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ABSTRACT

In this study, activated carbon was produced from cypress sawdust by microwave-assisted phos-
phoric acid activation. Three kinds of metal salts (Fe(NO,), Mn(NO,), and Zn(NO,),) were used as
assisted activating agents to induce carbons’ porosity development. The physico-chemical properties
of the produced carbons were characterized, the adsorption performance of the produced carbons
toward acid red 88 (AR88) were also evaluated. The results showed that with Fe(NO,), assisted acti-
vation, the produced carbon (FeAC) showed highest BET surface area (1758 m*g™) and maximum
total pore volume (1.173 cm?-g™), which is 34.0% and 30.9% higher than those without metal salts
assisted activation (AC), respectively. While Mn(NO,), assisted activation lead to 53.8% increment of
mesopore in MnAC, and resulted highest AR88 adsorptive efficiency. Three isotherm models were
used to fit the adsorption data, the maximum adsorption capacity of MnAC was found to be 416.67
mg-g™ at 298K according to Langmuir model. The kinetics studies showed that chemical process is
involved in the AR88 adsorption. The thermodynamic parameters (AH’, AS’and AG’) showed that
the adsorption process was spontaneous and exothermic. The regeneration of MnAC was also eval-
uated. The result suggested that metal salts assisted activation can effectively turn cypress sawdust
to economic and efficient adsorbents for AR88 removal.

Keywords: Activated carbon; Microwave; Cypress sawdust; Assisted activation; Adsorption; Acid red 88

1. Introduction

The discharge of dye containing industrial effluents has
caused increasingly serious problem in recent years due
to their adverse effects to many forms of life [1]. Dyes are
widely used in various industries such as textile, cosmetics,
pharmaceuticals, tannery, printing, paper and food pro-
cessing [1-4]. Organic dyes especially azo dyes are iden-
tified as carcinogenic and mutagenic compounds which
are toxic to aquatic organisms and human beings, thus, the
treatment of dye containing wastewater is of significant
concern [1,2,5]. Different methods including coagulation/
flocculation, photocatalytic degradation, electrochemical

*Corresponding author.

oxidation, adsorption and membrane treatment have been
applied for the removal of dyes from aqueous solution
[6-8]. Among these technologies, adsorption onto acti-
vated carbon has been recognized as the most promising
method due to its high efficiency and easy operation [8,9].
However, the high cost of activated carbon restricted its
wide application.

In order to reduce the carbon cost, researchers have
come up with abundant low cost precursor to produce
activated carbon, such as agricultural and industrial waste,
including sawdust, plum stones, rice hull and waste tires
[10-13]. These carbonaceous precursor can be turned to
activated carbon by physical or chemical activation in the
temperatures ranging from 500 to 1000°C.

1944-3994 / 1944-3986 © 2017 Desalination Publications. All rights reserved.



J. Yuan et al. / Desalination and Water Treatment 100 (2017) 214-222 215

Conventional electrical furnace heating is the most
common used heating method to obtain activated carbon.
However, it has many drawbacks such as the non-uniform
heat distribution in the furnace and the necessity of long
time pyrolysis in high temperature [14]. Microwave irra-
diation is based on dielectric heating, pyrolysis by micro-
wave heating has many advantages over conventional
electrical furnace heating, such as uniform interior and
volumetric heating, high heating rate, short treatment time,
and easy scale up [15,16]. Recently, it was found that metals
and metal oxides can be used as trigger for plasma under
microwave irradiation, which could enhance the adsorp-
tion of microwave energy and greatly promote the process
and effectiveness of electromagnetic energy converting
to thermal energy [13,17,18]. Besides, many researchers
reported that metal salts such as Fe**, Mn** and Zn** can
be used as catalyst to change the surface chemistry of the
produced carbons [19-21]. Thus, we propose to produce
activated carbon using different metal salts as assisted
activator in microwave-assisted H,PO, activation process.
In this process, metal salts could act as catalysis hotspot
under microwave irradiation which could save energy, and
metal salts could also induce carbon porosity development
and surface chemistry modification during carbon activa-
tion process.

