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ABSTRACT

The adsorption behavior of m-phenylene diamine (m-PDA) from aqueous solution onto
activated carbon was investigated under various experimental conditions, such as contact
time, adsorbate concentration, and temperature. Maximum adsorption capacity for m-PDA
was found to be 33.17 mgg™' at pH 7.0 and temperature 303 K. The adsorption kinetics data
were best described by the pseudo-second-order rate equation and the equilibrium was
achieved after 120 min. The m-PDA adsorption was governed by film diffusion process.
Besides, equilibrium data were very well represented by the Redlich-Peterson model. A
model for prediction of the dose of adsorbent required to achieve a range of m-PDA remo-
vals for a given number of adsorption-desorption cycles has been developed and validated
based on the Langmuir isotherm. Thermodynamic parameters indicated the spontaneous,
endothermic, and increased random nature of m-PDA adsorption. The amide, carboxylic
acid, and nitro groups of the activated carbon were involved in chemical interaction with
the m-PDA molecules. Results suggested that the activated carbon has good potential for
remediation of m-PDA contaminated waters.
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1. Introduction

Aromatic amines are environmental pollutants and
evident in wastewaters of various industries such as
textiles, dyes, pesticides, soaps and detergents, surfac-
tants, iron and steel, resins and plastics, petroleum
refining, and coal conversion [1,2]. Many of the aro-
matic amines and their derivatives are potential car-
cinogenic and mutagenic agents [3-5]. In addition,
aromatic amines also have relatively high biological
oxygen demand, and therefore, when present in
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sufficient concentrations can greatly reduce or deplete
the dissolved oxygen in surface water. Therefore,
removal of these compounds from water and waste-
water is of great significance.

The aromatic amine, m-phenylenediamine (also
known as 3-aminoaniline; 1,3-benzenediamine; 1,3-
diaminobenzene) is a chemical intermediate used for
manufacturing dyes, thin-film composite membrane,
aramid fiber, and in photography and medical
applications. Meta phenylene diamine (m-PDA) has
two amino groups attached to a benzene ring, at meta
position, with respect to each other. Properties which
make m-PDA so versatile are its fire resistance,
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excellent chemical and temperature stability, and
fast cure. The demand for m-PDA is growing
rapidly with increase in application of engineering
materials, especially aromatic polyamide fibers and
polyurethane [6]. If released to water, m-PDA is
expected to be adsorbed by hazardous sediment and
suspended solids in the acidic environment [7,8].
Though m-PDA is not readily biodegradable, it may be
removed by biodegradation under specific conditions
involving acclimatized micro-organisms.

The removal of aromatic amines can be achieved
by several techniques such as adsorption, microbial
chemical oxidation, advanced oxidation processes, and
electrochemical techniques [9,10]. However, adsorp-
tion methods are more effective due to their cost-effec-
tiveness, effective treatment in dilute solutions, high
uptake capacity, faster regeneration kinetics, and
greater selectivity [11]. In this regard, many adsor-
bents including pyrolusite and activated carbon [12],
oxygenated activated carbon [13], montmorillonite-
Ce-phosphate compound [2], beta-cyclodextrin-based
polymers [14], phenyl-functionalized mesoporous
silica [15] have been investigated in recent years for
sorption of aromatic amines.

In the present work, the removal of m-PDA from
water has been exhaustively studied using a highly
porous and high surface area-activated carbon. The
mechanisms of adsorption as well as the influence of
several factors (contact time, pollutant concentration,
temperature, and pH of the solution) on the adsorp-
tion process were thoroughly investigated. A model
describing the process of wastewater treatment by
multiple cycles of adsorption—desorption has been
developed and validated.

2. Experimental
2.1. Materials

The chemicals used in this study were of analytic
reagent grade, m-PDA (C¢HgN,, CAS No. 108-45-2,
FW: 108.12) were procured from Sigma and used
without further purification. The m-PDA stock
solutions were prepared by dissolving accurately
weighed m-PDA in Millipore water to the concentra-
tion of 1,000 mgL™". The experimental solutions were
obtained by diluting the m-PDA stock solutions in
accurate proportions to different initial concentrations.
In order to obtain the m-PDA solution of different ini-
tial pH, infinitesimal amount of 1M HCl or 1M
NaOH (S.D. Fine Chem, India) were added. Activated
carbon (AC) of 100400 mesh size was purchased from
Thermo-Fisher, India. The physicochemical properties
of the precursor are listed in Table 1.
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2.2. Batch adsorption experiments

All the experiments were conducted at a constant
temperature of 25+1°C to produce environmentally
relevant conditions except thermodynamic experi-
ments. The effect of solution pH on the equilibrium
uptake of m-PDA from aqueous solution by activated
carbon was investigated between pH 2 and 10 by
adjusting with HCl and NaOH solutions. The experi-
ments were performed by adding a known weight of
adsorbent into 250 mL Erlenmeyer flasks containing
250 mg L' of m-PDA. The flasks were stirred at
140 rpm and 298 K for 24 h to attain equilibrium, and
the amount of m-PDA remaining in solution was mea-
sured by a high- performance liquid chromatography
(HPLC) system after the separation of adsorbent by
membrane filtration (Millipore 0.45 mm pore size).

