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Regulation of Superoxide Anion Radicals in Bagasse
Alkali-Oxygen Pulping to Enhance Delignification
Selectively
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Alkali-oxygen pulping has received increasing attention as an
environmentally compatible pulping process; however, the resulting pulp
has low yield and properties due to carbohydrate degradation. In this work,
the effect of regulating superoxide anion radicals (Oz) on delignification
selectivity in alkali-oxygen pulping was investigated. The pulp was
characterized by Brunauer-Emmett-Teller (BET) analysis, scanning
electron microscope (SEM), and X-ray diffraction (XRD). Lignin removal
was improved by the regulation of Oz in the 1,2,3-trihydroxybenzene auto-
oxidation system with addition of sodium 2-anthraquinonesulfonate,
especially for the pulp from cooking time 120 min. The degree and
selectivity of delignification were improved with alkali-oxygen pulping when
sodium 2-anthraquinonesulfonate was added to facilitate the generation of
superoxide anion radicals. The results showed that the increased fiber
liberation was beneficial for the accessibility of Oz to lignin, which would
improve the removal of lignin with negligible damage on cellulose,
especially with regards to crystal area.
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INTRODUCTION

Alkali-oxygen pulping is widely used to pulp non-wood. This method has low
chemical costs and can be environmentally friendly (Chen and Hayashi 1997, 1999). Its
other advantages include low alkali charge and low cooking temperature compared with
conventional alkali pulping (Chen and Hayashi 1997; Hata et al. 2008; Zhang et al. 2008;
Chen 2009). Sugarcane bagasse is an important agro-based lignocellulose that is renewable;
it has loose fiber structure (Zhao et al. 2010; Kapoor et al. 2017) and has a high cellulose
content of 40% (Saha 2003; Dinesh et al. 2006). These characteristics make bagasse
suitable for alkali-oxygen pulping. Li et al. (2012) and Hata et al. (2008) have reported the
use of NaOH and oxygen pulping of non-wood plant materials. Bagasse alkali-oxygen
pulping involves two distinct delignification phases: the bulk phase and the residual phase
(Fernandez et al. 1985; Sabatier et al. 1993).

The ratio of p-hydroxyphenyl-to-guaiacyl-to-syringyl (H:G:S) units of bagasse
lignin is 2:38:60 (Rio et al. 2015); the high content of syringyl units is beneficial for
improving the delignification rate (Yang 2010). In the bulk phase of alkali-oxygen pulping,
primarily -O-4, -5 and other condensed substructures (Rio et al. 2015) could be removed
as much as possible due to lower oxygen delignification resistance (Agarwal et al. 1999;
Poukka et al. 1999). In addition, the delignification selectivity is remarkable because the
reactive activity of cellulose mainly affected by the accessibility of fiber (Lin et al. 2018)
and less fiber was exposed during the initial cooking. However, the delignification
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selectivity decreased after the end of the bulk phase, leading to an increase in carbohydrate
degradation and a decrease in lignin depolymerization and removal.

Several researchers have demonstrated that oxygen delignification involves free
radicals in the reaction process, including HOO", O>" and HO", and the lignin removal is
mainly governed by the interplay of O>" and HO" (An 1998; Gierer et al. 2001; Liu 2008).
When oxygen molecules have absorbed a certain amount of energy, they could be excited
to form a singlet oxygen, which decays to ground state oxygen before it contacts with other
substances. The ground state oxygen is excited and accepts one electron to form O™, and
then it accepts electrons and protons to form HO" and a series of reactive oxygen-containing
species (Zhao 1999). HO® can combine with aromatic selectrons to generate
cyclohexadienyl adducts, which can transfer one electron from O to form O.™ (Liao and
Reitberger 2013). The electron transfer from Oz to aromatic ring formed HO" and H20z,
then H.O; can further react with transition metal ions to form HO’, a strong oxidant, via
catalytic mechanism. The specific reactions (Gierer et al. 1994) are presented as follows:

O, + e(from the substrate) — O,

O, + 2e + 2H" —H,0,

MO + H,0) — MO*D) + OH + HO o
HOe+ H,0) — H,0 + HO,"

HOe+ HOy —» H,0+ 0, o

Carbohydrate degradation is mainly caused by HO® (Ek et al. 1989; Gratzl 1992,
Guay et al. 2000; Reitberger et al. 2001). O>™ has a low oxidation potential of 0.41V,
(Gierer 1997; Ragauskas et al 2005). However, it also could degrade aromatic rings and
conjugate a double bond, especially under the synergy with HO", and it has little effect on
carbohydrate. Hence, it is important to regulate the reactions of O, and HO with lignin in
order to improve alkali-oxygen pulping selectivity. Several researchers have suggested that
sodium 2-anthraquinonesulfonate can facilitate O>" generation and can improve
delignification selectivity during oxygen delignification of bamboo kraft pulp (Cao et al.
2006; Cao et al. 2007; Guimiiskaya et al. 2011). However, the scientific literature does not
report on the control of O.™ during the alkali-oxygen pulping of bagasse in order to improve
delignification selectivity.

In this study, the bagasse pulp was treated by 1,2,3-trihydroxybenzene auto-
oxidation system, which could generate O™, to reveal the effect of O on delignification
of alkali-oxygen pulp. Afterwards, the characteristics of the resulting bagasse pulp were
investigated to measure differences in delignification selectivity during the pulping
process. Finally, the sodium 2-anthraquinonesulfonate was added as O>™ promoter to
improve the pulping properties, and the resulting pulp was characterized by BET, SEM and
XRD to determine the mechanism of improved delignification selectivity.

EXPERIMENTAL

Materials and Analytical Methods

Air-dried and de-pithed sugarcane bagasse was provided by the Yunnan Xinping
Nan’en Sugar and Paper Co., Ltd. (Yunnan Province, China). Sodium 2-
anthraquinonesulfonate was purchased from the Shanghai Aladdin Reagent Co., Ltd.
(Shanghai, China). Other chemical reagents used were of analytical grade and were made
in China.
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Alkali-oxygen pulping

Alkali-oxygen pulping of bagasse was performed in a 15 L rotating autoclave
reactors heated by heating mantles with temperature controllers. The cooking conditions
were: NaOH charge 23% (on o0.d. biomass); MgSOa charge 0.5% (on o.d. biomass); 7.33:1
liquor-to-bagasse ratio; initial oxygen pressure 0.6 MPa; and maximum temperature 100
°C for a given reaction time.

Reaction of superoxide anion radicals with bagasse pulp

02" was produced by the auto-oxidation of 1,2,3-trihydroxybenzene. The bagasse
alkali-oxygen pulp, 1,2,3-trihydroxybenzene solution, and 100 mmol/L tris(hydroxyl-
methyl)aminomethane hydrochloride (Tris-HCI) buffer solution (pH = 8.2) were mixed in
a plastic bag, the pulp consistency was adjusted to 12% by distilled water, and the reaction
was performed at 60 °C for 60 min in water bath.

Various charges of sodium 2-anthraquinonesulfonate was added to the plastic bag
for the reactions of O>™ with bagasse pulp as the radical promoter.

Alkali-oxygen pulping with superoxide anion radical promoter

The sodium 2-anthraquinonesulfonate was used as the O2" promoter. The
conditions of alkali-oxygen pulping with the O>™ promoter were the same as for the above-
described alkali-oxygen pulping except that the promoter was added at 120 min of the total
240 min of pulping time.

Analysis on pulp properties

The resulting pulp was thoroughly washed with tap water and then screened with a
0.2 mm sieve plate. Afterwards, the pulp was fluffed and placed in a sealed plastic bag for
24 h prior to its characterization measurements. Pulping yield was determined
gravimetrically on the samples following drying at 105 + 2 °C for 8 h. The kappa number
and intrinsic pulp viscosity were determined in accordance to TAPPI T238 and SCAN-CM
15:88 test methods, respectively. Delignification selectivity was calculated based on the
following equations (Shi and He 2003; Zou et al. 2007),

KO—K1

L= "2 0100 1)

V= V"‘Ovl 100 )
L

§=7 ©)

where S is delignification selectivity, L is the amount of delignification (%), Koand Ky are
kappa numbers of the pulp before and after treatment, V is the amount of intrinsic viscosity
reduction (%), and Vo and V1 are intrinsic viscosities of the pulps before and after treatment.