In this study, cypress sawdust, a waste from furniture
manufacturing, was used as raw material, three kinds of
metal salts (Fe(NO,),-9H,0, Mn(NO,), and Zn(NO,),-6H,0)
were used as assisted activating agents to prepare acti-
vated carbon (AC) under microwave irradiation. The
physical and chemical properties of the produced carbons
(ACs) were characterized by SEM, XRD, FTIR and XPS.
The adsorption capacities of the ACs were attempted for
ARS8 removal from aqueous solution. The adsorption
equilibrium, kinetics and thermodynamic were analyzed
to study the mechanism of acid red 88 (AR88) removal by
the produced ACs.

2. Materials and methods
2.1. Materials and activated carbon preparation

Cypress sawdust was obtained from Sichuan province,
China. The main chemical composition of cypress sawdust
was (wt. %): C, 43.10%; H, 5.31%; O, 51.35%; S, 0.13%; N,
0.11%. All chemical reagents were of analytical grade.

Raw cypress sawdust was grinded, sieved and dried
before use. The preparation method was similar to our
former report [22]. H,PO, cypress sawdust and M™
was mixed in a weight ratio of 1.94:100:3 (M™ refers to
Fe** in Fe(NO,),9H,0, Mn* in Mn(NQO,), and Zn* in
Zn(NO,),-6H,0). The mixtures were agitated and then
immersed for 24 h under room temperature. After that, the
slurry was calcined at 475 W for 8 min and 50 s under nitro-
gen atmosphere in a microwave oven. After cooling in N,,
the sample was boiled with “1+9” HCl for 30 min to remove
impurities, and then washed thoroughly with hot deion-
ized water until the pH of filtrate was constant. The result-
ing carbon was dried, crushed and sieved to pass through
a 200-mesh screen. The produced carbons were named AC,
FeAC, MnAC and ZnAC, respectively.

2.2. Adsorption experiment

Batch adsorption experiments were conducted in a
rotary shaker at 298-318 K by agitating certain amount of
ACs in 50 mL AR88 with desired concentration and initial
solution pH values at 180 rpm for 3 h to reach equilibrium.
After that, the samples were filtered and the residual ARS8
concentration was analyzed by UV-vis spectrometer at 506
nm. All experiments were performed in triplicate and the
mean values were presented.

2.3. Adsorption models

Three kinetic models, Pseudo-first-order, Pseudo-sec-
ond-order and Intra-particle diffusion models were
employed to fit the experimental data to investigate the
possible adsorption mechanism towards AR88. The equa-
tions are expressed as follows [2,23]:

In(g, —g,) =Ing, —k;t Pseudo-first-order (1)
b1 t

a Tk, x 7. + q_ Pseudo-second-order )
q, =k,t* +C, Intra-particle diffusion (3)

where g and g, (mg-g™) are the adsorption capacities of ACs
atequilibrium and time ¢ (min), respectively. k, (mg(g-min)™)
is the pseudo-first-order rate constant, k, (g (mg-min)™) is
the pseudo-second-order rate constant, kpi (mg (g-min'/?)™T)
is the intra-particle diffusion rate constant, and C,is the
intercept presenting the thickness of boundary layer.

In order to clarify the interaction relation between the
ACs and ARS8 at constant temperature, the adsorption
equilibrium data were fitted with Langmuir model 1(Ce/ q,

=1/KQ, + C,/Q,, (4)), Freundlich model (g, =k,C?, (5))

and Temkin model (g, = B In K, + B In C, (6)), where B =
RT/b. The Langmuir constant Q, (mg-g™) is the maximum
adsorption amount, K (L-mg™) is the Langmuir isotherm
constant, C, (mg-L™) is the AR88 concentration at equilib-
rium, g, (mg-g™) is the amount of AR88 adsorbed onto ACs
under equilibrium. The Freundlich isotherm constant K,
(mg (g(L/mg)'/")™) and n indicate the adsorption capacity
and intensity, respectively. K. (L-mg™) and b are the Temkin
constants, T is the absolute temperature (K), and R is the
universal gas constant (8.314 J (mol-K)™) [24,25].

