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ABSTRACT

Anaerobic granular sludge-derived activated carbon (AGSC) was prepared as a novel
adsorbent for the removal of malachite green (MG) from aqueous solution. The composition
and structure of AGSC were characterized by Fourier transform infrared spectroscopy, N,
adsorption—desorption isotherms, Scanning electron microscope, Zeta potential, and X-ray
photoelectron spectroscopy. Adsorption capacity of MG onto AGSC was investigated in a
batch system by considering the effects of various parameters including pH value, adsor-
bent dose, contact time, and temperature. AGSC exhibited a high surface area (741.1 m?/ g)
and adsorption capacity (304.9 mg/g). The pseudo-second-order kinetic model and the
Langmuir model could well explain the adsorption processes of AGSC. Thermodynamic
parameters of the adsorption processes, such as AG (—2.23 kJ/mol), AH (5.50 k]/mol K) and
AS (25.8 J/mol K), were also calculated. The negative AG and the positive AH indicated that
the adsorption was spontaneous and endothermic. The result of this study could provide

strong evidence for the potential of adsorbent in removing pollutant from wastewater.
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1. Introduction

Various technologies have been applied to remove
pollution such as dye, heavy metals, and organic com-
pounds from wastewater [1,2]. Adsorption is one of
an attractive method due to low cost, simplicity of
design and operation for water treatment [3]. Among
the adsorption researches, activated carbon (AC), the
most frequently-used adsorbing material, was widely

*Corresponding author.

applied in wastewater treatment because of their
exceedingly porous and large surface area, fast
adsorption kinetics, and high adsorption capacities
[4,5]. However, the high cost of AC production is a
huge challenge for commercial manufacturers. In
recent years, some studies have focus on the inexpen-
sive precursory materials with high carbon content
including Eucalyptus camaldulensis wood [6], olive fruit
stones [7], African biomass residues [8], lignocellulosic
biomass [9], sludge [10], and agroindustry waste [11].
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Sludge which is a byproduct produced from
numerous industrial activities has been recognized as
an ecological burden for the society. However, view-
ing the sludge, as a carbon-rich material, has stimu-
lated new gateways for the production of porous ACs
for water treatment applications [12]. This pattern
would not only solve the disposal problem of the
sludge but also turn solid waste into an efficient
adsorbent.

Anaerobic granular sludge is a dense microbial
community that typically includes millions of organ-
isms per gram of biomass. Anaerobic treatment is the
history wastewater treatment and has been rapidly
developed since the late 1960s. The dense microbial
aggregates and densities are much higher than the
conventional activated sludge. McHugh et al. sug-
gested that the application of anaerobic granular
sludge was regarded as one of the promising biotech-
nologies in wastewater treatment [13]. In addition,
anaerobic treatment processes are more cost-effective
than aerobic treatment processes for high concentra-
tion of organic wastewater in WWTPs [14]. In future,
this technology would be more widely applied and it
is expected that anaerobic granular sludge would be
used as a potential carbon-rich precursor for the
preparation of AGSC. More detail, extracellular poly-
meric substances (EPS) which are composed of com-
plex high-molecular weight mixture of polymers are
essential for keeping microbial aggregates together in
anaerobic granular sludge. Polysaccharides and pro-
teins are the major components of EPS that contains a
large number of functional groups, including hydro-
xyl, carboxyl and amino groups, which bind with con-
taminant molecules easily. Therefore, the preparation
of AGSC by anaerobic granular sludge has a desirable
prospect.

In addition to the selection of precursory mate-
rials, the activation process of preparation method
has significant effects on the pore structure and
adsorption capacity of AC. AC could be produced by
three different processes including physical activa-
tion, chemical activation, and physical-chemical
activation [15]. Physical activation involves gas-acti-
vating agents such as steam and CO,. Chemical
activation is a dehydrating agent, such as KOH,
H3;PO, and ZnCl,, and then activated at high tem-
peratures under an inert atmosphere. Compared with
physical activation method, the chemical activation
technique has many merits including lower activation
temperature, shorter heat treatment, and higher car-
bon yield [16]. In addition, different chemical activat-
ing reagents have significant effects on the
physicochemical characteristics of carbon production.
ZnCl, is a widely used activation agent that results
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in a high surface area and more micropore structure
[17]. ZnCl, activation causes electrolytic action
termed as “swelling” in the molecular structure of
cellulose, which dissolve cellulose resulting in
increased inter- and intra-voids. It also promotes the
development of porous structure of the AC because
of the formation of small elementary crystallites. A
similar ZnCl, activation method has been reported
by Subha and Namasivayam, in which coir pith
carbon was produced and used as a low adsorbent
for the removal of 2,4-dichlorophenol [18].

