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Preparation and Characteristics of Three Sorbents from
Wood Chips Screening Reject (WCSR) Modified by Nitric
Acid, Phosphoric Acid, or Sodium Hydroxide

Xiangmei Meng, Yueliang Wan, Kun Feng, Huazheng Kong, and Tingzhi Liu *

Wood chips screening rejects (WCSR) are mainly composed of sawdust,
bark specks, and wood pins generated from cutting and chipping
processes, as well as solid waste from pulping processes. It can be
modified so that it can better serve as effective sorbents for wastewater
treatment. In this study, three WCSR based sorbents were prepared by
nitric acid, phosphoric acid, and sodium hydroxide treatment,
respectively. The purpose of the three treatments on WCSR was to
increase the specific area of WCSR, which is very essential to a high
sorbent performance. It was found that nitric acid, phosphoric acid, and
sodium hydroxide can be efficient modifiers of WCSR according to the
results from SEM and specific area analyses, compared with those of the
controls. The FT-IR results also supported the findings stated above.
Thermogravimetric (TGA) analysis and X-ray diffraction (XRD) analyses
were also applied to characterize the prepared sorbents. WCSR
sorbents modified by the three treatments exhibited higher methylene
blue adsorption values compared with that of the control sample, and
that the WCSR-HNO3 sorbent achieved the highest MB adsorption value
among others, thanks to the strong acidic properties and high reactivity
of HNO3z with WCSR. The study paves a potential way to convert WCSR
into effective sorbents by acid and alkali treatment.
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INTRODUCTION

In the last decade, the wood pulping industry has entered a new phase of sustained
development. One of the crucial factors that drive the recent developments in this field is
the high demand of dissolving-grade pulp, as its consumption has increased from 3.3
million tons in 2007 to 6.5 million tons in 2015 in the global market (Borrega et al. 2018).
The high demand for viscose fibers is a major contributor to the growth of dissolving
pulp. The viscose fibers are the main raw material for textiles. World population growth
and the increasing purchasing power of Asian markets are the main growth driving forces
of the viscose fibers market. It was expected that the continued demand for viscose fibers
and wood pulping would continue in the future (Liu et al. 2016). The other impetus for
wood pulping is the application and extension of the forest-paper integrated mode in
Asia, especially in China. During the processes of wood pulping, the pulp raw material
preparation always generates a large amount of waste, such as sawdust and wood pins,
which are eliminated via chip screening. As a feasible technology of solid waste
recycling, reusing, and reducing, the incineration technology was the only choice
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available for the pulp and paper mill industry. Except for the recovery of paltry heat of
combustion, the incineration technology produced many problems and negative impacts,
such as environmental pollution, disturbance to energy supply system, etc. In this study,
the WCSR was modified as an absorbent material to be used efficiently in a biomass
refining concept.

As a type of paper that the mill discards, the WCSR is a type of lignocellulosic
residue. The lignocellulosic residues have many advantages compared to other natural
sorbents, such as low cost, great availability, and simple operational process. In recent
years, researchers have made significant achievements in lignocellulosic residues
adsorption, including both agricultural and wood residues. It is known that biosorption of
dyes onto cellulose-related materials has the potential to minimize their release into
aqueous environments, and numerous publications have described how a variety of
biomass-derived substrates can be used to absorb different classes of dyestuff from dilute
aqueous solutions (Hubbe et al. 2012). A local desert plant of Southwest Algeria and
known as Salsola vermiculata was studied by Bestani et al. (2008); they showed that the
plant, after its pyrolysis, was more effective for removal of methylene blue. The natural
plant adsorption capacity was determined as 23 mg/g, and the corresponding results for
the pyrolyzed plant uptakes were 53 mg/g. The potential of rice husk and wood chip
biochars to remove levofloxacin from an aqueous solution was evaluated by Shengze et
al. (2016). They found that the maximum Langmuir adsorption capacities of the biochars
to levofloxacin (LEV) ranged from 1.49 to 7.72 mg/g and the adsorption process
involved both surface adsorption and pore diffusion. In a review paper, Zhou et al. (2015)
summarized the preparation and application of several sorbents that used the agricultural
wastes as raw material and discussed the adsorption capacities for organic pollutants from
aqueous solutions. The modification methods mentioned in the paper include
acidification, alkaline treatment, etherification, esterification, and other methods. There is
a great need for the removal of organic pollutants, such as methylene blue, by low-cost
sorbents at pilot and industrial scales.