The adsorption kinetic studies were conducted
using 250 mL of m-PDA solution with initial concen-
tration of 265.5 mgL™". The samples were withdrawn
periodically and the residual concentration of m-PDA
in the aqueous phase was analyzed after membrane
filtration.

Initial concentration experiments were carried out
in 250 mL flasks containing m-PDA solution (100 mL)
of known concentrations (25-150 mgL™"). Weighed
amounts of AC (400 mg) were added to each flask and
the mixture was agitated on the rotary shaker. After
24 h of agitation, the solution was separated from the
biomass by membrane filtration and analyzed by
HPLC. The effect of dye sorption by the membrane
filter during the filtration process was minimized by
discarding the first 25 mL portion of the m-PDA
solution. The remnant was used for the measurement
of m-PDA concentration.

m-PDA control solutions were also filtered using
the same procedure and the concentration was ascer-
tained. The m-PDA concentration of the control was
used as the initial concentration for calculating the
quantity of m-PDA transferred from the solution to
the sorbent. The adsorption experiments were con-
ducted in replicate (at a minimum 7 =2) with two con-
trols. The average values were used in the study for
clarity (without error bars being included in the Fig-
ures), as the reproducibility of repeated runs was
found to be within an acceptable limit (+5%). Controls
were employed to ensure that sorption was by AC
only, and any effect of sorption of m-PDA onto the
wall of the reaction bottles could be eliminated.

2.3. Analysis

The concentration of m-PDA was determined by
HPLC system consisting of a Shimadzu Prominence
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Table 1
Physicochemical characteristics of activated carbon
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Parameter

Activated carbon

Carbon content (%)
Hydrogen content (%)
Nitrogen content (%)
Oxygen content (%)
Sulfur content (%)

Surface area

Single point surface area at P/P, 0.203, m*g ™"

BET surface area, m?2 gfl

BJH adsorption cumulative surface area of pores between

BJH desorption cumulative surface area of pores between 1.7 and 300 nm diameter, m? g71

Pore volume

Single point adsorption total volume of pores less than 75.69 nm at P/P, 0.973, cm® g™

Pore size

Adsorption average pore diameter (4 V/A by BET), nm
BJH adsorption average pore diameter (4 V/A), nm
BJH desorption average pore diameter (4 V/A), nm A

72.34
3.28
0.69
23.05
0.54

266.2
258.73
17.87
37.98

0.124

1.92
3.45
2.59

(Shimadzu Corporation, Japan) low-pressure gradient
pump equipped with a UV-visible detector. A 150 x
4.6 mm, 3.5 pm particle enable C18H column was used
for separation of the analyte. The wavelength of the
detector was set at 254 nm. Mobile phase consisted of
80% acetonitrile to 20% water and it was filtered by
nylon filters and degassed by ultrasonication for
30 min. The eluent flow rate was 1.5 mLmin™' with
injection volume 50 pL. The quantitative determination
of m-PDA was performed using an external standard,
and the calculations were based on the average peak
areas of the standard. The data were processed using
LC solution software.

The amount of m-PDA sorbed at equilibrium, g,
(mg gfl) which represented the m-PDA uptake, was
calculated from the difference in dye concentration in
the aqueous phase before and after adsorption, as per
following equation:

V(Ci—Ce)

e = 1
9 W (6V)
where V is the volume of dye solution (L), C; and C,
are the initial and equilibrium concentrations of
m-PDA in solution (mgL™"), respectively, and W is
the mass of activated carbon (g).

2.4. Nonlinear regression analysis

All the model parameters were evaluated by non-
linear regression using DATAFIT® software (Oakdale

Engineering, USA). The optimization procedure
required an error function to be defined in order to be
able to evaluate the suitability of the equation to the
experimental data. Apart from the regression coeffi-
cient (R?), the residual or sum of square error (SSE) and
the standard error (SE) of the estimate were also used
to gauge the goodness-of-fit. SSE can be defined as:

m

SSE =Y (Q;—a;)° @)

i=1

SE can be defined as:

1 m
SE = \/m_pZ(Qi —q;)° )

i=1

where g; is the observation from the batch experiment
i, Q; is the predicted value from the isotherm for cor-
responding g;, m is the number of observations in the
experimental isotherm, and p is the number of param-
eters in the regression model. The smaller SE and SSE
values indicate the better curve fitting.

2.5. FTIR, SEM, and EDX studies

Infrared spectra of unloaded and m-PDA loaded
activated carbon were obtained using a Fourier
Transform Infrared Spectrometer (FTIR GX 2000,
Perkin-Elmer). For the FTIR study, 30 mg of finely
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ground biomass was palleted with 300 mg of KBr
(Sigma) in order to prepare translucent sample disks.
The FTIR spectra were recorded with 10 scans at a
resolution of 4 cm™.

The surface structure of activated carbon was ana-
lyzed by scanning electron microscopy (SEM) using
JEOL 5600 LV SEM. Unloaded and m-PDA loaded
activated carbon samples were mounted on a stainless
steel stab with a double-stick tape followed by sput-
ter-coating gold to improve conductivity to increase
the electron conduction and to improve the quality of
the micrographs.

