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Molecular Simulation of Reaction Mechanism for
Hemicellulose Model Compound during Chlorine
Dioxide Bleaching

Shuangquan Yao,** Cheng Wang,*" Cong Gao,*" Lisheng Shi,*® Shuangxi Nie,*" and
Chengrong Qin b

D-xylose, a hemicellulose model compound, was oxidized by chlorine
dioxide under simulated bleaching conditions, and the mechanism of this
reaction was investigated. The final reaction product, chloroacetic acid,
was detected by gas chromatography-mass spectrometer (GC-MS). To
study the generating mechanism of chloroacetic acid by D-xylose during
chlorine dioxide bleaching, three reaction pathways were designed. The
results showed that the biggest heat of reaction, -234.33 kJ/mol, and the
minimum reaction activation energy, 44.44 kJ/mol, appeared for one of the
candidate pathways (no. 2). That pathway was thermodynamically more
favored. Xylitol was generated by D-xylose degradation, and then
chloroacetic acid was generated by a series of oxidation, fracture, and
substitution reactions on xylitol.

Keywords: AOX; Hemicellulose model compound; Chlorine dioxide; GC-MS; Oxidation kinetics;
Reaction pathway

Contact information: a: Department of Light Industrial and Food Engineering, Guangxi University,
Nanning, 530004, P. R. China; b: Guangxi Key Laboratory of Clean Pulp & Papermaking and Pollution
Control, Nanning 530004, P. R. China; *Corresponding author: gin_chengrong@sina.com

INTRODUCTION

There is considerable interest and public concern regarding the discharge of pulp
bleaching effluents to the environment because they contain high amounts of chlorinated
organics that originate from chlorine bleaching (Bouiri and Amrani 2010; Li et al. 2016;
Saelee et al. 2016). One important group of these substances is organic halogens, which
are characterized by toxicity and bioaccumulation (Yeh et al. 2014; Jaacks and Staimez
2015). The organic halogens can be defined as adsorbable organic halogens (AOX) (Nie et
al. 2014, 2015; Yao et al. 2017). The formation of AOX is an estimate of the soluble and
organically bound chlorine in pulp bleaching effluents (Hart and Santos 2013; Fang et al.
2016). Pulping processes utilize large amounts of water, and chlorine is still in use in some
of the paper pulp producing plants due to the superior quality of the paper produced and
the cost-effectiveness of chlorine bleaching. For these reasons, AOX reduction technology
has become an advanced research topic (Singh et al. 2008; Bouiri and Amrani 2010).

To meet increasingly stringent discharge limits, the amount of AOX discharged
from pulp mills can be reduced in two ways: optimization of the mill process and adoption
of technologically advanced treatment systems. Optimization of mill processes (Benattar
et al. 2007) includes lowering the pulp concentration, extending the cooking time, oxygen
delignification, increasing chlorine dioxide substitution (Baycan et al. 2007), changing the
pH in the Do stage (first stage of chlorine dioxide bleaching) (the initial pH 2 to 4, and the
final pH 8 to 9) (Hart and Connell 2008), and reducing the chlorine dosage during bleaching
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as well as subsequent AOX discharges from the bleach plant. External treatments, such as
biological treatments, reduce AOX discharge from the mill to the receiving water.
Xylanase (Dai et al. 2016) and laccase (Pei et al. 2016; Nie et al. 2018) were evaluated in
elemental chlorine free (ECF) bleaching of eucalyptus kraft pulp, and a 34% reduction of
AOX in the effluents was observed (Sharma et al. 2014). Xylanase pre-treatment can
remove HexA and expose more lignin, decreasing the chlorine dioxide demand, thus
reducing the formation of AOX (Nie et al. 2015). An external chemical treatment has been
developed that significantly reduces AOX in bleach plant effluent prior to biological
treatment. The inclusion of additives, such as dimethyl sulfoxide (DMSO) (Lachenal et al.
2000), hydrogen peroxide (Baycan et al. 2007), or amino sulfonic acid, among others, can
be considered. For the portion of the lignin that was removed, alkali extraction is an
effective method to reduce AOX formation.