In recent years, more new technologies have been used to improve the
performance of sorbents prepared from lignocellulosic residues. For example, the effect
of microwave regeneration on the textural network, surface chemistry, and adsorptive
properties of the agricultural waste based activated carbons was studied by Foo (2018).
The sorbents prepared from lignocellulosic residues are a good choice because of the
many added advantages as discussed.

In this study, three sorbents were prepared from WCSR by nitric acid, phosphoric
acid, and sodium hydroxide treatment, respectively. The modified WCSR sorbents were
characterized by compositional analysis, specific surface area and pore analyses, SEM
analyses, FT-IR analyses, TGA and XRD analyses. Then, the prepared sorbents were
respectively applied to remove the organic dye, methylene blue, from its aqueous solution.

EXPERIMENTAL

Materials
Wood chips screening reject (WCSR), generated from the process of commercial
wood chips, was provided by a company of Jianghe paper in Henan province (Jianghe
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Paper, Henan, China). It was mainly composed of sawdust and wood pins. The nitric
acid, phosphoric acid, NaOH, and methylene blue used were all analytical grade samples.

The WCSR was first crushed with a grinder to pass through a 60-mesh sieve.
Then, the WCSR powder was washed with 1:50 (g:mL) distilled water, filtered, then
dried at 105 °C for approximately 6 h before use, and then was harvested and preserved
as the raw material.

Preparation of WCSR-based Sorbents Modified by Nitric Acid, Phosphoric
Acid and NaOH, Respectively
Preparation of nitric acid modified WCSR based sorbent (WCSR-HNO3)

Weigh 10.00 g of dried WCSR into 250 mL iodometric flasks. Add 100 mL of
1.00 mol/L nitric acid solution, and shake at 200 rpm with a shaker at 30 °C. Modify for
2 h, filter with the Buchner funnel after the end of the shaking. Separate the modified
WCSR, wash it with distilled water to near neutrality, and then dry the material to
constant weight at 105 °C.

Preparation of phosphoric acid modified WCSR based sorbent (WCSR-H3PQO4)

Weigh 10.00 g of dried WCSR into 250 mL iodometric flasks. Add 100 mL of
1.00 mol/L phosphoric acid solution, and shake at 200 rpm with a shaker at 30°C. Modify
for 2 h, filter with the Buchner funnel after the end of the shaking, separate the modified
WCSR, wash with distilled water to near neutrality, and then dry the material to constant
weight at 105 °C.
Preparation of NaOH modified WCSR based sorbent (WCSR-NaOH)

Weigh 10.00 g of dried WCSR into 250mL iodometric flasks. Add 100 mL of
1.00 mol/L NaOH solution, and shake at 200 rpm with a shaker at 30°C. Modify for 2 h,
filter with the Buchner funnel after the end of the shaking, separate the modified WCSR,
wash with distilled water to near neutrality, and then dry the material to constant weight
at 105 °C.

Characteristics of WCSR Sorbents
Compositional analyses of original and modified WCSR

Conventional characteristics of the WCSR, such as the benzene-alcohol extracts,
acid insoluble lignin, and acid soluble lignin, were determined based on the traditional
standard measurements. The contents of cellulose and hemicellulose were determined via
a previously reported method (Jin et al. 2017). The conventional characteristics of the
original and modified WCSR are shown in Table 1.

Analysis of specific surface area and pore characteristics

The pore structure of WCSR, such as specific surface area and pore size
distribution, was analyzed by N2 adsorption-desorption process using Autosorb-iQ
automatic specific surface and pore size distribution analyzer.

SEM analyses

The WCSR was taken and made into slices and sprayed with gold according to
the requirements. The surface morphology of sawdust was observed by JSM-IT300LV
scanning electron microscope and photographed.
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FT-IR analyses

The surface functional groups of WCSR were qualitatively determined by FTIR-
650 infrared spectrometer (Tianjin Gangdong Sci. & Tech. Development Co., Ltd.,
Tianjin, China) using potassium bromide tablet method. A small amount of WCSR was
weighed and placed in an agate mortar, and the dried potassium bromide was added in the
proportion of 1:100 for full grinding. Then the transparent sheets were pressed by a tablet
press and analyzed by Fourier transform infrared spectroscopy.

TGA analyses
Thermogravimetric analysis was conducted using a TGA Q500 thermogravimetric
analyzer (TA Instruments, Tianjin, China)

XRD
An XRD-6100 X-ray diffractometer (Jcnano, Tianjin, China) was employed for
XRD analysis with a scanning range of 26 = 10° to 80° and a scanning speed of 2 °/min.

