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Influencing Factors for Alkaline Degradation of
Cellulose

Qun Li,** Aijiao Wang,* Wenhui Ding,” and Yujia Zhang®

Different factors that influence the alkaline degradation of cellulose in the
pulping process were considered in this study. The factors were the
reaction temperature, reaction time, dosage of NaOH, and metal ions.
Microcrystal cellulose (MCC) was applied as the model compound. To
measure the influence of different metal ions on the alkaline degradation
of cellulose, K* and Mg?* were added into the reaction system. The
Fourier transform infrared (FTIR) spectra of the MCC in the solution with
and without K* and Mg?* were analyzed to clarify the reaction
mechanism of the alkaline degradation of cellulose and MCC. Alkaline
degradation increased with increasing reaction temperature, reaction
time, and alkali concentration. When the reaction temperature was above
80 °C, the reaction time was above 2 h, or the alkali content was below 5
g/L, the degradation ratio of MCC decreased. The amount of degraded
MCC and the concentration of glucose in the reaction solution exhibited
a nearly linear relationship when the alkali quantity increased from 0 g/L
to 5 g/L. K* and Mg?* had an opposite impact on the alkaline degradation.
While the K* promoted the alkaline degradation of cellulose, the Mg?*
inhibited it, along with an increase of the dosage of the two metal ions.
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INTRODUCTION

Cellulose is the building block of all plant life; it constitutes a significant portion
of the plant biomass (Zaman et al. 2012) and is widely used in the pulp and paper
industry. It is a linear polymer of D-glucose residues that is linked by -1 and 4-glycoside
bonds (Kobayashi et al. 2011; Yoon et al. 2008). Each cellulose unit contains three
hydroxyl-groups, which, together with lignin and hemicellulose, form complex spatial
networks of inter- and intra-molecular hydrogen bonds (Northolt et al. 2001; Butera et al.
2011). This network not only prevents cellulose from being degraded, but is also one of
the reasons for its indissolubility in the solvents. However, alkaline degradation or
thermal degradation always occurs during the pulp and paper process, resulting in a
decrease in the cellulose and hemicelluloses content in the pulp or paper.

The alkaline degradation of cellulose is a well-known phenomenon in the pulping
and textile industries (Pavasars et al. 2003). It has also been studied in relation to the
transformation of biomass to various low-molecular-weight products (Das Gupta and Day
1984). Unfortunately, the cellulose and hemicelluloses are partly degraded and dissolved
in an alkaline solution, which is undesirable due to the decrease of yield and molecular
weight of cellulose and hemicelluloses (Berggren et al. 2003).
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The rate of cellulose degradation depends on the form of the cellulose (Helmy
1993; Askarieh et al. 2000). In nearly all modes of cellulose degradation, the cellulose
supra-molecular structure, such as crystallinity or fibrillar morphology, plays a decisive
role in determining the rate and the course of cellulose degradation. A high supra-
molecular order of the polymer chain generally impedes degradation (Klemm et al.
1998). Amorphous cellulose reacts more readily than crystalline cellulose (Greenfield et
al. 1994). Therefore, the alkaline degradation is more rapid in the amorphous regions
compared with the crystalline regions.

Microcrystalline cellulose (MCC) is obtained at an industrial scale through the
hydrolysis of wood and cotton cellulose using dilute mineral acids (Suzuki and Nakagami
1999; El-Sakhawy and Hassan 2007). It is a purified partially depolymerised non-fibrous
form of cellulose, which occurs as a white, odourless, tasteless, crystalline powder
composed of 20 to 80 um porous particles. The crystal structure of MCC is that of
cellulose 1, and the ultimate degree of polymerization in the range 15 to 375 (He et al.
2010; Eichhorn et al. 2001).

The MCC particles ranged in size from 20 pm to 80 pum. In this experiment, MCC
was elected as the model to explain the effect of metal ions on the alkaline degradation of
cellulose under low temperature and alkaline condition, because it reserves the
crystallinity of cellulose I, and its crystallinity and crystal size are higher than original
cellulose.

When cellulosic fibers are subjected to thermal degradation, a series of physical
and chemical changes occur. The affected physical and chemical properties include
enthalpy, color, and the orientation of cellulose with viscosity and molecular weight with
DP. The major change of cellulosic fibers in thermal degradation is to enhance the
reactivity of the crystalline cellulose through decreasing the DP and increasing the
accessibility of cellulose (Liu et al. 2012). The thermal degradation of cellulose occurs
through a series of complex mechanisms that are difficult to evaluate (Kim et al. 2010).