To investigate the nature of the process for ARS8
adsorption onto ACs, the thermodynamic parameters such
as changes in enthalpy (AH’), entropy (AS°) and free energy
(AG") were calculated using the equations as follows [2,26]:

0 0

Ink, = AS”  AH (4)
R RT

AG® =-RTInk, 5)

In which, k, is the distribution coefficient, AS® (J (mol-K)™)
is standard entropy; AH? (k] (mol-K)™) is standard enthalpy,
R (8.314 J (mol-K)™) is the gas constant and T (K) the abso-
lute temperature.
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2.4. Regeneration experiments

The efficiency of regeneration was carried out using five
consecutive adsorption-desorption cycles. For adsorption
cycle, the Mn(NO,), assisted activated carbons (MnAC)
were reacted 3 h in 50 mL 250 mg-L™" ARS8 solution at 298
K to reach equilibrium. After that, the AR88-loaded carbons
were washed with deionized water (1000 mL DI/ (gMnAC))
to remove ARS88. The exhausted carbons were dried over-
night at 378 K and microwave regenerated at 300 W for 5
min under nitrogen atmosphere.

2.5. Characterization of activated carbon

The surface morphology of activated carbons was identi-
fied by SEM (JEOL, JSM-7500 F, Japan). The BET surface area
and porosity of the produced carbons were determined from
N, adsorption-desorption isotherms at 77 K using the surface
area analyzer (SAP 2460, Micromeritics, USA). The crystal-
lography of the produced carbons was confirmed using XRD
(X-Pert PRO MPD, Panalytical, NL) with Cu Ka. as the radi-
ation source with 20 range of 10-80°. The surface groups of
activated carbons were studied by FTIR spectrometer at a res-
olution of 4 cm™ (Tensor 27 spectrometer, FTIR-6700, Nicolet,

USA). The surface elemental compositions on the produced
carbons were characterized using XPS (XSAM-800, KRATOS,
UK), the binding energies were calibrated based on C 1s peak
at 284.6 eV. The surface charge of the produced carbons was
evaluated according to its point of zero charge (pH,,,.) using
the method proposed by Reddy et al. [3].

PZC:

3. Results and discussion
3.1. Physico-chemical properties

From SEM images of the produced carbons in Fig. 1, a
large amount of cavities and pores with different shapes on
the ACs can be observed, which might resulted from the
evaporation of H PO, during carbonization [27], thus leav-
ing the space previously occupied.

The yield and porous structure parameters of ACs are
listed in Table 1. It could be seen that by assisted activation
with metal salts (Fe(NO,),, Mn(NQO,), and Zn(NO,),), the
BET surface area and pore volume of the carbons increased
dramatically. The BET surface area and total pore volume
of the resulted carbons was in the order: FeAC > MnAC >
ZnAC > AC. Assisted activation with Fe* resulted in high-

Fig. 1. SEM of AC (a), FeAC (b), MnAC (c) and ZnAC (d).
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Table 1
The yield and textural properties of the produced carbons

Carbon  SBET Smic Sest Vtot Vmic Vmes Vmac Dp Yield pHpzc
(m*g")  (m*gh)  (m*g")  (emgh)  (m’gh)  (em’gh)  (em’gh)  (nm) (%)

AC 1312 196 1116 0.895 0.069 0.532 0.294 3.33 42.57 2.59

FeAC 1758 182 1576 1173 0.075 0.770 0.328 3.32 43.01 2.67

MnAC 1659 140 1519 1.161 0.052 0.819 0.290 343 43.39 2.75

ZnAC 1338 163 1175 0.912 0.071 0.592 0.249 343 43.43 2.84

est BET surface and largest pore volume, which is 34.0% and
30.9% higher than those of AC without metal salt addition.
The introduction of Zn** is favorable for mesoporous vol-
ume development and resulted in 11.2% increment in mes-
opores compared with that of AC. Addition of Mn?* lead to
a increment in BET surface area and pore volume, although
not as high as that of Fe>* modified one. It is worth to notice
that, Mn?** modified AC showed the largest mesoporous
volume (0.819 cm®g™), which is 53.8% higher than that of
AC. These results suggested the introduction of metal salt
could induce the pore structure development on ACs. Fe**
could act as catalysis hotspot for micropore, mesopore and
macropore development on ACs when mixing with H ,PO,,
and Mn? could largely induce mesopore development
under microwave irradiation. For the highly development
of mesopore in MnAC, fast mass transfer channel was avail-
able in MnAC for large molecular adsorption. Besides, it
can be seen from Table 1that the addition of metal salts did
not significantly affect the yield of ACs.

