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Abstract—We introduce a facile strategy to upcycle lignin waste to valuable activated carbon (AC). Unlike conven-
tional preparation processes of AC, such as high-temperature carbonization above 600 °C followed by chemical or
physical activation, we synthesized AC through low-carbonization (~300 °C), ball-milling, and thermal activation. Low-
temperature carbonization effectively led to the formation of the micro-pores and simultaneously high yield. Uniform
activated morphology of char lignin is achieved through a ball-milling process. The as-synthesized AC exhibited a large
specific surface area of 1075.18 m’ g’l, high specific capacitance of 115.1 F g’l, and excellent adsorbability of 0.23 g,
Per uctivared carvon- L1€TEfOTE, We believe that the presented facile strategy could lead to the realization of upcycling of lig-

nin waste to highly useful AC.
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INTRODUCTION

Lignin is a type of complex organic polymer, which is an abun-
dant source of aromatic chemicals, with carbon content above 60%
[1,2]. Generally, lignin is a major component of plant cell walls,
which protects the plants from chemical or biological attacks. Thus,
the produced amount of lignin varies with the type of plant. It is
expected that more than 70 million tons of commercial lignin is
produced annually as a by-product of the paper and pulping indus-
tries and biorefineries [3,4]. Lignin waste, a type of residue from the
extraction processes of cellulose and hemicellulose from non-edi-
ble biomass, is composed of various aromatic chemicals. In the case
of a biobutanol plant, the maximum lignin production was 35 wt%
with respect to the feeding biosources. Despite the high levels of
lignin production, its uncharacterized complex structure, such as
heterogeneous molecular weight and various functional groups,
leads to the application of lignin waste as feedstock for thermal
power generation or to its being discarded in landfills.

Considering price competitiveness and environmental effects of
lignin, it could be an attractive precursor to prepare highly useful
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carbon materials, such as activated carbon (AC), carbon fibers, and
graphitic carbon. Among the materials, AC derived from lignin has
been widely used in various fields, such as catalyst supports, super-
capacitor electrodes, gas separators, adsorbent, filters, and even addi-
tives in automobile tires [5-12]. ACs are porous materials with large
surface area controlled by physical or chemical activation processes.
In physical activation, conventionally using carbon dioxide or steam,
AC derived from lignin is prepared by high-temperature carbon-
ization at above 600 °C followed by activation at temperatures rang-
ing from 900 to 1,200 °C [13]. In chemical activation using chemical
reagents, such as ZnCl,, H;PO,, and KOH, a mixture of lignin and
the reagents is heat-treated at a high temperature (>500 °C), leading
to the formation of porous carbon materials with large surface area
and many pores of various size [14-16]. Both activations could affect
the variation in the porosity. Considering the production cost of
commercialized processes, physical activation has more advantages
over chemical activation, in which washing should be conducted
to remove the impurities originating from chemical reagents with
corrosive properties [17]. However, long-term activation is required
to produce AC with high porosity, owing to the low reactivity of
the lignin chars that were prepared in the first step of physical acti-
vation. Rodriguez-Mirasol et al. prepared AC from eucalyptus kraft
lignin by activation at 850 °C for 20 h [18]. Owing to the long-term

activation, the carbon showed a specific surface area of 1,853 m’ g*
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and a micropore volume of 0.53 m’ g'. Some studies also reported
that the surface area could be increased by low heating rates [19,
20]. Therefore, the time-consuming activation process could be
improved by using lignin as a cost-effective and environmentally
friendly precursor in terms of the mass-production of AC. Further-
more, as-synthesized AC would be useful in applications as the
capacitor and organic adsorbent.

In this study, we introduce a facile strategy to upcycle lignin waste
to valuable AC, suitable for supercapacitor electrodes and organic
adsorbent, via low-temperature carbonization, a ball-milling pro-
cess to increase exposed surface area, followed by an activation pro-
cess. Carbonization at 300 °C and ball-milling for 12 h significantly
affect the formation of lignin char, with relatively large surface area
and large reaction sites to activate with steam, respectively; leading
to a specific surface area of 1,075.18m’ g ' and a total pore vol-
ume of 0.732 cm’ g . The AC also exhibited a high specific capac-
itance of 1151 F g ', and an excellent adsorbability of 023 g,j.ee
PeT Luctivated carvon L16TEfOTE, We believe that the facile strategy could
lead to the realization of upcycling of lignin waste to highly useful
AC.