3. Results and discussion
3.1. Effect of solution pH

Solution pH is one of the important factors that
control the adsorption process of organic compounds
on carbon materials because it controls the electrostatic
interactions between the adsorbent and the adsorbate
[16]. The effect of initial pH on the adsorption of
m-PDA on to activated carbon was examined for pH
values ranging from 3 to 13 (Fig. 1). The equilibrium
sorption capacity was minimum at pH 3 (15.42 mgg™")
and increased up to pH 5 (31.74mgg "), then
remained nearly constant (30.94 mg g~ over the initial
pH of the range 5-7. At solution pH <5, the sorption
capacity was low as the adsorbent was positively
charged, and m-PDA molecule was either neutral or
partially positively charged. At this acidic pH, the
amine groups of the m-PDA were almost protonated.
If electrostatic interaction was the only mechanism for

35
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q, (mg/g)
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Fig. 1. Effect of pH on adsorption capacity of activated
carbon (initial concentration of 100 mgL™" and solid to
liquid ratio (s/1) of 1.6 gL ™).
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the m-PDA adsorption, then the sorption capacity
should be at a maximum within the range pH 5-7. In
this pH range, the surface of activated carbon is posi-
tively charged (pHp,.=9.0) and m-PDA is negatively
charged (pK, of m-PDA 5.1) [17]. The protonated
groups of activated carbon were mainly carboxylic,
phenolic, and chromenic groups [15,18,19], while the
deprotonated groups of the m-PDA were probably the
amine groups. The constant adsorption capacity of
activated carbon for m-PDA over the pH range 5-7
was an indication that the electrostatic mechanism was
not the only mechanism for m-PDA adsorption in this
system. Activated carbon can also interact with m-
PDA molecules by hydrogen bonding and hydropho-
bic interaction through the polar functional groups
(e.g. -COOH; H-donor) and amino groups (H acceptor)
[20,21]. The reduction in m-PDA adsorption at highly
basic conditions (pH 11-13) can be attributed to elec-
trostatic repulsion between the negatively charged acti-
vated carbon and the deprotonated m-PDA molecule.

3.2. Adsorption kinetics

The effect of contact time on the adsorption of m-
PDA onto activated carbon was studied in the concen-
tration range 50-100 mgL™" (Fig. 2). The equilibrium
time was found to be 150 min. The adsorption was
higher in the beginning due to greater number of
reaction sites available for the adsorption of m-PDA.
Consequent to the increase in initial m-PDA concen-
tration from 50 to 100 mg L™, the adsorption capacity
increased from 19.72 to 31.78 mgg ', indicating that
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Fig. 2. Comparison of the experimental (legends) and the
model plots of pseudo-second order kinetics (lines) (pH
7.0 and solid to liquid ratio (s/1) of 1.6 gL ™).



1. Patel et al. | Desalination and Water Treatment 57 (2016) 4205-4219

m-PDA adsorption depended on the initial concentra-
tion. Increase in m-PDA concentration accelerated the
diffusion m-PDA from the bulk solution onto adsor-
bent was due to higher concentration gradient [22].
The observed kinetics was modeled assuming that the
rate of occupation of adsorption sites is proportional
to the number of unoccupied sites (pseudo-first-order
model) or the square of the number of unoccupied
sites (pseudo-second-order model). Moreover, Elovich
kinetic model, Weber and Morris intraparticle diffu-
sion model, and Boyd model have also been used to
test the dynamics of adsorption process. The predic-
tion of the adsorption rate provided important infor-
mation for designing batch adsorption systems. The
derived rate constants together with statistical parame-
ters are depicted in Table 2.

The regression coefficients (R?) of the pseudo-first
order model for m-PDA sorption were satisfactory
(0.912-0.921) and the values of SE (0.359-0.458) and
SSE (1.392-1.975) were low, suggesting a congruity of
this model to the time-course sorption data. Moreover,
the difference between experimental adsorption capac-
ity (19.725-31.784 mg g ') and the one calculated from
the model (12.51-25.14 mgg ') at equilibrium was
marginal. Similar results were reported for reactive
blue 5G sorption by activated carbon [23]. Suitability
of experimental kinetic data to the pseudo-first order
model confirmed the adsorption process governed by
liquid film diffusion [24].

Generally, the pseudo-second-order equation was
used to describe chemisorption involving valency
forces through the sharing or exchange of electrons
between the adsorbent and adsorbate as covalent
forces and ion exchange [25]. In addition, the initial
adsorption rate, i (=k,q.”) can also be obtained from
this model. In comparison, the pseudo-second-order
model regression coefficient values were found to be
higher, and ranged from 0.991 to 0.996, while SE and
SSE values were lower and ranged from 0.048 to 0.052
and 0.001 to 0.003, respectively. The high R* and low
SE and SSE values as well as the consonance between
the experimental and predicted equilibrium sorption
capacities confirmed compatibility to the pseudo-sec-
ond-order model (Fig. 1). The adsorption of m-PDA
onto activated carbon follows the pseudo-second-order
model and hence, it can be presumed that more than
onestep including chemisorption may be involved in
the sorption process [26]. The values of the rate
constant k, decreased with increase in initial m-PDA
concentration while the initial adsorption rate, h,
seemed to have an increasing trend with increasing
initial m-PDA concentration (Table 2). This behavior
can be ascribed to the increase in sorption driving
force at higher concentration [27].
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The characteristics of pseudo-second-order kinetic
curve are useful to determine whether the m-PDA
adsorption by activated carbon approaches equilib-
rium. The approaching equilibrium factor can be writ-
ten as displayed in Egs. (4) and (5) [23]:

Rw —1
kZ de tref = Y{W (4)
and

T
Qt TRWA-T)+T ©

where T =1t/tr, Rw is known as an approaching equi-
librium factor, t,f is the longest operational time in an
adsorption system and Q; is the dimensionless factor,
respectively. The Ry values in the adsorption of
m-PDA on to activated carbon for the pseudo-second-
order model are 0.008, 0.011, and 0.017 at initial
concentrations of 50, 75, and 100 mgL™", respectively
(Table 3). Similar Ry values were reported for adsorp-
tion of paraquat on activated clay (Rw=0.017) [22]
and 4-nitro phenol on yellow bentonite (Rw=0.01)
[28]. In general, Ry depended on the properties of
solution, adsorbent, and adsorbate. The Ry values
indicated that the characteristic adsorption curve
(Fig. 3) approached pseudoequilibrium in the range
0.1>Rw>0.01, which confirmed kinetic data were
well represented by pseudo-second order model. The
curvature of the adsorption curve increased as Ry
reduced. The curvature of the adsorption process
increased when Ryy=0.008 while it decreased at a
higher value of Ry (0.017), indicating that the removal
of m-PDA from aqueous solution required larger
amount of the activated carbon [25]. The relationship
between the operating time for the adsorption of
m-PDA by activated carbon and the extent of its
adsorption is represented by this characteristic curve.
These results are of paramount importance for effec-
tive engineering design under practical scenarios.
When the sorption curve belonged to zone II, the rela-
tionship between operating time and amount of sorp-
tion is an important factor in engineering practice.

The second-order kinetic model has been used to
describe the reactions between soil and soil mineral
systems [29], but recently, this model has also been
used for liquid phase adsorption systems [30,31]. Low
values of R* (0.621-0.701) and high SE (6.758-8.682)
and SSE (22.143-32.559), indicated that the second-
order kinetic model explains the process kinetics very
poorly in comparison with the pseudo-second-order
model for m-PDA adsorption on to activated carbon.
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Table 2

Parameters of kinetic models for m-PDA adsorption on activated carbon
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Initial concentration

Models

Co=50mgL™ Co=75mgL™" Co=100mgL™
ge (Experimental) 19.725 23.561 31.784
Pseudo-firstorder gi = ge[1 — exp(—kit)]
ky (min™?Y) 0.078 0.069 0.0042
Ge 12.51 15.79 25.14
R? 0.912 0.919 0.921
SE 0.458 0.389 0.359
SSE . 1.975 1.625 1.392
Pseudo-second order ge = (12?;;&
ge (mgg™) 2215 26.17 32.68
k, (gmg ' min™") 0.018 0.011 0.006
h (mgg 'min”") 8.831 7.532 5.334
R? 0.991 0.996 0.992
SE 0.052 0.048 0.052
SSE 0.003 0.001 0.002
Secondorder g = (Coksf)%
ksor (min™!) 0.152 0.218 0.427
R? 0.701 0.659 0.621
SE 6.758 7.514 8.682
SSE 22.143 28.192 32.559
Elovich ge= (1/Pg) - In(1 + o fgt)
og 25.27 40.26 55.15
B 0.034 0.041 0.053
R? 0.848 0.929 0.824
SE 1.525 1.068 1.114
SSE 3.337 2.292 3.025
Intraparticle diffusion g = kip\/f +c
kip (mg g~ min”?) 56.19 57.45 57.12
R 0.983 0.992 0.987
SE 0.4123 0.3051 0.4074
SSE 1.2320 0.9022 0.1856
Dipp (m?s ™) 224x107% 3.08x107" 5.16 x 107%°
Boyd model
D; (cm?s™) 2.047 x107° 2.83x107° 3.527 x 107°
R? 0.921 0.931 0.915
SE 0.728 0.529 0.603
SSE 2.562 1.634 2432
Table 3

Adsorption kinetic behavior in the PSO model and equilibrium approaching factor (Rw)

Rw value Type of kinetic curve Approaching equilibrium level
Rw=1 Linear Not approaching equilibrium
1>Rw>0.1 Slightly curved Approaching equilibrium
0.1>Rw>0.01 Largely curved Well approaching equilibrium
Rw<0.01 Pseudo-rectangular Drastically approaching equilibrium

Further, the kinetic data were fitted to the Elovich
rate equation, which describes chemical adsorption

(chemical reaction) mechanism assuming that the actual
solid surfaces are energetically heterogeneous [32].
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Fig. 3. Characteristic curves of pseudo-second-order kinetic
model.

The R* (0.824-0.929), SE (1.068-1.525), and SSE
(2.292-3.337) values revealed a moderate compatibility
to the experimental kinetic data. With the increase in
initial m-PDA concentration, the Elovich constants ag
and fg increased showing that both the rate of chemi-
sorption and the available sorption surface would
increase. The moderate applicability of the simple
Elovich equation for the present kinetic data revealed
that active sites are heterogeneous in nature and exhibit
different activation energies [32]. This supported the
hypothesis that the heterogeneous sorption mechanism
is likely to be responsible for the m-PDA uptake by
activated carbon.

