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Abstract

In the present study, biomass-based lignin was extracted from industrial waste black li-
quor and the extracted lignin was characterized by means of attenuated total reflectance-
Fourier transform infrared spectroscopy and 'H-nuclear magnetic resonance spectros-
copy. The extracted lignin was carbonized at different temperatures and then activated
with steam at 850°C. The extracted lignin in powder state was transformed into a bulky
carbonized lignin due to possible fusion between the lignin particles occurring upon
carbonization. The carbonized and then pulverized lignin exhibits brittle surfaces, the
increased thermal stability, and the carbon assay with increasing the carbonization tem-
perature. The scanning electron microscopic images and the Brunauer-Emmett-Teller
result indicate that the steam-activated carbon has the specific surface area of 1718 m?/g,
which is markedly greater than the carbonized lignin. This study reveals that biomass-
based activated carbon with highly porous structure can be produced from costless black
liquor via steam-activation process.
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1. Introduction

Recently, reuse of biomass-based industrial waste has been significantly consid-
ered as bioresource owing to increasing issues on energy saving and cost-effective-
ness with social consciousness and regulation. Lignin, which can be derived from
industrial waste black liquor, is one of the considerable materials as biomass-based
resource. A large volume of black liquor can be obtained from chemical pulping
process. It is known that black liquor of approximately 7 tons is produced as by-
product in the manufacturing process of 1 ton of pulp [1]. It may be landfilled after
chemical treatment or may be utilized as an energy source by combustion or gas-
ification process [2,3]. Black liquor is aqueous solution including lignin residues,
hemicellulose, and other organic chemicals (for instance, Na,CO,, Na,SO,, NaOH,
and Na,S) used in the pulping and cooking processes [4]. It is strongly alkaline
with the pH value of 13. It has normally a black color and smells disgusting. The
chemical composition more or less depends on the wood type and the processing
condition used in the chemical pulping process [5]. In general, black liquor contains
about 25-35% lignin by weight [6,7]. Lignin can be extracted in powder state from
black liquor by appropriate chemical treatment and filtering process [8]. Studies on
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the lignin extracted from black liquor, depending on wood
type, extraction method, and pulping process, have been
reported earlier [9-12].

The lignin extracted from black liquor consists of many aro-
matic rings in the chemical structure. The chemical structure is
complicated and can often be identified by the presence of poly-
propane units such as p-hydroxyphenyl (or p-coumaryl alcohol),
guaiacyl (or coniferyl alcohol), and syringyl (or sinapyl alco-
hol). The polypropane units can be chemically bonded in differ-
ent bonding patterns [8,13-15]. Accordingly, its high aromaticity
gives rise to relatively high thermal stability and carbon yield,
being considered as a potential candidate as biomass-based car-
bon materials.

Carbonization process has been traditionally utilized to
transform organic materials to carbonized materials with
high carbon assay by pyrolysis, and ultimately to manu-
facture charcoal, cokes, activated carbon, carbon fiber, etc.
[16-18]. Activation process has been conventionally uti-
lized to make a non-porous or less-porous material highly
porous with high specific surface area by using chemicals
or gases. There are two main approaches to prepare acti-
vated carbon, physical activation using steam, carbon di-
oxide, oxygen, mixed gases, etc., and chemical activation
using KOH, Na,CO,, NaOH, etc. [19-21]. Each modifica-
tion method has its advantages and disadvantages. It has
been known that the physical activation method is environ-
mentally friendly, whereas the chemical activation method
is relatively effective [22].

Activated carbon is a highly porous material having the
specific surface area greater than 1000 m*/g with a huge num-
ber of micropores and/or mesopores, in general [23]. The
characteristics of activated carbon depend on the precursor
material and the processing parameters used in carbonization
and activation processes. As a result, the absorption-desorp-
tion behavior may be influenced as well. At present, com-
mercial general-purpose activated carbon has been widely
produced from coconut shells, saw dusts, wood, pitch, bi-
tuminous coal, etc. [24,25]. Brunauer-Emmett-Teller (BET)
analysis is most widely used to measure the specific surface
area of activated carbon and to understand the micropore for-
mation with assistance of scanning electron microscopic im-
ages [26,27]. Isotherm adsorption-desorption behavior also
provides useful information on the physical adsorption of a
gas of interest and the pore structure of activated carbon [28-
30].

There have been a number of papers on carbonization
[17,28,31] and activation [20,32,33] of biomass-based natural
resources including natural fiber, wood, etc. However, studies
on the activated carbon prepared from black liquor have been
scarcely found.