Methylene blue adsorption value tests

First prepare a 1.5 g/L methylene blue solution. Then remove 50 mL of 1.5 g/L
methylene blue solution to a 1000 mL volumetric flask and dilute to the calibration line.
This makes a 75 mg/L methylene blue solution. Move 0.5 mL, 1.0 mL, 1.5 mL, 2.0 mL,
2.5 mL, 3.0 mL, 3.5 mL, 4.0 mL, 4.5 mL, and 5.0 mL to a series of test tubes, dilute to
the calibration line with buffer solution, and then obtain the standard absorption curve of
methylene blue solution at 665 nm.

The methylene blue adsorption value of the original and modified WCSR samples
were determined according to the method of Danish et al. (2018). Weigh 0.1000 g of
WCSR and place it in 250 mL iodometric flasks, adding 10 mL of 1.5 g/L methylene blue
solution to wet all the samples. Observe the color change of methylene blue. If the color
fades quickly, then add a sufficient amount of additional methylene blue solution. Shake
gently, confirming that the solution still remains a slightly blue. Place the above solution
in a shaker, with a temperature setting of 25 °C, rotational speed of 200 rpm, and time of
20 min. After the oscillation, filter the mixture, and evaluate the light absorbance of the
filtrate at 665 nm. Results from the methylene blue adsorptions are shown in Table 3.

RESULTS AND DISCUSSION

Components Analyses

The WCSR sample used in this study was collected from an alkaline peroxide
mechanical pulp (APMP) plant in China. The lignin content of WCSR used was
comparable to that of hard wood. Kraszkiewicz et al. (2015) found that the content of
cellulose of buckwheat straw pellets is 31.8% and that the total of hemicellulose plus
lignin was approximately 52.4%. The conventional cellulose content of wood chips was
approximately 40% to 45%, but it was only 38% in WCSR, which can be explained by
two primary factors. One was that there were some bark and saw dust that were found in
the WCRS. The other factor was that the mixing of some brushwood in WCSR could lead
to the decrease of cellulose content. Raud et al. (2016) found that the cellulose content of
sunflower was approximately 34.1%, which was closer to the cellulose content of WCSR.
The hemicellulose and lignin contents in WCSR were 5.2% and 7.7%, respectively,
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which were largely deviated from those of WCSR. The organic content of phenyl alcohol
extracted was 1.9%. This was about double that of non-wood pulp materials, such as
wheat straw (Lauberts et al. 2018). From Table 1, the ash content of WCSR was 2.2%, in
accordance with the vast majority wood pulp materials.

Table 1. Conventional Indexes of Original and Modified WCSR

Organic Cellulose Hemicellulose Lignin
Extracts (%) (%) (%)
(%)

Original 1.880 38.50 32.00 24.00
WCSR-HNOs 1.720 32.24 22.68 20.06
WCSR-H3PO4 1.940 37.30 26.66 21.44
WCSR-NaOH 2.000 37.76 31.42 23.96

As shown in Table 1, the cellulose, hemicellulose, and lignin contents of modified
WCSR showed different degrees of reduction compared to the original. This indicated
that these samples could be easily dissolved under acid-base conditions. However, the
three main constituents of WCSR-NaOH were very close to those of original WCSR.
This could be that the dissolution rate of NaOH treatment at room temperature was
imperceptible.

Pore Size/ Porosity Analyses

The specific surface area and pore size distributions of the original and modified
WCSR were examined and the results are shown in Table 2. The specific surface areas of
the three modified WCSR samples increased noticeably. However, the pore volumes of
the HNO3z and NaOH solution modified samples decreased dramatically. This can be
explained by the increased crystallinity of these samples after modification, which
resulted in the decrease of pore volumes. The increase of average pore size volume may
be related to osmotic swelling of NaOH solution. Chen et al. (2018) explored the pore
characteristics and fractal properties of biochar obtained from the pyrolysis of coarse
wood in a fluidized-bed reactor. Most of the pores in the coarse wood were mesoporous
with diameters between 2 nm and 10nm. In this study, the average pore size of the
original and modified WCSR was also between 2 nm and 10 nm.