It may be concluded that out of the various kinetic
models studied, the pseudo-second-order model was
evidently more appropriate for kinetic modeling of
time-course m-PDA adsorption data followed by
pseudo-first-order and Elovich models.

3.3. Intraparticle diffusion (IPD) kinetic model

As the kinetic models like pseudofirst order, sec-
ond-order, pseudo-second order, Elovich and Bhat-
tacharya and Venkobachar kinetic models equations
were not able to describe the adsorption mechanism,
and also the rate-limiting steps in the adsorption pro-
cess, the IPD model was used. Usually, the initial
adsorption occurs on the adsorbent surface during
batch experiments and there is a high probability of
the adsorbate to diffuse into the interior pores of the
adsorbent and hence, IPD emerges as the dominant
process [33]. Ideally, a straight line is expected for the
plot of solute sorbed against the square root of the
contact time, where intraparticle diffusion is the rate-
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determining step, while multilinearity represents dif-
ferent mechanisms involved in the sorption process
[34]. The plot for this model gave two straight lines
and the first incisive stage involved the sorption per-
iod of 0-90 min, which represents momentary adsorp-
tion or exterior surface adsorption (macropore
diffusion), while the second stage included the sorp-
tion period of 80-240 min, representing gradual
adsorption related to the rate limiting step (microand
mesopore diffusion) (Figure not shown). The intrapar-
ticle diffusion, ki, values were obtained from the
slope of the second linear portions of the plot of g, vs.
t°5 for various m-PDA concentrations. The intercept of
the plot provided an estimation of the thickness of the
boundary layer, i.e. the larger the intercept value, the
greater was the boundary layer effect [25]. A high
regression coefficients (R?) (0.945-0.972), low SE
(0.114-0.0.247) and SSE (0.039-0.492) value suggested
a significant relationship between g and t°° all the
three tested concentrations of m-PDA. The intraparti-
cle rate constant values (k;,) increased from 0.326 to
0.492 mg g ' min’” with the increase in the initial con-
centration of m-PDA from 50 to 100 mgL™" (Table 1).
The increase in ki, values with increasing initial m-
PDA concentration can be explained by the growing
effect of driving force resulted in reducing the diffu-
sion of m-PDA in the boundary layer and enhancing
the diffusion in the solid [35]. Moreover, the variation
of intra-particle diffusion rate constant is a normal
phenomenon as reported in various studies [25]. The
value of intercept, C, increased (14.263-23.654) with
increasing concentration of m-PDA (50-100 mgL™).
This happened because a high m-PDA concentration
seemed to have provided better driving force to exter-
nal mass transfer process. On the other hand, C was
#0 at all the test conditions, thereby suggesting that
intraparticle diffusion was not the rate-limiting step
and external mass transfer has also played an impor-
tant role in m-PDA sorption by activated carbon [36].
The diffusion coefficients for the intraparticle transport
of m-PDA within the pores of activated carbon parti-
cles have been calculated by Eq. (6) [37]:

(6)

The average radius of the adsorbent particles and the
time required to change half of adsorption of m-PDA
were denoted by 7y (m) and t;,, (min), respectively.
The half-adsorption time (t;,2) can be calculated
from the equilibrium concentration and the PSO rate
constant values [38]. The calculated Dipp values ran-
ged from 7.52x107" to 5.16x107* m®s™"' for three
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concentrations studied indicating that IPD does not
account for the rate-controlling step of m-PDA [39].
Though, the IPD kinetic model represents the
adsorption of m-PDA from aqueous solution by
activated carbon, it cannot be considered as the rate
controlling step.

3.4. Boyd plot

The kinetic data were further analyzed by Boyd
filmdiffusion model for evaluating the contribution of
film resistance and to determine the actual rate con-
trolling step involved in the sorption of m-PDA on to
activated carbon. Boyd model assumes that the main
resistance to diffusion is within the boundary layer
surrounding the adsorbent and is expressed as [40]:

6 N1 )
F=1- ﬁ;ﬁexp(—n Bt) (7)

where F is the fractional attainment of equilibrium, at
different times, t, and Bt is athe function of F.

p_ At @®)

B, can be used to calculate the effective diffusion coef-
ficient, D; (cm®s™"), from the equation:

_ II’Di

B="0
0

)

where 7y is the radius of the adsorbent particle and n
is the integer that defines the infinite series solution.
Bt is given by the equation:

Bt = —-0.4977 — In(1 — F) (10)

Thus, the value of Bf was computed for each value
of F, and then plotted against time to form the so-
called Boyd plot (Figure not shown). The linearity of
Boyd plot was employed to distinguish between sorp-
tion controlled by film diffusion and particle diffusion
[41]. A straight line passing through the origin is
indicative of adsorption processes governed by parti-
cle-diffusion mechanisms. If the plot is nonlinear or
linear but does not pass through the origin, then it is
concluded that the process is controlled by film-
diffusion [42]. The plots in the present study were
neither linear nor passed through the origin at various
initial concentrations, indicating the film diffusion-
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controlled mechanism. In general, external transport is
the rate-limiting step in systems, which have poor
mixing, dilute concentration of adsorbate, small parti-
cle size, and high affinity of adsorbate for biosorbent.
However, the intraparticle step limits the overall trans-
fer for those systems that have high concentration of
adsorbate, good mixing, large particle size of sorbent
and low affinity of adsorbate for sorbent [43]. In the
present study, the strong external resistance which
hinder the external mass transfer may be owing to the
poor mixing (agitation speed 140 rpm), low concentra-
tion of adsorbate (initial concentration, 50, 75 and
100 mg L™"), and small particle sizes of activated car-
bon (250 pm). Besides, the m-PDA displays higher
affinity for the activated carbon, which results in low
internal resistance. Because the overall rate of sorption
will be controlled by the slowest step, so that the
external mass transport (film diffusion) mainly gov-
erns the intraparticle diffusion. Similar results were
reported in the literature [44,45].