Consequently, the objective of the present study is to extract
biomass-based lignin from industrial waste black liquor, to char-
acterize the extracted lignin, and ultimately to investigate the
feasibility of producing black liquor-derived activated carbon.
As a preliminary study, carbonization and steam-activation pro-
cesses are performed and the obtained activated carbon is char-
acterized in terms of thermal stability, X-ray diffraction pattern,
morphology, and specific surface area.
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2. Experimental
2.1. Raw materials

Black liquor used in the present work is a biomass-based in-
dustrial waste obtained from the chemical kraft pulping process
of wood. It was kindly supplied from Moolim P&P Co. Ltd.
(Korea) and used to extract lignin therein throughout a series
of experimental procedures. Sulfuric acid of 95% purity, which
was purchased from Junsei Co. (Japan) was used to lower the pH
value of black liquor during the extraction process.

2.2, Lignin extraction

The ‘as-supplied’ black liquor exhibits the pH value of about
13. In order to extract the lignin component therein, dilute sul-
furic acid (4 M, 22% by weight) was added in the black liquor
and then agitated using a magnetic stirrer until the pH value de-
creased to 2. The pH value of 2 is for obtaining the increased
yield of the extracted lignin, as reported earlier [11]. At this time,
the color of black liquor turned from black to brown, resulting in
some precipitate. After additional agitation of the precipitate for
1 h, the pH value of the precipitate was controlled to be about
5-6 with distilled water by using suction-filtering equipment.
The obtained product was dried at 45°C for 36 h in a vacuum
oven and then finely pulverized using a mortar. Without addi-
tional purification procedure, the pulverized product was tightly
sealed and kept at ambient temperature prior to use.

2.3. Carbonization and activation processes
of extracted lignin

Carbonization processes were carried out at 600, 850, and
1000°C with the heating rate of 1°C/min using a tube-type
Siliconit carbonization furnace (Ajeon Co., Korea), respec-
tively. The inner diameter of the tube furnace is 80 mm and
the length is 1000 mm. The heating zone in the middle of
the furnace is 200 mm. The both ends of the furnace were
designed to control the inlet and outlet of a purging inert gas.
The pulverized lignin was put in an alumina crucible on a
rectangular-shaped graphite plate (2500 mmx60 mmx10
mm) and then the plate was gently placed in the center of
the heating zone. The carbonization was performed purging a
nitrogen gas (99.9%) throughout the process.

Activation process was carried out in the presence of steam
with a purging nitrogen gas by using a tailor-made tube-type ac-
tivation furnace. The tube dimensions of activation furnace are
similar to those of carbonization furnace. The carbonized lignin
was put in an alumina crucible on the graphite plate and then the
plate was gently placed in the center of the heating zone.

The heating rate of 1°C/min was used up to 850°C and then
steam was supplied at 850°C for 1 h without purging a nitrogen
gas, as informed earlier [34]. Water was supplied with the rate
of 3 mL/min to a steam generator (TC200P; MTOPS, Korea)
pre-set to 200°C and then the generated steam was uniformly
supplied to the carbonized lignin through a steam-tube line by
using a quantifying pump (Masterflex MODEL NO. 7524-05;
Cole-Parmer Instrument Co., Korea).



Table 1. Processing parameters for carbonization and steam-

activation processes used in this work

Processing parameter Carbonization Steam-activation
Temperature (°C) 600, 850, 1000 850
Heating rate (°C/min) 1 1
Holding time (min) - 60
Steam injection (mL/min) - 3
Atmosphere N2(99.9%) N2(99.9%)
Gas flow rate (mL/min) 150 150
Cooling Natural cooling Natural cooling

In both carbonization and steam-activation processes, heat-
treatment temperature, heating rate, heating step, and dwell-time
were changeable by using the controller. Table 1 summarizes the
processing parameters for the carbonization and steam-activa-
tion processes used in this work.

2.4. Characterization

The weight changes occurring during the carbonization and
steam-activation processes were measured by using an analytical
balance. The surfaces of the extracted and carbonized lignin materi-
als were observed by using a scanning electron microscope (SEM;
JSM-6380, JEOL, Japan). The surfaces of the activated carbon were
observed by means of field emission-SEM (FE-SEM; JSM-6701F,
JEOL, Japan). All samples for SEM observations were uniformly
coated with platinum for 3 min by a sputtering method.

The thermal stability of the extracted and carbonized lignin
samples was measured to 800°C in a nitrogen atmosphere by
means of thermogravimetric analysis (TGA; Q500, TA Instru-
ments, USA). Each sample of about 20 mg was placed in a plati-
num pan. The heating rate was 10°C/min.

