effectively removed hemicellulose and
increased the cellulose content of the pre-hydrolyzed bamboo-willow. However, it had
little effect on the lignin and holocellulose contents, and most of the lignin will be removed
mainly in the subsequent cooking and bleaching stages of the dissolving pulp production
process.

Table 2. Effect of the Phosphoric Acid Dosage on the Chemical Composition of
the Pre-hydrolyzed Bamboo-willow

Pho:sigorlc hy dPrz)eI;/sis a-Cellulose Holocellulose Pentosan Total Lignin
Dosage (%) Yield (%) Yield (%) Yield (%) Yield (%) Yield (%)
0 86.1 39.3 (45.6) 53.0 (61.5) 19.3 (22.4) 18.1 (21.0)

0.1 84.8 39.5 (46.6) 53.4 (63.0) 18.5 (21.8) 16.9 (19.9)

0.3 83.8 39.9 (47.6) 53.0 (63.2) 16.8 (20.0) 18.0 (21.5)

0.5 82.9 40.0 (48.2) 52.1 (62.8) 15.5 (18.7) 16.2 (19.6)

0.7 78.4 39.1 (49.9) 48.5 (61.8) 12.2 (15.5) 16.2 (20.7)

0.9 75.7 39.9 (52.7) 49.2 (65.0) 10.4 (13.8) 15.8 (20.9)

Parenthesis indicates a-cellulose, holocellulose, pentosan, or total lignin content in the pre-
hydrolyzed bamboo-willow; yield = (component content in the pre-hydrolyzed bamboo-willow x
pre-hydrolysis yield) / 100%

Pre-hydrolysis not only removes hemicellulose as much as possible, but it also
ensures that cellulose is not damaged. When the dosage of phosphoric acid was 0.5%, the
highest yield of a-cellulose yield was 40.0%, and the yield of pre-hydrolysis was 82.9%.
Although pentosan yield decreased from 15.5% to 12.2% when the dosage of phosphoric
acid increased from 0.5% to 0.7%. However, when the phosphoric acid dosage was 0.7%,
the pre-hydrolysis yield was only 78.4%. Therefore, considering the quality requirements,
the 0.5% phosphoric acid dosage was considered to be the optimum concentration in the
bamboo-willow pre-hydrolysis stage. Furthermore, the total lignin content was the lowest
at 19.6% in the pre-hydrolyzed bamboo-willow with a phosphoric acid dosage of 0.5%,
which was beneficial to the subsequent cooking and bleaching process.

Various temperatures and times during pre-hydrolysis

Temperature and time are key factors that affect pre-hydrolysis. To maximize the
dissolution of hemicellulose, bamboo-willow was pre-hydrolyzed at various temperatures
and times. The compositions of the bamboo-willow after the various pre-hydrolysis
conditions are listed in Table 3. Partial dissolution of the hemicellulose resulted in an
increase in the cellulose content. With an increase in the P-factor, the a-cellulose content
of the pre-hydrolyzed bamboo-willow gradually increased (from 44.0% to 54.6%), and the
content in the raw material was 40.4%. The pentosan content gradually decreased (from
25.6% to 9.70%), and the content in the raw material was 24.1%. The pentosan yield
decreased to 6.71% at 170 °C for 120 min from 23.6% at 150 °C for 60 min, which
indicated that the removal of hemicellulose increased from 2% to 72%. The total lignin
content of the material was 23.8%, while that of the pre-hydrolyzed bamboo-willow was
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in the range of 19.4% to 22.5%. This result demonstrated that some of the lignin was
removed in the pre-hydrolysis stage. Additionally, the degradation of lignin was more

pronounced under strong pre-hydrolysis conditions.

