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In this work, modification of Granular Activated Carbon (GAC) using nitric acid as an oxidizing agent was investigated to develop
a novel adsorbent that can effectively remove manganese from aquatic environments. The results revealed that the acid modification
method reduced BET surface area, micropore volume, and the point of zero charge (pHpzc) but produced more carboxylic acid
groups on the M-GAC surface. Batch adsorption experiment results indicated that pH, adsorbent dosage, initial Mn(II) concentration,
and solution temperature dramatically influenced the Mn(II) ions adsorptive behavior. The M-GAC showed maximum adsorption
capacity for Mn(I) ions (9.25 mg/g) significantly higher compared to that of R-GAC (1.29 mg/g). Equilibrium data were evaluated
by Langmuir, Freundlich, Sips, and Tempkin isotherm models, and the results suggested that the Sips model is the most suitable to
expound the adsorption behavior of Mn(Il) ions on both M-GAC and R-GAC. The pseudo second order kinetic model exhibited a
better fit with the adsorption kinetic data of both M-GAC and R-GAC. The three-stage kinetic model revealed that the enhancement
of Mn(II) adsorption on M-GAC was exclusively due to an increase in adsorption on the external and internal surfaces of M-GAC.
Also, external mass transfer and intraparticle diffusion were both involved in the rate controlling step of the Mn(II) adsorption onto
M-GAC. In addition, the resistance of mass transfer during the adsorption was verified primarily dependent on the external mass
transfer via the mass transfer factor model. Overall, the results obtained from this study provides an insight into the adsorption

mechanisms of Mn(II) ions onto the acid treated GAC.Abstract

Keywords: adsorption, equilibrium, kinetic, manganese, surface functional groups, surface modification

1. Introduction

Manganese is well known as one of the most plentiful
elements in our planet’s surface, and is a crucial micronutrient
for the human body and organisms (Tavlieva et al, 2015).
Although the presence of Mn at low concentrations in aqueous
systems is not considered to be as ecotoxic as other metals (e.g.,
Fe, Al, and Zn), excessive Mn concentrations can cause
undesirable effects such as blockages within water distribution
pipelines, discoloration of laundry, and a metallic taste in drinking
water (Emmanuel and Rao, 2009). In addition, prolonged exposure
to high Mn concentrations can be toxic for embryos and fetuses
and cause DNA damage, respiratory disorders, neurotoxic effects,
and even manganism-Parkinson disease (Michalke and Fernsebner,
2014). A concentration of Mn below 0.05 mg/L in drinking
water is generally acceptable, which is suggested by the World
Health Organization (WHO, 2011). For these reasons, controlling
the quantity of manganese in water is of great importance.

Many techniques have been suggested as potential treatment
methods to effectively remove soluble Mn, such as filtration,
coagulation—flocculation, electrocoagulation, chemical precipitation,
adsorption, ion exchange, membrane separation, and biological
treatment (Patil ef al., 2016). Among them, adsorption has been

widely investigated as the most cost-effective and environmentally-
friendly method for eliminating metal ions (Rivera-Utrilla ef al.,
2011). Likewise, Activated Carbon (AC), which possesses high
specific surface area, large porosity, excellent internal microporosity,
and variety of surface functional groups, has proven to be the
most popular adsorbent for separating contaminants during water
treatment (Ademiluyi and David-West, 2012). Remarkably,
functionalization of the AC surface significantly influences the
adsorption behavior of the AC (Yahya et al., 2015). Therefore,
modification of surface functional groups is an attractive way to
increase the performance of AC for removing specific pollutants
(Bhatnagar et al,, 2013). Various modification methods have
been published in the literature, including acid/ base treatment, ozone,
plasma, impregnation, and microwave treatment (Anisuzzaman et
al,, 2015; ChangMing et al., 2013; Jaramillo ef al., 2010; Ahn et
al, 2009; Ucger et al, 2006). In this respect, adding acidic
functional groups to the AC surface (e.g., carboxyl, carbonyl,
carboxylic anhydride, lactone, and hydroxyl) could offer some
advantages for removing heavy metals due to their propensity to
constitute metal complexes (Gaur and Shankar, 2012). Treatment
of AC with nitric acid can also be industrially valuable in terms
of cost, time, and operating temperature (ShamsiJazeyi and
Kaghazchi, 2010). Although many previous studies have verified
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that acid-treated AC shows enhanced adsorption capacity, the
adsorption mechanisms of this modified AC toward heavy
metals have not been clearly investigated.