In this study, a novel activated carbon (AGSC) was
prepared from anaerobic granular sludge by chemical
activation with zinc chloride. Malachite green (MG)
was selected as a target pollutant to explore the
adsorption performance of AGSC. MG is extensively
utilized as a parasiticide, fungicide, and bactericide in
aquaculture industries worldwide [19,20]. The effects
of different parameters including adsorbent dose, pH
value, contact time and temperature were studied to
optimize the adsorption process. In order to further
explore the interaction between AGSC and MG, the
kinetics, isotherms, thermodynamic, and mechanism
were also studied.

2. Materials and methods
2.1. Materials
2.1.1. Reagents

The chemicals, which were obtained from
Sinopharm Chemical Reagent Beijing Co. Ltd, China,
were of analytical reagent grade without further
purification.  Ultrapure water (EASY-pure LF,
Barnstead International, Dubuque, IA, USA) was used
throughout the experiment.

2.1.2. Apparatus

The N, adsorption—desorption isotherms and pore
size distribution of AGSC was characterized with an
automated gas sorption apparatus (Micromeritics
ASAP 2020 system, USA) under nitrogen adsorption—
desorption isotherms at 77 K. The surface morphology
of AGSC was observed using a scanning electron
microscope (SEM) (JEOL JSM-6700F microscope,
Japan). The surface functional groups of AGSC were
analyzed by the Fourier transforms infrared (FTIR)
spectroscopy (VERTEX70 spectrometer, Bruker Co.
Germany). Zeta potential was measured by a Malvern
zetameter (Zetasizer 2000). The surface binding state
and elemental speciation of AGSC were analyzed by
X-ray photoelectron spectroscopy (XPS) (ESCALAB
250).
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2.2. Preparation of AGSC

In this study, anaerobic granular sludge was
obtained from a factory of soy protein in Shandong pro-
vince. The raw sewage sludge was dried at 100°C for
24 h to achieve constant weight. Then, sample was
crushed and activated by zinc chloride. Subsequently,
the anaerobic granular sludge was carbonized at 650°C
in a tube furnace for 2 h under nitrogen atmosphere
and then cooled to room temperature. The AGSC was
washed with hydrochloric acid and distilled water, then
dried at 100°C for 12 h. The dried sample was grinded,
and stored in a desiccator until required.

2.3. Dye adsorption

The dye solution (1,000 mg/L) of MG was pre-
pared by dissolving 1 g MG of accurately weighed in
1,000 mL distilled water. All working solutions with
desired concentrations were prepared by dilution with
distilled water. The adsorption experiments were car-
ried out in order to evaluate the effects of solution
pH, adsorbent dose, and time. The adsorption studies
were performed by mixing 12 mg of AGSC and 60 mL
of MG solution under mechanical shock in a water
bath shaker. The residual concentration of dye was
analyzed by spectrophotometer at 618 nm. The pH of
the dye solution was adjusted using HCl or NaOH
(1 mol/L). The amount of adsorbents was also investi-
gated in the range of 2-16 mg/60 mL. For adsorption
isotherm, the mixture concentrations of dye solutions
(25260 mg/L) and adsorbent (12 mg) were stirred at
298, 308, 318, and 328 K until the adsorption reached
equilibrium.

The removal efficiency and the amount of MG
adsorbed g¢; (mg/g) were given according to the
following Egs. (1) and (2):

Removal efficiency (%) = (COC;Q) x 100% (1)
0
Co—C)V
S W i @)

where C; (mg/L) is the concentration of adsorbate at
time t (min), V (L) is the volume of adsorbate solution,
W (g) is the mass of adsorbents, q; (mg/g) is the
adsorbed amount at time ¢ (min).