Table 3. Composition of the Bamboo-willow after Pre-hydrolysis at Various

Conditions

Temperature | Time . a-Cellulose Pentosan Total Lignin
o) (min) | P-factor | Yield (%) | “vig1q (o) Yield (%) Yield (%)
150 60 346 92.1 40.5 (44.0) 23.6 (25.6) 19.3 (21.0)
150 90 449 89.2 40.1 (44.9) 21.8 (24.4) 18.9 (21.2)
150 120 571 86.9 40.4 (46.5) 19.6 (22.5) 19.6 (22.5)
160 60 922 86.1 40.7 (47.3) 19.2 (22.3) 18.8 (21.8)
160 90 1286 83.2 39.9 (48.0) 16.6 (19.9) 16.3 (19.6)
160 120 1651 80.4 39.7 (49.4) 15.3 (19.0) 15.6 (19.4)
170 60 2759 80.2 40.5 (50.5) 14.0 (17.4) 17.7 (22.1)
170 90 3852 72.9 39.1 (53.6) 9.26 (12.7) 15.7 (21.5)
170 120 4946 69.2 37.8 (54.6) 6.71 (9.70) 13.4 (19.4)

Figure 2 shows that the dissolution of biomass increased linearly with the
temperature for a lower soaking time range (60 min), and its rate became slightly higher
with a higher temperature (160 °C) and longer time. This illustrated that temperature and
time were the key factors that affected pre-hydrolysis.
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Fig. 2. Effect of the temperature and time on the dissolution of biomass from the bamboo-willow;
Dissolving biomass = 100% - pre-hydrolysis yield

The effects of various pre-hydrolysis conditions on the compositions of the PHL
from bamboo-willow are shown in Table 4. Lignin, sugars (monomeric and oligomeric
sugars), formic acid, acetic acid, and furfural were found in the PHL. As the pre-hydrolysis
severity (temperature and time) increased, more hemicellulose was dissolved in the PHL,
which resulted in a higher acetic acid production (0.34 g/L to 2.17 g/L). Kaur and Ni (2015)
demonstrated that the concentration of acetic acid in the PHL increased from 1% (in nano-
filtration permeate) to 5% by using reverse osmosis at a volume reduction factor of 4.24.
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Furfural was formed by the acid-catalyzed dehydration of five-carbon sugars (xylose and
arabinose) in the hemicellulose under acidic conditions (Chen et al. 2013). Table 4 shows
that as the pre-hydrolysis severity increased, the acetic acid content increased, which led
to an increase in the furfural (0.03 g/L to 2.58 g/L). Formic acid was further converted from
furfural, and its content in the PHL ranged from 0.52 g/L to 2.95 g/L. Additionally, the
increase in the pre-hydrolysis severity also led to an increase in the dissolution of lignin
from the raw material. The lignin degradation products in the PHL mainly existed in the
form of oligomers, dimers, and monomers that were rich in phenolic hydroxyls (Wang et
al. 2014b). Based on the concept of biorefinery, it is necessary to remove lignin to
successfully exploit hemicellulose and acetic acid in PHL. If these substances in the PHL
can be fully recycled, it will bring huge benefits to the dissolving pulp industry.

Table 4. Effect of the Various Pre-hydrolysis Conditions on the Compositions of
the PHL

Temperature Time Solid Total Lignin Forr_nic Ace_tic Furfural
(°C) (min) pH | Content | Sugar (/L) Acid Acid (/L)
(g/L) (9/L) (g/L) (9/L)
150 60 3.3 12.7 8.90 1.23 0.52 0.34 0.03
150 90 3.2 16.4 11.4 1.65 0.70 0.38 0.04
150 120 3.2 18.6 13.2 1.84 0.72 0.38 0.07
160 60 3.1 21.3 14.8 1.71 0.88 1.80 0.42
160 90 3.0 25.9 18.6 2.00 0.87 2.07 0.29
160 120 3.0 27.9 19.5 2.23 1.09 2.16 0.15
170 60 3.0 28.9 20.7 2.33 1.40 217 1.09
170 90 3.0 31.2 20.9 2.92 2.08 217 2.05
170 120 2.9 28.6 16.5 3.24 2.95 2.05 2.58

The solid content of the PHL increased to 31.2 g/L at 170 °C and 90 min, then
decreased to 28.6 g/L at 170 °C and 120 min. The total sugar content also correspondingly
decreased from 20.9 g/L to 16.5 g/L. This may have been because the acidic pre-hydrolysis
conditions were relatively stronger at 170 °C and 120 min, which resulted in the further
dehydration of the monosaccharides and led to their transformation into furfural, formic
acid, and other products.