The authors also found that hemicellulose affects AOX formation. A pH pre-
corrected hot water pretreatment was developed (Yao et al. 2015, 2017). The influence of
lignin on AOX formation was eliminated by controlling the hot water extraction time, and
AOX formation decreased 33% under optimal hot water extraction conditions. In this
paper, D-xylose was used as the hemicellulose model compound, and it reacted with
chlorine dioxide under simulated bleaching conditions. Then, GC-MS was used to
determine the reaction products. The effects of pH, temperature, chlorine dioxide dosage,
and D-xylose dosage on AOX formation were investigated. The reaction pathway is
calculated by using the molecular simulation technique. The aim of the present work was
to appraise the reaction mechanism of the reaction of hemicellulose with chlorine dioxide.
This work will provide a theoretical basis for reducing AOX formation based on the
perspective of hemicellulose.

EXPERIMENTAL

Materials

D-xylose from corn cob was purchased from Aladdin Reagent Co. LTD (Shanghai,
China). Active carbon adsorption columns were purchased from Analytik-Jena Instrument
Company (Jena, Germany). Other chemicals were purchased from Aladdin Reagent Co.
LTD (Shanghai, China), such as sulfuric acid and sodium hydroxide. All assay reagents
were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA), such as chloroacetic acid
and furfural. All of the chemicals used were of analytical grade.

Methods
Reaction environment

A Multi X2500 AOX analyzer (Analytik Jena AG, Jena, Germany) was employed
to identify AOX in the bleaching effluent (Yao et al. 2017) and was applied for kinetics
runs. Solutions of D-xylose were prepared and added to a three-neck flask. A sulfuric acid
solution and sodium hydroxide were used to adjust the pH of the solution. The reactions
were initiated by mixing D-xylose and chlorine dioxide solutions directly in a three-neck
flask. All of the reactions were conducted at room temperature (25 °C).
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Chemical composition analysis

The chemical composition of the reaction products and content of D-xylose in the
reaction solution were quantified by GC-MS (Agilent 6890-5973, Palo Alto, USA)
(Kukkola et al. 2006; Singh et al. 2008). The basic method and process were previously
described in a study by Yao et al. (2016).

The AOX was formed by the reaction between D-xylose and chlorine dioxide;
AOX includes more than 300 different organochlorines (Krzmarzick and Novak 2014). To
further understand the reaction mechanism of D-xylose and chlorine dioxide, the specific
reaction products need to be analyzed.

Reaction transient analysis

The structure model was constructed by molecular simulation techniques using the
visualizer module of Materials Studio (Neotrident Technology Limited, 7.0, Beijing,
China). The density functional theory (DFT) calculations were performed using the
DMOL3 program (Idupulapati and Mainardi 2008; Vogt et al. 2008; Wu et al. 2014). To
determine the activation energy for a specific reaction pathway, a transition state was
identified by the complete linear synchronous transit (LST) and the quadratic synchronous
transit (QST) methods. The double numerical plus polarization function (DNP) and the
generalized gradient approximation (GGA) functional were used for all geometry
optimizations.