3. Results and discussion
3.1. Characterization of AGSC

Fig. 1 shows the pore size distribution and nitro-
gen adsorption/desorption isotherm of AGSC. The
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surface area, total pore volume, and average pore
diameter of the AGSC were 741.1 m*/g, 0.30 cm®/g
and 3.60 nm, respectively. The nitrogen adsorption-
desorption isotherm belongs to the type IV according
to the International Union of Pure and Applied Chem-
istry IUPAC) classification, indicating the presence of
mesoporous [21]. The surface morphology of the
AGSC was characterized by SEM. Fig. 2 shows the
surface of AGSC was loose and multihole at different
magnifications. Therefore, it can achieve more surface
area available for adsorption [22]. These holes were
resulted from the evaporation of impregnates ZnCl,
derived compounds, leaving the space previously
occupied by the reagent [23].

3.2. Influence of adsorbent dose

The effect of adsorbent dose on the removal of MG
by AGSC was showed in Fig. 3(a). It could be seen
that the removal percentage varied from 75 to 95
when adsorbent dose ranging from 2 to 16 mg. This
could be attributed to the increase availability of more
adsorption sites and sorbent surface area [24]. How-
ever, the dyes removal could not be significantly
improved when the adsorbent dose was more than
12 mg, due to the decrease in total adsorption surface
area available to MG resulting from overlapping or
aggregating of adsorption sites [25]. Considering the
removal efficiency and practicality, an adsorption dose
of 12 mg was selected as the optimum adsorbent for
the following studies.

3.3. Effect of pH

The effect of initial pH values on the removal of
MG by AGSC was carried out by detecting the absor-
bance of the dye solution with the pH values in the
range from 3.0 to 10.5. The dye solutions were
obtained as follows: Firstly, the pH value of dye solu-
tion with initial dye concentration of 10 mg/L was
adjusted by HCI or NaOH. Secondly, 12 mg of adsor-
bent (AGSC) was added in the dye solution and the
adsorption reaction was allowed to continue for 2.5 h
at 25°C under stirring. The adsorption of MG onto
AGSC increased from 49.2 to 57.8 mg/L with an
increase in the pH value and showed a good adsorp-
tion performance over a wide pH range from 5.0 to
8.5 (Fig. 3(b)). Nevertheless, when the pH value was
greater than 8.5, the color of dye solution fades
immediately without stirring, which could attribute to
the structural changes of MG molecules at higher pH
values [26].

At low pH value, the high concentration of H" ions
accelerated the protonation of the functional groups
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Fig. 1. (a) Pore size distribution and (b) nitrogen adsorption-desorption isotherm of AGSC.

Fig. 2. (a and b) SEM images of AGSC (different scale).

easily, thereby the adsorbent became more positively
charged. There was a repulsion force between the
cationic MG molecules and the adsorbent surface. Fur-
thermore, excessive H* ions would compete with posi-
tively charged MG molecules for the adsorption sites,
so the adsorption capacity of MG decreased greatly at
low solution pH values. However, with an increase in
the of pH value, dye cations were easily anchored on
the adsorbent surface due to weakness of the competi-
tion. Therefore, the removal efficiency of MG
increased at high pH value [27].

3.4. Adsorption kinetics

It was essential to evaluate the effect of contact
time required to reach equilibrium for designing batch
adsorption experiments. Fig. 3(c) shows the effect of
contact time on the MG adsorption by the AGSC. The
MG adsorption rates increased dramatically in the first
10 min and then slowly increased. The adsorption
reached equilibrium at 150 min.

Several kinetic models, such as pseudo-first-order
model, pseudo-second-order kinetic model, and the
intra-particle diffusion, were used to evaluate adsorp-
tion kinetics. The kinetic models for MG adsorption
on AGSC are displayed in Fig. 4.

The pseudo-first-order Lagergren equation [28]
was expressed as follows Eq. (3):

k
log (9 — 41) = log g — 5ot )

where g; and g. (mg/g) are the amount adsorbed at
time t and at equilibrium and k; (min™') is the
pseudo-first-order rate constant for the adsorption
process.

