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Preparation of High-performance Activated Carbons
Using Bamboo through One-step Pyrolysis

Xinxin Ma,? Lee M. Smith,? Liping Cai,” Sheldon Q. Shi,” Hui Li,>* and Benhua Fei &*

One-step pyrolysis is a promising thermal degradation process that has a
fast reaction rate and high energy efficiency. In this study, high
performance bamboo activated carbon was successfully prepared by one-
step pyrolysis with different pyrolysis times (2.5 h, 5 h, and 10 h). Using a
high pyrolysis temperature of 1050 °C, the specific surface area was
remarkably increased to 2348 m?/g, which was substantially higher than
the findings reported previously by other studies. The mesopore ratio was
increased to 77.4%, which indicated that the bamboo activated carbon
mainly contained microporous carbon and the mesoporosity was
considerably developed. The activated carbon was then applied
successfully to remove Methylene Blue from aqueous solutions. The
adsorption equilibrium data was fit best to the Langmuir model. The
maximum adsorption capacity ranged from 495 mg/g to 1667 mg/g.
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INTRODUCTION

Pyrolysis generates various gaseous, liquid, and carbon products. Most of the
literature concerning pyrolysis has focused on activated carbon production (Xiao et al.
2007; Tian et al. 2011). Activated carbon is an excellent adsorbent that has a large pore
volume and high specific surface area. It has been broadly used for purification, catalysis,
separation, and energy storage (Ben-Mansour et al. 2016). However, extensive application
of activated carbon is limited because of its high cost. Bamboo is an abundant and
inexpensive natural resource, and has acted an alternative source for generating activated
carbon. Typically, chemical (acid, strong base, or salt) or physical activation (water steam)
under various conditions is used to prepare bamboo carbon. The results of earlier studies
have shown that the Brunauer-Emmett-Teller (BET) specific surface area ranges from 488
m2/g to 2175 m?/g (Ip et al. 2008; Wang et al. 2008; Horikawa et al. 2010; Mui et al. 2010).

There are several studies on the applicability of bamboo in numerous adsorption
processes. It has successfully removed dye from aqueous solutions, and the adsorption
capacity was found to range from 143.2 mg/g to 454.2 mg/g (Kannan and Sundaram 2001;
Hameed et al. 2007; Hameed and El-Khaiary 2008). Bamboo can also be used to remove
impurities, such as metal ions or chloramphenicol, from liquid solutions (Wang et al. 2008;
Fan et al. 2010). However, all of these activation methods, whether physical or chemical,
have environmental consequences and drive up the processing cost. Therefore, more
efficient methods are highly desirable.
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A more efficient method is the one-step pyrolysis process (Xia et al. 2016a,b; Shi
and Xia 2017), which is also named the self-activation process, as it uses the gases emitted
from the biomass during pyrolysis to serve as an activation agent. The pyrolysis, activation,
and carbonization processes are combined into one step. In the self-activation process, the
pyrolysis gases, CO2 and H20, serve as activation agents to activate the carbon. Therefore,
the advantages of the one-step pyrolysis process are not only the creation of a high specific
surface area, but also cost savings because no activating gas or chemical is used.

Moso bamboo is abundant in China and it is widely used. In this study, moso
bamboo (Phyllostachys edulis) was used to produce activated carbon using the one-step
pyrolysis process. Furthermore, the characteristics and adsorption properties of the
resulting activated carbon were examined.

EXPERIMENTAL

One-step Pyrolysis of the Bamboo Activated Carbon

A box furnace (Fig. 1a) (STY-1600C, Sentro Tech Corp., Texas, USA) with a
maximum temperature of 1600 °C was used to convert bamboo into activated carbon. A k-
type thermocouple with a data logger (TC101A, MadgeTech, Inc., Texas, USA) was used
to detect the internal temperature. A digital pressure gauge (ADT680W-25-CP15-PSI-N,
Additel Corp., Texas, USA) in the furnace chamber was used to measure the pressure.