3.5. Adsorption equilibrium

Analysis of equilibrium data is essential for deriving
an equation that can be used to design and optimize an
operating procedure for adsorption process. To
examine the relationship between adsorption of m-PDA
and aqueous concentration at equilibrium, various
adsorption isotherm models including the Langmuir
[46], Freundlich [47], and Redlich-Peterson [48] were
employed for fitting the data in the present work. The
isotherm constants along with statistical parameters at
various temperatures are presented in Table 4.

The Langmuir model used to estimate the maxi-
mum metal uptake value where it could not be
reached in the experiments and it contained two
important parameters of the adsorption system (K
and b). The regression coefficients demonstrated that
the adsorption of m-PDA matched better with the
Redlich-Peterson (R*>0.982) and Langmuir isotherms
(R*>0.939) than the Freundlich isotherm. The values
of maximum adsorption capacity (K.) and the coeffi-
cient attributed to the affinity between the sorbent and
sorbate in the Langmuir model increased from 39.904
to 41893 mgg ' and 0.046 to 0.066Lmg ', respec-
tively, with increase in temperature from 293 to 323 K,
indicating that the adsorption is endothermic process.
The increasing trend in adsorption capacity with tem-
perature may be due to the atrophy of sorptive forces
between the active sites of the activated carbon and
m-PDA. The separation factor, Rp (0<Rp<1),
indicated that the activated carbon was a suitable
adsorbent for sorption of m-PDA from aqueous
solutions.
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Table 4
Isotherm parameters for m-PDA adsorption on activated carbon at various temperatures

Temperature (K)
Models 293 303 313 323
Experimental g, 32.156 33.171 34.807 35.328
Langmuir Je = f’ifci
) O

b (Lmg") 0.046 0.051 0.055 0.066
ky (mgg™) 39.904 40.322 41.027 41.893
Ry, 0.241 0.355 0.412 0.601
rR? 0.939 0.971 0.983 0.990
SE 0.361 0.314 0.285 0.249
SSE : 0.653 0.493 0.407 0.310
Freundlich ge = KeCi
Ke (Lg™ 43.268 54.344 61.307 72424
N 2.7367 3.013 3.232 3.945
rR? 0.801 0.825 0.807 0.845
SE 0.437 0.365 0.414 0.249
SSE . 0.924 0.737 0.961 0413
Redlich—Peterson ge = 152‘]’55;
Kgp (mgg™") ) 34.936 35.054 36.236 37.128
agp (Lmg ") 0.486 0.524 0.547 0.594
YRP 0.872 0.846 0.913 0.938
R? 0.982 0.995 0.989 0.992
SE 0.418 0.165 0.342 0.207
SSE 0.714 0.225 0.524 0.485

The Freundlich isotherm is originally empirical in
nature and has been used widely to suit experimental
data of liquid phase sorption [43]. The magnitude of n
in this model can quantify the favorability of adsorp-
tion and the degree of heterogeneity of the activated
carbon surface. The values of n were found in this
study to be larger than unity, indicating that the
m-PDA is favorably adsorbed by activated carbon at
various temperatures. Statistically, the Freundlich
model gave a satisfactory shape to the experimental
data with moderate R* (0.801-0.845) and low SE
(0.249-0.437) and SSE (0.413-0.961) values.

The equilibrium adsorption data were well ade-
quately represented by the Langmuir and Freundlich
isotherms, respectively. The Langmuir type isotherm
suggested surface homogeneity of the adsorbent, while
the Freundlich type adsorption isotherm is an indica-
tion of surface heterogeneity. This may be due to both
the homogeneous and heterogeneous distributions of
active sites on the activated carbon surface. The
adsorption properties of the activated carbon are thus,
likely to be complex and would involve more than
one mechanism [49].

Among the isotherm models having three param-
eters, the Redlich-Peterson has been most frequently
employed in liquid phase adsorption systems and

has the features of the Langmuir and Freundlich
isotherms. It approaches the Freundlich model at a
high concentration and is in accordance with the
low concentration limit of the Langmuir equation.
The Redlich-Peterson model correctly simulates the
adsorption isotherms of m-PDA-activated carbon
system at various temperatures (Fig. 4). The regres-
sion coefficients (R*>) were very high (0.982-0.995),
and with low values of SE (0.165-0.548) and SSE
(0.225-0.714) for tested systems. The ygrp values ran-
ged from 0.872 to 0.938 i.e. the data can preferably
to be fitted with the Langmuir. This is confirmed by
the satisfactory fit of the data to the Langmuir
model.