The pseudo-second-order model Eq. (4) can be
expressed in the following form [29]:
t 1 1
—=—+—t 4)
g kg ge
where k, (g/mg min) is the pseudo-second-order rate
constant.
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Fig. 3. Effect of adsorbent dose (a), solution pH (b), and contact time (c) on the adsorption of MG by AGSC.
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for MG onto AGSC.
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Parameters of pseudo-first-order and pseudo-sec-
ond-order models for the adsorption of MG onto
AGSC are given in Table 1. The R* values for pseudo-
second-order kinetic model were higher than that of
the pseudo-first-order model. For pseudo-second-order
equation, the calculated g, value was much closer to
the experimental g. value. However, the calculated g,
value of pseudo-first-order equation differed a lot.
Therefore, the adsorption of MG onto AGSC can be
well described by the pseudo-second-order model and
which supported the assumption for the model due to
chemisorption [28].

The intra-particle diffusion model was applied to
determine if the rate-limiting step was intra-particle
diffusion. The solute transfer process was usually
characterized by external mass transfer or intra-parti-
cle diffusion, especially for a solid-liquid adsorption
process [30]. The rate parameter for intra-particle
diffusion Eq. (5) was expressed as follows:

gr = kimt'? + C (5)

where ki (mg/g min'/?) is the intra-particle diffusion
rate constant and C (mg/L) is the intercept.

The intra-particle diffusion plot is shown in
Fig. 4(c), it was evident that the adsorption process fol-
lows three steps. The first region was very sharp and
indicated rapid attachment of MG molecules to the
external surface of the AGSC. The second linear region
was the gradual adsorption stage signifying the rate-
limiting step being the intra-particle diffusion of the
adsorbate molecules. The third region showed the final
equilibrium stage where MG diffusion was very slow
due its low concentration [31]. It could be seen that the
linear lines of the second and third stages did not pass
through the origin. Therefore, intra-particle diffusion
was not the only rate limiting-step and the main
chemisorption may be involved in the process [32].

3.5. Influence of dye concentration at different temperatures
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(25-260 mg/L) in a water bath shaker for equilibrium
at 298, 308, 318, and 328 K. The results are showed in
Fig. 5, respectively. The value of g. increased with an
increase in the concentration. This was because the
increased concentration gradient driving force. Fur-
thermore, the value of g, increased with the increasing
temperature, indicating the process was endothermic.

3.6. Adsorption isotherms

In this study, the equilibrium data for adsorption
of MG on AGSC were analyzed using the Freundlich
and Langmuir isotherms.

The linear form of Freundlich isotherm equation
(Eq. (6)) was [33]:

1
In g = In Kp + Eln C. (6)

The linear form of Langmuir isotherm equation (Eq.
(7)) was [34]:

C. C. 1
e )
e dm KLlim

where g. (mg/g) is the amount of dye adsorbed at
equilibrium, C, (mg/L) is the equilibrium dye concen-
tration in solution, Ky ((mg/g)(1/mg)'/") is the
Freundlich constant, and 1/n is the heterogeneity fac-
tor, respectively. If 1 <1/n, this means poor adsorp-
tion, 05<1/nmn<1 means moderately difficult
adsorption; and 0.1 <1/n <0.5 good adsorption. The
higher the n value the stronger the adsorption inten-
sity [35]. Where g, (mg/g) is monolayer adsorption
capacity, Ky, (L/mg) is Langmuir isotherm constant.

The essential feature of a Langmuir isotherm can
be expressed in accordance with a dimensionless con-
stant separation factor or equilibrium parameter Eq.
(8), Rr, which was defined by [36]:

The adsorption isotherms, 12 mg of AGSC was Ry = % 8)

taken with 60 mL of MG at different concentrations 1+ KGo

Table 1

Parameters of pseudo-first-order and pseudo-second-order models for the adsorption of MG onto AGSC.

Co (mg/L) Jeexp (MG/ ) Pseudo-first-order

10 47.7 ki (min™") Gecal (Mg/ ) R?
0.0253 10.4 0.9754

10 47.7 k; (g/mg min) Jecal (MZ/g) R?
0.0066 48.3 0.9990
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Fig. 5. MG adsorption isotherm on the AGSC at different
temperatures.

where Cy (mg/L) is the initial dye concentration and
Ky (L/mg) is Langmuir isotherm constant. The Ry
values indicate the type of the isotherm be unfavor-
able (Ry >1), linear (R =1), favorable (0 <Ry <1),
irreversible (R, = 0).