Moso bamboo was used for the preparation of bamboo activated carbon (BAC).
Four-year-old bamboo was obtained from Anhui Province, China. The bamboo specimens
were sawn from 1.5 m high of bamboo culm, and cut into 3.5cm(l) X 2.5cm(b) X 0.6cm(h),
which is shown in Fig. 1b. The bamboo specimens were then dried to 7% moisture content.
The following procedure was performed (Xia and Shi 2016a,b). After placing the bamboo
specimens into the box furnace chamber (Fig. 1a), the inner volume of the chamber was
evacuated to a pressure of —97906 Pa + 34 Pa (-73.4-mm mercury, 96.6% vacuum) and all
of the valves were closed to create a sealed system without any mass exchange. Finally,
during the pyrolysis stage, the temperature was increased to 1050 °C at a heating rate of 10
°C/min, maintained, and then cooled to room temperature. The pyrolysis times were 2.5 h,
5 h, and 10 h and the prepared BACs were referred to as BACzs, BACs, and BACo,
respectively.

Fig. 1. Box furnace (a) and specimens (b)
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Characterization of the Bamboo Activated Carbon

Carbon surface morphologies were examined with scanning electron microscopy
(SEM). Surface area and pore volume were measured using the nitrogen adsorption method
with a surface analyzer (3Flex 3500, Micromeritics Instrument Corp., Texas, USA) at a
temperature of 77 K. The surface area was determined using BET method, pore size
distribution using Barrett-Joyner-Halenda (BJH) method, and pore volumes were
calculated based on non-local density functional theory (NLDFT). The overall surface area
was measured using the BET method. The mesopores (pore sizes of 2 nm to 300 nm) were
examined using the BJH model, and the micropores (pore sizes of 0.393 nm to 2.002 nm)
were determined using the NLDFT model.

Adsorption Examination

To explore the adsorption performance of the activated carbon for adsorbing dye,
Methylene Blue (MB) was selected. This dye is widely used in the dyeing industry and has
a high stability. The MB dye was supplied by Tianjin Kemiou Chemical Reagent Company
(Tianjin, China). Using a double beam ultraviolet spectrophotometer (UV 2800, SOPTOP,
Shanghai, China) at 668 nm, the MB concentrations before and after the adsorption tests
were determined. The BAC was added to the dye solutions (100 mL) with different initial
concentrations (100 mg/L to 500 mg/L). The solutions were kept in an isothermal shaker
(30 °C £ 1 °C) for 48 h to reach a solid-solution mixture equilibrium. The isotherm
experiments were conducted at 30 °C. The amount of adsorption (g, mg/g) at equilibrium
was calculated using Eq. 1 (Ghaedi and Kokhdan 2015),

q= (Co Mfe)V (1)
where Co and Ce (mg/L) are the liquid-phase concentrations of the dye at the initial and
equilibrium conditions, respectively, V is the volume of the solution (L), and W is the mass
of the dry adsorbent used (g).

RESULTS AND DISCUSSION

Pore Properties of the Moso Bamboo Carbon

The N2 adsorption and desorption isotherms of all of the samples are shown in Fig.
2. The isotherms of BAC2 5, BACs, and BAC1g exhibited a hysteresis loop, which suggested
the existence of mesopores in the carbon. This indicated that the BAC contains
microporous carbons and the mesoporosity was considerably developed. When the
pyrolysis time was increased, the hysteresis loop area also increased. The surface area was
largest when the pyrolysis time was 10 h. This indicated a large amount of mesopores in
BACo.