Table 2. Specific Surface Area, Pore Volume, and Average Pore Size Values of
Original and Modified WCSR

Specific Surface Area Pore Volume (mL/g) Average Pore Size
(m?/g) (nm)
Original 7.699 8.059*102 3.625
WCSR-HNOs3 14.15 4.555*102 3.627
WCSR-H3PO4 11.75 8.536*102 3.630
WCSR-NaOH 10.47 3.864*102 4.628

The modification conditions used in this study were room temperature and a low
chemical concentration. Therefore, the treatment process can be defined as a surface
modification. Moreover, the modified treatments had less destruction and influence on
the structure of WCSR.
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SEM Analyses

The SEM micrographs of the original and the three modified WCSR samples are
shown in Fig. 1. The surface structure of WCSR was rough, the pore structure was very
obvious and loose, its shape was irregular, and its size was diverse. It can be observed
from Fig. 1 that the diameters in the porous structure of WCSR were about 5 microns.
The pore sizes of WCSR-HNO3 and WCSR-H3PO4 were increased to 10 microns. This
may be due to the dissolution or ablation of particles such as inorganic fillers attached to
the surface of fibers during impregnation activation, or the chemical reactions of HNOs,
HsPOs and WCSR, resulting in a large number of porous structures, or fractures
occurring in some parts and a large number of mesoporous micropores are formed by
ablation and collapse. Although these pore structures cannot directly improve the
adsorption performance of WCSR, they can provide more permeation channels for the
adsorption of mesoporous or microporous, thus improving the adsorption efficiency of
WCSR. However, the pore size structure of WCSR-NaOH was not changed significantly.
As shown in Fig. 1, mesoporous structure can be clearly observed near the macropore,
which is basically consistent with the pore size measured by N2 adsorption-desorption.

(b)

WCSR-HzPO4 © WCSR-NaOH
(c) (d)

Fig. 1. SEM analysis of original and modified WCSR
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FT-IR Analyses

Results of infrared scans of the original and the three modified WCSR samples
are shown in Fig. 2. According to the analysis, the main functional group on the surface
of the WCSR samples is a hydroxyl (-OH) group. The broad absorption peak at 3400 cm-
! was mainly caused by the O-H stretching vibration (Yu et al. 2015). This is because of
the fact that the WCSR is mainly composed of cellulose and hemicellulose components,
and the contents of these two components was approximately 70%. Furthermore, Fig. 2
also indicates that the absorption peaks of the hydroxy groups of modified WCSR
samples had been enhanced. The structural modifications of Tilia cordata wood during
heat treatment were studied by Popescu et al. (2013) and they have observed IR bands
corresponding to intermolecular hydrogen bonds involving the C6 position (primary
hydroxyl groups) at 3430 cm™, which were responsible for the formation of crystalline
regions in the cellulose component of wood. Therefore, the enhancing of —OH band
absorption peaks revealed that the degree of crystallinity of modified WCSR was
increased, which improved the structural stability of modified WCSR. As an absorbent,
high structural stability implies a good property. The presence of a new absorption peak
at 1750 cm™ in WCSR-HNO3z and WCSR-H3PO4 demonstrated the formation of a -C=0
group (Popescu et al. 2011) resulting from the reaction of the acid and the hydroxyl
groups on the WCSR surface. The absorption peak of the -C=0 group formed by WCSR-
HNO3z was more intense, which enhanced the adsorption capability (Jia et al. 2009). A
small -C-H stretching vibration peak appeared near 2600 cm™ in the WCSR-NaOH, and
the peaks at 1268 cm™, 1900 cm™, 1511 cm™, and 1735 cm™ disappeared, indicating the
rupture of structures containing -C-O-H and -C=C groups (Zhang et al. 2017).

Original

WCSR-NaOH

CSR-H,PO,

Transmittance (%)

WCSR-HNO

2600 3000 2400 1800 1200

Wavelength (cm™)

Fig. 2. IR spectra of original and modified WCSR
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TGA Analyses