In this study, we attempted to characterize the physico-chemical
properties and surface functional groups of acid-modified GAC.
Equilibrium and kinetic experiments investigating Mn(Il)
adsorption onto unmodified and modified GAC surfaces were
conducted. Various equilibrium isotherms and kinetic models
were used to examine experimental data in order to obtain a
deeper understanding of the adsorption mechanisms. Mn(II)
removal under different experimental conditions (e.g., pH,
temperature, initial Mn(II) concentration, and adsorbent dose)
were conducted to investigate the adsorption behavior. In
addition, a desorption experiment was also carried out to assess
the capability of the adsorbents to retain Mn(II).

2. Materials and Methods

2.1 Adsorbents Preparation

Granular activated carbon (NORIT® GAC 1240, Norit Americas
Inc., USA), was continually rinsed with deionized water (DIW)
and nitric acid (69% HNO;) to remove impurities and reduce the
alkalinity until pH around 7.0. Afterward, it was completely
dried at 60°C. This dried material is referred to as untreated GAC
(R-GACQ). A portion of this R-GAC material was then continuously
modified with concentrated nitric acid (69% HNO;). The
detailed modification procedure was as follows: a mixture of R-
GAC and concentrated R-GAC: HNO; = 1: 15, by mass ratio)
was put in a four-neck round flask equipped with a magnetic stir
bar. The mixture was then gently mixed for 24 h at 50°C. The
resultant GAC was collected and subsequently thoroughly rinsed
with DIW. To minimize the decomposition of functional groups,
the as-prepared GAC was first exposed to room temperature for
1 day and then air-dried at 105°C for 12 h. This acid-modified
GAC is referred to as M-GAC. All chemicals and reagents used
for this work were supplied by Sigma-Aldrich Corp., USA.

2.2 Characterization of Adsorbents

The morphology of the prepared materials was characterized
by field emission scanning electron microscopy (FE-SEM, Leo
Supra 55, Genesis 2000, EDAX, Carl Zeiss Corp., Germany)
equipped with energy dispersive X-ray spectroscopy (EDX). The
Brunauer-Emmett-Teller (BET) specific area, the Barrett-Joyner-
Halenda (BJH) pore size distribution and pore volume were
analyzed by N, adsorption/desorption isotherms method using a
BELSORP-max surface analyzer (MicrotracBEL Corp., Japan).
The surface functional groups of prepared absorbents were
analyzed by Fourier transform infrared (FTIR) spectroscopy
using a Spectrum One FTIR spectrometer (Perkin-Elmer, USA)
in a spectral region of 4000-450 cm™ and 1 cm™ of resolution.
The samples were prepared by a potassium bromide (KBr)
pelleting technique. A zeta potential machine (BI-9000AT,
Brookhaven Instruments Corp., USA) with dynamic light
scattering was employed to define point of zero charge (pHpyc).
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2.3 Batch Adsorption Experiments

The adsorption equilibrium experiments were performed via
a series of batch experiments by adding 0.1 g of absorbents into
conical vials containing 40 mL of Mn(II) solutions (0-120 mg/
L), at pH 6.0. These vials were placed in the WIS-20 shaking
incubator (DAIHAN Scientific Co., Ltd, Korea) at 25°C and
agitated at 150 rpm for 12 h. Adsorption kinetics were studied
by suspending 0.5 g of adsorbents into 250 mL Mn(II)
solutions (20 mg/L), then proceeded for 180 min. Aliquot
samples were collected at given time intervals. Affecting
factors, i.e., initial pH (3.0-11.0), temperature (20-40°C), initial
Mn(II) concentration (50-200 mg/L), and adsorbent dosage
(0.05-0.50 g) toward the adsorption of Mn(I) were investigated via
a batch processing for 180 min. To evaluate the sustainability
of adsorbed Mn(Il) ions onto absorbent surfaces, desorption
experiments were accomplished immediately after adsorption
process by replacing 20 mL of the equilibrium suspension with
the same DIW volume or NaCl with the final concentration of
1.0 M. This process diluted the Mn(II) concentration in the
solutions by half, altering the pre-established equilibrium.
Subsequently, the solution was shaken for additional 12 h under
the same conditions used for the adsorption test. Collected samples
were filtered through a polyvinylidene fluoride (PVDF)
membranes with pore size of 0.22 pm. The filtrates were adjusted to
a pH < 3 by 0.IM HNO;, then the Mn(Il) concentration was
monitored by an Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) method (OPTIMA 5300 DV, Perkin Elmer, USA).
All tests were made in duplicate, and the further results were
obtained by calculating the average values from experimental
data.

The quantity of adsorbed Mn(II) on a unit mass of R-GAC and
M-GAC (g, mg/g) was computed by the following mass balance
equation:

C —-C)V
g (C.mC)
m

(M

where C, and C, (mg/L) are the initial and equilibrium Mn(II)
concentrations, respectively; ¥ (L) is the adsorbate volume; and
m (g) is the amount of R-GAC or M-GAC used.