"H-Nuclear magnetic resonance spectroscopy (AVANCE
IIT 400; Bruker Biospin, Switzerland) was used to explore the
chemical structure of the extracted lignin. Dimethyl sulfoxide-d,
(DMSO-d,) was used as solvent of lignin. In order to investigate
the chemical functional groups existing in the extracted lignin,
attenuated total reflectance-Fourier transform infrared spectros-
copy (ATR-FTIR; Nicolet 6700 FT-IR Spectrometer, Thermo
Fisher Scientific Inc., UK) was also used. The crystal material
for ATR-FTIR analysis was zinc selenide.

The X-ray diffraction analysis of the extracted and carbon-
ized lignin samples was performed by means of a high reso-
lution Xray diffractometer (D/MAY-2500/PC; Rigaku, Japan).
The 20 range for scanning was 2—60°. The targeting radiation
was K, and the targeting material was Cu.

An elemental analyzer (Flash 2000; Thermo Fisher, UK) was
used to examine the chemical compositions (C, H, and N) of the
extracted and carbonized lignin samples. The oxygen content
was estimated by subtracting the C, H, and N contents from the
total.

A surface area and pore size analyzer (ASAP2020; Mi-
cromeritics Inc., USA) was used to investigate the specific sur-
face area and the pore characteristic of the activated carbon. The
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specific surface areas of the carbonized lignin and the activated
carbon were measured. Prior to the measurement, each sample
was evacuated at 300°C for 10 h. Isotherm-adsorption and de-
sorption curves of N, at 77 K were also obtained. The specific
surface area, micropore area, and external surface area were cal-
culated by using the following equation [35].

A=(m/224149)t,N,0,

where ¢ is the statistical thickness of the adsorbed layer, m the
slope of the #-plot (adsorbed volume against £), which is directly
proportional to the surface area 4, the N, the Avogadro number,
and o the area covered by one nitrogen molecule. The external
surface area was calculated by subtracting the micropore surface
from the specific surface area.

3. Results and Discussion
3.1. Chemical structure of the extracted lignin

Fig. 1a shows the ATR-FTIR spectrum of the extracted lig-
nin. The enlarged spectrum between 1800 and 700 cm™ is
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Fig. 1. Attenuated total reflectance-Fourier transform infrared spectros-
copy absorption spectra (a) measured with the extracted lignin and the
absorption spectra (b) between 1800 and 700 cm™.
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Fig. 2. Chemical structures of lignin constituents: (a) base structure of
phenylpropane unit and (b) the major chemical components constituting
of lignin [37].

shown with the assigned chemical groups in Fig. 1b. From
Fig. 1a, the relatively large and broad absorption peak is due
to hydroxyl groups in the alcohol and phenol moieties exist-
ing in the lignin. The small peaks at 2936 and 2842 cm™ are
due to sp* C-H stretching. It is confirmed that the absorption
peaks at 1715 and 1603 cm™! are carbonyl peaks existing in
the B position and also in the a and y positions of phenylpro-
pane unit, respectively, as found earlier [12]. The existence of
C-O group owing to the primary alcohol is also found from
the peak near 1032 cm'. The peaks at 1500 and 850 cm™! in-
dicate the presence of aromatic C=C and C-C groups, respec-
tively. Importantly, the peaks at 1313 and 1111 cm™ indicate
the C-O and C-H groups in the syringyl ring and the peaks
near 1220 and 1810 cm™ reveal the C-O and C-H groups in
the guaiacyl ring. It has often been found that the presence of
the syringyl and guaiacyl rings is from hardwood [36]. It has
been informed by the manufacturer that the black liquor used
here was originated from the by-products of pulping process
using hardwood. The ATR-FTIR result demonstrates that
biomass-based lignin was successfully extracted from ‘as-
supplied’ black liquor. Fig. 2 shows the chemical structure of
lignin constituents with the base phenylpropane unit (a) and
the main chemical components (b), as characterized here and
also as reported in other literature [37].

Fig. 3 displays "THNMR spectrum of the extracted lignin. The
peak at 2.50 ppm is due to DMSO-d, used as solvent. The peak
at about 3.40 ppm is due to hydrogen of H,O in the solvent.
The small peak at 1.23 ppm indicates the presence of hydrogen
in the aliphatic group of lignin. The peak at 2.18 ppm is due to
the -CH- hydrogen in CH,OH group. The strong peak due to
hydrogen in the methoxy group is found at 3.51 ppm. The peak
at 3.76 ppm is ascribed to the -CH,- hydrogen attached to the
-COO- group. The peak at about 4.20 ppm is explained by hy-
drogen in the -HC-O-CH,- moiety bonded by an ether linkage.
Importantly, the existence of hydrogen in the aromatic groups of
the lignin structure is elucidated from the peaks in the range of
6.5-7.5 ppm, as found earlier [38].
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Fig. 3. 'H-nuclear magnetic resonance spectroscopy spectrum mea-
sured with the extracted lignin.

