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Lyocell-based activated carbon fibers improved the
adsorption of harmful gas properties when produced via
dual-simultaneous treatments
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Article Info In gas adsorption processes, activated carbon fibers (ACFs) are used for the adsorption of
Received 28 April 2017 the harmful gases that are generated by coal or oil combustion, and they have been widely
Accepted 22 May 2017 studied [1,2]. ACFs have been used for harmful gas removal because of their specific surface
area, micropores, reproducibility, safety, and processing ability, which are beneficial proper-
*Corresponding Author ties for a wide range of applications [3,4].
E-mail: jsim@krict.re.kr Cellulose fibers are important carbon fiber precursors due to their low metal ion content,
E-mail: youngslee@cnu.ac.kr low density, and ease of production. Cellulose fibers degrade at high temperatures. Spe-
Tel: +82-42-860-7366 cifically, upon heating, they undergo a series of interrelated physical and chemical changes.

These reactions are accelerated in the presence of various organic or inorganic catalysts and
Lewis acids that catalyse the dehydration reactions [5]. Therefore, the excellent flame-retar-
dant properties of cellulose fibers can be modified by these reactions. This treatment induces
a slow process of dehydration, rearrangement, carbonyl group formation, and CO and CO,
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evolution. Additionally, it promotes the formation of a carbonaceous residue that enhances
DOI: http://dx.doi.org/ the flame-retardant behaviour of cellulose fibers [6].
10.5714/CL.2017.23.069 Harmful gas adsorption research, especially on SO, adsorption, has been focused on

developing materials that have basic nitrogen groups [7]. Previous studies have examined
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the original work is properly cited. nitrogen functional groups simply and simultaneously. First, to enhance the gas adsorp-
tion properties of the Lyocell-based ACFs, a porous structure was developed by using the
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tion properties of ACFs, we used urea to develop nitrogen functional groups on the ACFs
surfaces without significantly changing their properties. Here, the changes in the textural and
adsorption properties were obtained via pyrolysis of the Lyocell fibers, followed by DAHP
and urea treatment at low temperatures. These dual-simultaneous treatments can induce high
selectivity and adsorption of harmful gases.

In this study, Lyocell fibers with a length of 20 cm and an approximate weight of 10
g (Kolon Industries Co., Korea) were used. For the chemical treatment, DAHP (Sigma-
Aldrich Co., USA) was chosen as the agent for chemical activation and flame-retardant
treatment [10] to develop a porous structure. Additionally, urea (>99.0%; Samchun Chemi-
cal, Korea) was used as a chemical treatment agent for the development of ACFs with basic
nitrogen groups on their surfaces.
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pISSN: 1976-4251 For the dual-simultaneous treatment, first, 10 g of raw Lyocell fibers was immersed in
elSSN: 2233-4998 100 mL of a 7 wt% DAHP solution for 5 h at 60°C. These optimal chemical treatment con-

ditions were determined based on our previous work [6]. After the fibers were treated, the
Copyright © Korean Carbon Society solution was removed and dried overnight in a vacuum oven at 70°C. Dried Lyocell fibers

69



Carbon Letters Vol. 23,69-73 (2017)

were immersed in 100 mL of a urea solution (50 g urea dissolved
in distilled water) and sonicated for 1 h at room temperature.
After the second treatment, the excess solution was removed by
centrifugation.

The dual-simultaneous-treated Lyocell fibers were placed in
an alumina boat within a reactor. The dual-simultaneous-treated
ACF samples are hereafter referred to as NLA 4, NLA 5, and
NLA_6, according to their heating temperatures of 400, 500,
and 600°C, respectively; the heating was performed for 1 h in
a nitrogen atmosphere. The heating rate was 10°C/min, and the
nitrogen feed rate was 100 mL/min. After activation, the ACFs
were washed with distilled water to remove the unreacted urea
and were dried overnight in a vacuum oven at 70°C.

The textural properties of the prepared ACFs were investi-
gated. The ACF samples were heated under vacuum conditions
at 150°C for 8 h to remove the water and some of the impu-
rities that were adsorbed in the samples prior to the analysis.
We used Brunauer-Emmett-Teller (BET) analysis (ASAP2020
instrument; Micromeritics Co. in Korea Research Institute
of Chemical Technology [KRICT], Korea) to investigate the
specific surface area, total pore volume, pore size distribution
(PSD), and micropore fraction. Elemental analysis of the ACFs
was performed using an organic elemental analyser (Thermo
Scientific FLASH EA-2000 in KRICT). We also evaluated the
N/C ratio of the ACFs, and the results are presented in Table 1.
To observe the surface characteristics and microstructure of the
manufactured samples, an analysis was carried out using an ul-
tra high resolution field emission scanning electron microscope
(UHR FE-SEM, Hitachi, Japan; S-5500, in Korea Basic Science
Institute [KBSI] Jeonju Center). A thermogravimetric analysis
(TGA; Shimadzu TGA-50H thermo analyzer in KRICT) was
carried out at a heating rate of 5°C/min and with temperatures as
high as 900°C in an N, atmosphere.