Fig. 2 shows the XRD patterns of the four ACs. A broad
diffraction peak at around 24.8° and a weak diffraction peak
at 44.5°corresponding to 002 and 100 graphite-like reflec-
tions, respectively, were observed in the XRD patterns of all
ACs. This feature revealed that both the AC and metal salt
modified AC have turbostratic structures [28]. AC without
metal salts activation showed relatively a more definite peak
at 44.5°. This was related to the decrease in the microcrystal-
lite zones of graphite in the ACs as the addition of metal salts
[29]. No obvious new diffraction peaks were observed after
the introduction of Fe, Mn and Zn, which indicated the metal
salts might in an amorphous phase after HCI washing.

XPS analysis was carried out to further clarify the chem-
ical forms of surface elements on the ACs. The wide scan
spectra of AC, MnAC and MnAC after adsorbing ARS8 are
shown in Fig. 3. The low peak of Mn 2p indicated slightly
left of manganese on MnAC during Mn(NO,), activation
after HCl washing. From XPS analysis result, with Mn addi-
tion, the oxygen content increased from 10.72% to 13.28%,
which indicates oxygen containing functional groups were
introduced by Mn addition during carbon activation. C
1s and O 1s XPS corresponding binding energy and rela-
tive content are listed in Table 2. The C 1s peaks of AC and
MnAC can be deconvoluted into four peaks, including C-C
(BE = 284.6-284.7 eV), C-O (BE = 285.9-286.1 eV), C=0 (BE
= 287.4-288.3 eV) and O=C-OH (BE = 289.7-290.0 eV) [30-
32]. As can be seen from Table 2, the relative content of C=0O
and O=C-OH in MnAC were 9.17% and 6.55%, respectively,
which were higher than those in AC, i.e., the content of C=O
and O=C-OH in AC were only 6.55% and 2.38%, respec-
tively. Thus,it indicated that the introduction of Mn lead to

10 20 30 40 50 60 70 80
2 Theta (°)

Fig. 2. XRD patterns of the produced ACs.

the increment of the surface oxygen containing functional
groups on AC. It is interesting to note that, after adsorb-
ing ARS8, the relative content of O=C—-OH decreased obvi-
ously, which suggested that, during the adsorption process,
the O=C-OH in MnAC might react with AR8S.

IR spectra of MnAC before and after AR88 adsorption
are shown in Fig. 4. FTIR spectra confirmed the presence
of multiple functional groups on ACs. The absorption
bands at 3430 and 3320 cm™ can be assigned to the stretch-
ing vibration of hydroxyl groups (O-H) on the surface of
activated carbons. After activation by Mn(NQO,),, the peak
between 2920 and 2850 cm™ of bond stretching O-H in
methyl and methylene groups was observed on MnAC
[33,34], which indicated that the oxygen containing func-
tional groups were introduced by Mn addition during
carbon activation. The peaks located at 1694 and 1682 cm™
can be characterized as carbonyl group stretching from car-
boxyl, the peaks at 1613, 1570 and 1559 cm™ are the signal
of the stretch vibration in aromatic rings [35,36]. The trans-
mittance at 1155 cm™ is identical to C-O [36]. After adsorp-
tion of ARS8, a clearly new peak appeared in 1037 cm™,
which may be assigned to C-N stretching vibrations from
the adsorbed ARS8 molecules [37]. Also, the position of the
peaks relating to carbonyl group in carboxyl changed after
ARS8 adsorption, suggesting the involvement of hydroxyl
groups in AR88 uptake, this result is in accordance with the
XPS analysis.
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Fig.3. XPS spectra of wide scan spectra for (a) AC, (b) MnAC and

(c) AR88-loaded MnAC.