RESULTS AND DISCUSSION

Reaction Condition Analysis
Effect of pH on AOX formation

To elucidate the mechanisms of AOX formation, tests were performed with the
reaction solution by modifying the pH with sulfuric acid and sodium hydroxide. Research
shows that the bleaching solution pH affects the pulp brightness and yield during chlorine
dioxide bleaching (Svenson et al. 2002, 2006). The best pH value of chlorine dioxide
bleaching is 3 to 4 (Francis et al. 1997; Catalkaya and Kargi 2007). However, there are few
reports describing how the joint action of pH and chlorine ions affect AOX formation in
advanced oxidation technologies.
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Fig. 1. pH value on influence of AOX formation
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The formation of AOX was evaluated during the reaction between chloride ions
and D-xylose under different pH (1 to 7) in the bleaching effluent (Fig. 1). The reaction
conditions were as follows: 10% (W/W) D-xylose dosage, 2.0% (W/W) chlorine dioxide
dosage, temperature 60 °C, and a time of 60 min. The AOX formation decreased as the pH
increased from 3 to 4; this result was similar to that reported by Yuan et al. (2012). The
results shown in Fig. 1 indicated that with sulfuric acid, AOX formation started at a pH of
approximately 3 and decreased 19.5% at pH 4, but it decreased 13.5% at pH 5 compared
with pH 4. The above phenomenon can be attributed to changes of D-xylose degradation
under different pH conditions (Kumar et al. 2009; Talebnia et al. 2010; Maki-Arvela et al.
2011). This can be attributed to the highest degradation of D-xylose in weak acidic
conditions. Large amounts of alcohols, ester, ether, and heterocyclic were generated by the
rapid degradation of D-xylose, and the chloride ions had no opportunity to react with D-
xylose molecules. The AOX formation increased with pH as the pH increased above pH 5,
which indicated that with sodium hydroxide, the formation of AOX started at a pH of
approximately 5 and increased to approximately 79.1% at pH 7. The lowest degradation of
D-xylose was observed at pH 7, so it was generated by most of xylose molecules that
directly reacted with chloride ions in solution. Meanwhile, transformation of hydroxyl
radicals by the dissociation of the CIOH™ radical to the hydroxyl radical and chloride ions
was favored at high pH (Elmorsi et al. 2010; Gao et al. 2011). In general, the influence of
pH on AOX formation depends on the nature of the reaction substrate.

Effect of CIO, on AOX formation

In this experiment, the dosages of ClO2 changed between 1.0% and 10%. The
change in AOX formation with ClO2 dosage is shown in Fig. 2.
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Fig. 2. ClO2 dosage on influence of AOX formation

The change in AOX formation was divided into two stages. AOX formation
increased linearly in the initial reaction within 5.0% CIO dosage. It trended towards
saturation as the reaction progressed, and basically remained unchanged after 5.0% CIO>
dosage. The dosage of CIO> was 1.0%, 2.0%, 3.0%, 4.0%, and 5.0%, and they
corresponded to the following equilibrium contents of AOX: 2.41 kg.tp?, 2.53 kg.tp™, 2.64
kg.tpl, 2.81 kg.tp?, and 2.88 kg.tp, respectively. Although the equilibrium contents
increased as the ClO2 dosage increased, the rate of growth was relatively stable and did not
change with increases in ClO2 dosage. The growth rate was 5.0%, whether the CIO dosage

Yao et al. (2018). “Bleach reaction mechanism,” BioResources 13(2), 3763-3777. 3766



PEER-REVIEWED ARTICLE b | oresources.com

multiplied or not. This could be due to the characteristics of the reaction product,
chloroacetic acid, because one of the components in the medium to produce AOX was
acetic acid. In fact, acetic acid was generated by D-xylose degradation when D-xylose was
added to the reaction solution under acidic conditions, and a substitution reaction of
chloride ion ensued. The production rate of AOX was mainly affected by the supply of
acetic acid. The promotion of AOX formation was limited even when the concentration of
chloride ions in the solution dramatically increased.

Effect of D-xylose on AOX formation

Excessive acetic acid was provided by a 10% D-xylose dosage. To study the effect
of D-xylose on AOX formation, the amount of D-xylose added to the reaction was varied
under constant reaction conditions. The results are shown in Fig. 3.
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Fig. 3. D-xylose dosage on influence of AOX formation

The change in AOX formation was divided into two stages. AOX formation linearly
increased in the initial reaction within 4.0% D-xylose dosage. It basically remained
unchanged after 4.0% D-xylose dosage. The equilibrium concentration of AOX was 0.88
kg.tpt when the D-xylose dosage was 2.0%, and it increased with increasing D-xylose
dosage. The rate of change in the AOX formation was similar when D-xylose 2.5% and
3.0% were used in the reaction, but declined when the D-xylose dosage was more than
3.0%, with the highest equilibrium concentration of AOX observed when the D-xylose
dosage was 4.0%. Therefore, the saturated dosage of D-xylose was 4.0%.