The SO, adsorption experiments were performed as follows.
First, 0.1 g of ACFs was placed in a vertical stainless steel reac-
tor with an internal diameter of 5 mm. To measure the internal
bed temperature, a thermocouple was placed 1 mm above the
ACFs. The total flow was maintained at 1500 cc/min, and the
SO, concentration was approximately 40 ppm; the analyser con-
tinuously monitored the weight gain. The outlet SO, gas concen-
trations were continuously measured using a multi-gas detector
(Teledyne model 7600 device in KRICT), with the concentra-
tions recorded every 1 s.

To analyse the SO, adsorption in the fixed bed reactor, break-
through and saturation curves (C/C, vs. time) were plotted, and
the data were evaluated using the following equations [11]:

Veff = Q .ttotal,

where V,; is effluent volume, Q is the volumetric flow rate (mL/
min) and t,,, is the time of SO, adsorption.
The total uptake capacity (q., mg) is given by [12]

t=twwml
doal = 7000 ft=0

where C is the concentration of each point for the SO, gas.

The total amount of SO,, m,,,, (mg), transported to the reactor
and the total SO, removal (R,,,, %) were calculated according
to [13]:

cdt

COVeff
Mot = 70500
Rpm = r‘;“’;‘l’l x 100
tota

Fig. 1 shows the effects of the DAHP treatment on the ther-
mal resistance of Lyocell fibers using the TGA curve obtained
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Fig. 1. Thermogravimetric analysis curves of un-treated and treated
Lyocell fibers. DAHP, di-ammonium-hydrogen phosphate.

Table 1. Carbon yield and elemental analysis parameters of the Lyocell fiber and ACFs

Chemical activation

Elemental analysis (%)

Sample

Temperature (°C) Yield (%) C H N o N/C
Lyocell - - 41.0 6.3 - 52.7 -
LA 6" 600 44.5 83.0 0.8 - 16.2 -
NLA 4 400 53.3 75.0 32 3.1 18.7 4.13
NLA 5 500 48.7 78.8 2.1 4.5 14.6 5.71
NLA 6 600 42.0 85.1 1.0 5.1 8.8 5.99

ACFs, activated carbon fibers.
“Non-urea-treated Lyocell-based ACFs.
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under the nitrogen atmosphere at a heating rate of 10°C. It is
known that the DAHP treatment will significantly lower the de-
composition temperature of a Lyocell fiber. In Fig. 1, the 7 wt%
DAHP treatment Lyocell fibers show the maximum weight loss
point on the TGA curve, at 205°C, which is 90°C lower than that
of the un-treated fibers. A slight slope changes in the TGA curve
observed for the DAHP-treated Lyocell fibers appears as the two
main curves, which we refer to as steps 1 and 2. The curve at ap-
proximately 200°C (step 1) is due to the thermal decomposition
of DAHP. After decomposition, Lyocell fibers released water
and ammonia by the phosphorylation reaction [14]. Moreover,
the DAHP altered the profile of step 2, which was shifted to a
higher temperature and became broader, thus changing the com-
bustion pathway. The char yields of the DAHP-modified Lyocell
fibers tended to increase. The improved char yield was likely
caused by the esterification of the phosphoric acid (H;PO,) and
the primary hydroxyl groups in the fiber during the thermal de-
composition of DAHP [15]. An increasing char yield implies a
greater fire resistance of the sample, as it was proposed that the
char formation would limit the production of combustion gases,
inhibit the combustion gases from diffusing to the pyrolysis
zone, and protect the material surface from heat and air [16].

Fig. 2 shows surface images of the manufactured sample.
The surface roughness of the non-activated Lyocell fiber was
observed to be smooth, and the average diameter was approxi-
mately 13+1.0 um. Following activation, the average diameter
of the ACFs was approximately 8+1.0 pm because the Lyocell
fibers were degraded at the activation temperatures. It was con-
firmed that some of the unreacted urea was quite uniformly
dispersed over the surface of the NLA 4 and NLA_5 samples.
Additionally, it was observed that the amount of the unreacted
urea that impregnated the surface decreased as the activation
temperature increased. It is noteworthy that the amount, disper-
sion, and aggregation of the urea all significantly influenced the
morphologies of the ACFs. It appears that some ACF pores can
be blocked in the presence of urea, resulting in a specifically
decreased surface area.

Elemental analysis was performed to compare the chemical
compositions at the surfaces of the non-urea-treated and dual-
simultaneous-treated ACFs, and the results are given in Table

Fig. 2. Field emission scanning electron microscope images of the
Lyocell fiber and dual-simultaneous-treated activated carbon fibers.

Dual treatments effects of ACF for harmful gas adsorption

1. The N content in the dual-simultaneous-treated ACFs was
greater than that in the non-urea-treated ACFs, increasing the
N/C ratio of 0.00 to 5.99. This can be explained by the reaction
mechanism between the oxygen group at the Lyocell surface and
the urea. In this type of reaction, urea will easily react both at
the edge and inside the pores of the cellulose surface, which
has oxygen groups that act as chemical defects [17]. During the
dual-simultaneous treatment, active sites were effectively intro-
duced on the surfaces of the Lyocell fibers by the ionized urea
molecules. However, the observed trend of an increase with re-
spect to temperature may be attributed to the increased electron
energy of the urea molecules because more urea molecules are
involved in the reaction with oxygen groups in the Lyocell fiber
at high temperatures.