2.4 Adsorption Models

2.4.1 Adsorption Isotherms

There are several models that can be used to analyze the
experimental data. Here, the Langmuir (Langmuir, 1918), Freundlich
(Freundlich, 1906), Sips (Sips, 1948), and Tempkin isotherm
(Choy et al., 1999) models were tested.

The linearized and nonlinearized isotherm equations of the
Langmuir, Freundlich, Sips, and Tempkin models are given in
Table 1, where g, is the quantity of Mn(Il) adsorbed on a unit
mass of R-GAC or M-GAC (mg/g), ¢m. is the maximum
adsorption capacity (mg/g), C, is the equilibrium concentration
of Mn(Il) (mg/L), K; is the Langmuir adsorption constant (L/
mg), Ky is the Freundlich constant (mg/g (L/mg)'"), 1/n is a
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Table 1. Equilibrium Models Used to Investigate Mn(Il) Adsorption
onto R-GAC and M-GAC

Isotherm

Nonlinear form Linear form
model
. K,C, 1 1 1 1
Langmulr 9 = Gmax = -t
1+K,C, 9 Gk, G G
. 1
Freundlich 0. =K,C" logg, = ;log C,+logK,
RT RT RT
Tempkin q, =—1In4,C, q,=—ImInC,+—In4,
by by by
s b 1 1 b
SlpS 9e = Dmax KSCe n — :7(7)’1‘ e
1+ K CP % ks G G

measurement of the adsorption intensity, R is the gas constant
(8.314 J/mol K), T is the absolute temperature (K), by is the
Tempkin constant associated to the heat of adsorption (J/mol),
Ay is the Tempkin equilibrium constant (L/mg), #, is the Sips
model exponent of the adsorbent, and K is the Sips constant

(1/mg).

2.4.2 Adsorption Kinetics

Experimental kinetic data was analyzed using the pseudo first
order, pseudo second order, intraparticle diffusion, the lately
advanced three-stage model and the mass transfer factor model. The
pseudo first order model supposes that the rate of the adsorption
from liquid solution onto adsorbent surface depends proportionally
on the disparity in saturated concentration of solute and the
adsorbent amount (Belaid er al, 2013). Meanwhile, the pseudo
second order kinetic model assumes that the rate controlling step is
chemisorption, where the solute is removed due to physico-chemical
interplays between the adsorbent and bulk solution (Robati, 2013).
The linearized equations of the pseudo first and second order models
are described in Eq. (2) and Eq. (3), respectively:

k
1 —g,)=1 -—1
0g(g. =9, =logg, ~5= 2
Lo )
q/ k2q§ qe

where ¢, and ¢, are the adsorption capacity of Mn(Il) (mg/g) at
equilibrium conditions and at contact time # (min), respectively;
k; (1/min) and %, (g/mg min) are the pseudo first order and
pseudo second order rate constant, respectively.

To evaluate the role of intraparticle diffusion in the system, the
kinetic data are fitted using the model offered by Weber and
Morris (1993), which is presented as Eq. (4):

g, =kyt" +1 “4)

where ¢, (mg/g) is the adsorption capacity at time t (min), I
(intercept) is an arbitrary constant, and k;; (mg/g min®?) is the
rate constant. If g, against #° plot is linear, intraparticle diffusion
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is the rate controlling step.

The three-stage model considers three different adsorption stages
(Choi et al., 2007). In this model, the first (sharper) portion reflects
the instantaneous adsorption of Mn(II) onto the external surface;
the second (gradual) portion represents the internal surface
adsorption where the dominant mechanism controlling the process
is intraparticle diffusion; and the third (constant) portion denotes the
equilibrium stage (ShamsiJazeyi and Kaghazchi, 2010). The model
equations are expressed as follows:

G _(=5)1-¢-55)

C, = U-&-pte”) ©)

e

fzz%c(j") )
(-&-pEa

T ®

where C/C, is the relative aqueous concentration, and ¢;(c0) and
q»(0) are the adsorption capacity for the instantaneous adsorption
and the interior sites at infinite time, respectively. & is the ratio
between the quantity of the adsorbate adsorbed onto the external
surface at infinite time and the total quantity of the initial
adsorbate. & is defined similar to &;; however, it is computed for
adsorption into the interior adsorptive sites. a is the rate constant,
and £ is a limiting factor for g,(0) (0 <f <1).