Characterization and measurements

The resulting pulp was thoroughly washed with tap water, air-dried, milled to pass
through a 250-mesh screen, and dried at 105 °C to constant weight. The screened material
was characterized by X-ray diffraction. X-ray diffraction patterns were recorded using Cu
Ka (4 = 0.154 nm) radiation at 40 kV and 100 mA. A Rigaku DMAX-3B diffractometer
(D8 Advance Bruker, Scintillation, Germany) was used. Data were collected for a 260 range
between 5 and 90° with increments of 0.02° at a scanning speed of 3°/min. The crystallinity
index was calculated,

Crystallinity Index = Leryst « 100 (4)

A(cryst) +A(amorph)

where Aeryst) IS the cellulose crystallinity of bagasse pulp (%), and Agmorph) is the amorphous
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cellulose content of bagasse pulp (%) (Focher et al. 2001).

The average pore diameters and the pore size distributions of the pulps were
measured by using a BJH surface area and pore size analyzer (NOVA2000e, Quantachrome
Instruments, Boynton Beach, FL, USA), which is based on the Brunauer-Emmett-Teller
(BET) nitrogen adsorption isotherm principle. The air-dried pulps were milled and
screened with 40/60 mesh screens; the screened material was oven-dried at 105 °C for 4 h.

The morphologies of the pulps were observed by using a tungsten filament scanning
electron microscope (SEM) (VEGA-3SBH, Tescan Corporation, Czech Republic).
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Fig. 1. Oz~ promoter addition improved the delignification selectivity of alkali-oxygen pulping

RESULTS AND DISCUSSION

Proposed Concept for Improving the Delignification Selectivity by the
Regulation of Oz in Alkali-Oxygen Pulping

Figure 1 presents a hypothetical mechanism for improving alkali-oxygen
delignification selectivity. The proposed mechanism is based on the following premises.

(1) O can react with alkali-oxygen pulp with minimum carbohydrate degradation.
The regulation of radicals during alkali-oxygen pulping would improve
delignification selectivity.

(2) Sodium 2-anthraquinonesulfonate can facilitate the generation of O>™ during
alkali-oxygen pulping.

(3) Delignification selectivity is higher in the initial phase of alkali-oxygen pulping,
whereas delignification selectivity is lower in the later phase. Addition of
sodium 2-anthragquinonesulfonate improves alkali-oxygen delignification
selectivity, which results in higher pulp yield with less fiber damage.

The differences in delignification selectivity of alkaline pulping versus oxygen
delignification process have been reported in the literature. Barroca et al. (2001) noted that
delignification selectivity was higher in the initial phase and lower in the later phase with
the oxygen delignification of eucalypt kraft pulps. Samuelson and Abrahamsson (1978)
reported that carbohydrate degradation is appreciable at the end of oxygen delignification
of alkaline pulps, which negatively effects paper properties. Sjoblom (1996) disclosed that
the selectivity of kraft pulping decreased as lignin removal increased, while the increased
removal of lignin in the bulk delignification phase would result in higher intrinsic viscosity
of pulp for a given kappa number. This means that the delignification rate was higher in
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initial cooking, which is a benefit for increasing the quality of pulps as the resulting pulps
with the similar kappa number. Therefore, it is important to increase delignification
selectivity by the regulation of O2™ during the alkali-oxygen pulping process.