EXPERIMENTAL

1. Synthesis of Activated Carbon

Lignin used in this study was provided by GS Caltex. Lignin was
obtained as a side-product, resulting from the pretreatment, and
hydrolysis process, which produces sugar using concentrated sul-
turic acid hydrolysis of biomass feedstock (Pinus). Lignin powder
was carbonized in a furnace under an inert atmosphere (N,). The
temperature was ramped to 300 and 600 °C at 5°C min™', and then
held constant for 1h. The yields of carbonized lignin were 40.96,
and 30.27 wt% after carbonization at 300, and 600 °C. Subsequently,
carbonized lignin powder at 300 °C was pulverized by a ball-mill-
ing process (Planetary Micro Mill, Pulverisette 7) for 6, 12, 15, and
18 h. The ball-milling process was conducted using balls of 1-mm
diameter and a rotation speed of 500 rpm. To enhance the surface
area, the steam activation method was performed. Ball-milled car-
bonized lignin powders were heated from room temperature to
1,000 °C at a ramping rate of 5°C min~' under N, flow (200 sccm)
using a tube furnace. The activated carbon yield was approximately
22 wt%. The steam was injected into the furnace (10 ml h™") while
the samples were held at 1000 °C for 1 h. The products were denoted
as char lignin 6 h, char lignin 12 h, char lignin 15h, and char lig-
nin 18 h, depending on the ball-milling time. Following the steam
activation, we named the products AC6, AC12, AC15, and AC18,
respectively.
2. Characterizations

Thermogravimetric analysis (TGA) curves were obtained using
Q50 (TA Instruments, USA) under N, flow of 100 ml min™" at a
ramping rate of 5°C min™" to 300 °C, followed by maintaining the
temperature 5h. The crystal structures of raw lignin and the car-
bonized lignin samples were investigated using X-ray diffraction
(XRD, Smartlab 3, Rigaku, Japan) with Cu-Ke radiation at a scan
rate of 5° min™' from 5 to 80°. To analyze the morphologies, a scan-
ning electron microscope (SEM, Nova Nano SEM 450, FEI, USA)
was employed. The specific surface areas of the samples were cal-
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culated using the Brunauer-Emmett-Teller technique with nitrogen
adsorption on 3Flex (Micromeritics, USA) at 77 K after degassing
the samples at 200 °C for 10 h. The pore size distribution was meas-
ured from the nitrogen isotherms using the Barrett-Joyner-Halenda
(BJH) and Horvath-Kawazoe (HK) methods. The electrochemi-
cal performance of the AC samples was measured by the rotating
disk electrode (RDE) method using an electrochemical worksta-
tion (AUT302M FRA2, Metrolhm Autolab, Netherlands). The
active material (10 mg) was dispersed in a mixture of dimethylfor-
mamide (DME 1 ml), and Nafion (100 pl). An ink solution of 8 pl
was dropped three times on a glassy carbon of area 0.196 cm’, and
dried at 60 °C. The loading mass of the dropped ink was approxi-
mately 0.25 mg. The drop-casted active material, Pt wire, and Ag/
AgCl were used as the working, counter, and reference electrodes,
respectively. Cyclic voltammetry (CV) curves were acquired using
the RDE technique in 0.5 M H,SO, at scan rates of 10, 20, 50, and
100mV s with a potential range of —0.2 to 0.8 V. The specific
capacitance was calculated following Eq. (1):

C= deV/zvmV 9]

where I, V, v; and m represent the current, potential window, scan
rate, and mass of active material, respectively.

Fig. S1 shows a schematic of the experimental setup for per-
forming adsorption test. The adsorption of volatile organic com-
pounds (VOCs) on the AC was studied in the tubular quartz reactor,
which has an inner diameter of 1 cm. A mass of 300 mg of AC was
put in the reactor and placed between ceramic fibers (Cerakwool,
© KCC Co.). As shown in Fig. S1, nitrogen was bubbled through
liquid toluene. The gas leaving the flask was saturated with tolu-
ene and then diluted by N, to control its concentration. The con-
centration of the diluted toluene was approximately 300 ppm, which
was analyzed using on-line gas chromatography (GC, YL-6100,
Young Lin Science) with a flame ionized detector (FID). The total
flow rate of diluted toluene was 500 ml min", and it was supplied
to the reactor for 5h. The increasing mass of AC after the test indi-
cates the amount of adsorbed toluene. The adsorption capacity was
calculated following Eq. (2).