The effects of various pre-hydrolysis conditions on the hemicellulose
concentrations in the PHL are listed in Table 5. Xylan/xylose was the major component,
which represented approximately 62% to 78% of the total sugars in the PHL under the
applied conditions. This was mainly because the major components of hemicellulose in the
raw material are five-carbon sugars (pentoses). Wang et al. (2014a) reported that the major
component in hemicellulose was xylose/xylan, which represented approximately 74% of
the total sugars in the original PHL. The sugars in the PHL were mainly in the
oligosaccharide form, which accounted for 73% to 83% of the total sugars. Tong et al.
(2016) stated that oligomeric sugars accounted for 81% to 84% of the total sugars in the
PHL. Therefore, the PHL could be a potential resource for the production of functional
oligosaccharides. Glucose was the most abundant sugar that was produced, apart from
xylose, and represented approximately 12% to 25% of the total sugars in the PHL. This
may have been because of a certain degree of degradation of cellulose, in addition to
hemicellulose, during the pre-hydrolysis process.
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Table 5. Effect of the Various Pre-hydrolysis Conditions on the Hemicellulose Concentrations in the PHL

Temperature Time Arabinose (g/L) Galactose (g/L) Glucose (g/L) Xylose (g/L) Mannose (g/L)
(°C) (min) Mono- | Oligo- | Mono- | Oligo- | Mono- | Oligo- | Mono- | Oligo- | Mono- | Oligo-
150 60 0.28 0.10 0.07 0.06 0.34 0.71 0.77 6.25 0.05 0.27
150 90 0.36 0.15 0.11 0.10 0.59 1.18 1.16 7.11 0.1 0.53
150 120 0.43 0.18 0.13 0.12 0.77 1.59 1.28 7.82 0.17 0.71
160 60 0.53 0.21 0.20 0.19 1.05 2.05 1.53 8.24 0.14 0.66
160 90 0.54 0.22 0.29 0.25 1.69 3.05 2.01 9.59 0.18 0.78
160 120 0.59 0.23 0.38 0.37 1.75 3.13 2.21 9.84 0.19 0.81
170 60 0.59 0.24 0.48 0.47 1.81 3.32 2.58 10.1 0.20 0.91
170 90 0.53 0.27 0.62 0.61 1.54 3.41 2.60 10.3 0.18 0.79
170 120 0.34 0.15 0.52 0.51 0.89 1.72 1.81 10.2 0.12 0.25
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The glucose in the PHL can be used to produce ethanol by fermentation (Yu et al.
2017). Galactose and mannose were the sugars with the lowest concentrations in the PHL.
Therefore, it is challenging to separate and purify PHL to produce high value-added
products.

Cooking, Bleaching, and Acid Post-treatment

The properties of the pulp after cooking, O—H-P bleaching, and acid post-treatment
are listed in Table 6. The main task of cooking was to dissociate the lignocellulosic
materials into pulp (delignification). The kraft cooking of the pre-hydrolyzed bamboo-
willow (at 160 °C for 90 min, 0.5% phosphoric acid concentration) was at a constant
cooking temperature of 165 °C for 120 min. The required amount of sulfidity was lower
(1.0%) to obtain a relatively low kappa number (21.8) in the cooked pulp.

