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Use of Lignin-based Carbons for Decolorization of
Wastewater Dyes

Qin Wu,2®* Weilong Shao,? Yujie Zhang,® Tong Su,? Xin Zhao,>* Fangong Kong,?
Nannan Xia,® and Zhiwei Wang ®

Hierarchical porous carbons were prepared from several common lignins,
including sodium lignosulfonate (SLS), alkali lignin (AL), and calcium
lignosulfonate (CLS) via one-step carbonization at 800 °C for 10 h without
oxygen or any additional templating/activation agent for the decolorization
of dyes from wastewater. The obtained carbons showed high porosity and
microporous-mesoporous-macroporous hierarchical porous structures.
The specific surface areas of SLS-C, AL-C, and CLS-C were 346 m?/g,
405 m?/g, and 512 m?/g, respectively. The total pore volumes of SLS-C,
AL-C, and CLS-C were 0.12 cm®g, 0.21 cm3g, and 0.28 cm?g,
respectively. The obtained carbon materials displayed excellent
adsorption-decolorization abilities for 5 dyes, including ethyl violet,
malachite green, cationic brilliant red, acid blue 92, and direct red 23. The
concentrations of these 5 dyes in wastewater were reduced by SLS-C from
20 mg/L to 0.12 mg/L, 0.20 mg/L, 0.32 mg/L, 0.78 mg/L, and 3.77 mg/L,
respectively, over a 60 min treatment. AL-C reduced these concentrations
from 20 mg/L to 0.02 mg/L, 0.01 mg/L, 0.04 mg/L, 0.71 mg/L, and 1.72
mg/L over the same time period. In addition, the concentrations of these
respective dyes were reduced by CLS-C from 20 mg/L to 0.01 mg/L, 0.01
mg/L, 0.02 mg/L, 0.30 mg/L, and 0.20 mg/L.
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INTRODUCTION

Approximately 80,000 tons of dye are produced annually worldwide for use in the
textile, printing and dyeing, papermaking, leather making, and paint industries (Lee et al.
2006; Zhang et al. 2016). Discharged dye wastewater from mass production and the
application of dyestuffs causes serious environmental pollution (Wu et al. 2016) and has
unfavorable effects on human life, plants, and animals. This is due to the dyes’ difficult
biochemical degradation, oxidation resistance, strong thermal stability, and highly toxic
and carcinogenic properties (Liu and Sun 2007). Activated carbons are effective adsorbents
for the removal of dyes from aqueous solutions due to their extremely high specific surface
areas and favorable pore structures (Katheresan et al. 2018). The cost of activated carbons
derived from wood, coal, and other carbonaceous materials is relatively high due to their
difficult regeneration. Therefore, recent research has focused on finding a precursor to
activated carbon that is low-cost yet abundant.

Industrial lignin is a by-product of the pulp and paper industry. Every year,
approximately 70 million tons of lignin is produced globally, and about 98% of this is
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burned directly as low-grade fuel (Lora and Glasser 2002), which not only is a waste of
resources but also causes secondary environmental pollution. Lignin has received
considerable attention for carbon production because of its high carbon content, highly
aromatic cyclization structure, high molecular weight, excellent biodegradability, and low
price (Fu et al. 2013; Chatterjee and Saito 2015). Much research has focused on the
application of carbons derived from lignin for the preparation of supercapacitors (Salinas-
Torres et al. 2016; Pang et al. 2017, 2018). However, less is known about its use in the
decolorization of dye wastewater. Carbon composite lignin-based adsorbents have been
prepared through hydrothermal methods using glucose as a carbon source and calcium
lignosulfonate and triethylene tetramine as raw materials. This adsorbent was used for the
adsorption of Congo red and eriochrome blue black R, and when the dye concentration was
40 mg/L"!, the Congo red and eriochrome blue black R dye removal rates reached 99%
(Wang et al. 2018).