3.6. Multi-stage batch design model

A wastewater treatment process consisting of a ser-
ies of adsorption and desorption stages can be consid-
ered as a multi-stage equilibrium operation, and an
adsorption isotherm is generally used to design a
multi-stage adsorption/regeneration system [50,51].
The design objective is to reduce the m-PDA
concentration in the feed (of volume V) from C, to C,
(mg L"), reusing the adsorbent (of mass W) in each
adsorption stage after desorption (Fig. 5). The dye
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Fig. 4. Experimental (legends) and the Redlich-Peterson
(lines) isotherms for sorption of m-PDA by activated car-
bon at various tem}:{eratures (pH 7.0 and solid to liquid
ratio (s/1) of 1.6 gL ™).

mass balance for batch adsorber system (1) can be
written as:

VCy_1 + Wgr = VC,, + Wy (11)

Assuming that the desorption efficiency of the studied
system was 100%, so g, =qo=0, and the Eq. (11)
becomes:

V(Cn,1 — Cn) = an (12)
Adsorption isotherm data were found to fit the
Langmuir model for adsorption of m-PDA on AC.

Thus, the Langmuir equation can be used to for g, in
Eq. (12):

14 _ Ci1—Cy (13)

v ( bk, C, )
(1+bCy)

Eq. (13) can be solved to give:

— Wbk, — bC,1) 1/ Wbk, — BCy1)+4HC
" 2b

(14)
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For the first adsorption cycle (n = 1), C,; in Eq. (14) is
replaced by the initial concentration Cy. Eq. (14) was
used to determine the concentration after each stage
of treatment for a given feed concentration C, and
weight of adsorbent (W) using the Langmuir isotherm
constants. The amount of adsorbent (W) was estimated
for a five-stage-adsorption-desorption system to
achieve m-PDA removal ranging from 10 to 99% with
various initial concentrations (25-150 mgL™") (Fig. 6).
The amount of adsorbent increased linearly with the
percentage m-PDA removal up to elimination of
around 90-95%. This may be attributed to the fact that
as adsorbent approaches its maximum loading in each
of the adsorption cycles, the amount of m-PDA
removed per gram of adsorbent was approximately
constant. However, the m-PDA concentration in the
final adsorption stage should be low so that the adsor-
bent used in this stage will not be fully saturated to
achieve high removal.

An experimental study of a five-stage adsorption—
desorption process was conducted for the adsorption
of m-PDA with an initial concentration of 50 mgL™"
onto AC for validation of the model. The value of the
percentage removal achieved after each stage obtained
from the model and the experiment was compared
(Fig. 7). The percentage removal of m-PDA was
increased from 19 to 93% in stages 1-5, and there was
good consonance between the experimental data and
the model.

3.7. Adsorption thermodynamics

The thermodynamic parameters, such as the stan-
dard Gibbs free energy AG° (kJmol™'), standard
enthalpy change AH® (Jmol '), and standard entropy
change AS® (Jmol ' K) were calculated using the Egs.
(15-17):

AS?  AH®
AG’ = —RT InKc (16)
K — M — Vadscads (17)

Ye 7.Ce

where K. is the thermodynamic distribution coeffi-
cient, T is the absolute temperature (K), R is the gas
constant (Jmol 'K), C.qs is the amount of m-PDA
adsorbed on the adsorbent (mgg™'), C. is the
equilibrium concentration of the m-PDA in the
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Fig. 5. Schematic diagram of two stages in a multi-stage batch adsorption/desorption system.
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Fig. 6. The adsorbent dose required as a function of the
m-PDA removal for a range of initial m-PDA concentrations
using a five stage batch adsorption—desorption system.

solution (mg L, Yaas is the activity of adsorbed
m-PDA, vy, is the activity of m-PDA in solution at
equilibrium, y.qs is the activity coefficient of adsorbed
m-PDA and y. is the activity coefficient of m-PDA.
The expression of K. can be simplified by assuming
that the concentration in the solution approaches
zero resulting in C,gs—0 and C.—0, and the

Adsorption-desorption stage

Fig. 7. Performances of batch adsorption-desorption for
removal of m-PDA using activated carbon with five stages
adsorption and desorption.

activity coefficients approach unity at very low
concentrations [52].

An increase in temperature (293-323 K) resulted in
an increased rate of m-PDA adsorption indicated that
the process was endothermic (Fig. 3). The van’t Hoff
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plot of In Kc vs. 1/T (Figure not shown) resulted in a
straight line with a slope of AH® (Jmol ') and an inter-
cept of AS° (Jmol ' K). Consequently, the adsorption
thermodynamics parameters were calculated by the
above equation (Table 5). The overall AG® during the
adsorption was negative for the range of temperatures
investigated, and the degree of spontaneity of the
reaction increases with increasing temperature. The
positive value of AH® confirmed the endothermic nat-
ure of the adsorption also supported by the increase
in value of AC uptake with the rise in temperature.
As the temperature increased, more active sites upon
the AC were available, which resulted in an enhance-
ment in adsorption due to the increase in surface
activity and kinetic energy of the m-PDA molecules.
The experimental enthalpy change was below 40 kJ
mol !, which implied that physisorption dominate the
adsorption of m-PDA onto AC [53]. The positive value
of AS® (21.53 JK mol™") corresponds to an increase in
the randomness at the solid—solute interface, which
indicates that the affinity of m-PDA toward the AC
was high. Similar results were reported in the litera-
ture [54,55].