Table 6. Properties of the Pulp after Cooking, O—H—P Bleaching, and Acid Post-
treatment

Parameter Cooking O—H-P Bleaching Acid Post-treatment
Total Yield (%) 39.2 34.8 -
Kappa Number 21.8 2.08 1.91
Viscosity (mL/g) 923 480 485
DP 1375 668 675
Brightness (%IS0) 38.7 82.7 83.6
Holocellulose Content (%) 92.7 - -
Pentosan Content (%) 5.15 4.98 4.77
a-Cellulose Content (%) - 91.8 92.1
Ash Content (%) - 0.430 0.103
Ferric lon Content (mg/kg) - 40.2 18.5
Reactivity (second) - 25.0 8.10

The purpose of bleaching is to remove residual lignin from the cooked pulp and to
improve the brightness of the pulp. The brightness of the bleached pulp increased to 82.7%
ISO after O—H-P bleaching from 38.7% ISO for the unbleached pulp, which was expected.
The average DP of the pulp reflects the average length of the cellulose molecular chains in
the pulp, i.e., nin the cellulose formula ((CeH100s)n). The viscosity or DP of the bleached
pulp was greatly reduced compared with that of the unbleached pulp. This was because of
a certain degree of oxidative degradation of the cellulose during the bleaching process.
However, bleaching had a slight effect on the pentosan content of the pulp.

Table 6 shows that the ash and ferric ion contents in the bleached pulp were high,
which could have a negative effect on the filtering of dissolving pulp and its color in rayon
manufacturing (Wu et al. 2018). Acid post-treatment could remarkably reduce the ash and
ferric ion contents (to 0.103% and 18.5 mg/kg, respectively) in the bleached pulp (from
0.430% and 40.2 mg/kg, respectively). Additionally, the acid post-treatment can slightly
improve the reaction property of bamboo-willow dissolving pulp. Acid post-treatment had
a slight effect on the other properties of the bamboo-willow dissolving pulp, such as the
viscosity or DP, brightness, a-cellulose content, and pentosan content.

The purity of the final bamboo-willow dissolving pulp reached a 92.1% a-cellulose
content, which was close to the content found when dissolving pulp was produced from
jute stick (92.3%) (Matin et al. 2015). This purity was higher than the purity of dissolving
pulp produced from eucalyptus (89.4%) (Martino et al. 2017) and lower than the purity
found in bamboo (Mayan) (96.57%) (Sugesty et al. 2015). The pentosan content of the
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bamboo-willow dissolving pulp was 4.77%, which was slightly higher than that of
hardwood dissolving pulp (4.5%) (Martino et al. 2017) and lower than that of non-wood
dissolving pulp (6.9%) (Matin et al. 2015). The brightness of the bamboo-willow
dissolving pulp was 83.6% ISO, which was not high for dissolving pulp. However, based
on the requirements of the a-cellulose content (> 90%) in viscose-grade dissolving pulp
reported by Behin and Zeyghami (2009), it could be used to produce viscose rayon.
Therefore, bamboo-willow can be used as a raw material to produce qualified dissolving
pulp by a phosphoric acid pre-hydrolysis Kraft process.

CONCLUSIONS

1. Adding phosphoric acid to the pre-hydrolysis stage can effectively remove
hemicellulose from bamboo-willow.

2. During the pre-hydrolysis process, a variety of degradation products from bamboo-
willow fiber raw materials were dissolved in the PHL, such as lignin, sugars
(monomeric and oligomeric sugars), formic acid, acetic acid, and furfural. The content
of these substances in the PHL increased with an increase in the pre-hydrolysis
conditions (P-factor). The dissolved hemicelluloses in the PHL were mostly
xylan/xylose, and most of the sugars in the PHL were in the oligosaccharide form.