Several researchers have reported that O>” is generated by the 1,2,3-
trihydroxybenzene auto-oxidation reaction (Marklund and Marklund 1974; Gao et al.
1997; Alanko et al. 1999). Gierer et al. (1994) and Reitberger et al. (2001) indicated that
02" has the ability to react with phenolic and carbon-centered radicals, which results in
aromatic ring opening or cleavage of a carbon-carbon bond in the aliphatic side chain. Cao
et al. (2006) proposed that addition of sodium 2-anthraquinonesulfonate during oxygen
delignification of bamboo pulps could effectively improve the delignification degree and
selectivity. Hence, this paper will present enhanced delignification selectivity by the
addition of sodium 2-anthraquinonesulfonate during the alkali-oxygen pulping of bagasse,
which results in good quality pulp.

Reaction of O2* with Bagasse Pulp

Gao et al. (1997) reported that 1,2,3-trihydroxybenzene auto-oxidation could
produce O2. The pulps in this study, which were produced by alkali-oxygen pulping, were
treated with 2% to 6% of 1,2,3-trihydroxybenzene to generate O,™; the results are shown
in Table 1. Delignification selectivity was not calculated for 60 min pulp since the pulp
was not sufficiently cooked to the fiber liberation point, which would allow for the
determination of kappa number and intrinsic pulp viscosity. Zhan et al. (2011) reported
that fibers can be separated only when the lignin concentration of the middle lamella (ML)
layer has been sufficiently reduced. As the charge of 1,2,3-trihydroxybenzene increased,
the kappa number of the pulp decreased with very little effect on the pulp intrinsic viscosity.
For example, as for alkali-oxygen pulps (the kappa number of 25.0) from cooking time 120
min, when 1,2,3-trihydroxybenzene charge was 6%, the kappa number decreased to 20.4
and there was little change in the intrinsic viscosity; these results indicated O™ had good
ability and selectivity of delignification. Regarding the pulp from cooking time 60 min and
180 min, the kappa number did not decline when the 1,2,3-trihydroxybenzene charge
increased from 4% to 6%. This is because O>™ has low oxidation properties of 0.41V,
limiting the delignification ability (Gierer 1997; Ragauskas et al. 2005). In addition, the
lignin concentration was high at the cooking time of 60 min and O, had a short lifetime,
which limited the reaction between O™ and inner lignin. The delignification resistance of
residual non-phenolic lignin was high at the cooking time of 180 min. Therefore, the
delignification ability and selectivity of O™ on pulp at the cooking time of 120 min were
optimal in this study.

In summary, examination of the results on O™ to delignify at various pulping times
suggested that the optimum delignification efficiency occurred at 120 min. To further
improve the delignification selectivity, the O™ promoter should be added at alkali-oxygen
pulping time of 120 min.

Effect of Sodium 2-Anthraguinonesulfonate on the Reaction of O2" with
Bagasse Pulp

Sodium 2-anthraquinonesulfonate was used as O>™ promoter in this study. The
delignification results with the 1,2,3-trihydroxybenzene system with the O2™ promoter are
presented in Table 2. The kappa number decreased from 23.3 to 22.6 when the promoter
charge increased from 0% to 0.5%. The removal rate increased from 2.92% to 5.83% with
only a loss of 23 to 30 mL/g of intrinsic viscosity. Delignification was enhanced with little
effect on intrinsic viscosity, which suggested that O, was generated by the addition of
sodium 2-anthraquinonesulfonate. Although the mechanism of generating O2™ is unknown,
Cao et al. (2007) showed that sodium 2-anthraquinonesulfonate could facilitate O™
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generation and improve the delignification selectivity of oxygen delignification of bamboo
kraft pulps. Thus, it is feasible that sodium 2-anthraquinonesulfonate can be used as an
O promoter during alkali-oxygen pulping to regulate O2" in order to improve
delignification selectivity.

Table 1. Effect of Oz on Bagasse Pulp from Various Alkali-Oxygen Pulping Times

Alkali-oxygen Charge of 1,2,3- Kappa Intrinsic viscosity Delignification
pulping time (min) | trihydroxybenzene | number (mL/g) selectivity
60 2% 23.3 825 -
60 4% 22.6 820 -
60 6% 22.6 815 -
120 2% 22.3 747 1.40
120 4% 21.9 785 4.17
120 6% 20.4 785 6.19
180 2% 16.0 780 0.80
180 4% 13.6 781 1.76
180 6% 13.6 727 1.76
* Kappa number and intrinsic viscosity of pulp from alkali-oxygen pulping at 120 min were 25.0
and 809 mL/g, at 180 min were 16.4 and 806 mL/g, and at 60 min were not determined.