Table 2

3.2. Effect of carbon dose

The effect of carbon dosages on AR88 removal was
studied by varying ACs amount from 0.4 to 2 g-L7, the
results are shown in Fig. 5. As can be seen from Fig. 5,
the removal rate of AR88 increased rapidly with the
increment of ACs” amount. By increasing dosage, more
adsorption sites were available for a certain amount of
ARS88, and the diffusion of AR88 molecules onto acti-
vated carbons surface became easier, thus higher removal
rate was achieved. It can also be observed in Fig. 5, with
metal salts assisted activation, ACs exhibited better
adsorption capacity, with the order of MnAC > FeAC >
ZnAC > AC, revealing that activation with metal salts can
significantly improve ACs’ adsorption capacity toward
ARS8S. This is related to the catalytic effect of metal salts
on the carbon porosity development and surface groups
on samples. Among the ACs, MnAC exhibited highest
ARS8 removal capacity, with dosage of 0.8 g-L! achieved
100% AR 88 removal, which is almost 3 times higher than
that of AC, this could due to higher mesopore volume in
MnAC, thus allowed better diffusion of the large sized
ARS8 molecules into the inner matrix and also provide
more active sites for AR88 adsorption [38].

2920 2850
3430 1155 1037

3430 2920 2850

1155
4000 3000 2000 1000

Wavenumber (cm'l)

Fig. 4. IR spectra of AC (a), MnAC (b) and AR88-loaded MnAC (c).

The binding energy (BE) and relative content (RC) of C 1s and O 1s for AC and MnAC

Samples AC MnAC MnAC after AR88 adsorption
BE (eV) RC (%) BE (eV) RC (%) BE (eV)  RC (%)

c-C 284.7 68.87 284.6 65.72 284.6 63.75

c-0 286.1 22.20 285.9 18.60 2859 28.05
Cls Cc=0 288.3 6.55 287.5 9.17 287.5 5.30

0=C-OH 289.9 2.38 289.7 6.51 289.8 290

oxides 530.9 26.83 531.3 28.65 5314 26.85
Ols C-OorC=0 532.5 52.05 532.9 47.69 5329 55.46

-OH 533.7 2112 534.3 23.66 534.2 17.69
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Fig. 5. The influence of ACs dose on the adsorption of ARS8

(Cres= 250 mg-L7; contact time 3 h; initial solution pH = 7.58;
temperature 298 K).
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Fig. 6. Adsorption capacity of AR88 in aqueous solution as a
function of pH (C, = 250 mg-L™; contact time = 3 h; dosage =
04 g-L7; temperature 298 K).

3.3. Effect of pH

The adsorption of AR88 onto the four ACs was signifi-
cantly influenced by initial solution pH (Fig. 6). The adsorp-
tion capacity of AR88 decreased with the increase of initial
solution pH. As can be seen from Table 1, the pHpzc of
ACs are 2.59, 2.67, 2.75 and 2.84 for AC, FeAC, MnAC and
ZnAC, respectively. At pH > pHpzc, the ACs’ surface are
negatively charged, while AR88 is an anionic mono azo dye
[2]. By increasing pH, the ACs’ surface became increasing
negatively charged, thus the electrostatic repulsion between
the negatively charged adsorption sites and negatively
charged ARS8 anions increased and lead to a decrease in
ARS8 adsorption capacity.

3.4. Adsorption kinetics

Fig. 7 shows the removal of AR88 by the produced ACs
as a function of reaction time. For all ACs, the removal rate
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Fig. 7. Effect of agitation time on AR88 adsorption onto carbons
(Cres = 250 mg-L7; carbon dosage = 0.4 g-L™; initial solution pH
=5.0; temperature 298 K).

increased very fast at initial stage and gradually slowed
down with further interaction time. Finally, equilibrium
was achieved after interaction time of 250 min. Thus, 300
min was chose in further experiments. In order to study
mechanism of AR88 adsorption process, pseudo-first-order
model and pseudo-second-order model were employed to
fit the experimental data (Table 3). The results showed the
adsorption of AR88 onto ACs follows pseudo-second-order
model, suggesting that the chemical process might be the
rate-limiting step controlling the adsorption process [2].

Adsorption kinetics was further investigated using
intra-particle diffusion model to study the steps of diffusion
mechanism. As can be seen from Table 3, for all ACs, the
plot of g, versus t'/2are multilinear and did not pass through
the origin, indicating the intra-particle diffusion was not the
unique rate-controlling step, other processes (such as exter-
nal mass transfer, surface diffusion or chemical reaction)
might involve in the adsorption process [39].