3. The a-cellulose content, pentosan content, and DP of the final produced bamboo-
willow dissolving pulp were 92.1%, 4.77%, and 675, respectively. Also, the reactivity
of the final bamboo-willow dissolving pulp reached 8.10 s. Therefore, bamboo-willow
may be used as a lignocellulosic material for the production of viscose-grade dissolving

pulp.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support from the National Science
Foundation of Shandong Province (No. ZR2017LC016), the Open Fund of National Key
Laboratory of Pulp and Paper Engineering, and the South China University of Technology
(201817). The authors also appreciate the financial support from A Project of Shandong
Province Higher Educational Science and Technology Program (No. J17KA142) and the
National Key R&D Program of China (2017YFB0307900).

REFERENCES CITED

Avci, A., Saha, B. C., Kennedy, G. J., and Cotta, M. A. (2013). “High temperature dilute
phosphoric acid pretreatment of corn stover for furfural and ethanol production,”
Industrial Crops and Products 50, 478-484. DOI: 10.1016/j.indcrop.2013.07.055

Barimani, A., Gholamnezhad, M., and Ghasemian, A. (2014). “The effect of using
willow wood on the optical and mechanical properties of newsprint paper obtained
from chemi-mechanical pulp,” J. Ind. Acad. Wood Sci 11(2), 150-155.

DOI: 10.1007/s13196-014-0132-0

Zhang et al. (2019). “Dissolving pulp from bamboo,” BioResources 14(2), 3117-3131. 3128



PEER-REVIEWED ARTICLE b | oresources.com

Behin, J., and Zeyghami, M. (2009). “Dissolving pulp from corn stalk residue and waste
water of Merox unit,” Chem. Eng. J. 152(1), 26-35. DOI: 10.1016/j.cej.2009.03.024

Brasch, D. J., and Free, K. W. (1965). “Prehydrolysis-kraft pulping of Pinus radiata
grown in New Zealand,” Tappi 48(4), 245-248.

Chen, R., Wang, Y.-Z,, Liao, Q., Zhu, X., and Xu, T.-F. (2013). “Hydrolysates of
lignocellulosic materials for biohydrogen production,” BMB Rep. 46(5), 244-251.
DOI: 10.5483/BMBRep.2013.46.5.038

FZ/T 50010.3 (2011). “Pulp board for viscose fiber—Determination of viscosity,” China
National Standards Press, Beijing, China.

FZ/T 50010.13 (2011). “Pulp board for viscose fiber—Determination for reaction
property,” China National Standards Press, Beijing, China.

Girisuta, B., Danon, B., Manurung, R., Janssen, L. P. B. M., and Heeres, H. J. (2008).
“Experimental and kinetic modelling studies on the acid-catalysed hydrolysis of the
water hyacinth plant to levulinic acid,” Bioresour Technol. 99(17), 8367-8375.

DOI: 10.1016/j.biortech.2008.02.045

Guo, Y. (2010). “Present status of raw materials for papermaking and its prospect in
China,” China Pulp and Paper Industry 31(9), 15-17.

Ibarra, D., Kopcke, V., Larsson, P. T., Jaaskeldinen, A.-S., and Ek, M. (2010).
“Combination of alkaline and enzymatic treatments as a process for upgrading sisal
paper-grade pulp to dissolving-grade pulp,” Bioresour. Technol. 101(19), 7416-7423.
DOI: 10.1016/j.biortech.2010.04.050

ISO 779 (2005). “Paper, board and pulp—Determination of acid-soluble iron,”
International Organization for Standardization, Geneva, Switzerland.

Jun, A., Tschirner, U. W., and Tauer, Z. (2012). “Hemicellulose extraction from aspen
chips prior to kraft pulping utilizing kraft white liquor,” Biomass Bioenerg. 37, 229-
236. DOI: 10.1016/j.biombioe.2011.12.008

Kaur, 1., and N1, Y. (2015). “A process to produce furfural and acetic acid from pre-
hydrolysis liquor of kraft based dissolving pulp process,” Sep. Purif. Technol. 146,
121-126. DOI: 10.1016/j.seppur.2015.03.034

Kumar, H., and Christopher, L. P. (2017). “Recent trends and developments in dissolving
pulp production and application,” Cellulose 24(6), 2347-2365. DOI: 10.1007/s10570-
017-1285-y

Leopold, B. (1961). “Chemical composition and physical properties of wood fibers. .
Preparation of holocellulose fibers from loblolly pinewood,” Tappi 44(3), 230-245.