Recently, the production of many carbon materials has required the introduction of
a hard/soft template or an activation agent during the preparation process to achieve high
specific surface area and high adsorption (Zhao et al. 2015; Bulavova et al. 2018). In this
work, hierarchical porous carbons were prepared from several common lignins, including
calcium lignosulfonate (CLS), alkali lignin (AL), and sodium lignosulfonate (SLS), via
one-step carbonization without oxygen or any additional templating/activation agent. The
obtained calcium lignosulfonate-based carbon (CLS-C), alkali lignin-based carbon (AL-
(), and sodium lignosulfonate-based carbon (SLS-C) were used to treat five kinds of dyes
commonly found in industrial wastewater, including Ethyl Violet (EV), Malachite Green
(MQG), Cationic Brilliant Red (CBR), Acid Blue 92 (AB 92), and Direct Red 23 (DR 23).
The feasibility of industrial lignin-based carbons for the decolorization of dye in
wastewater is explored in this paper. In comparison with other methods, the advantages of
the protocol used to prepare lignin-based carbons may include the controlled porous
structures well by self-assembly during one-step carbonization process; such potential
advantages are inherent in the lignin-based carbons themselves, which contain the metals
Na and Ca (Ma et al. 2014; Chen et al. 2019).

EXPERIMENTAL

Materials Synthesis

The used lignin specimens labeled as industrial grade were purchased from the
chemical reagent factory (Tianjin FuChen). The lignin-based carbons were prepared via
one-step carbonization. In brief, 2 g samples of CLS, AL, and SLS were heated to 800 °C
for 2 h at a heating rate of 5 °C/min™! under nitrogen gas in a vacuum tube high temperature-
sintering furnace (OTF-1200X, KJ Group, Richmond, CA, USA). Finally, the products
were prepared by filtration, rinsed with water, and dried at 105 °C overnight. The resultant
carbon materials were named CLS-C, AL-C, and SLS-C.

Characterization

X-ray diffraction (XRD) patterns were recorded on an X-ray diffractometer (D8-
ADVANCE, Bruker AXS, Karlsruhe, Germany) with Cu Ka radiation. The surface area
and pore size distribution (PSD) of CLS-C, AL-C, and SLS-C were analyzed by the
Brunauer-Emmett-Teller (BET) method and non-local density functional theory (NLDFT)
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model, respectively. The t-plot method was adopted to analyze the microporous
characteristics, and the total pore volume was calculated from the nitrogen uptake at a
relative pressure of ca. 0.995.

Dye Absorption

To evaluate the potential of the prepared CLS-C, AL-C, and SLS-C for dye
wastewater treatment, 5 kinds of dyes, including EV, MG, CBR, AB 92, and DR 23, which
can be viewed as model dyes for dye adsorption from wastewater, were used. For batch
adsorption studies, a series of 50 mL dye solutions, with an initial concentration of 20 mg/L
were placed in a 150 mL sealed conical flask and subsequently different lignin-based
carbons were added at a dosage of 6 g/L. The conical flasks were then shaken in a thermo-
stated water bath shaker at 200 rpm at a constant temperature of 25 °C for a defined time
ranging from O to 60 min. After shaking, a centrifuge (TGL-20M) was used to separate the
adsorbent from the solution at a rate of 1000 rpm for 10 min. The concentration of the
remaining dye solution was calculated by the absorbance value, which was measured using
a spectrophotometer (UV-2600) at its maximum wavelength.

To determine the maximum absorption wavelength of different dyes, absorbance
curves for EV, MG, CBR, AB 92, and DR 23 at different standard concentrations were
obtained. The standard solutions curve was plotted by measuring the absorbance of
standard solutions with different concentrations at the maximum absorption wavelength,
which could yield a standard linear equation relating concentration to absorbance.

In order to ensure the data reliability, 5 replicas of each dye decolorization assays
were conducted.

RESULTS AND DISCUSSION

Black firm porous carbons were prepared from brown powdered CLS, AL, and SLS
via one-step carbonization at 800 °C for 10 h under nitrogen gas. The obtained carbon
materials displayed excellent adsorption-decolorization abilities for 5 kinds of dyes in
wastewater, including EV, MG, CBR, AB 92, and DR 23.