The Mass Transfer Factor (MTF) model supposes three successive
steps for the adsorption, i.e., (i) external/ film mass transfer, (ii)
internal mass transfer/ porous diffusion, (iii) fixation (Fulazzaky
et al.,, 2013, Fulazzaky, 2011). It is able to determine the resistance
of mass transfer through the identification of the mass transfer
factors, such as Global Mass Transfer (GMT), External Mass
Transfer (EMT) and Internal Mass Transfer (IMT) factors. The
model equations are described as follows:

1{%9 = [kale ¥t &)

4,= 5In(+ B (10)
ln([kLa]g)—ln{ln(%)}

B= 5 (11)

[k.a),= [kial,e ™ (12)

[k.a), = [kal,~[k.a], (13)

where [k;al,, [kia]; and [kia], (1/min) are the GMT, EMT and
IMT factors, respectively; g, (mg/g) is the accumulative amount
of Mn(II) ions on the adsorbents at time t (min), J (g min/mg) is
the adsorbate-adsorbent affinity parameter and B (mg/g) is the
potential mass transfer index.
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3. Results and Discussion
3.1 Characterization of Adsorbents

3.1.1 Physico-chemical Properties

The nitrogen adsorption—desorption isotherms were used to
evaluate porous characteristics of the prepared materials. For R-
GAC and M-GAC, the nitrogen adsorption—desorption isotherms in
Fig. 1 exhibited similar type IV curves classified by the International
Union of Pure and Applied Chemistry (IUPAC), with hysteresis
loops in the relative pressure (P/P,) region of 0.45 — 1.0, which
reflect the property of mesoporous materials (Do et al., 2017). In
addition, Table 2 shows that the average pore diameters of R-
GAC and M-GAC were determined as 2.14 nm and 2.22 nm,
respectively, further confirming that R-GAC and M-GAC have
mesoporous structures. The BET specific surface area of M-
GAC (945.89 m?%/g) is quite comparable to that obtained from R-
GAC (959.99 m%g), which indicates that the HNO, alteration did
not considerably change the porous structure of the GAC.
However, a slightly reduction in BET surface area and micropore
volume of M-GAC compare to those of R-GAC can be ascribed
to the generation of new functional groups at the entrance and
interstices of micropores during the acid modification, that

Table 2. Properties of R-GAC and M-GAC

. AsBET Y Vin
Material (mYg)* (cm37 o | (emVe)r (nn?l)d pHpzc
R-GAC 959.99 0.5125 0.1941 2.14 5.2
M-GAC 945.89 0.5259 0.1737 222 2.5

"BET specific surface area; °Total pore volume; ‘Micropore volume;
dAverage pore diameter. ¥, is computed as the liquid volume of N, at P/
P, =0.990.
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Fig. 1. Typical Nitrogen Adsorption (solid symbols)/desorption (open
symbols) Isotherms of R-GAC and M-GAC
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Fig. 3. SEM Images of (a and b) R-GAC and (d and e) M-GAC; EDX Results of (c) R-GAC and (f) M-GAC
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tightens the micropores (Zhang ef al., 2015).

The zeta potential results for R-GAC and M-GAC are
illustrated in Fig. 2. After modification, a significant difference
in the point of zero charge (PZC) between M-GAC (pHp,c =2.5)
and R-GAC (pHpzc = 5.2) was obtained. The lower in pHpzc
value for M-GAC is reasonable because of an improvement in
the number of acidic caborxylic groups on the M-GAC surface
after being treated by HNO; (Huang et al., 2009) The quantity of
acidic functional groups of a material is obviously correlated to
the heavy metals adsorption capacity of that material, which
suggests that M-GAC might have a greater attraction for metal
ions than R-GAC.

The surface morphologies of R-GAC and M-GAC were recorded
by SEM/EDX, as illustrated in Fig. 3. It can be seen that the
surfaces of both R-GAC and M-GAC are loose and multi-
porous; however, M-GAC has a slightly smoother surface than
R-GAC.

3.1.2 Changing the Surface Functional Groups

The FTIR of the R-GAC and M-GAC are illustrated in Fig. 4,
and the possible band frequencies in the FTIR spectrum of the
materials are presented in Table 3. The remarkable increases in
the number and relative intensity of peaks between 3500 and

M-GAC

% Transmittance

R-GAC
19 %.;\.——-V—WM"A

17
4000

2500 2000 1500 1000 500
Wavenumbers (cm™)

Fig. 4. FTIR Spectra of R-GAC and M-GAC

3500 3000

3850 cm™ indicate a significant growth of hydroxyl groups in the
carbon surface, which can be ascribed to the enlargement in the
number of acidic carboxylic groups (Chen and Wu, 2004).
Difference from R-GAC, the bands at 1706 cm™ and 1126 cm™!
only appear in the M-GAC spectrum. The band at 1706 cm™ is
attributed to the carbonyl groups (C=0), and the band at 1126
cm™ can be caused by both C-O stretching vibration and the O-H
bending modes due to the existence of phenolic groups. These
results clearly indicate that nitric acid treatment of GAC
generates more of these acidic functional groups, which results
in the higher Mn(II) uptake compared to that of R-GAC.