Li, J.-g., Zhang, H.-j., and Lei, M. (2012). “Comparison on wood properties and pulping
performance between bamboo-willow and two fast-growing hardwoods,” China Pulp
and Paper Industry 33(18), 10-13.

Martino, D. C., Colodette, J. L., Chandra, R., and Saddler, J. (2017). “Steam explosion
pretreatment used to remove hemicellulose to enhance the production of a eucalyptus
organosolv dissolving pulp,” Wood Sci. Technol. 51(3), 557-5609.

DOI: 10.1007/s00226-016-0889-y

Matin, M., Rahaman, M. M., Nayeem, J., Sarkar, M., and Jahan, M. S. (2015).
“Dissolving pulp from jute stick,” Carbohydr. Polym. 115, 44-48.

DOI: 10.1016/j.carbpol.2014.08.090

Meng, X.-h., and Zhang, J.-b. (2013). “Research on the promotion advantages, economic
benefits and development strategies of an emerging fast growing tree species—A case
study of fast-growing bamboo-willow,” Issues of Forestry Economics 33(3), 243-248.

Zhang et al. (2019). “Dissolving pulp from bamboo,” BioResources 14(2), 3117-3131. 3129



PEER-REVIEWED ARTICLE b | oresources.com

Peréz-Bibbins, B., Torrado-Agrasar, A., Salgado, J. M., Mussatto, S. I., and Dominguez,
J. M. (2016). “Xylitol production in immobilized cultures: A recent review,” Crit.
Rev. Biotechnol. 36(4), 691-704. DOI: 10.3109/07388551.2015.1004660

Pitarelo, A. P., Szczerbowski, D., Ndiaye, P. M., Filho, A. Z., and Ramos, L. P. (2010).
“Steam explosion of cane bagasse using phosphoric acid as the pretreatment catalyst,”
J. Biotechnol. 150, 206-207. DOI: 10.1016/j.jbiotec.2010.09.017

Reardon, K. F. (2014). “Lignocellulosic biorefineries: Concepts and possibilities,” in:
Plants and BioEnergy, M. C. McCann, M. S. Buckeridge, and N. C. Carpita (eds.),
Springer, New York, NY, pp. 255-265.

Shen, J., Fatehi, P., Soleimani, P., and Ni, Y. (2011). “Recovery of lignocelluloses from
pre-hydrolysis liquor in the lime kiln of kraft-based dissolving pulp production
process by adsorption to lime mud,” Bioresour. Technol. 102(21), 10035-10039.
DOI: 10.1016/j.biortech.2011.08.058

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., and Templeton, D. (2006).
Determination of sugars, byproducts, and degradation products in liquid fraction
process samples, U. S. National Renewable Energy Laboratory, Golden, CO.

Sugesty, S., Kardiansyah, T., and Hardiani, H. (2015). “Bamboo as raw materials for
dissolving pulp with environmental friendly technology for rayon fiber,” Procedia
Chem. 17, 194-199. DOI: 10.1016/j.proche.2015.12.122

TAPPI T203 cm-99 (1999). “Alpha-, beta- and gamma-cellulose in pulp,” TAPPI Press,
Atlanta, GA.

TAPPI T204 cm-07 (2007). “Solvent extractives of wood and pulp,” TAPPI Press,
Atlanta, GA.

TAPPI T211 om-02 (2002). “Ash in wood, pulp, paper and paperboard: Combustion at
525 °C,” TAPPI Press, Atlanta, GA.