The pore textures of the ACFs were investigated by a nitro-
gen adsorption analysis at —196°C. A summary of the textural
properties of the non-urea-treated and dual-simultaneous-treated
ACFs is presented in Table 2. The BET specific surface area
and pore volume were increased after the heat treatment. In par-
ticular, the specific surface area of NLA_6 was increased by ap-
proximately 562 up to 809 m*/g, compared to NLA_4, which is
activated at 400°C. Additionally, the pore volume was increased
by the activation. Sample NLA 6 exhibits the highest total pore

Table 2. Textural characteristics of the non-urea-treated and
dual-simultaneous-treated ACFs

BET surface area  DR-Viico  BIH-Vineso Vioul
Sample

(m’/g) (em’/g)  (emYg)  (em’/g)
LA_6" 845 0.301 0.045 0.346
NLA_4 562 0.218 0.048 0.266
NLA_5 723 0.289 0.033 0.322
NLA_6 809 0.329 0.028 0.357

ACFs, activated carbon fibers; BET, Brunauer-Emmett-Teller; DR, Dubinin
Radushkevich; BJH, Barrett-Joyner-Halenda.
“Non-urea-treated Lyocell-based ACFs.
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Fig. 3. Pore size distribution (PSD) of the volume of the non-urea-
treated and dual-simultaneous-treated activated carbon fibers.
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Table 3. Characteristic parameters obtained from SO adsorption breakthrough curves

Superficial Initial Bed Total Break- Sa.tura- Effluent Total Total Ad§ oTp-
. concentra- . . through tion amount tion
velocity . height time . . volume removal .
Sample tion time time removed capacity
Q (cc/min)  Co(mg/L) Z (cm) tiotal (MiN) toos(min)  toos (min) Verr(cc) Mot (IME) Ruotal (%) Qrotal (ME)
LA 6 1500 40.00 2 31.98 3.82 13.54 47,970 1918.8 31.37 601.88
NLA 4 1500 40.00 2 30.12 3.32 11.89 45,180 1807.2 31.68 572.52
NLA 5 1500 40.00 2 34.81 5.28 17.79 52,215 2088.6 42.70 891.77
NLA 6 1500 40.00 2 40.39 6.21 19.88 60,585 2423.4 47.99 1163.09

"Non-urea-treated Lyocell-based activated carbon fibers.

volume among the dual-simultaneous-treated ACFs, with a pore
volume of 0.339 cm?/g. Fig. 3 shows the PSD of the non-urea-
treated and dual-simultaneous-treated ACFs. The pore diameters
are found mainly in the 1-4 nm pore range. The origin of the
shifted micropore peak position of NLA_6 is aggregation of the
urea with the ACFs during the chemical reaction. Therefore, the
micropore fraction of NLA 6 increased despite the increase of
the total pore volume and specific surface area.

The breakthrough time, saturation time, total removal, and
SO, adsorption capacity values were obtained using the above
formulas, and the results are shown in Table 3. In real applica-
tions, one of the main advantages of a simulation model is its
capacity to predict the breakthrough time (t,) and the saturation
time (t,). In this study, t, and t, were defined somewhat arbitrarily
as the times corresponding to C/Cy=5%, but this value can be
changed according to the specific requirements [18,19]. The data
in Table 3 show that the SO, adsorption properties increased in
the order of NLA 4<LA 6<NLA 5<NLA_6. These results are
attributed to the effect of the nitrogen atoms in the urea structure
when the urea support was chemically bound to the ACF surface
[20]. Furthermore, the NLA_6 sample exhibited the highest val-
ues among the results for all samples. As the adsorption capacity
of SO, increased from 572.52 to 1163.09 mg, the breakthrough
and saturation times increased from 3.32 to 6.21 min and from
11.89 to 19.88 min, respectively.

In the presence of nitrogen functional groups, it appears that
reactive SO, was formed on the surfaces of the ACFs. Accord-
ing to various studies [21-23], surface nitrogen species (RC(N),
R denotes carbon surface) acting as catalytic active centres may
facilitate the formation of SO, (lone pair electron) due to the
extra m electrons, according to (1):

RC(NT —e )+ S0, > RC(N* —S03) (1)

This mechanism is one of the transitional conversion steps
from SO, to SO;. According to this mechanism, the nitrogen
active site plays an important role in the adsorption of SO, on
the ACFs. This phenomenon occurs when extra © electrons are
present on the nitrogen in the higher energy state, and SO, mol-
ecules are transferred to the carbon pores when active sites are
introduced on the ACF surfaces [24]. Therefore, it is likely that
it can interact with the SO, molecules, which have lone pair
electrons. Based on these results, the urea structure interacted

DOI: http://dx.doi.org/10.5714/CL.2017.23.069
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strongly with the SO, molecules and thereby helped adsorb the
SO, gas and changed the electrical resistance easily via the elec-
tron hopping effect.
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