Table 2. Effect of Sodium 2-Anthraquinonesulfonate Salt on the Reaction of
Bagasse Pulp with Oz from the 1,2,3-Trihydroxybenzene Auto-Oxidation System

o Intrinsic
Charge of sodium 2- Kappa I_ntrlns_|c Delignification | viscosity | Delignification
: viscosity . oo
anthraquinonesulfonate number rate (%) reduction Selectivity
(mL/g)
rate (%)
0.0% 23.3 762 2.92 3.79 0.77
0.1% 23.1 769 3.75 2.90 1.29
0.2% 22.8 763 5.00 3.66 1.37
0.5% 22.6 766 5.83 3.28 1.78
* Kappa number and intrinsic viscosity of the alkali-oxygen bagasse pulp (from a pulping
time of 120 min) were 24.0 and 792 mL/g. The dose of 1,2,3-trihydroxybenzene was 6%.

Characterizing Bagasse Alkali-Oxygen Pulps

The pulping results from alkali-oxygen cooking are shown in Figs. 2 and 3. Pulp
yields obviously decreased. The delignification rate was high, which was 66.0% after the
first 60 min; afterwards, the rate decreased. The average fiber pore size reached its
maximum value and the cellulose crystallinity index increased within the first 60 min. This
was attributed to the dissolution of lignin and hemicelluloses. While after 60 min, the
delignification rate increased slowly with prolonged cooking time due to the decrease in
alkali content and increase in activation energy (Chang et al. 1973; Nada et al. 1998). The
decreased delignification selectivity resulted from the condensed phenolic units in residual
lignin, LCC structure (Li 1999; Torbjorn et al. 2001), and the exposure of carbohydrate
(Heiningen and Ji 2012). Especially after cooking for 180 min, the degradation of
carbohydrate increased.

The lignin was removed with high efficiency within the first 60 min of alkali-
oxygen pulping, and the fibers were separated. The average pore size of the fibers increased
from 7.19 nm to 12.74 nm within the first 60 min (Table 3). The removal of lignin and
hemicelluloses from the cell wall opened the fiber structures and formed more voids among
fibrils (i.e., new pores with size less than 10 nm), which resulted in a decrease of average
pore size after 60 min of pulping time (Jiang et al. 2016; Huang et al. 2017). The average
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pore size of the fibers increased and more voids among fibrils formed, which caused the
fiber cell wall to become loose and expose lignin to chemical liquor and active oxygen,
which would improve the accessibility of the pulp.

The crystallinity index increased at first, which can be ascribed to many
uncondensed phenolic units and olefinic structures, such as stilbenes and enol ethers
becoming degraded and dissolved out (Ljunggren 1990; Zhen et al. 2018; Zhang et al.
2018). The crystallinity index declined after cooking for 120 min, which means that the
fibers crystalline areas were damaged as a consequence of the increased of swelling degree
and the number of voids. These changes would improve the accessibility of alkali to fiber.
These results are in agreement with an earlier study (Ma 2014).

In summary, the delignification selectivity performed remarkably in the initial 120
min of alkali-oxygen pulping. After that, it is essential to regulate the proportion of O, for
improving the delignification selectivity. Thus the O>" promoter was added in alkali-
oxygen pulping system at a cooking time of 120 min.
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Fig. 2. Effect of alkali-oxygen pulping time on pulp yield, and delignification rate

70 — 14
—A— Crystallinity
65 —m—BJH average adsorption pore size

J12
60 |-
55} A A\ 410
A
n
50} T
p \ 18
. :/ -

45

Crystallinity (%)

Average pore size (nm)