3.2. Yield and appearance of the extracted
lignin and carbonized lignin

Black liquor of about 100 g was used in every extraction pro-
cedure described earlier. The extraction yield of lignin from the
black liquor was about 11.3% in average. The extracted lignin is
of powder state in brown, as seen in Fig. 4a. The particle sizes
are not uniform and there are some particles aggregated. The
aggregated particle size is in the range of 10-100 um with dif-
ferent shapes. The lignin particles were uniformly pulverized to
less than 10 um in average size and then used for carbonization
and activation.

The carbonized lignin with the yield of 40-43% was ob-
tained from the extracted lignin by heat-treating at 600, 850, and
1000°C, respectively. Fig. 4 displays the visual appearance of
the carbonized lignin before (b) and after (c) pulverization. As
can be seen, the carbonized lignin was obtained in a bulky shape
after carbonization process was performed with the extracted
lignin powder. This is due probably to softening, melting and
fusing together of the lignin particles occurring at around 250°C
upon carbonization, as described above. After the pulverization,

Fig. 4. Extracted lignin (a) and carbonized lignin samples (b-d): (b) be-
fore pulverization, (c) after pulverization, and (d) scanning electron micro-
scope image of the sample pulverized after carbonized at 850°C (x100).



the carbonized lignin more or less looks shinier than the extract-
ed lignin. Fig. 4d shows an SEM image of the lignin carbonized
at 850°C. It is observed that the edges of the particle look sharp,
showing a brittle pattern formed during the pulverization of the
carbonized lignin.

3.3. Chemical composition

Table 2 lists the chemical compositions of the extracted lignin
and the lignin carbonized at different temperatures. As expected,
the carbon contents are considerably increased from about 60 to
88-94% with the carbonization temperature. On the other hand,
the hydrogen and oxygen contents are decreased with the car-
bonization temperature as well. This is due to removal of hy-
drogen- and oxygen-containing components from the extracted
lignin during the high temperature heat treatment process, being
transformed to the carbonized structure. The result indicates that
carbonization takes place rapidly in the early stage of the heat
treatment process above 600°C, leading to a marked increase of
the carbon assay.

3.4. Thermal stability of the extracted lignin
and carbonized lignin

Fig. 5 shows the TGA curve (a) for the extracted lignin as a
function of temperature. The initial weight loss of about 2-3%
occurring near 100°C may be attributed to the removal of mois-
ture remaining in the extracted lignin. The primary weight loss

Table 2. Chemical Compositions of the extracted lignin and car-

bonized lignin determined by elemental analysis

- Carbonization N o o N
Lignin temperature C(%) H(®%) O0(®%) N (%)
Extracted No carbonization 60.4 5.6 33.8 0.2
600°C 88.4 2.5 8.5 0.6
Carbonized 850°C 93.4 0.6 54 0.6
1000°C 94.4 0.3 4.0 1.3
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Fig. 5. Thermogravimetric analysis results measured for the extracted
lignin (a), the derivative thermogravimetric analysis (DTG) curve (b), and
the lignin samples carbonized at different temperatures: (c) 1000°C, (d)
850°C, and (e) 600°C. Deriv, derivative.
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occurs beyond about 200°C. This may be explained by that
around 250°C lignin can be softened, melted and then fused the
lignin particles together, as reported earlier [39]. At this thermal
stage, the guaiacyl or syringyl component is removed from the
lignin and the chemical structure can be changed, resulting in
some weight losses [40]. The small peak as shoulder at about
290°C in the derivative thermogravimetric analysis (DTG) curve
(b) is due to removal of the hemicellulose component remaining
in the lignin. Further weight losses occurring above 380°C may
be due to degradation of the lignin with the phenol moiety [41].
The DTG curve indicates that the fastest weight loss occurs near
380°C. The residual weight at 800°C is about 34%.

Fig. 5 also shows TGA curves (c-¢) measured with the lignin
carbonized at different temperatures. The primary weight loss
occurs near 550°C. The sample carbonized at 600°C exhibits
the higher weight loss than the other two. It reflects that 600°C
is not high enough to have the developed carbon structure for
further heat treatment and the thermal stability is high enough.
The thermal stability increases with increasing the carbonization
temperature, as expected from the change of the carbon contents
in Table 2. The difference in the residual weight measured at
800°C is smaller between the carbonization temperatures 850
and 1000°C than between 600 and 850°C. This is consistent
with the result of the carbon content change described in Table
2. It turns out that the carbonized structure may be predomi-
nantly developed at above 850°C, resulting in the relatively high
thermal stability.