Effect of temperature and time on AOX formation

The AOX formation at various temperatures (20 °C, 30 °C, 40 °C, 50 °C, and 60
°C) with time is shown in Fig. 4, and was divided into two stages. One stage was a rapid
growth stage within 45 min, and the other was the saturation concentration stage after 45
min. The equilibrium concentration of AOX was 1.35 kg.tp™! at 20 °C. It increased as the
temperature increased, and was 1.46 kg.tp™, 1.56 kg.tp?, 1.66 kg.tp?, and 1.75 kg.tp™ at
30 °C, 40 °C, 50 °C, and 60 °C, respectively. The growth rate of the equilibrium
concentration was stable. There is a linear relationship between the temperature and the
formation of AOX.

Yao et al. (2018). “Bleach reaction mechanism,” BioResources 13(2), 3763-3777. 3767



PEER-REVIEWED ARTICLE

1.8
. .
b4 v
1.5 /A A
H‘% P ] ]
g)’1 2 ’/'
5" s —=20°C
b & VX
£ e /) —a—30°C
S 0/ /A/ 40 °C
X0.94 /V A/ —v— 50 °C
2 & —%60°C
V.
O/A/
064 Y /=
'
0 10 20 30 40 50 60 '

Time (min)

70

Fig. 4. Temperature and time on influence of AOX formation

Reaction Product Identification

The GC-MS was used to determine the content of various compounds in water
samples. The reaction conditions were as follows: 4.5% D-xylose dosage, 4% chlorine
dioxide dosage, temperature 60 °C, time 45 min, and pH 5. For the reaction solution
samples, some peaks were obtained and are listed in Fig. 5. Many peaks appeared in the
chromatograms at various retention times, which indicated that several compounds were
contained within the samples. The MS spectrum for each peak was analyzed.
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The only chloride in the water samples after the reaction between D-xylose and
chlorine dioxide was chloroacetic acid (3.419 min). The chemical composition of chlorine
dioxide bleaching wastewater was detected by GC-MS, and chloroacetic acid was detected,
which indicated that the main reaction product was chloroacetic acid. The GC-MS analysis
of the samples showed that they contained organic acids and alkalis, such as propanoic acid
(2.358 min and 2.007 min), formic acid (1.920 min), acetic acid (2.086 min, 3.419 min,
9.772 min, 9.877 min, and 10.216 min), ethanol (2.307 min), erythritol (2.307 min), and so
on. These organic acids and alkalis were produced by D-xylose hydrolysis (Kumar et al.
2009).

Many other esters, ethers, and heterocyclic compounds were detected, such as ethyl
ether (1.358 min), ethyl acetate (1.491 min), 2-furanone (2.007 min), 2-propanone (2.178
min), furfural (2.626 min, 2.738 min, 2.916 min, 3.284 min, 3.366 min, and so on),
glyceraldehyde (4.423 min, 4.510 min, 4.870 min, and 5.153 min), 1,3,5-trioxane (5.488
min and 5.642 min), and so on. These esters, ethers, and heterocyclic compounds were
formed by the condensation reactions between the organic acids and alkalis (Sonawane et
al. 2016). In addition to the above observations, it can be observed that they contain
monosaccharides, such as D-arabinose (7.414 min), L-mannose (7.522 min), L-glucose
(12.677 min), and xylose (12.740 min). Monosaccharides were formed by the hydrolysis
of impurities in the D-xylose samples.

The Molecular Orbital of D-xylose Analysis

The lowest unoccupied molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) of the D-xylose molecule model were calculated and analyzed (Al-Wabli
et al. 2016; Sworakowski et al. 2016).