Table 1 summarizes the BET area (Sger), total pore volume (Vit), micropore
volume (Vmicro), and mesopore volume (Vmeso) that were obtained by analyzing all of the
isotherm data. The Sget values revealed the porosity of the activated carbon. Table 1 shows
that the specific surface area increased with an increase in the pyrolysis time, which
reached a maximum value of 2348 m?/g with BACio. Similar to the Sger, the Viot also
increased, from 0.94 cm®/g to 2.30 cm®/g, with an increased pyrolysis time. It was observed
that increasing the pyrolysis time led to an increase in the surface area and total volume of
the samples. The fraction of Vmicro t0 Viot decreased from 66.0% to 22.6% with an increase
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in the pyrolysis time, while the fraction of the Vmeso Showed a maximum value of 77.4%
with BACio.
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Fig. 2. Adsorption isothermal curves of the BAC at different pyrolysis times

Table 1. Pore Characteristics of the BAC

Pyrply5|s Yield SeeT Vmicro Vmeso Viot Fra(f:tlon Fra(?tlon
The o) Uy (©mig)  (em¥g)  emig) 4o o
(h) (Micro) (Meso)
25 2166 1456  0.62 0.32 094 6596  34.04
5 1891 2001  0.73 0.45 110  61.86  38.14
10 13.80 2348 0.52 1.78 230 2261  77.39

Seer — BET area; Vmicro — Micropore volume; Vmeso — Mesopore volume; Vit — Total pore volume

Scanning Electron Microscopy and Pore Size Distribution

Figure 3 shows images of different tissue types in the BACs observed with SEM.
The surface of the parenchyma part was smooth for BAC25 and BACs (Figs. 3a and 3b).
There was a rather large difference in the appearance of the surface of BAC1o. When the
pyrolysis time was increased to 10 h, many pores of various sizes and geometries were
present on the surface of the parenchyma (Fig. 3c), which indicated that BAC1o was highly
porous. Figures 3d to 3f show the surfaces of the BAC fiber parts for the different pyrolysis
times. Many microfibrils were clearly apparent on the surface of BAC. s, while the amount
of microfibrils decreased on BACs. The fiber surface was smooth when the pyrolysis time
was 10 h and the microfibrils were hard to observe, which indicated that the microfibrils
were carbonized during the activation process. Therefore, the BAC structure was
substantially changed because of the change in the pyrolysis time from 5 h to 10 h, which
resulted in a rapid increase in the number of mesopores.

The pore size distribution was analyzed by the NLDFT equilibrium model and is
presented in Fig. 4 as the derivative dv/dw (Ma et al. 2015). In this function, v is the pore
volume (cm?/g) and w (nm) is the pore width (nm). The majority of the pore sizes ranged
from 0.04 nm to 60 nm for the carbon samples. The micropores ranged from 0.04 nm to 1
nm, which resulted in a decrease in the pore sizes with an increase in the pyrolysis time.
There was no clear trend for the pore sizes of 1 nm to 2 nm. For the mesopores, the number
of pores greater than 2 nm showed a moderate increase with an increase in the pyrolysis
time.
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Fig. 3. Scanning electron micrographs of different cell types of BAC (a-c) parenchyma parts at
three activated times, 2.5h, 5h and10h (d-f) fiber parts at three activated time, 2.5h, 5h and 10h.
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Fig. 4. Pore size distribution of the BAC at different pyrolysis times obtained by the NLDFT
method

Adsorption of the Bamboo Activated Carbon

To evaluate the adsorption potential of the BACs, MB dye solutions were used.
Adsorption isotherms were determined under equilibrium conditions. The different BAC
samples were tested with different initial dye concentrations (100 mg/L to 500 mg/L) at a
temperature of 30 °C. Figure 5 shows the amount of adsorption at equilibrium with
different initial dye concentrations and pyrolysis times. For BAC2s and BACs, the contact
time required for all of the concentrations to reach equilibrium was approximately 12 h.
For BACo, the contact time required to reach equilibrium was approximately 8 h. These
results indicated that the contact time decreased with an increase in the BET surface area.
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Fig. 5. Adsorption of MB onto the BACs at various initial dye concentrations at 30 °C for (a)
BAC:s, (b) BACs, and (c) BACuo

The adsorption amount at equilibrium increased with an increase in the initial dye
concentration for all of the BAC samples. The equilibrium concentration of BAC>.s ranged
from 193.3 mg/g to 480.9 mg/g, while the equilibrium concentration for BACs and BAC1o
ranged from 199.1 mg/L to 571.9 mg/L and 869.6 mg/L to 2025.6 mg/L, respectively. It
was evident that when the pyrolysis time was 10 h, the equilibrium concentration sharply
increased. The increase rate from 5 h to 10 h was much larger than that from 2.5 hto 5 h.
This was mainly the result of the mesopore content increasing sharply when the pyrolysis
time was 10 h.