Characteristics of CLS-C, AL-C, and SLS-C
XRD (Fig. 1) showed that the prepared carbon samples from lignin had similar
XRD patterns.

= C-lignin-Ca
®— C-lignin
4 C-lignin-Na

s
N-\____

20 40 60

2 Theta (°)
Fig. 1. XRD of different carbon samples from lignin
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Diffraction peaks appeared at 20 =~ 23° or 42°, with large widths and low intensities,
characteristic of graphitic carbon (Gao et al. 2014). This graphitic structure resulted in the
adsorption properties for different dyes, discussed in more depth below.

The nitrogen adsorption isotherms and the corresponding pore size distribution
curves of the different lignin carbon samples are shown in Fig. 2. The adsorption capacities
of all samples below a relative pressure (P/Po) of 0.1 symbolize typical microporous
characteristics. Meanwhile, the hysteresis loop at a relative pressure (P/Po) of 0.4 to 0.95
is associated with capillary condensation occurring in the mesopores (Riachy et al. 2017).
All of the as-prepared carbon materials showed a type-1V adsorption isotherm, indicating
typical micropores and mesopores structures. However, a higher adsorption capacity below
a relative pressure (P/Po) of 0.1 for CLS-C was caused by the increasing of number of
micropores (Tian et al. 2017).
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Fig. 2. (a) Nitrogen sorption isotherms and (b) pore size distribution of the prepared carbon
samples
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A larger hysteresis loop at a relative pressure (P/Po) of 0.4 to 0.95 for SLS-C
resulted from the higher mesoporous content as well. Compared with AL-C, the enhanced
microporous adsorption content for CLS-C was attributed to Ca being present in the
structure during the carbonization process, and further porous structures occurred after the
dissolution of CLS. Moreover, the mesoporous content increased in SLS-C due to Na
eutectic salt dissolution. These results suggested that Ca eutectic salts were more favorable
to the formation of micropores, and Na eutectic salts were more favorable to the formation
of mesopores (Ma et al. 2014; Chen et al. 2019).

The pore size distribution plots of the prepared samples are shown in Fig. 2b. The
prepared carbon materials exhibited a uniform pore size distribution, and their pore size
was mainly distributed around 2.0 nm, with a sharp peak at 2 nm. The higher peak
occurring for CLS-C at 2.0 nm showed the presence of more micropores. As can be seen
from Fig. 3b, SLS-C had a pore size distribution from 5.0 nm to 20 nm and a peak at 12
nm, which indicated that larger mesopores were generated in the SLS-C sample as
compared to the CLS-C sample. These results showed that the types of eutectic salts present
during carbonization were important influencing factors on the textural properties of the
resulting carbon materials (Zhao et al. 2017). This outcome corresponded to the nitrogen
adsorption isotherms results. Thus, it appeared that Na salts play a role as templates for
mesopores, while Ca salts work as activation agents for micropores.

The textural parameters of different carbon samples are listed in Table 1. The
surface area, pore volume, and Smicro/Seer 0f AL-C were 405 m?/g, 0.21 cm®/g, and 73%,
respectively. However, SLS-C showed lower specific surface area (346 m?/g) and pore
volume (0.12 cm®/g) as well as a Smicro/ Sget 0f only 50%. CLS-C showed higher specific
surface area (512 m?/g) and pore volume (0.28 cm®/g), with a Smicrd/ Seer Of 89%.
Furthermore, the average pore size moved from mesopores in SLS-C (4.5 nm) and AL-C
(3.2 nm) to micropores in CLS-C (1.9 nm).

These results suggest that both Ca and Na salts have important roles in controlling
the surface area and porous percentage of resulting carbons. Na salt plays a crucial role in
the formation of mesopores, and conversely, the effect of Ca salt is to promote the
generation of micropores, resulting in a larger surface area in the resulting material. In
particular, the high surface area of the material exposes more active centers to reactants,
and an appropriate pore volume should improve the adsorption and diffusion of reactant
molecules (Liu and Antonietti 2014).