The HOMO was mainly distributed on the oxygen atoms of the adjacent hydroxyl
group. The energy of the HOMO was -0.211eV. The LUMO mainly distributed on five
carbons and one oxygen atom that make a ring structure and its energy was -0.040 eV.
Therefore, the two adjacent hydroxyl groups of D-xylose (Fig. 6) were vulnerable to the
electrophilic reagent attack, and then the dehydration-condensation reaction occurred to
form C=C bonds. The C-OH bond was weakened because the electrons on the HOMO were
transferred to the neighboring C atoms in the LUMO. Thus, D-xylose had comparatively
higher activity.

Fig. 6. The HOMO (a) and LUMO (b) of D-xylose
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Proposed Reaction Mechanism

The chemical properties of D-xylose are similar to those of glucose. D-xylose can
be reduced to corresponding alcohols including xylitol, which is the most important
reduction product (Tani et al. 2016; Diaz-Fernandez et al. 2017; Paidimuddala et al. 2017;
Sampaio et al. 2017; Tani etal. 2017). It also can be oxidized to 3-hydroxy-glutarate (Latini
et al. 2005; Taherdazeh and Karimi 2007; Esteves et al. 2008; Cho et al. 2011). Therefore,
xylitol and 3-hydroxyglutaric acid are intermediate products during the simulated chlorine
bleaching process, which has been demonstrated by various experimental analyses in the
authors’ previous studies (Yao et al. 2015, 2017).

There is also the possibility that the chloroacetic acid was produced by oxidation
of xylitol or 3-hydroxyglutaric acid. The structure of D-xylose is relatively unstable
because it has four neighboring hydroxyl groups. The intermediate product S1 is easily
produced in an acidic environment, while S2 is generated by a series of addition and
substitution reactions on S1. After that, the chloroacetic acid is produced by an oxidation
reaction on S2. Therefore, three reaction pathways of the formation of chloroacetic acid
during the reaction between D-xylose and chlorine dioxide were proposed (Fig. 7).
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Fig. 7. Suggested reaction pathways

Reaction Pathway Analysis

Density functional theory (DFT) was used to propose a mechanism for this reaction.
Three main steps were monitored for pathway 1 during the whole reaction. The model of
the intermediates in reaction pathway 1 (Fig. 8) was established by the visualizer module
of Materials Studio. All atoms were matching after the structure of the reactants and
products was geometrically optimized. The reaction transition state was searched by
LST/QST, while the activation energy and the heat of reaction were also obtained.
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Fig. 8. Reaction equations of pathway 1

Table 1 shows that the heat of reaction for reaction (1a) was 40.66 kJ/mol. It also
shows that the formation of the S1 that has a C=C bond was produced by the dewatering
of the hydroxyl group on C2 and C3 of D-xylose, which is an endothermic reaction. The
activation energy of reaction (1a) was 57.67 kJ/mol, which indicated that this reaction was
more practical. The heats of reaction for reactions (1b) and 1(c) were -192.68 kJ/mol and -
39.05 kJ/mol, respectively. The values indicated that the formation of the intermediate
product S2 and chloroacetic acid was an exothermic reaction. Among these three reactions,
the activation energy of reaction (1b) was 12.44 kJ/mol, which showed that reaction (1b)
was the easiest and also the fastest one according to the Arrhenius equation (Gaona-Colman
et al. 2017). The total activation energy and the total reaction heat of the reaction of
pathway 1 were 96.01 kJ/mol and -131.72 kJ/mol, respectively.

Table 1. Activation Energy (AE) and Heat of Reaction (AH) of Reactions

Pathway Reaction AE (kJ/mol) AH (kJ/mol)
1 a 57.67 40.66
b 12.44 -192.68
c 25.90 -39.05
2 a 19.33 -97.26
b 8.48 -134.49
c 16.63 -2.58
3 a 22.97 -34.92
b 36.50 43.64
c 14.13 -73.89