40 1 1 1 1 1 1 6
0 50 100 150 200 250

Cooking time (min)
Fig. 3. Effect of alkali-oxygen pulping time on crystallinity index and average pore size of the pulp

Effect of O2* Promoter on Alkali-oxygen Pulping

The effect of sodium 2-anthraquinonesulfonate (O2™ promoter) addition at 120 min
during alkali-oxygen pulping is shown in Table 4. As the O™ promoter charge increased
from 0% to 0.2%, the pulping yield and the intrinsic viscosity increased, and the kappa
number decreased from 15.8 to 12.8. When the O.™ promoter charge increased from 0.1%
to 0.2%, the crystallinity index increased (Table 5), and the pore size distribution that was
less than 10 nm and between 10 and 50 nm decreased, which demonstrated that the
facilitated generation of O2™ could improve the removal of lignin (Gang et al. 2010) in
alkali-oxygen pulping system. Bielski and Allen (1977) demonstrated that superoxide
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anion radicals have a lifetime of about 1 s with pH=7 condition, and the lifetime of O>~
was prolonged when the pH value increased. Therefore, it is interesting to note that Oz
has strong penetrability and lifetime in loose structure raw material alkali-oxygen pulping.
Thus, the lignin could be degraded into small molecules and dissolved out by O>™ without

breaking up the cell walls

Table 3. Effect of Pulping Time on Average Pore Size of Alkali-Oxygen Pulps

Pulping time Average pore size Pore size distribution (%)
(min) (nm) <10 nm 10-50 nm >50 nm
0 7.191 52.79 24.97 22.24
60 12.737 30.59 23.00 46.41
120 9.164 45.90 42.63 11.47
180 8.482 46.40 31.09 22.51
240 7.039 46.59 19.98 33.43

Table 4. Effect of Oz Promoter on Alkali-Oxygen Pulping

Promoter charge

Screened yield (%)

Kappa number

Intrinsic viscosity (mL/g)

0.0% 57.44 15.8 672
0.1% 60.54 13.3 687
0.2% 59.41 12.8 707

Table 5. Effect of Oz Promoter on the Structure of Bagasse Fiber

Promoter | Crystallinity Average pore Pore diameter distribution (%)
charge Index (%) diameter (nm) <10 nm 10-50 nm >50 nm
0.0% 53.28 7.039 46.59 19.98 33.43
0.1% 55.00 8.064 45.90 27.14 26.96
0.2% 55.93 8.894 4421 24.10 31.69

Fig. 4. SEM 5.0 kx of bagasse pulp: (a) without sodium 2-anthraquinonesulfonate; (b) with 0.1%
sodium 2-anthraquinonesulfonate; (c) with 0.2% sodium 2-anthraquinonesulfonate.

Figure 4 shows the effect of O, promoter on fiber morphology of the resulting
alkali-oxygen pulp. The results are similar to the morphology of alkali-oxygen pulp; the
amount of small pores on the fibers decreased as the charge of O™ promoter increased.
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The results are agreement with that of pore diameter distribution.

The above observations indicated that carbohydrate degradation decreased and
delignification selectivity increased with the addition of O™ promoter in the alkali-oxygen
pulping process.

CONCLUSIONS

1. Superoxide anion radicals (O2™) can selectively delignify bagasse at an alkali-oxygen
pulping time of 120 min.

2. Sodium 2-anthraquinonesulfonate, an O™ radical promoter, was added at an alkali-
oxygen pulping time of 120 min; delignification was improved and carbohydrate
degradation was inhibited. Compared with control sample, when 0.2% sodium 2-
anthraquinonesulfonate was added, the yield of alkali-oxygen pulping was increased
by 1.97 percent from 57.4% to 59.4%, and the kappa number of pulp was decreased
with slightly increased intrinsic viscosity.

3. Delignification selectivity was enhanced due to the regulation of O>" in the alkali-
oxygen pulping process. In addition, facilitated generation of O>* was beneficial for
increasing the delignification with negligible damage on fiber, and the crystallinity
index of resulting pulps was increased.
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