3.5. Adsorption isotherms

The adsorption isotherms were fitted to Langmuir, Fre-
undlich and Temkin adsorption models. The isotherm con-
stants are reported in Table 4. From Table 4, it can be seen
that the correlation coefficient (R?) of the three isotherms
followed the order: Langmuir > Temkin > Freundlich.
Langmuir isotherm fitted best to the adsorption data, sug-
gesting the homogeneous nature of four ACs [1]. The max-
imum adsorption capacity towards AR88 calculated from
Langmuir isotherm was 322.58, 408.16, 416.67 and 370.37
mg-g~!, for AC, FeAC, MnAC and ZnAC at 298 K, respec-
tively. The adsorption capacity follows the order: MnAC >
FeAC > ZnAC >AC, which was in the same order of the
ACs’ mesopore volume development as shown in Table 1.

The positive value of Tempkin constant B indicates
adsorption of AR88 onto ACs is an exothermic process [40].
This case is in accordance with the experimental phenom-
enon: the adsorption capacity of AR88 decreased with the
increase of temperature. The value of Freundlich constant n
was higher than 1, indicating a favorable process.
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Table 3

Kinetics constants for AR88 adsorption on ACs (C, .
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=250 mg-L; carbon dosage = 0.4 g-L'; initial solution pH = 5.0; temperature 298 K)

Carbons
Kinetic models Parameters
AC AC-Fe AC-Mn AC-Zn
T,y (ME/8) 270.92 365.92 411.46 347.54
9, (Mg/g) 309.76 35241 477.80 111243
Pseudo-first-order parameters K, (min™) 0.021 0.013 0.018 0.035
R 0.8991 0.8470 0.8990 0.6431
q,.. (Mg/g) 303.03 416.67 476.19 400.00
K, (g/(mg min)) 0.00010 0.00005 0.00004 0.00005
Pseudo-second-order parameters R 0.9824 0.9538 0.9695 0.9602
K, (mg/g min®) 12.097 17.120 20.732 17.665
Intra-particle diffusion parameters C 82.759 78.155 83.752 69.335
R 0.9559 0.9547 0.9577 0.9444

Table 4
Isotherm parameters for the AR88 adsorption onto carbons (C
initial solution pH = 5.0)

ARS8

= 100-300 mg-L™; contact time = 3 h; carbon dosage = 0.4 g-L™;

Isotherms Parameters Temperature
298 K 308 K 318 K
Langmuir Carbons AC FeAC MnAC ZnAC MnAC MnAC
Q,,.(Mg/g) 322.58 408.16 416.67 370.37 285.71 212.77
K, (L/mg) 0.054 0.048 0.073 0.054 0.040 0.015
R? 0.9978 0.9823 0.9895 0.9823 0.9785 0.9908
Freundich K, (mg/g(L/mg)"") 88.69 73.27 99.23 74.47 52.81 21.87
n 4.18 3.01 3.49 3.21 3.25 2.65
R? 0.8828 0.8218 0.8277 0.7749 0.7386 0.9764
Temkin K, (L/mg) 1181 0.441 0.877 0.514 0.396 0.133
B 284 27.64 29.89 31.02 42.51 53.92
R? 0.9139 0.8476 0.8625 0.7862 0.7662 0.9540
3.6. Thermodynamic parameters Table 5

Adsorption experiments were conducted at 298-318 K
to investigate the effect of temperature, with initial ARS8
concentration of 100 mg-L™, MnAC of 0.4 g-L™ at initial pH
=5.0. The thermodynamic parameters (AH’, AG’and AS°) for
AR88 adsorption onto MnAC is shown in Table 5. The nega-
tive value of AH® (-67.47 k] (mol-K)™) indicates that adsorp-
tion of AR88 onto MnAC is an exothermic process, which
is in accordance with the result of isotherm investigation.
The negative values of AG® (-3.71, -0.86 and —0.11 kJ-mol™)
at all temperatures indicate the adsorption of AR88 onto
MnAC was spontaneous and thermodynamically favorable
[41]. The increase in AG® with temperature increased from
298 to 318 K suggesting that adsorption favorable at lower
temperatures. The negative value of AS? (-219.00 J (mol-K)™)
indicates a decrease in the degree of freedom during AR88
adsorption onto MnAC [26].