In this study, the alkaline degradation of cellulose was examined. Natural
cellulose was divided into an amorphous region and a crystallization region. An intra-
molecular hydrogen bond and an intermolecular hydrogen bond, as well as the
complexity of the state of aggregation in the crystallization region, cause a negative effect
on the solubility and reaction performance. This effect influenced the reactivity of
cellulose in the crystallized region, but the reactivity of cellulose in the amorphous region
was very good. The amorphous area almost was non-existent in the structure of the
MCC. MCC with high purity was used as the model compound to investigate how the
alkaline degradation of cellulose was affected by the different factors, especially the
cellulose in the crystallization region.

EXPERIMENTAL

Materials

Analytical grade NaOH, KCI, and MgCl2-6H20 were used for the control of the
alkali charge and the metal ions in this experiment. MCC (Kelong Chemical Reagent,
Beijing, China), which was biochemical reagent level, was chosen as the reactant. 3, 5-
Dinitro-salicylic acid (DNS) was used to determinate the content of the glucose in the
reaction solution with a UV-1600 visible spectrophotometer (Ruili Analytical Instrument
Co., Ltd, Beijing, China) (Sagib and Whitney 2011).
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Methods

Along with changing reaction conditions, the degree of alkaline degradation was
varied. The degradation of cellulose generated reducing sugar, which was quantified to
indicate the degree of alkaline degradation.

Reaction conditions

The reaction conditions that could influence the alkaline degradation of cellulose
were the reaction temperature, reaction time, dosage of alkali, and the concentrations of
different metal ions. The range of temperature and reaction time was 60 °C to 90 °C and
1 hto 4 h, respectively; 0 g/L to 7.5 g/L of NaOH and the same range of 0 g/L, 0.75 g/L,
1.5 g/L, and 2.25 g/L of Mg?* and K* were added into the solution to explore the effects
of metal ions on the alkaline degradation. The experiment was completed in a closed
stainless steel reactor, which is isolated from the air to eliminate the effects of CO2 as far
as possible.

After 0.5 g of MCC was added into 20 mL of deionized water, the NaOH and
metal ions were added to control the degradation degree of MCC. Lastly, the MCC
residue was subsequently washed with deionized water until it was neutralized.

Quality determination of MCC residue

The degree of alkaline degradation was expressed as the weight ratio of the
remained MCC versus the added MCC. Before being used, the MCC was dried to a
constant weight at 105 °C = 2 °C, the mass of the needed MCC was 0.5 g. After the
reaction, the MCC remnants were obtained through filtration with drying at 105 °C and
were then weighed.

Reducing sugars measurement assay

The peeling reaction can remove only one glucose unit at a time from the
reducing end, while the hydrolysis reaction can cause the breaking of cellulose chains.
Since the porosity and much lower DP of MCC (the cellulose in plant fiber generally
more than 10000), the MCC is actually much more reactive than the crystalline zone in
the fiber, and the effect of hydrolysis reaction can be more significant than peeling
reaction. In this work the DNS method was used for the determination of the content of
reducing sugar, representing the MCC degradation products.

The 3,5-dinitrosalicylic acid (DNS) colorimetric method is based on the
simultaneous oxidation of functional sugar groups and the reduction of DNS to 3-amino-
5-nitrosalicylic acid upon the application of alkaline conditions and heat. This method
has been extensively used to measure sugars with a reducing property that are generated
by the presence of a potential aldehyde- or keto-group (Teixeira et al. 2012).

Glucose was used at a concentration range of 0 mL to 14 mL (the concentration
was 1 mg/mL) in order to draw the best standard curve. The linear regression equation
was y = 1.6137 x + 0.1091, where, x represents the concentration of the glucose standard
solution and y represents the absorbance. The coefficient of linear correlation was 0.9996,
which showed the relationship between the concentration of the glucose standard solution
and absorbance.