The values of constants obtained from the two
models are shown in Table 2. It could be seen the
Langmuir model (R?, at a range between 0.9902 and
0.9959) fits better than the Freundlich model (R? at a
range between 0.9619 and 0.9692), indicating the
monolayer coverage of MG onto AGSC. The value of
Ry in the range of 0-1 indicating the adsorption pro-
cess was very favorable. The values of 1/n were less
than 1 for all temperatures indicating the adsorption
was beneficial [25]. The values of Kg and g,, increased
with increasing temperature indicating that the
adsorption process was endothermic.

Table 3 shows the comparison of the maximum
adsorption capacities of MG onto various adsorbents.

Table 2

Although the published values were obtained under
different experimental conditions, they may be useful
as a criterion for comparing the adsorption capacities.
It could be seen that the adsorption capacity of AGSC
obtained in this work was larger than other biological
adsorbents. The yield of the AGSC is not high (about
35%), but the high surface area and surface functional-
ity could significantly increase the adsorption capacity
of AGSC. In addition, it is a potential application of
adsorption material due to the low cost and ease to
synthesis.

3.7. Thermodynamic parameters

Thermodynamic parameters Egs. (9-10) such as
standard free energy (AG), enthalpy (AH), and entropy
(AS) were calculated using the following equations
[44]:

AG = —RTInK; ©)
InKg = AS/R — AH/RT (10)

where R (8.314 J/mol K) is the gas constant, T is abso-
lute temperature in K, and Ky is the equilibrium con-
stant. The K4 Eq. (11) was calculated by the following
equation [45,46]:

Kd = ‘h/cc (11)

where g. is amount of MG (mg) adsorbed by one
gram of AGSC at equilibrium, C. (mg/L) is the equi-
librium concentration of MG in solution.

The calculated parameters are presented in Table 4,
and the negative values of AG and positive values of
AH indicated that sorption of MG onto AGSC was

Isotherm parameters for adsorption of MG at different temperatures.

Temperature (K)

298 308 318 328
Freundlich
Ky ((mg/g)(1/mg)"") 26.52 28.30 29.62 41.79
1/n 0.4465 0.4571 0.4833 0.4274
R? 0.9666 0.9692 0.9619 0.9660
Langmuir
fum (g/g) 304.9 347.2 396.8 4132
K, (1/mg) 0.0250 0.0237 0.0249 0.0306
Ry 0.1333-0.6154 0.1394-0.5129 0.1337-0.6163 0.1120-0.4499
R? 0.9937 0.9930 0.9959 0.9902
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Table 3
The comparison of the maximum adsorption capacities of MG onto various adsorbents
Adsorbents Adsorption capacities (mg/g) Refs.
Graphene oxide/cellulose bead 17.8 [37]
Cd(OH),-NW-AC 19.0 [38]
Iron humate 19.2 [39]
Coconut coir 27.4 [36]
Alg-Fe3O4 478 [40]
Borassus aethiopum 48.5 [41]
Sewage sludge 49.3 [42]
Effective Micro-organisms 136.6 [43]
Anaerobic granular sludge 304.9 This study

Table 4

Thermodynamic parameters for the adsorption of MG onto AGSC

Temperature (K) AG (K] /mol)

AH (k] /mol K) AS (J/mol K)

298 —2.23
308 —2.42
318 —2.55
328 —-3.06

5.50 25.8
5.50 25.8
5.50 25.8
5.50 25.8

spontaneous and endothermic [47]. With the tempera-
ture increasing from 298 to 328 K, the values of AG
decreased from -2.229 to -3.056 kJ/mol, which
indicated that the endothermic adsorption of MG onto
AGSC was enhanced by an increase in temperature.
The value of AH was high enough to ensure strong
interaction between the adsorbate and adsorbent. The
entropy change (AS) was 25.76]/mol K, which
showed an increasing disorder at the interface
between MG and AGSC. Similar phenomenon was
reported by Rakhshaee et al, in which magnetic
nanoadsorbent was used to removal methylene blue
[48]. The adsorption capacity increased at higher tem-
perature may be caused by the enlargement of pore
size and activation of the adsorbent surface [49].

