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ABSTRACT

The aim of this study is to investigate the use of moleculary imprinted polymers (MIPs)
material as an alternative adsorbent for the adsorption of humic acid (HA) from peat water
in batch mode. The MIPs were prepared with methyl methacrylate as a monomer, HA as
templates, ethylene glycoldimethacrylate as a cross-linker, and dimethyl formamide as a sol-
vent. The characteristics of MIPs were evaluated using Fourier transform infra-red spec-
troscopy, scanning electron microscope, and Brunauer-Emmett-Teller methods. The
Langmuir, Freundlich, and Sips models were applied to describe the equilibrium isotherms
using non-linear regression analysis. Pseudo-first-order, pseudo-second-order, intraparticles,
and Boyd kinetic models were used to describe the kinetic data. The results showed that the
equilibrium contact time was 60 min. The experimental results indicated that the percentage
of sorption increases with an increase in the adsorbent dosage and temperature. The adsorp-
tion percentage decreased with increasing peat water pH from 2 to 12. The equilibrium data
fitted well for the Langmuir adsorption isotherms, with monolayer adsorption capacity of
MIPs found to be 45.45 mg/g. The results of the kinetic study show that the adsorption of
HA onto MIPs could be described by the pseudo-second-order kinetic model with a rate con-
stant in the range of 0.034-0.115 g/mg min and controlled by film diffusion, with the effec-
tive diffusion coefficient was found in the range of 7.42x 107%-13.84 x 107® cm?/s.
Thermodynamic parameters data indicated that under the experimental conditions, the HA
adsorption process was non-spontaneous and endothermic, with the Gibbs free energy (AG®)
in the range of 3.71-1.17 k] /mol, whereas enthalpy (AH") and entropy (AS°) at 16.17 and
42.70 T mol?, respectively.
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1. Introduction

Humic acid (HA) is one of the major components
of peat water which is formed by the microbial
degradation of biomolecules. The presence of HA in
water may lead to yellowish or brownish color, taste
and odor problems, and to biological instability of
drinking water in distribution systems. Moreover, the
high affinity of humic substances for complexation
with various pollutants including heavy metals and
pesticides could cause contamination of ground and
surface water. In addition, during chlorination step in
drinking water treatment, HA will form very toxic
disinfection by-products (chlorinated organic com-
pounds including trihalomethanes) which exhibit
mutagenic properties. Thus, the removal of HA from
surface water or wastewater is very important.

Different methods have been applied for removal
of HA. These include coagulation—flocculation [1-4],
electro-coagulation [5], oxidation [6], photocatalysis [7],
biofiltration [8], and membrane technology [4,9-11].
However, these methods are not widely used due to
their high costs and economic disadvantages. Due to
their simplicity and high efficiency, adsorption treat-
ments have been extensively applied to remove
organic pollutants in aqueous environments. In the
past years, several adsorbents have been employed for
HA adsorption including activated carbon [12-14],
eggshell [15], bentonite [16-19], chitin and chitosan
[20-24], silica [25], fly ash [26-28], metal hydroxide
[29], and others [30-34].

Molecularly imprinted polymers (MIPs) are syn-
thetic materials having artificially generated recognition
sites able to rebind a specific target molecule. These
materials are obtained by polymerizing functional and
cross-linking monomers around a template molecule,
leading to a highly cross-linked, three-dimensional net-
work polymer. The monomers are chosen by consider-
ing their ability to interact with the functional groups of
the template molecule. Once polymerization has taken
place, the template molecule is extracted to establish
binding sites with shape, size, and functionalities com-
plementary to the target analyte. The resulting MIPs are
stable, and they show many advantages such as high
mechanical strength, robustness, and resistance to a
wide range of pH, solvents, and temperatures. There-
fore, their use for the treatment of complex matrices,
environmental samples, or food and beverage samples
has rapidly become widespread [35-37].

In the present work, a selective MIP intended to
adsorption of HA from peat water was prepared. The
MIPs and the correspondent non-imprinted polymers
(NIPs) were prepared by radical polymerization tech-
nique. The physical properties of the MIPs were
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characterized by Fourier transform infra-red (FT-IR)
spectroscopy, scanning electron microscope (SEM),
zeta potential, and Brunauer-Emmett-Teller (BET)
method. The effects of agitation time, pH, adsorbent
dosage, and temperature on adsorption of HA from
peat water were investigated. The kinetics of the
removal process were determined using pseudo-first-
order, pseudo-second-order, intraparticle diffusion,
and Boyd kinetic models. The Langmuir, Freundlich,
and Sips isotherm models were used to evaluate the
equilibrium adsorption data.

2. Materials and methods
2.1. Materials

Methyl methacrylate (MMA) as a functional mono-
mer, HA as a template, ethylene glycoldimethacrylate
(EGDMA) as a cross-linker, 2,2-azo bis isobutyronitrile
(AIBN) as an initiator, and dimethyl formamide
(DMF) as a solvent were purchased from Merck
(USA). All chemicals used were analytical grade and
without further purification.