Thermal stabilities of the original and modified WCSR samples were studied, and
the thermogravimetric (TG) and differential thermogravimetric (DTG) curves are shown
in Fig. 3. The pyrolysis or thermal reactions of the original, WCSR-HNOz; and WCSR-
H3PO4 can be divided into two stages: (1) from room temperature to 105 °C, which
revealed the loss of the remaining water and volatile substances. The TG curve (Fig. 3a)
indicated the weight loss of samples with temperature; (2) from 250 °C to 500 °C, which
displayed the biomass pyrolysis stage, where the biomass conversion and dissociation
stage occurred. As shown in Fig. 3, the temperature at which the severe weight loss of the
original WCSR occurred at was approximately 350 °C.
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Fig. 3. TG (a) and DTG (b) analyses of original and modified WCSR
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The weight loss temperatures of WCSR-HNOz and WCSR-H3:POs were
approximately 250 °C and 300 °C, respectively. The weight loss temperature of the
WCSR-HNO3z and WCSR-H3PO4 was lower than that of the original WCSR. This was
explained by the fact that the esterification reaction of the acid and the hydroxyl groups
led to the decline of thermal stability of modified WCSR. In this stage, the organic
materials of the WCSR were pyrolyzed rapidly and gases, such as CO2 and CO, were
generated. This was attributed to the total pyrolysis of cellulose and hemicellulose, and
the pyrolysis of some lignin to generate volatile gases. In addition to the above two
stages, there was also a peak at 800 °C that was related to the weight loss peak of the
WCSR-NaOH, and represented the decomposition of inorganic substances. These results
were comparable to those reported earlier in literature by Wang et al. (2014), where the
pyrolysis of milled wood lignin was divided into three stages. In the second stage, from
160 °C to 500 °C, the main structure of lignin was broken and corresponded to the major
weight loss. Yang et al. (2012) discussed the pyrolysis process of pine wood chips, which
was generally consistent with the changing trend found in this study. Song and Hu (2003)
found that the main pyrolysis of straw occurred from 200 °C to 400 °C. The pyrolysis
characteristics of hemicellulose, cellulose, and lignin are very different, and the pyrolysis
of hemicellulose mainly occurs at 250 °C to 340 °C, for cellulose it is in the range of 300
°C t0 400 °C, and lignin pyrolysis has a relatively wide range.

XRD

The crystal structures of the original and modified WCSR samples were
determined using XRD analysis and the spectra are shown in Fig. 4.
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Fig. 4. XRD analysis of original and modified WCSR
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There were two distinct diffraction peaks in the XRD spectrum of the original
WCSR. The broad diffraction peak between 20° and 28° and a strong peak at around 44°
were found. These peaks represent the (002) and the (100) crystal planes of the WCSR
(Liu et al. 2014). The higher intensity of the (100) diffraction peak (Lu 2001) indicates
that the graphitization of the WCSR was deeper and the pore structure was more stable.
The (002) peak is diffusive (Kraus et al. 1997; Yoshizawa et al. 2002), indicating that the
WCSR had a large degree of crystallization. It further shows that the crystallites were
very irregular, and there were a large number of pore structures with different shapes and
sizes that exist in WCSR. This will better ensure the stability of the WCSR. There was no
obvious change in the X-ray spectrum of WCSR after modification. This further showed
that the modified conditions were mild. The modification affected only the cellulose
surface but did not affect the crystal structure of the WCSR.

Methylene Blue Adsorption Analyses

Table 3 shows that the methylene blue adsorption values of the WCSR samples
were improved considerably after the modification treatments. The methylene blue
adsorption values of WCSR modified by nitric acid, phosphoric acid, and NaOH solution
improved by 366.6%, 250.0%, and 133.3%, respectively, compared to the original WCSR
without modification. The adsorptive property value of nitric acid modification was the
most noticeable in the three modified methods, while the NaOH solution treatment had
the lowest effect on the adsorptive property. Bestani et al. (2008), investigated the
adsorption ability of a desert plant (Salsola vermiculata) for methylene blue and iodine,
where the methylene blue and iodine adsorption capacities of the natural plant were 23
mg/g and 272 mg/g, respectively. The values of WCSR-HNOz and WCSR-H3PO4
(modification time 2 h) reached 42.0 mg/g and 31.5 mg/g. The results from the present
study are comparable to the findings of Batzias and Sidiras (2007), in which pine wood
chips were modified with acid solution and the maximum values of methylene blue
adsorption reached were 13.7 mg/g and 30.5 mg/g after 1 h and 4 h of modification
treatment.

Table 3. Methylene Blue Adsorption Values of Original and Modified WCSR

Methylene Blue Adsorption (mg/g)
Original 9.0
WCSR-HNO3 42.0
WCSR-H3PO4 315
WCSR-NaOH 21.0

CONCLUSIONS

1. Conventional compositional analysis established that the content of cellulose in
WCSR was lower than that in pulping chips and the contents of other components in
WCSR were similar to the pulping chip materials.

2. The modifications can be regarded as surface modifications, and have less destruction
and influence on the structure of WCSR.
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3. The room-temperature modifications had remarkable effects on the functional groups
of the WCSR surface, thus improving the adsorption performance of modified
WCSR.

4. Comparing the adsorption performance of sorbents by the three modified methods,
the nitric acid modification had the best effect on the WCSR, while the NaOH
solution modification had a small effect on adsorption.
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