Adsorption Isotherms

The adsorption Kinetics is one of the most important parameters for evaluating the
adsorption efficiency. The data obtained during the equilibrium investigation was fit to
traditional adsorption isotherm equations using non-linear fitting methods (Origin 8.5
software, Origin Lab, Massachusetts, USA.), namely the Langmuir and Freundlich
isotherms, to examine the equilibrium specifications of the adsorption process. It was
assumed that the adsorption process took place on a homogeneous surface that had a finite
number of adsorption sites. It was apparent that a monolayer of adsorbate was formed at
the saturation point on the adsorbent surface (Weber Jr. 1972).

The Langmuir model is given by Egs. 2 and 3,

_ K1bCe
q= 1+bC, ()
Ce_ 1 (L
7~ T GPC 3)
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where Ce is the equilibrium concentration of the adsorbate (mg/L), g is the amount of
adsorbate adsorbed per unit mass (mg/g), Kv is the maximum adsorption capacity (mg/g),
and b is the Langmuir constant related to the adsorption rate.

A straight line for Ce/q against Ce was obtained, which indicated that the adsorption
followed the Langmuir model.

The Freundlich isotherm model describes non-ideal adsorption on heterogeneous
surface energies, and it is expressed as Eqgs. 4 and 5 (Weber Jr. 1972),

q =K:C,'/" (4)

1
logg.=logK; + (;) logC, (5)

where Ce represents the MB concentration at the equilibrium time (mg/L), n is the
adsorption intensity, and Kt is the relative adsorption capacity (mg/g).

It was illustrated that the adsorbate is favorable on the adsorbent when n is greater
than 1. Therefore, when the value of n is higher, then the adsorption intensity that can be
obtained is more favorable (Ahmad and Alrozi 2011). A straight line for log ge versus log
Ce was also obtained, which revealed that the dye adsorption followed the Freundlich
isotherm.

The parameters calculated from the Langmuir and Freundlich isotherms are listed
in Table 2. The coefficient of determination (R?) was used to evaluate the best-fitting
isotherm. The Langmuir model had higher R? values than the Freundlich model at each
pyrolysis time. This indicated that the BAC surface was made up of more homogenous
adsorption patches than heterogeneous adsorption patches (Ozcan et al. 2007). Based on
the Langmuir model, the maximum adsorption capacity for the three pyrolysis times ranged
from 495 mg/g to 1667 mg/g.

Table 2. Langmuir and Freundlich Isotherm Model Parameters for the Adsorption
by the BACs

Pyrolysis Langmuir Isotherm Freundlich Isotherm

Time (h) KL b R? R 1/n K R?
25 495.05 0.0789 0.98 2.47E-02 0.2011 161.44  0.90
5 625.00 0.0418 0.95 4.57E-02 0.2006 185.08 0.72
10 1666.67 0.0476  0.97 4.03E-02 0.2218 49186 0.85

To confirm the favorability of the adsorption process, a basic method by Weber and
Chakravorti (1974) was used. This method shows the nature of favorable and unfavorable
processes using a separation factor (RL), which is defined as Eq. 6,

1
T 1+bC,

(6)

where b is the Langmuir constant and Co is the highest initial solute concentration (mg/L).

The adsorption is unfavorable when Rp is greater than 1, linear when Ry is 1,
favorable when R_ is between 0 and 1, and irreversible when Ri is 0. The R. values were
calculated and are presented in Table 2. The R values for the carbon samples with three
different pyrolysis times were found to be less than 1. It was confirmed that the BAC was
favorable for the adsorption of MB dye.