3.2 Effects of Experimental Parameters

3.2.1 Initial Mn(Il) Concentration and Adsorbent Dosage
The effects of initial Mn(II) concentration (50-200 mg/L) and
adsorbent dosage (0.05-0.50 g) on adsorption were investigated
with a reaction volume of 40 mL at fixed pH (6.0) for 180 min at
25°C. Fig. 5 indicated that the adsorption performance strongly
depends on the Mn(II) concentration and the adsorbents dosage.
As expected, the adsorption performance of M-GAC was

120

—0—R-GAC, S0mg/L ——M-GAC, 150 mg/L
—8—M-GAC, 50 mg/L —8—M-GAC, 200 mg/L
| —A—M-GAC,100 mg/L
100 g
g
z 80 -
g
g
E 60 -
-]
]
§_ 40
g
7
20 4
0 r r r .
0.0 0.1 0.2 0.3 0.4 03

Adsorbent dosage (g)

Fig. 5. Effects of Adsorbent Dosage and Initial Mn(Il) Concentra-
tion on the Adsorption of Mn(ll) by R-GAC and M-GAC at
25°C

Table 3. Surface Functional Groups Observed from Absorption Bands in the FTIR Spectra of R-GAC and M-GAC

— ]
Functional group R-ging posmor;v([c-:glAé Intensity Type of Vibration References
O-H 3732 3622,3723,3823| strong, sharp free, stretch (hydroxyl groups)
C=0 2352 2342 bend (ketone groups)
C=0 - 1706 strong stretch (acid groups)
=0 1534, 1568 1534, 1574 strong stretch (aromatic rmgrsoalﬁ)c; )conjugated carbonyl (Jia and Thomas, 2000:
OH 1336 1338 medium bend Gg‘goeé ;aé}é?r?;} {:Z‘g;f;gaifdalw
C-0 _ 1126 strong stretch (ether, phinol, carboxylic acid, and lac- Kaghazchi, 2010;
one groups) Yang et al., 2016);
C-0 1070 1072 stretch
C-H 1471 - variable bend
C-H - 791 strong bend
C-H deformation | 653, 677 652,675 strong
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Fig. 6. Effect of pH on the Adsorption of Mn(ll) by R-GAC and M-
GAC at 25°C
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reduced with a rise in initial Mn(II) concentration, because of the
shortage of adsorptive sites needed for high levels of Mn(Il). In
this respect, the uptake of Mn(Il) improved with a rise in the
adsorbent dosage, especially for M-GAC, which is due to the
greater number of adsorptive sites are provided at higher
adsorbent dosage. These results also showed that the M-GAC
can adsorb Mn(I) more efficiently from the aqueous solution
than R-GAC. Considering the removal efficiency, the optimal
M-GAC dosage for an Mn(II) concentration of 50 mg/L should
be maintained at 0.2 g (i.e., 5 g/L).

3.22pH

pH effect on the adsorption behavior was examined by adding
0.2 g M-GAC or 0.5 g R-GAC into reactors containing 40 mL of
100 mg/L Mn(II) solution at various pH range from 3.0 to 11.0.
Figure 6 shows that the adsorbed Mn(Il) increased with increasing
pH from 3.0 to 7.5, and remains almost constant up to a pH of
11.0 in both M-GAC and R-GAC. Also, we observed that the pH
values markedly affect the Mn(II) adsorption capacity of R-GAC
(i.e., 12.5% and 42.6% at pH 3.0 and 11.0, respectively) but
show only a slight influence on M-GAC (i.e., 91.2% and 99.6%
at pH 3.0 and 11.0, respectively). These results can be attributed
to the finding that the pHp,c values of M-GAC and R-MAC are
2.5 and 5.2, respectively, indicating that the surfaces of these
adsorbents are positively charged at pHs below 2.5 and 5.2,
which has an adverse effect to the adsorption of Mn(Il) when
investigate pH lower than pH,,,. values. Additionally, the precipitation
of manganese species started at pH 7.75, which could contribute
to the increased Mn(II) adsorption efficiency (Li et al., 2010).
Furthermore, it is well known that metal cations will compete
with protons to bind the adsorption sites on adsorbent surfaces at
low pH, resulting in the decrease of adsorption capacity (Zhang
etal, 2015).