Because of their usefulness and ease of use, the DNS reagent composition and
assay conditions were further optimized for each compound concentration, boiling time,
and dilution ratios. The reaction mixtures contained 2 mL of the relevant reducing sugar
solution and 1.5 mL of either DNS reagent. The reaction mixture was boiled in a water
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bath for 15 min and cooled to room temperature in a water-ice bath. Subsequently, the
solution was diluted to 25 mL with distilled water and made to stand for 30 min. The
absorbance was measured at 510 nm using a UV-1600 spectrophotometer.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy was used to analyze structural changes in the MCC residue.
The KBr compression method was applied to record in room temperature (22 °C). The
mixing ratio of the samples with the KBr, the scan wavelength range, and scan times
were 1:300, 500 cm™to 4000 cm™, and 32, respectively.

RESULTS AND DISCUSSION

Effect of the Reaction Temperature on the Alkaline Degradation of MCC

Figure 1 shows the effect of the reaction temperature on the amount of MCC
residue and the concentration of glucose in the reaction solution. With increasing reaction
temperature, the amount of MCC residue decreased considerably, while the concentration
of glucose increased dramatically. In other words, the degree of degradation increased
with increasing temperature. Furthermore, the weight loss of MCC reached about 35%,
demonstrating that the crystal region of cellulose was degraded under the alkali reaction
and oxidation at 80 °C, although the mechanism is still unclear.
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Fig. 1. The amount of MCC residue and the concentration of glucose in the reaction solution as
functions of the different reaction temperature. The concentration of NaOH was 5 g/L, and the
reaction time was 4 h.

Effect of the Reaction Time on the Alkaline Degradation of MCC

As shown in Fig. 2, the degradation of MCC and the concentration of glucose
increased with prolonged reaction time. Within the initial 2 h, the alkaline degradation of
MCC was vigorous but slowed down after 2 h, and the trend of the glucose content in the
reaction solution was similar to that of the degraded MCC. In the initial period of
reaction, the termination reaction made reducing end groups reacting with alkali easily
translate into a- or B-partial sugar acid groups, which can prevent the decline of reducing
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glucose, but the termination reaction had not yet occurred. The amount of degraded MCC
and the concentration of glucose increased sharply at first. The degradation became
slower for the termination reaction to occur, which stabilized the structure of the cellulose
and slowed the rate of alkaline degradation.
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Fig. 2. Degradation of MCC and the concentration of glucose in the reaction solution as functions
of the different reaction time. The concentration of NaOH was 5 g/L, and the reaction temperature
was 90 °C.
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Fig. 3. Degradation of MCC and the concentration of glucose in the reaction solution as functions

of the different dosage of NaOH. The reaction temperature was 90 °C, and the reaction time was
4 h.

Effect of the Dosage of NaOH on the Alkaline Degradation of MCC

Figure 3 shows that the dosage of NaOH had a great impact on the alkaline
degradation of MCC and the production of glucose. With increasing dosage, the amount
of degraded MCC and the glucose content in the reaction solution also increased. The
amount of degraded MCC and the glucose content increased by 1.74% and 0.0139 g/L,
respectively, when the dosage of NaOH increased from 20% to 30%.

Metal ions of the alkali solution existed in the form of hydrated ions, which
penetrate into the crystalline region to react with the hydrogen bond of MCC. When part
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of the glycosidic bond split and a reducing end group was produced, a peeling reaction
created glucose. During the first stage, with an increase in NaOH concentration, the
amount of alkaline metal hydration ion rose, which accelerated the alkaline degradation
of cellulose. However, when the dosage of NaOH was increased from 20% to 30%, the

density of the ion was so big that the radius of the hydrated ion diminished, decreasing
the destruction of MCC.

Effect of Metal lons on the Alkaline Degradation of MCC

To explain the effect of the metal ions on the alkaline degradation of MCC, the
dosages of K* and Mg?* were varied. Their chemical valences are different. K* could
weaken combination between cellulose by replacing the hydrogen of the hydrogen bond,
while Mg?* plays an opposite role (Huang et al. 2015). The result is shown in Fig. 4 and
through infrared analysis. The degraded weight of MCC became higher with increasing
K* dosage and prolonged reaction time. The degraded MCC was increased by 14.10%
from 39.34% (9% K* dosage) to 34.48% (control) after reaction for 4 h. This result
indicated that K™ promoted the alkaline degradation of MCC.
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Fig. 4. Degradation of MCC in the reaction solution as functions of the different dosage of K*. The
concentration of NaOH was 5 g/L, and the reaction temperature was 90 °C.
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Fig. 5. Degradation of MCC in reaction solution as functions of the different dosage of Mg?*. The
concentration of NaOH was 5 g/L, and the reaction temperature was 90 °C.
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Effect of Mg?* on the alkaline degradation of MCC