R,
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Table 3. Pseudo-first- and Pseudo-second-order Adsorption Kinetic Parameters
at Different Initial Dye Concentrations for Different BAC Pyrolysis Times

ouroe Dye '\Pﬂs%u?o—first-order IIi’/ls%utiio-second—order
. ode ode

Ty Concenuaion (e, Mot el
9 ' (mglg) > (mglg)
100 193.26 0.201 175.94 0.65 0.012 186.56 0.99
200 344.29 0.149 286.69 0.66 0.003 318.59 0.99

2.5 300 390.08 0.426 387.73 0.71 0.013 383.77 0.99
400 461.77 0.535 461.02 0.57 0.018 457.19 0.99
500 480.94 0.488 47956 0.43 0.016 475.79 0.99
100 199.07 0.184 177.18 0.56 0.006 186.09 0.99
200 34953 0.158 297.04 0.66 0.004 329.87 0.99

5 300 40155 0.187 358.97 0.45 0.003 37557 0.99
400 557.62 0.184 496.33 0.47 0.003 531.16 0.99
500 571.91 0.320 526.86 0.53 0.003 544.51 0.99
100 869.62 0.234 735.86 0.46 0.003 842.70 0.99
200 1198.98 0.712 119459 0.35 0.008 1188.65 0.99

10 300 1344.86 0.346 1260.42 0.38 0.015 1339.33 0.99
400 1609.19 1.390 1609.17 0.44 0.034 1606.74 0.99
500 2025.63 0.514 1992.46 0.57 0.060 2024.24 0.99

Je(exp) — Experimental amount of dye adsorbed at equilibrium; ge(ay — Calculated amount of dye
adsorbed at equilibrium

Adsorption Kinetics

To evaluate the mechanism of the BAC adsorption process, pseudo-first- and
pseudo-second-order kinetic models were used. The rate constant was determined with the
pseudo-first-order kinetic equation (Eq. 7) (Langergren and Svenska 1898),

qr = q.(1 —e™"1%) @)
where gt and ge represent the amounts of dye (mg/g) adsorbed at time t (min) and
equilibrium, respectively, and ki is the pseudo-first-order rate constant (1/h).

The pseudo-second-order equation is expressed as Eq. 8,

k2qe’t

qr = 1+kyqat (8)
where gt and ge represent the amounts of dye adsorbed at time t (min) and equilibrium,
respectively, and ko is the pseudo-second-order rate constant (g/mg-h).

The two kinetic model parameters for the different BACs at different initial MB
concentrations were calculated and are listed in Table 3. The table shows that the
coefficients of determination for the pseudo-first-order model were 0.71 or lower, while all
of the R? values of the pseudo-second-order model were 0.99. The experimental values of
qe fit better with the calculated values obtained from the pseudo-second-order model than
those from the pseudo-first-order kinetic model. Therefore, it was determined that the
pseudo-second-order model (Rudzinski and Plazinski 2009) can be used to describe the
BAC adsorption of MB.

Adsorption Mechanism
Because the pseudo-first- and pseudo-second-order models cannot describe the
adsorption mechanism of intraparticle diffusion, an intraparticle diffusion model based on
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diffusive mass transfer was used (Maneerung et al. 2016). It was assumed that intraparticle
diffusion was the rate-limiting step for the adsorption process (Eg. 9),

qr = kipt*/? +C ©)

where kip represents the intraparticle diffusion rate constant (mg/g-h*'?), which is obtained
from the slope of the straight line of q: versus t*2, and C represents the boundary layer
effect.