3.2.3 Temperature
Temperature effect on the uptake of Mn(II) was investigated

by employing batch experiment under varying temperature from

Vol. 22, No. 10 / October 2018
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Fig. 7. Effect of Solution Temperature on the Adsorption of Mn(ll)
by R-GAC and M-GAC

20 to 40°C with a designated M-GAC or R-GAC dosage of 0.2 g
or 0.5 g, respectively, under a reactor volume of with 40 mL of
100 mg/L Mn(1l), at pH 6.0. Fig. 7 shows that the adsorption
performance of Mn(1l) rised proportionally with the increase of
temperature for both M-GAC and R-GAC, implying that this is
an endothermic adsorption. Here, the increase in Mn(II) uptake
might result from the finding that the hydration shell of metal
ions is more effortlessly interrupted as well as the mobility of
metal ions increase as the Brownian movement enhancement at a
higher temperature, which promotes the diffusion of Mn (II)
through the exterior boundary and the interior pores (Kim ez al.,
2016).

3.3 Adsorption Isotherms

Figures 8 (a and b) present the equilibrium adsorption data and
the isotherm curves attained by fitting the results with four
adsorption models. The corresponding parameters were calculated
and summarized in Table 4. The g,,,. of M-GAC computed from
the Langmuir isotherm for Mn(II) ions was 9.25 mg/g, which is
7.2 times greater than that of R-GAC (1.29 mg/g); the results
suggest that the nitric acid treatment greatly enhanced the
adsorption performance of M-GAC. The higher adsorption
capacity is related mainly to the development of new carboxylic
groups (-COOH) on M-GAC surface after modification process,
consequently enhanced acidic dissociation and chelation in the
cation exchange mechanism, forming surface complexes between
Mn(I) ions and functional groups (ShamsiJazeyi and Kaghazchi,
2010; Rios et al, 2003). The mechanism can be described as
follows:

Dissociation step: (-COOH) + H,O < (-COO) + H,0"
Chelation step: 2(-COO)” + Mn'? <> (-COO),Mn

The linear regression coefficient (R?) values of the four adsorption
isotherms for M-GAC in Table 4 suggest that the best fit models
were in the descending order of: Sips — Freundlich — Tempkin
— Langmuir. Thus, Sips model is the most appropriate for
representing the uptake behavior of Mn(II) on M-GAC. It is
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Experimental Data and Nonlinearized Adsorption Isotherm
Models at 25°C for Mn(ll) Adsorption onto: (a) R-GAC, (b)
M-GAC

Table 4. Isotherm Parameters for Mn(ll) Adsorption onto R-GAC

and M-GAC
Isotherm Parameters R-GAC M-GAC
Gnax (mg/g) 1.29 9.25
Langmuir K (L/mg) 0.39 0.57
R 0.9848 0.9201
Kr |(mg/g (L/mg)"™) 0.33 2.47
Freundlich n 231 3.29
R’ 0.9379 0.9960
br (kJ/mol) 8.18 1.68
Tempkin Ar (L/mg) 3.63 4.98
R 0.9827 0.9673
Gmax (mg/g) 237 22.63
) K (1/mg) 0.19 0.12
Sips ", 0.62 0.40
R 0.9936 0.9989

reasonable to consider that the M-GAC owns an energetically
heterogeneous surface (i.e., a non-uniform surface) (Arshadi et
al., 2014). It is noteworthy that the Sips model is developed from
the basis of the Freundlich and Langmuir models, which are

Table 5. Parameters of Kinetic Models Applied to Mn(ll) Adsorp-
tion onto R-GAC and M-GAC

Model Parameters R-GAC M-GAC
qe (mg/g) 1.54 8.99
Pseudo first A (T/min) 0.05 0.06
order
R 0.9599 0.9959
g% (mg/g) 1.98 10.81
Pseud -
e | k| (¢/mg min) 0.01 0.02
R 0.9936 0.9987
Intrapallticle kia (mg/g min®?) 0.20 1.53
diffusion R 0.9979 0.9958
& 0.002 0.010
Thr & 0.998 0.987
Ai‘l'éé?ge @ (1/min) 0.012 0.125
s 0.290 0.958
/4 0.028 0.006
" . B (mg/g) 053 -0.54
ass transfer o
factor 0 (g min/mg) 2.37 0.45
R? 0.9784 0.9695
(a)
1
0 4
BM-GAC
%I;_ OR-GAC
)
SRR
-1
=
24
.
3 . . . .
0 30 60 90 120 150
®) Time (min)
100
80
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Fig. 9. Kinetic Models Applied to Mn(Il) Adsorption for R-GAC and
M-GAC at 25°C: (a) Pseudo First Order Model, (b) Pseudo
Second Order Model

described by the dimensionless heterogeneity factor n,. At values
of n, close to (or exactly) 1, the Sips isotherm approaches to the
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Langmuir isotherm, which suggests a homogeneous adsorption.
From Table 4, it was found that the value of n, decreased from
0.62 for R-GAC to 0.40 for M-GAC, indicating that Mn(II)
adsorption is more heterogeneous with M-GAC than with R-
GAC (Kim et al., 2016).