As shown in Fig. 5, the degraded weight of MCC increased with the prolonging of
reaction time and became lower with an increased Mg?* dosage. This result indicated that
Mg?* inhibited the alkaline degradation of MCC. When the dosage of Mg?" were 0% and
9%, the degraded MCC were 21.86% and 17.46% (after reaction for 1 h), 34.48% and
32.62% (after reaction for 4 h). This represents a decrease by 25.20% and 5.70%,
respectively, which mean that the inhibition effect was more obvious in the early stage of
the reaction.
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Fig. 6. The FTIR spectrum of MCC after alkaline degradation with and without Mg?* and K*

FTIR spectrum of MCC after alkaline degradation

Figure 6 compares the molecular structure changes of MCC with and without
metal ions during alkaline degradation. In the FTIR spectrum, 3400 cm™ expressed the
hydroxyl absorption peaks in the intra- and inter- molecular hydrogen bonds (Dayal et al.
2013; Cozzolino et al. 2014; Rozenberga et al. 2016). The characteristic band at 2900
cm ! was attributed to the C—H stretching vibration. The peak 1637 cm™ represents the
adsorbed water, and peaks 1432 cm™ and 1164 cm™ were characteristic of cellulose. The
peak at 898 cm™ represents the vibration absorption peaks of the B-2-glycosidic bond
(Mecozzi et al. 2009).

Under the condition of adding Mg?*, the absorption peaks located at 3400 cm™,
2900 cm?, and 898 cm™ weakened, while compared with the condition without the metal
ion, there was little change at 1637 cm™, 1432 cm™, and 1164 cm™. These phenomena
indicated the fracture of intra-molecular hydrogen bonds, intermolecular hydrogen bonds,
and B-2-glycosidic bonds. There was no change in the cellulose structure caused by the
adsorbed water in the alkaline degradation.

The structure differences of MCC under the condition of adding K* without
adding any other metal ion are shown in Fig. 6. The absorption peaks at 3400 cm™, 1637
cm?, and 898 cm™, represented an increase in intra-molecular hydrogen bonds, amount
of water adsorbed, and B-2-glycosidic bonds, respectively. There was no change in the
cellulose structure in the alkaline degradation by the analysis of the little change in 1432
cm™and 1164 cm™. Thus, K* and Mg?* had opposite effects on the structure of MCC.
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Glucose Concentrations in the Alkaline Degradation Reaction

As shown in Fig. 7, glucose was generated with the NaOH concentration, reaction
temperature, and Mg?* dosage of 5 g/L, 90 °C, and 1.5 g/L, respectively. In the alkaline
degradation reaction, the glucose concentration became higher with increasing reaction
time, which proved the alkaline degradation of MCC and the formation of glucose.
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Fig. 7. The concentrations of glucose that were generated in the alkaline degradation of MCC;
concentration of NaOH, the reaction temperature, and the dosage of Mg?* were 5 g/L, 90 °C, and
1.5 g/L, respectively

CONCLUSIONS

1. The degree of alkaline degradation of MCC increased with an increase in the reaction
temperature, reaction time, and the amount of alkali. When the reaction temperature
was above 80 °C, the reaction time was above 2 h, or alkali content was below 20%,
the rate of MCC degradation became slow. The growth relationship of the reaction
rate was nearly linear when the alkali dosage was increased from 0 wt% to 20 wt%.

2. According to the change of the amount of MCC degraded in the reacting system, K*
could promote the alkaline degradation of MCC, while Mg?* could inhibit the
alkaline degradation of MCC.

3. The theory of the alkaline degradation of MCC was further clearly expressed by an
FTIR spectrum of MCC. The K* increased the intra-molecular hydrogen bonding,
hydrogen bonds between the molecules, number of adsorbed water molecules, and
the B-2-glycosidic bonds, while Mg?* could reduce the intra-molecular hydrogen
bonding, hydrogen bonds between the molecules, and -2-glycosidic bonds. In other
words, K* and Mg?* had opposite impacts on alkaline degradation.

4. Under the conditions that the concentration of NaOH, the reaction temperature, and
the dosage of Mg?* were 5 g/L, 90 °C, and 1.5 g/L, respectively, the glucose was
always produced, and the concentrations of glucose became higher with an increase
in the reaction time in the alkaline degradation, which demonstrated the alkaline
degradation of MCC and the formation of glucose.
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