3.5. X-ray diffraction pattern of carbonized
lignin

Fig. 6 represents the X-ray diffraction pattern of the lignin
carbonized at different temperatures. With increasing the car-
bonization temperature, the peak intensity centered at 22° due to
the (002) plane of graphite structure increases more or less, and
the 20 peak position at 22° shifts to the right slightly. As a result,
it is expected that the ordered structure is not developed in the
carbonized lignin yet, even though the slightly decreased spac-
ing between the basal planes with increasing the carbonization

Intensity (a.u.)

2 Theta (degree)

Fig. 6. X-ray diffraction curves measured for the lignin samples carbon-
ized at different temperatures: (a) 1000°C, (b) 850°C, and (c) 600°C.
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temperature is observed. The 20 peak intensity at 43° due to the
(100) plane increases with increasing the carbonization tempera-
ture. However, considering that there is no significant change
in the peak intensity and position, it seems that the carbonized
lignin obtained under the given heat treatment condition does
not have well-developed microstructure, but it may be accept-
able for activation.

3.6. Morphology and specific surface area

Fig. 7 represents SEM images observed from the surfaces of
the lignin carbonized at 850°C (a and b) and the activated carbon
(c and d) at different magnifications (x10,000, x50,000). The
carbonized lignin exhibits a smooth surface, which can be typi-
cally observed with brittle materials such as thermosetting poly-
mers, reflecting the heat-treatment effect at high temperature.
The activated carbon exhibits a rough surface with a large num-
ber of pores. It is obviously said that the pores are formed by the
steam-activation process. That is, it is mentioned that the appar-
ent surface area of the activated carbon is increased due to the
thermo-oxidative reaction, being active in the presence of steam
supplied during the activation process. During this steam activa-
tion process, carbon atoms existing in the surface of the carbon-
ized lignin can be removed by water molecules in the supplied
steam, evolving carbon monoxide and hydrogen gases [42]. A
large number of pores including micropores are formed and the
closed pores may also be transformed to the open pores. The

Fig. 7. Field emission-scanning electron microscope micrographs
observed for (a, b) carbonized and (c, d) activated carbon samples (a, c:
%10,000; b, d: X50,000).

Table 3. The specific surface areas measured for carbonized lig-

nin and lignin-derived activated carbon

Specific Micropore External
Lignin surface area area surface area
(m/g) (m’/g) (m’/g)
Carbonized 402 387 15
Activated 1718 1019 699
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formation of pores in the activated carbon results in the increase
of specific surface area. Table 3 shows the specific surface area
based on the microporous area and the external surface area,
measured with the carbonized lignin and the activated carbon,
respectively. The specific surface area value of the carbonized
lignin is greatly increased from about 400 m*/g to about 1720
m?/g by the steam-activation process. About 59% of the total
pore structure consists of the micropores. The result indicates
that the steam-activation process plays a role in developing not
only the microporous structure but also the externally porous
structure besides the micropores.

Fig. 8 displays the isothermal adsorption-desorption curves
as a function relative pressure obtained with the lignin-derived
activated carbon by BET measurement. The absorption and de-
sorption behavior, which is typically seen in highly porous ma-
terials, is found in the activated carbon. In the curve, there is
some hysteresis, which can be often found in the solid sample
consisting of aggregates, is due usually to a different behavior
in adsorption and desorption [35]. Considering of the curve be-
havior, it may be mentioned that the pore size and shape in the
activated carbon is somewhat uniform.

4. Conclusions

In the present study, biomass-based lignin was extracted from
industrial waste black liquor and characterized to identify the
lignin. The extracted lignin was carbonized and steam-activated
to prepare biomass-derived activated carbon. The results reveal
the feasibility of preparing the activated carbon with the follow-
ing conclusions.

The lignin extracted from ‘as-supplied’ black liquor exhib-
its typical characteristic infrared absorption peaks and chemi-
cal shift values of lignin. The carbon residue at 800°C of the
extracted lignin is about 34%, which is somewhat affordable
for carbonization. The carbonized lignin shows a brittle surface
topography, the increased thermal stability, and the carbon as-
say with increasing the carbonization temperature. The activated
carbon prepared from the extracted lignin via carbonization and
steam-activation processes exhibits well-developed pore struc-



ture including the micropores dominantly. The SEM images and
the BET result elucidate that the activated carbon has the spe-
cific surface area about 4.3 times greater than the carbonized
lignin, giving the value of 1718 m%/g.
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