3.4 Adsorption Kinetics

Figures 9 (a and b) show the linearized forms of the pseudo
first order and pseudo second order kinetic models, respectively,
applied to experimental Mn(II) adsorption data obtained from
M-GAC and R-GAC. The correlation coefficients (R?) in Table 5
along with the fitting lines in Fig. 9 revealed that the pseudo
second order model is more suitable than the pseudo first order
model for both M-GAC and R-GAC, indicating that Mn(II)
adsorbed onto both adsorbents are controlled by a chemisorption
step. This result is expected, because we believe that kinetic
behavior cannot simply be conceded as a reversible metal ions
exchange occurring between the liquid and solid phases. Our
results are consistent with previous adsorption studies using
different carbon-based adsorbents for the uptake of heavy metal
ions (Yi et al., 2016; Mobasherpour et al., 2014; Arshadi et al.,
2014). Additionally, the rate constant of M-GAC obtained from
pseudo second order model is greater than that of R-GAC (Table
5), suggesting that M-GAC might have faster kinetic adsorption
of aqueous Mn(II).

Figure 10 shows that the graph of ¢, versus t*> demonstrates
multi-linearity correlations for both M-GAC and R-GAC,
implying that multi kinetic stage govern the adsorption process
(Vaghetti et al., 2009). In addition, the data in Fig. 10 and Table 5
indicate that intraparticle diffusion was embarked on the rate
limiting step, but it was not the sole one of the adsorption process
due to the graphs did not go through the origin (I # 0) (Fig. 10)
(Do and Kang, 2016). Indeed, the plot involves three linear
fractions with different slopes, corresponding to three stages in
the Mn(Il) adsorption process by M-GAC. The first sharp
portion is caused by external mass transfer, that Mn(Il) ions
diffused from bulk solution across the boundary layer to the

t(),S

BM-GAC
OR-GAC

q, (mg/g)

l{I.S (ITI in D.S}

Fig. 10. Intraparticle Diffusion Model Applied to Mn(ll) Adsorption
onto R-GAC and M-GAC at 25°C

Vol. 22, No. 10 / October 2018

exterior sites and macropores (film diffusion). Next, the
intermediate linearized section is ascribed to the pore diffusion of
Mn(II) ions from exterior sites to the micropores (intraparticle
diffusion). Finally, the third plateau portion represents the
intraparticle diffusion of Mn(II) ions begins to decelerate due to
very low concentration of Mn(Il) in the system (ShamsiJazeyi
and Kaghazchi, 2010; Daifullah ef al., 2007). The graph in Fig.
10 reflects the dual nature of R-GAC, where an initial linear
region of the curve pursued by a plateau region. It is noteworthy
that the first (sharp) portion seems to be absent, suggesting that
the external surface adsorption of Mn(II) ions occurs rapidly, and
that the adsorption process rapidly progresses to the intraparticle
diffusion stage (Omri et al., 2016). We found that rapid adsorption
occurred during the first stage with M-GAC; hence, it contributed
significantly to the Mn(II) adsorption capacity. We believe that
the faster kinetic adsorption of Mn(Il) by M-GAC is largely due
to the external surface sites, which were significantly changed
after nitric acid treatment.

The three-stage kinetic model was used to provide additional
evidence on the change of equilibrium adsorption behavior of
Mn(Il) on the exterior and interior adsorptive sites of the
absorbents. These model parameters are summarized in Table 5.
We found that the mass transfer rate constant of Mn(II) from the
aqueous solution to the interior sites (a) of M-GAC is much
higher than that of R-GAC, implying that M-GAC has faster
kinetic adsorption of aqueous Mn(Il). This is suitable with the
data obtained from the pseudo second order model (discussed
above). Also, a relative decrease in the instantaneous adsorption
portion (&) compared to the interior adsorption portion (&) was
observed for both M-GAC and R-GAC. This suggests that a
major part of adsorption at infinite time occurred on the internal
surface of both adsorbents (Choi et al., 2007). It is noteworthy
that the &; value of M-GAC was five times higher than that of R-
GAC, indicating that nitric acid treatment enhanced Mn(Il)
adsorption on the external surface of M-GAC. Additionally,
despite similar & values, a higher limiting factor of the potential
internal adsorption (f) at infinity was obtained for M-GAC; this
results in a 3.3-fold rise in Mn(II) amount uptake at the interior
adsorptive sites (f&) compared to that of R-GAC. These
obtained results suggest that the nitric acid modification changed
both the external and internal surfaces of M-GAC, which
significantly changed the kinetic adsorption behavior and led to
enhanced adsorption of Mn(II).