TAPPI T222 om-11 (2011). “Acid-insoluble lignin in wood and pulp,” TAPPI Press,
Atlanta, GA.

TAPPI T223 cm-01 (2001). “Pentosans in wood and pulp,” TAPPI Press, Atlanta, GA.

TAPPI T236 om-99 (1999). “Kappa number of pulp,” TAPPI Press, Atlanta, GA.

TAPPI T525 om-02 (2002). “Diffuse brightness of pulp (D/0),” TAPPI Press, Atlanta,
GA.

TAPPI UM 250 (2000). “Acid-soluble lignin in wood and pulp,” TAPPI Press, Atlanta,
GA.

Tong, R., Wu, C., Zhao, C., and Yu, D. (2016). “Effect of boric acid addition on the
prehydrolysis of Whangee,” BioResources 11(4), 9628-9637.

DOI: 10.15376/biores.11.4.9628-9637

van Heiningen, A. (2006). “Converting a kraft pulp mill into an integrated forest
biorefinery,” Pulp Pap.-Canada 107(6), 38-43.

Wang, Q., Jahan, M. S., Liu, S., Miao, Q., and N1, Y. (2014a). “Lignin removal
enhancement from prehydrolysis liquor of kraft-based dissolving pulp production by
laccase-induced polymerization,” Bioresour. Technol. 164, 380-385.

DOI: 10.1016/j.biortech.2014.05.005

Wang, Z., Jiang, J., Wang, X., Fu, Y., Li, Z., Zhang, F., and Qin, M. (2014b). “Selective
removal of phenolic lignin derivatives enables sugars recovery from wood
prehydrolysis liquor with remarkable yield,” Bioresour. Technol. 174, 198-203.
DOI: 10.1016/j.biortech.2014.10.025

Wang, Z., Wang, X., Fu, Y., Yuan, Z., and Qin, M. (2015). “Saccharide separation from
wood prehydrolysis liquor: Comparison of selectivity toward non-saccharide

Zhang et al. (2019). “Dissolving pulp from bamboo,” BioResources 14(2), 3117-3131. 3130



PEER-REVIEWED ARTICLE b | oresources.com

compounds with separate techniques,” RSC Adv. 5(37), 28925-28931. DOI:
10.1039/C4RA17017B

Wei, L., Shrestha, A., Tu, M., and Adhikari, S. (2011). “Effects of surfactant on
biochemical and hydrothermal conversion of softwood hemicellulose to ethanol and
furan derivatives,” Process Biochem. 46(9), 1785-1792.
DOI: 10.1016/j.prochio.2011.06.001

Wu, C.-J.,, Zhang, J.-C., Yu, D.-M., and Li, R.-G. (2018). “Dissolving pulp from bamboo-
willow,” Cellulose 25(1), 777-785. DOI: 10.1007/s10570-017-1596-z

Wu, C., Zhou, S., Zhao, C., and Wang, D. (2014). “Improved reactivity of bamboo
dissolving pulp for the viscose process: Post-treatment with beating,” BioResources
9(2), 3449-3455. DOI: 10.15376/biores.9.2.3449-3455

Yu, H., Guo, J., Chen, Y., Fu, G., Li, B., Guo, X., and Xiao, D. (2017). “Efficient
utilization of hemicellulose and cellulose in alkali liquor-pretreated corncob for
bioethanol production at high solid loading by Spathaspora passalidarum U1-58,”
Bioresour. Technol. 232, 168-175. DOI: 10.1016/j.biortech.2017.01.077

Avrticle submitted: December 17, 2018; Peer review completed: January 26, 2018;
Revised version received and accepted: February 22, 2019; Published: February 27, 2019.
DOI: 10.15376/biores.14.2.3117-3131

Zhang et al. (2019). “Dissolving pulp from bamboo,” BioResources 14(2), 3117-3131. 3131