3.8. Reuse of the adsorbent

Desorption experiments were performed to investi-
gate the possibility of the regeneration of the activated
carbon as it enhanced the economic value of adsorp-
tion process. The desorption efficiency (%) was
defined as the ratio of the amount of the m-PDA des-
orbed to the amount of the m-PDA adsorbed. About
98% adsorbed m-PDA was desorbed from the spent
adsorbent using 5% acetone, and the adsorbent could
be regenerated and reused at least five times without
a significant loss (around 4-8%) of the sorption capac-
ity. Even after five cycles of adsorption-desorption
cycles, no loss of adsorbent was observed, which
made the adsorbent most suitable for the industrial
applications. These results indicated that the m-PDA
adsorption on activated carbon was reversible and rel-
atively easy for the adsorbed m-PDA to be desorbed
from the samples.

Table 5
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3.9. FTIR and SEM analysis

FTIR analysis was performed to confirm the pres-
ence of various functional groups, such as hydroxyl,
carboxyl, sulfhydryl, sulfonate, etc. above groups in
activated carbon and to elucidate the nature of the
AC-m-PDA interaction. The FTIR spectra of unloaded
and m-PDA loaded form of AC in the range of
400-4,000 cm ™! were taken (Fig. 8). The FTIR spectrum
of activated carbon showed several distinct and sharp
absorptions at 3,434 cm™' (indicative of primary
amide, N-H group), 2,924 cm ! (indicative of —CH
stretching), 2,617 cm ! (indicative of carboxylic acids,
O-H group), 2,362 cm ™' (indicative of N-H stretching
of amide), 1,629 cm™ ! (indicative of amide I band of
amide bond in N-acetyl glucosamine polymer or of the
protein peptide bond), 1,384 cm ! (indicative of nitro
group, N=0) and the band at 1,022 cm ™" (indicative of
ether group, C-O). The FT-IR spectra of activated car-
bon after adsorption of m-PDA indicated shift in the
intensity of bands from 3,434 to 3,439 cam™}, 2,924 to
2918 em™, 2,362 to 2,357 cm ', 1,629 to 1,635 cm,
and 1,384 to 1,380 cm '. The changes in the spectra
showed involvement of amide groups, O-H group of
carboxylic acids, and nitro groups in sorption of
m-PDA.

SEM images of activated carbon before (Fig. 9(a))
and after adsorption (Fig. 9(b)) of m-PDA clearly dis-
tinguish two cases. The surface of activated carbon
before adsorption showed an uneven surface and por-
ous structure. Pores and cavities of various dimen-
sions are also clearly evident on the surface and are
highly heterogeneous. The heterogeneous pores and
cavities provided a large exposed surface area for the
adsorption of m-PDA, and indicate that there was a
good possibility for the m-PDA molecules to be
trapped and adsorbed onto the surface of the activated
carbon. These cavities are large enough to allow the
m-PDA molecules to penetrate and interact therein
with the surface groups. After adsorption of m-PDA,
the pores were filled and they appear to be
prominently swollen. This observation indicates that
m-PDA is adsorbed to the functional groups present
inside the pores.

Thermodynamic parameters for m-PDA adsorption onto activated carbon at various temperatures

Temperature (K) AG° (k] mol™) AH° Jmol™) AS° (J mol K) Y
293 -1.21 13.60 21.53

303 -1.09

313 —0.97

323 -0.82




573 B

379
3731

CR - S

8 2

%T

1. Patel et al. | Desalination and Water Treatment 57 (2016) 4205-4219 4217

~ ]

2018
3439

2617

3434

1635 1022 670

1380

1629 117 1027 670

1384

4000 3600

3200 2800 2400 2000

1800 1600 1400 1200 1000 800 600 400
cm-1

Fig. 8. FTIR spectra of activated carbon (A), and m-PDA loaded activated carbon (B).

Fig. 9. SEM of activated carbon (a), and m-PDA loaded activated carbon (b).
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4. Conclusions

The removal of m-PDA from aqueous solutions
using activated carbon was systematically studied.
The adsorption process was pH dependent and the
optimum pH for maximum adsorption was 7.0.
Adsorption kinetics was well described by the
pseudo-second-order rate equation and the equilib-
rium isotherms belong to the Redlich-Peterson model.
The Weber—Morris intraparticle diffusion model suited
well to the time-course m-PDA sorption data, thus
implying involvement intra-particle diffusion pro-
cesses in sorption of m-PDA by activated carbon.
However, the Boyd kinetic expression clearly showed
that the film diffusion was the dominant process. A
model was developed to predict the dose of adsorbent
required to achieve a range of m-PDA removals for a
given number of adsorption—desorption cycles, based
on the Langmuir isotherm data. The model was found
to be in excellent consonance with the experimental
results obtained for five stages of adsorption—desorp-
tion. The adsorption capacity increased with the corre-
sponding rise in temperature indicating that the
adsorption was an intrinsic and endothermic process.
This was also supported by the thermodynamic
parameters calculated at different temperatures. The
FTIR spectra of raw and m-PDA loaded activated car-
bon indicated that amide, carboxylic acid and nitro
groups were major binding sites of m-PDA.
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