Reaction pathway 2 involved a three-step response (Fig. 9). The first step was
reducing D-xylose to xylitol. The second step was the production of hydroxyacetic acid by
the oxidation of xylitol. The chloroacetic acid was produced as hydroxyacetic acid, which
has strong activity to easily react with chlorine ions in solution. Figure 9 shows the reaction
equations of pathway 2. The activation energy and heat of reaction for each step during the
reactions of pathway 2 were obtained.
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From Table 1, the reaction heat of reaction (2a) was -97.26 kJ/mol, which showed
that the formation of xylitol that was produced by the degradation of D-xylose was an
exothermic reaction. The activation energy of reaction (2a) was 19.33 kJ/mol, which
indicated that this reaction was practical. The heat of reaction for reactions (2b) and (2c)
was -134.49 kJ/mol and -2.58 kJ/mol, respectively, which showed that the formation of
hydroxyacetic acid and chloroacetic acid was an exothermic reaction. The activation
energy of these two reactions was 8.48 kJ/mol and 16.63 kJ/mol, respectively, which
indicated that reactions (2b) and (2c) were even more practical than reaction (a). Therefore,
in reaction pathway 2, the activation energy of reaction (2c) was the lowest and the reaction
rate of reaction (2c) was the fastest among these three reactions. The total activation energy
and the total reaction heat of reaction pathway 2 were 44.44 kJ/mol and -234.33 kJ/mol,
respectively. In previous studies, Converti and Dominguez (Converti and Dominguez
2001; Converti et al. 2003) found that the reaction heat of the formation of xylitol produced
by the degradation of D-xylose was between -162.0 kJ/mol and -296.1 kJ/mol, while Liu
et al. (2012) figured out that the apparent activation energy of the reaction was 46.33
kJ/mol. These results indicated that the calculated results were valid.
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Reaction pathway 3 was a three-step response as well (Fig. 10). The first step was
that D-xylose was oxidized to 3-hydroxy-glutarate. The second step was production of
pentenedioic acid by the intramolecular dehydration of 3-hydroxy-glutarate. Because the
structure of pentenedioic acid is unstable, the C=C bond was easily broken after oxidation.
The chloroacetic acid was produced as the chlorine substitution that occurred after the
break of pentenedioic acid was due to oxidation. The results are shown in Fig. 10. The
activation energy and heat of reaction for each step of reaction pathway 3 was obtained.

From Table 1, the heat of reaction for reactions (3a) and (3c) was -34.92 kJ/mol
and -73.89 kJ/mol, respectively. Therefore, it was proposed that the formation of 3-
hydroxy-glutarate and chloroacetic acid was an exothermic reaction. However, the heat of
reaction for reaction (3b) was 43.64 kJ/mol, which showed that the formation of
pentenedioic acid was an endothermic reaction. The activation energy of reactions (3a) and
(3c) was 22.97 kJ/mol and 14.13 kJ/mol, respectively. The activation energy of reaction
(3b) was 36.50 kJ/mol, and it was an endothermic reaction. Therefore, reaction (3b) was
more difficult to occur than the other two reactions. Compared with reaction (3a) and (3b),
reaction (3c) had the lowest activation energy and the fastest reaction rate in reaction
pathway 3. The total activation energy and the total heat of reaction for reaction pathway
3 were 73.60 kJ/mol and -65.17 kJ/mol, respectively.

In conclusion, reaction pathway 2 had the lowest activation energy at 44.44 kJ/mol.
Therefore, it seemed that pathway 2 was more favorable as the reaction in which xylitol
was generated by D-xylose degradation, and then chloroacetic acid was generated by a
series of oxidation, fracture, and substitution reactions on xylitol.

CONCLUSIONS

1. The final product of the reaction between hemicellulose and chlorine dioxide during
the bleaching process was chloroacetic acid. Among three suggested reaction pathways,
reaction pathway 2 was optimal because it had the highest heat of reaction and the
lowest activation energy for the reaction.

2. Xylitol was generated by D-xylose degradation, and then chloroacetic acid was
generated by a series of oxidation, fracture, and substitution reactions on xylitol. The
results provide a new way to resolve the biggest environmental pollution problem
during the ECF bleaching process.
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