3.8. Adsorption mechanism

Zeta potential of AGSC before and after dye sorp-
tion was measured at various pH values and was
showed in Fig. 6. The isoelectric points (pHzpc) of
AGSC were 4.8, indicating that the surface of AGSC
was positive under pH 4.8. The great negative zeta
potential suggested that positively charged pollutants
(MG) may be more easily adsorbed onto AGSC. After
MG adsorption, the zeta potentials of AGSC were sig-
nificantly increased at the same pH values and the iso-
electric points shifted to higher pH values of 7.2.
These results suggest that electrostatic interaction

20 A

l\

s 107 \ AGSC-MG
A o o
.% 0
3 ~ ~e
b [ ] ~—
=% 4.8 \I L
s -10 A AGSC \a
N T~nm o
-20 4
|
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2 3 4 6 7 8 9 10 11
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Fig. 6. Zeta potential of AGSC.

attraction may play an important role in the adsorp-
tion mechanism.

The characteristic functional groups of adsorbent
were investigated using FTIR spectra in the range of
4,000-500 cm™'. In Fig. 7(a), the adsorption band at
3,435 cm™! was the stretching frequency of the hydro-
xyl group (—OH) in AGSC functional group [50]. Two
strong peaks at 2,963 and 2,853 cm ! correspond to
C-H bands of methyl and methylene groups [51]. The
peaks at 1,610, 1,384, and 1,104 cm! correspond to
asymmetric stretching vibration of —COO, C—N and
C-O, respectively. After adsorption of MG, some new
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Table 5
Peak numbers and RA of the surface functional groups determined by C 1s, O 1s and N 1s spectra from XPS for AGSC
and AGSC-MG
AGSC AGSC-MG

Sample Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3
Cls BE (eV) 284.6 285.7 289.0 284.6 285.7 289.0

RA (%) 53.3% 28% 18.7% 54.7% 27.6% 17.7%
O1s BE (eV) 530.4 531.6 532.6 530.4 531.6 532.6

RA (%) 15.5% 27.8% 56.7% 9.9% 27.7% 62.4%
N 1s BE (eV) 398.4 400.4 402.0 398.4 400.4 402.0

RA (%) 16% 79% 5% 33.3% 58.7% 8%

absorption bands occurred on dye-loaded AGSC. The
band at 1,579 cm™" corresponds to aromatic ring [52]
which exists in the structural formula of MG, indicat-
ing MG was adsorbed onto AGSC. The band at
1,050 cm™' corresponds to N-O (no exist in MG and
AGSC) [53], indicating surface functionality played an
important role in MG adsorption.

The XPS analysis was also performed for AGSC
and MG adsorbed AGSC. Analyses of Cls, Ols, and
N1s peaks on AGSC and AGSC-MG are presented in
Fig. 7(c-h). It revealed that the major Cls peak could
be fitted to three curves from the following groups: C—-
C or C-H at 284.6 eV; C-OH or C-O-C at 285.7 eV;
O-C=0 at 289 eV. The Ols spectra were fitted to three
components corresponding to: O-H at 530.4 eV; C=0
at 531.6 eV; C-O or C-O-C at 532.6 eV [54]. The Nls
spectra were fitted to three components corresponding
to: N-H at 398.4 eV; CNH, at 400.4 eV; N-O at 402 eV
[55]. According to the area-simulating curve, the per-
centage of each component was calculated and listed
in Table 5. The relative area (RA) of peaks 1(O 1s) of
AGSC-MG surface decreased slightly compared with
that of original AGSC, indicating that the O atom of
HO-C=0 was electron donors during the N* atom of
MG. The mechanism also could be confirmed by the
increase of the RA of peaks 3 (N1s) after MG sorption,
which corresponding to the result the adsorption
bands at 1,050 cm™' (N-O) in FTIR spectra.

4. Conclusion

In this study, AGSC from anaerobic granular
sludge was successfully prepared by zinc chloride
activation and used for MG adsorption. AGSC exhib-
ited a high surface area and adsorption capacity. The
adsorption capacities are significantly influenced by
the contact time, pH value, adsorbent dose, and tem-
perature. The adsorption process could be well fitted
by the pseudo-second-order kinetic model. The
adsorption data fitted Langmuir isotherm better than

Freundlich isotherm. Thermodynamic study showed
that the adsorption process was spontaneous and
endothermic. The results of this study showed that
AGSC could be applied as a novel adsorbent in
wastewater treatment for the removal of MG.
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