3.7. Microwave regeneration

The results of MnAC adsorption capacity as a function
of regeneration cycles are shown in Fig. 8. From Fig. 8, it can

Thermodynamic parameters for AR88 adsorption onto MnAC
at different temperatures

Temperature K, AG’ AS° AH"

) (KJ-mol™) (J (mol-K)™) (k] (mol-K)™)
298 447 371

308 14 -086 219 —6747

318 1.04 011

be seen that the MnAC lost 32.0% of its adsorption capacity
after the first two cycles, after that, the adsorption capac-
ity slightly reduced from the third to fifth cycle, adsorption
capacity remained 201.14 mg-g™ after five recycles, which
is still higher than that of many other adsorbent as shown
in Table 6. The loss of adsorption capacity might due to the
partial collapse of porosity in MnAC because of thermal
heating, which lead to large amount of gases releasing and
internal reorganization of carbon structure, and also may
due to the incomplete desorption of AR88 molecules which
lead to pore blockage.
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Fig. 8. The adsorption capacity of MnAC in five adsorption—
regeneration experiments.

3.8. Adsorption mechanism

Based on the experimental and characterization stud-
ies, the adsorption of ARS8 by the prepared ACs may be
ascribed to physical adsorption, and chemical interaction
between the AR88 molecules and the surface groups on
ACs. The adsorption capacity follows the order: MnAC >
FeAC > ZnAC > AC, which was in the same order of the
ACs’ mesopore volume development as shown in Table
1. The development of mesopore in ACs plays an import-
ant role in AR88 physical adsorption onto ACs, while the
micropore seem to be of less importance for AR88 removal,
for mesopore would provide fast mass transfer channel and
more active sites for large molecular adsorption. The pres-
ence of functional groups especially hydroxyl group on car-
bons surface can enhance AR88 uptake.

Table 6 summarizes a comparative adsorption capac-
ity of different adsorbents for AR88 removal. As can be
observed in Table 6, cypress-sawdust-based ACs in this
study showed higher adsorption capacity toward ARS8
compared with other adsorbents,which indicates micro-
wave-induced metal salts mixing phosphoric acid acti-
vation is an effective way to turn cypress sawdust into
effective adsorbent, the cheap metal salts would act as catal-
ysis hotspot under microwave irradiation, which would
induce carbon porosity development, and enhance carbon
adsorptive capacity toward ARS8S.

4. Conclusions

Results showed metal salts could act as catalysis hotspot
for carbon porosity development under microwave irradia-
tion. The BET surface area and the total pore volume of the
produced carbon followed the order: FeAC > MnAC > ZnAC
> AC. Activation with Mn(NO,), resulted highest mesopore
volumes and best AR88 removal capacity (maximum mono-
layer adsorption capacity of 416.67 mg-g” at 298 K). The
adsorption capacities of AR88 followed the order of MnAC
> FeAC > ZnAC > AC, which is in the same order of car-
bon’s mesopore development. The equilibrium adsorption of
ARS8 on all ACs fitted Langmuir isotherms. The adsorption

Table 6
The comparison of maximum monolayer adsorption of AR88
onto various adsorbents

Adsorbent Adsorption References
capacity (mg-g™)

AC 322.58 This study

FeAC 408.16 This study

MnAC 416.67 This study

ZnAC 370.37 This study

Azolla filiculoides 123.50 [4]

Bio-silica/chitosan 25.84 [41]

nanocomposite

Azolla rongpong 78.74 [42]

Azolla microphylla 54.89 [43]

Anion exchange membrane 2271 [44]

kinetic can be well described by Pseudo-second order model.
The adsorption of AR88 onto ACs is a spontaneous and
exothermic process. The regeneration studies revealed the
reusability of the produced carbon. These results illustrate
the effectiveness of using metal salts as assisted activator in
microwave-assisted phosphoric acid activation to prepare
activated carbon, and the resulted cypress sawdust-based
carbon has great potential for AR88 removal.
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