It has been illustrated that when the C values are higher, the contribution of the
surface sorption that can be obtained in the rate-controlling step is greater.
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Fig. 6. Three typical stages of the intraparticle diffusion model for the BAC2s

Figure 6 shows the intraparticle diffusion plots for MB adsorption by BAC:s. It
was clearly shown that the entire adsorption process had three stages. The first stage was
the instantaneous adsorption stage up to 4 h, usually because of the strong electrostatic
attraction between the adsorbent external surfaces and dye (Ahmad et al. 2014). The second
stage was a gradual adsorption stage that proceeded from 4 h to 24 h and was related to the
diffusion of dye molecules through the pores of the adsorbent (Hameed and El-Khaiary
2008). The third stage occurred after 24 h, where the adsorption trend started to slow down
because of the extremely low adsorbate concentration in the solution (Wang et al. 2010).
If linear lines pass through the origin, then the mechanism is only limited for the adsorption
rate. However, this trend did not occur in this study, which indicated that intraparticle
diffusion was not the only rate-limiting step. The three stages also occurred in the other
two BAC samples (BACs and BAC1o), although the specific times of the three stages had
slight differences. The parameters for all of the BAC samples are shown in Table 4.

The rate constant values for the three stages increased with an increase in the initial
dye concentration. This relationship showed a high contribution to intraparticle diffusion
in the adsorption process. The constant C also increased with an increase in the initial dye
concentration, which suggested an increase in the thickness of the boundary layer. All of
these behaviors indicated that the amount of internal mass transfer increased with the initial
dye concentration. It was also shown that the ki and k> values had a strong positive
correlation with the pyrolysis time at the same initial dye concentration, while k3 did not.

Ma et al. (2019). “Activated carbon from bamboo,” BioResources 14(1), 688-699. 696



PEER-REVIEWED ARTICLE b | oresources.com

It was observed that the diffusion rate in the third stage was not much affected by the
adsorption capacity.

Table 4. Intraparticle Diffusion Model Parameters for the Adsorption by the BACs

Time Dye k1 ko ks
) Concentration  (mg/ (mg/  (mg/ Ci C Cs (R1)? (R2)* (Ra)?
(mg/L) g_h1/2) g,h1/2) g,h1/2)
100 78.34 10.67 0.18 17.14 13896 19261 0.75 0.96 0.93
200 142.23 19.08 0.44 28.80 240.20 347.30 0.78 0.91 0.93
25 300 17763 21.76 158 46.26 308.82 38249 0.66 0.86 0.98
400 213.62 2358 216 54.04 38256 453.49 0.68 0.85 0.99
500 23151 3193 243 61.70 43766 47264 065 0.81 0.93
100 7350 1053 2.32 20.17 139.87 18357 0.63 0.93 0.91
200 136.17 10.25 2.22 36.11 291.00 347.09 0.65 0.95 0.91
5 300 173.58 15,53 2.69 35.66 37538 38521 0.78 0.95 0.97
400 222.27 1492 3.03 5953 47401 55795 0.65 0.87 0.96
500 24111 17.25 3.15 77.00 478.30 570.96 0.63 0.94 0.97
100 378.79 57.05 1.07 76.92 647.08 78423 0.78 0.94 0.99
200 55759 5940 1.41 121.7 1006.84 1197.46 0.75 0.91 0.88
10 300 660.41 54.36 123 196.5 1292.13 1337.28 0.61 0.99 0.87

400 804.59 60.73 1.38 231.7 1606.46 1604.02 0.60 0.99 0.90
500 94499 88.41 8.35 2729 1728.76 1985.62 0.60 0.93 0.98

CONCLUSIONS

The bamboo activated carbon (BAC) was prepared using the one-step pyrolysis

process with pyrolysis times of 2.5 h, 5 h, and 10 h. The following conclusions can be
drawn from this study:

1.

For the microporous carbon, the specific surface areas ranged from 1456 m*/g to
2348 m?/g when the pyrolysis time increased from 2.5 h to 10 h.

A wide pore size distribution range from 0.04 nm to 60 nm was seen for all of the
carbon samples and a high ratio of mesopores (77.4%) was seen for BACo.

The activated carbon successfully removed MB from the aqueous solutions. The
adsorption equilibrium data was fit best by the Langmuir model. The maximum
adsorption capacity ranged from 495 mg/g to 1667 mg/g.

This BAC, which had the best adsorption capacity, could be used to develop a
wastewater treatment field.
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