Adsorption capacity (gpen/gac)
_ AC after the test (g) — Fresh AC (g) @
B Fresh AC (g)

RESULTS AND DISCUSSION

Prior to preparing the AC derived from lignin, we analyzed the
thermal decomposition characteristics of lignin waste, which is a
residue of biobutanol extraction from wood biomass, using TGA.
This remains unclear, despite the many decomposition mechanisms
of lignin that have been proposed over recent decades, owing to
the complex and undefined structure of lignin [21,22]. Our lignin
waste slowly decomposed over a broad temperature range from 110
to 600 °C, in three steps, because it contained oxygen of 23.7 at%,
nitrogen of 0.7 at%, and sulfur of 0.6 at%, leading to scission of the
lignin into small volatile molecules at different temperatures. The
mass loss of the lignin started at 110 °C, corresponding to the evap-
oration of the contained water. The decomposition of polymeric
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Fig. 1. (a) TGA curve of raw lignin in the temperature range of 40-800 °C under nitrogen atmosphere, (b) XRD patterns, and (c) physical ad-
sorption isotherms (nitrogen) of raw lignin, and char lignins at 300, and 600 °C.

Fig. 2. SEM images of (a), (b) raw lignin, (c)-(f) char lignin carbonized at 300 °C, and (g)-(j) AC with different ball-milling times; (c), (g) 6 h,

(d), (h) 12, (e), (i) 15h, and (£), (j) 18 h.

lignin started at a relatively low temperature of approximately 220 °C.
The main process of the thermal decomposition of polymeric lig-
nin and removal of small volatile molecules occurred at approxi-
mately 330 °C, leading to the formation of aromatic hydrocarbons
[23,24]. The char yield of the lignin was approximately 41.5 wt%
after pyrolysis at 800 °C.

Considering the thermal decomposition characteristics of the
lignin waste, the structural property of char lignin samples, which
were prepared at the temperatures of 300 and 600 °C, were analyzed
by XRD (Fig. 1(b)). In the X-ray diffractogram of raw lignin, the
peaks at the 2@angles of 16.7 and 22.4° are associated with the (110)
and (200) planes of features of cellulose [25]. Interestingly, the peaks
related to the cellulose shifted up to 26=23.5°, corresponding to the
(002) plane of graphite, even though the char lignin samples were
carbonized at a low temperature relative to the conventional car-
bonization of lignin. This might have originated from inter- or intra-
molecular crosslinking of polymeric chains, leading to the forma-
tion of aromatic hydrocarbons [26].

The specific surface area of the samples was analyzed using N,
physisorption, as shown in Fig. 1(c) and Table S1. Raw lignin and
char lignin carbonized at 300 and 600 °C showed values of 5.7,
455.5, and 81.9m’ g ', respectively. It might be expected that low-
temperature carbonization affected the formation of the char lig-
nin with large surface area, because of the remaining pore structure
and self-activating using gasification of oxygen functional groups
such as CO and CO,. Some studies introduced a phenomenon that
thermal annealing at relatively high temperature could lead to pore

collapse to decrease the surface area of carbon materials [27,28].
There was an observation of hysteresis with small deviations for
the adsorption and desorption of N, gas, indicating the formation
of pores.

Considering the char yields and surface area, we prepared AC
using char lignin carbonized at 300 °C. The char lignin was ball-
milled for various times from 6 to 18 h to increase the activation
sites. Before ball-milling, the size of the char lignin was approxi-
mately 50 pm (Fig. 2). After ball-milling, the size significantly de-
creased below 2 pm. The char lignin samples ball-milled for lon-
ger than 12 h uniformly exhibited similar particle size. Ball-milling
has no effect on the increased surface area of the samples, as sum-
marized in Table S1. The ball-milled lignin char samples exhibited
identical surface areas of approximately 480-490m’ g”', whereas
the meso- and macro-pores increased with increasing ball-milling
time (Fig. S2(a) and (b)).

The AC samples with different of ball-milling times were pre-
pared under identical steam activation conditions. Fig. 3 shows the
N, physisorption isotherms and pore size distributions for all the
AC samples. Through the activation process, the surface area of all
the samples significantly increased. Observing the surface morphol-
ogy of the samples, AC6 shows a rigid surface, and the AC samples
ball-milled for longer than 12 h have a highly porous morphology,
as shown in Fig. S3. In particular, macroscale holes could be easily
observed in ACI18. Interestingly, AC12, which was prepared by
carbonization at 300 °C, ball-milling for 12h, and steam activa-
tion, exhibited the highest surface area (10752 m’ g') compared to

Korean J. Chem. Eng.(Vol. 36, No. 9)
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Fig. 3. Physical adsorption/desorption isotherms (N,), (b) micro-pore size distribution, and (c) meso-pore size distribution calculated by H-
K, and BJH methods of AC6, AC12, AC15, and AC18.