Table 1. Textural Parameters of Different Carbon Samples

SgeT Shricro/ SBET Viotal Average pore size
Sample (m?g) (%) (cm?/g) “om)
CLS-C 512 89 0.28 1.9
AL-C 405 73 0.21 3.2
SLS-C 346 50 0.12 4.5

Plotting of Standard Concentration Curve of Solution

The absorbance curves for EV, MG, CBR, AB 92, and DR 23 at different standard
concentrations were obtained to determine the maximum absorption wavelength of
different dyes. The results showed that the over wavelengths ranging from 200 nm to 800
nm, the maximum absorption wavelengths of EV, MG, CBR, AB 92, and DR 23 were 596
nm, 618 nm, 514 nm, 622.5 nm, and 508 nm, respectively. The standard solutions curve in
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each case was plotted by measuring the absorbance of standard solutions with different
concentrations at the maximum absorption wavelength. The standard linear equations
relating concentration(X) to absorbance(Y) were obtained as follows. For EV, Y=0.2489X
(R?=0.9969). For MG, Y=0.0856X (R?=0.9966). For CBR, Y=0.0946X (R?=0.9982). For
AB 92, Y=0.083X (R?=0.9961). For DR 23, Y=0.0692X (R?=0.9987). The above standard
linear equations were used to calculate the corresponding concentrations of dyes (Wang et
al. 2006; Daneshvar et al. 2007; Fathi et al. 2015; Mohajershojaei et al. 2015).

Dye Adsorption by CLS-C

The five kinds of simulated dye wastewaters, which contained EV, MG, CBR, AB
92, and DR 23, were treated with CLS and CLS-C. The results are shown in Fig. 3. Those
treated with CLS-C could adsorb EV, MG, CBR, AB 92, and DR 23 significantly in a short
time. In contrast, CLS performed poorly for adsorption. CLS-C reduced the concentration
of EV, MG, CBR, AB 92, and DR 23 from 20 mg/L to 0.15 mg/L, 0.03 mg/L, 0.06 mg/L,
1.08 mg/L, and 2.80 mg/L in 10 min, respectively. Furthermore, the above concentrations
continued to decrease to 0.01 mg/L, 0.01 mg/L, 0.02 mg/L, 0.30 mg/L, and 0.20 mg/L after
60 min. CLS, however, could only reduce the concentration of EV, MG, CBR, AB 92, and
DR 23 from 20 mg/L to 14.82 mg/L, 9.28 mg/L, 12.37 mg/L, 8.31 mg/L, and 16.05 mg/L
after 10 min, respectively. After 60 min of incubation, the above concentrations only
decreased to 12.96 mg/L, 8.22 mg/L, 9.63 mg/L, 7.47 mg/L, and 12.51 mg/L. To
summarize, both the type of dye and the adsorption time can affect the decolorization effect
of CLS-C, and CLS-C had better decolorization efficiency for dye wastewater than CLS.
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Fig. 3. Decoloration of dye wastewater by CLS and CLS-C

Wu et al. (2020). “Lignin-based carbons & dyes,” BioResources 15(1), 105-116.

110


file:///C:/Users/é� çº¸å­¦ä¼�/AppData/Local/youdao/dict/Application/8.0.1.0/resultui/html/index.html#/javascript:;
javascript:;
file:///C:/Users/é� çº¸å­¦ä¼�/AppData/Local/youdao/dict/Application/8.0.1.0/resultui/html/index.html#/javascript:;

bioresources.com

PEER-REVIEWED ARTICLE

: b i
=

MG CBR AB92

Fig. 4. Decolorization of dyes by CLS and CLS-C
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Dye Adsorption by AL-C