The mass transfer factor model was also applied to determine
the resistance of mass transfer for the kinetic adsorption of
Mn(II) ions from aqueous solution to the absorbents. The curves
of plotting ¢ against In(f) show good linear regression coefficients
(R?), suggests that the parameters B and 6 can be used to describe
the mass transfer potential and the adsorbate-adsorbent affinity
for the adsorption of Mn(Il) ions, respectively (Table 5)
(Fulazzaky ef al., 2017). The graphs of mass transfer factors (i.e.,
[kial,, [ka]rand [k;a),) versus C/C, predicting the rates of GMF,
EMT and IMT are presented in Fig. 11 (a and b). We observed
that the variation of [k;al,, [k;a]; and [k;a], values for M-GAC
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Fig. 11. Global Mass Transfer (GMT — [k.aJ,), External Mass Transfer
(EMT - [k.a]) and Internal Mass Transfer (IMT — [k aly)
Factor Against C/C, ratio of Mn(ll) Adsorption onto: (a) M-
GAC, (b) R-GAC

are all significantly higher than those of R-GAC, which can be
ascribed to a greater in the adsorbate-adsorbent affinity of M-
GAC to attract Mn(Il) ions (Fulazzaky, 2011). It is consistent
with the above results that there is a chemisorption, by which the
covalent bonding between the Mn(II) ions and acidic carboxylic
functional groups on the surface of M-GAC encourages the
increase of attractive forces between the adsorbate and adsorbent
(Fulazzaky, 2011). In addition, we found a very similar in the
trend and variation of the IMT rate ([k;a],) compared to the
GMF rate ([k;a],) for both absorbents. Also, the values of [£;a],
are much higher than the values of [k;a], represented the EMT
rate, indicating that the resistance of mass transfer is dependent
on the external mass transfer (Fulazzaky ez al., 2017).

Validation of four adsorption kinetic models mentioned above
with the experimental data is provided in Fig. 12. As can be seen,
the three-stage model is the most appropriate for representing the
kinetic adsorption of Mn(II) ions for both M-GAC and R-GAC.

3.5 Desorption
Figure 13 presents the desorption of Mn(II) by using different
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Fig. 13. Mn(ll) Adsorption/desorption from M-GAC to Aqueous
Solution

eluents (i.e., DIW and NaCl 1.0 M). The result shows that a
negligible amount of Mn(II) was detached from the M-GAC
surface (less than 5%) during the desorption process using DIW
as an eluent. This is consistent with our observation that
chemisorption takes places on the M-GAC surface, which is
predominantly irreversible or has extremely slow liberation process;
thus, desorption does not proceed easily by DIW. In addition, we
observed no considerable differences in the amount of desorbed
Mn(Il) by DIW at varying temperatures (data not shown),
implying that the effect of solution temperature (20 — 40°C) on
the desorption of Mn(Il) ions is insignificant. However, high
level of Mn(Il) (above 51%) was liberated from the M-GAC
surface during the desorption process with NaCl 1.0 M,
indicating that the adsorption of Mn(Il) is controlled by ion
exchange (Huang et al., 2009). These results suggested Mn(II)
can be easily desorbed under suitable conditions without
destroying the M-GAC structure for subsequent reuse. Further
study is needed to find out an effective desorbing agent, which is
cheap, non-polluting and non-damaging the structure of M-
GAC.
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4. Conclusions

In this work, M-GAC showed an improvement in its porous
structure after nitric acid modification. Also, acid treatment resulted
in a lower pHp;c and more surface carboxylic acid groups. The
uptake of Mn(Il) ions was dramatically influenced by experimental
conditions, i.e., pH solution, initial Mn(I) concentration, adsorbent
dose, and temperature. The adsorption behavior of Mn(II) ions
onto M-GAC and R-GAC can be explained well using Sips
isotherm model. The g,,,. of Mn(II) by M-GAC was increased by
7.2 times compared with R-GAC, and an increase in the
heterogeneity of the adsorption was also observed. The pseudo
second order kinetic model was appropriate for fitting the
experimental data of both M-GAC and R-GAC. Furthermore,
the three-stage kinetic model validated that acid treatment
significantly changed the surface properties of M-GAC, resulting
in 5.0- and 3.3-fold increases in the quantity of Mn(Il) ions
uptake on the external and internal surfaces, respectively, compared
to those of R-GAC. In addition, the rate-limiting step consists of
both external mass transfer and intraparticle diffusion for the
uptake of Mn(II) by M-GAC. Finally, the mass transfer factor
model verified that the mass transfer resistance for the adsorption
of Mn(Il) onto M-GAC is mainly dependent on the external
mass transfer. Our results suggested that M-GAC can be easily
prepared and employed as an effective industrial absorbent to
collect heavy metals from water and wastewater.
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