Table 1. Physical characteristics of ACs with respect to ball-milling

time (6-18 h)

BET surface Micro pore Total pore
Sample 2 -1 3 -1 3 -1

area(m” g ) volume(cm’ g ) volume (cm’g )
AC6 907.78 0.366 0.563
AC12 1075.18 0.448 0.732
AC15 983.82 0.404 0.666
AC18 960.64 0.392 0.688

the other samples (Table 1). The meso- and micro-pore volumes of
ACI12 tend to be higher than those of the other samples. This might
originate from the effect on the size of granules and pores. AC6 has
the largest granules, leading to inefficient activation. Before activa-
tion, AC15 and 18 had higher pore volumes over all ranges of pore
size, compared with AC12. After steam activation, their microp-
ore volumes increased in relatively smaller increments. Azargohar
et al. reported that the walls of the pores could be thinner or col-
lapse when activation is conducted beyond a proper level, leading
to a reduction in the surface area of the AC [29]. Therefore, we
believed that there might be a complementary relationship between
the surface area and morphological properties of lignin char.

The electrochemical properties of the all AC samples were inves-
tigated by CV in 0.5 H,SO, electrolyte at a scan rate of 10, 20, 50
and 100mV s (Fig. 4). All the AC samples exhibited a rectangu-
lar CV curve, regardless of the scan rate, indicating an ideal capac-
itive behavior [3,4]. The specific adsorption characteristics of the
AC samples were significantly improved compared with those before
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activation (Fig. S2, and S4). AC12, with the largest surface area,
and highest pore volume, showed a value of 115.1 F g at a scan
rate of 10mV s™'. Interestingly, only redox peaks for oxygen func-
tional groups were weakly observed at approximately 0.3 V, even
though the AC samples were activated using steam. To investigate the
potential application of ACI2 as adsorbents, we measured the ad-
sorption quantity of the sample for toluene by the weighing method.
AC12 exhibited a comparative adsorbability of 0.23 g, per
Soctivatedcarbon |30]. Therefore, we believe that the as-synthesized AC
could be a promising material for electrochemical electrodes and
adsorbents of VOCs.

CONCLUSIONS

We synthesized AC derived from residual lignin waste from
biobutanol extraction. Low-temperature carbonization can realize
char lignin with high yields and surface area. Through a ball-mill-
ing process, a uniform morphology and enhanced activation sites
of char lignin were achieved, with the result that time-consuming
activation processes are longer required to compensate for the low
reactivity of lignin chars. Cost-effective steam activation in a short
period of time (4 h) finally leads to the formation of a highly porous
structure and large surface area. As a result, the as-synthesized car-
bon materials exhibited a large surface area of 1,0752m’ g ', high
specific capacitance of 115.1 F g, and excellent adsorbability of 0.23
Siotuere PEL Cuctivated carvon- L116TEfOTE, We believe that the facile strategy
presented here could lead to the realization of upcycling of lignin
waste to highly useful AC.
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Fig. 4. (a) Specific capacitance of AC samples, and CV curves of (b) AC6, (c) AC12, (d) AC15, and (e) AC18 at scan rates of 10, 20, 50 and

100mVs™.
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Fig. S3. SEM images of AC samples for different ball-milling times: (a) 6 h, (b) 12h, (c) 15h, and (d) 18 h.
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Fig. S4. CV curves of (a) char lignin 6 h, (b) char lignin 12 h, (c) char lignin 15 h, and (d) char lignin 18 h at scan rates of 10, 20, 50, and 100

mVs’.
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Table S1. Physical characteristic of raw lignin, char lignin carbonized at 300 and 600 °C, and char lignins (6, 12, 15, and 18 h)

Sample BET surface area (m” g ) Micro pore volume (cm® g ™) Total pore volume (cm’ g ™)
Raw lignin 5.72 - -

Char lignin (300 °C) 455.49 0.182 0.182

Char lignin (600 °C) 81.94 - 0.035

Char lignin 6 h 493.89 0.200 0.320

Char lignin 12h 484.25 0.198 0.347

Char lignin 15h 484.36 0.197 0.327

Char lignin 18 h 484.92 0.197 0.345
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