The five kinds of simulated dye wastewater containing EV, MG, CBR, AB 92, and
DR 23 were treated by AL and AL-C, and the results are shown in Fig. 5. AL-C could
adsorb EV, MG, CBR, AB 92, and DR 23 significantly in 20 min. However, AL adsorbed
dyes poorly and even increased the chrominance of wastewater because of its water
solubility. AL-C made the concentration of EV, MG, CBR, AB 92, and DR 23 decrease
from 20 mg/L to 0.15 mg/L, 0.22 mg/L, 0.36 mg/L, 1.25 mg/L, and 5.45 mg/L,
respectively, in 20 min. The above concentrations continued to decrease to 0.02 mg/L, 0.01
mg/L, 0.04 mg/L, 0.71 mg/L, and 1.72 mg/L after 60 min. When AL was added to the 5
different dyes containing wastewater, the concentration of EV, MG, CBR, AB 92, and DR
23 was 13.36 mg/L, 8.77 mg/L, 19.39 mg/L, 10.82 mg/L, and 34.08 mg/L, respectively,
within 20 min. Additionally, the above values transformed to 11.37 mg/L, 7.61 mg/L, 18.39
mg/L, 10.45 mg/L, and 32.34 mg/L after treatment for 60 min. To summarize, AL-C had
better decolorization effects on dye wastewater than AL, and the type of dye and the
adsorption time impacted the decolorization effect of AL-C.
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Fig. 5. Decoloration of dye wastewater by AL and AL-C
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Fig. 6. Decolorization of dyes by AL and AL-C

Dye Adsorption by SLS-C
The five kinds of simulated dye wastewaters containing EV, MG, CBR, AB 92, and
DR 23 were next treated with either SLS or SLS-C, which is summarized in Fig. 7. SLS-C
could adsorb the 5 dyes significantly in 20 min. However, SLS adsorbed dye poorly and,
similar to AL, even increases the chrominance of wastewater due to its water solubility.
SLS-C made the concentration of EV, MG, CBR, AB 92, and DR 23 decrease from 20
mg/L to 0.16 mg/L, 0.32 mg/L, 0.29 mg/L, 0.79 mg/L, and 4.70 mg/L within 20 min, and
these values further decreased to 0.12 mg/L, 0.20 mg/L, 0.32 mg/L, 0.78 mg/L, and 3.77
mg/L, respectively, after 60 min.
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Fig. 7. Decoloration of dye wastewater by SLS and SLS-C
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When SLS was added to the dye containing wastewater, the concentration of EV,
MG, CBR, AB 92, and DR 23, respectively, were 13.19 mg/L, 12.17 mg/L, 26.36 mg/L,
13.29 mg/L, and 39.32 mg/L within 20 min. After 60 min, the above values were
transformed to 13.11 mg/L, 11.92 mg/L, 25.99 mg/L, 13.16 mg/L, and 38.80 mg/L. To
summarize, the type of dye and the adsorption time also affected the decolorization by
SLS-C, and SLS-C displayed better decolorization of dye wastewater than SLS.
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Fig. 8. Decolorization of dyes by SLS and SLS-C
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The mechanisms of the obtained lignin-based carbon are mainly dependent on
physical adsorption. Effective adsorption can be attributed to abundant pore structure.
However, different specific surface area and ratio of micropore to mesoporous lead to
different adsorption effect (Tiwari ef al. 2017; Xia et al. 2017; Chen et al. 2019).

CONCLUSIONS

1. The results of this study demonstrated that low-cost activated carbons can be prepared
from industrial lignin, including CLS, AL, and SLS, using one-step carbonization at
800 °C for 10 h without oxygen or any additional templating/activation agent.

2. SLS-C, AL-C, and CLS-C, with BET surface areas of 346 m?/g, 405 m?/g, and 512
m?/g and total pore volumes of 0.12 cm®/g, 0.21 cm®/g, and 0.28 cm®/g, respectively,
were obtained.

3. The adsorption effects of CLS-C were the best, followed by AL-C and SLS-C.
However, they all had good decolorization effects on dye wastewater containing EV,
MG, CBR, AB 92, and DR 23 after treatment for 10 to 20 min.

4. These results demonstrated that activated carbons derived from industrial lignin have
great potential for use in the removal of dyes from wastewater.
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