Peat water sample was obtained from Rimbo
Panjang, a subdistrict of Kampar in Riau Province,
Indonesia. The characteristics of peat water sample
can be seen in Table 1.

2.2. MIPs material preparation

The MIPs material synthesis was proposed by
blending of 5 mmol of MMA (0.500 g), 20 mmol of
EGDMA (4.20 g), and 100 mg of AIBN to HA as a
template. This solution was stirred for about 30 min
until a homogeneous solution was attained. The pre-
pared solution was then cooled to 0°C, purged with
nitrogen (99.99%) for 10 min, sealed, and heated at
60°C during 24-h stirring. The obtained materials were
grounded in a mortar and dried in a hot air oven at

Table 1

The characteristic of peat water sample

Parameters Unit Result
Color Pt—Co 522
Organic compounds mg/L KMnOy 276
pH - 4.02
Conductivity uS/cm 82
Turbidity mg/L SiO, 7.8
Iron mg/L 0.32
Manganese mg/L 0.15
Calcium mg/L 0
Magnesium mg/L 6.7
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60°C for 2 h and sieved to acquire the powdered parti-
cles. The machine was set to automatically sieve the
grinded sample at a particle size of 75 pm. ca. Five
grams of these powdered particles were subjected to
leaching with 200 mL of 5 M HNO; for 5 h to obtain
MIPs material, and then washed with methanol. After
washing, the sorbent particles were dried by means of
vacuum, after which they were ready for use. The
control polymer materials, i.e. the NIPs, were pre-
pared in a similar way to that of the MIPs preparation,
but without the HA molecule as a template.

2.3. Characterization of MIPs material

FT-IR spectroscopy was used to identify the chemi-
cal groups present in the MIPs. The samples were
examined using a Perkin Elmer 3100 spectrophotome-
ter within the range of 400-4,000 cm™'. The relation
seeds/KBr employed was approximately 1% in
weight. The background obtained from the scan of the
air (without sample in the spectrophotometer win-
dow) was automatically subtracted from the sample
spectra. The surface morphologies of the MIPs and
NIPs materials were analyzed using a SEM (JEM-2010,
JEOL). The surface area of MIPs was analyzed through
nitrogen adsorption measurements at 77 K using
Micromeritics Gemini 2370 (USA) equipment.

2.4. Batch sorption studies

Each 0.5g of the MIPs and NIPs materials were
placed in a 100 mL Erlenmeyer flask containing 50 mL
of peat water sample. The mixtures were stirred in
thermostatic shaker bath (Innova 3000, 3000) at
100 rpm and at 25°C for 1, 5, 10, 20, 30, 40, 60, 90, 120,
and 240 min. After that, the suspension was taken out
and the supernatant was centrifugated. The super-
natant was then analyzed for the remaining HA con-
centration by an ultraviolet-visible spectrophotometer
model UV-vis 1601 (Shimadzu, Japan) at the A 400 nm
[23]. The percent adsorption of HA was calculated
using the following equation:

% Adsorption = % x 100 (1)

1

where C; and C, are the initial and final concentrations
of HA (mg/L) in solution, respectively.

The adsorption capacity of an adsorbent was
obtained from the mass balance on the sorbate in a
system with solution volume V, which is expressed as:

G —Ce
—X
m

e(mg/g) = v )
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where C; and C, are the initial and final concentrations
of HA (mg/L) in solution, respectively. V is the vol-
ume of solution (L) and m is the mass of materials (g)
used.

The effects of adsorbent dosage on HA adsorption
from peat water were investigated by agitating differ-
ent dosages of MIPs particles (0.05; 0.1; 0.25; 0.5; 0.75;
and 1g) in 50 mL peat water for 60 min at original
pH of peat water (=4.02) and shaking speed at
100 rpm.

The dependence of HA adsorption on pH was
studied through batch sorption experiments in the pH
range from 2 to 12, by shaking a series of bottles con-
taining 0.5 g of MIPs and 50 mL peat water solution in
a thermostatic shaker bath for 60 min and shaking
speed at 100 rpm. The pH was adjusted by addition of
0.1 M HCI and NaOH.

The effect of temperature on HA adsorption was
determined by shaking 0.5 g of MIPs in 50 mL peat
water at four different temperatures 25, 45, 65, and
80°C at original pH of peat water and shaking speed
at 100 rpm.

2.5. Study of adsorption isotherm

The HA adsorption isotherm experiments using
MIPs materials were conducted by mixing 0.5g of
MIPs with 50 mL peat water, with other conditions
were held constant at contact time of 60 min, tempera-
ture of 25°C, and at original pH of peat water. The
experimental data were then calculated to determine
the adsorption isotherm by wusing the Langmuir,
Freundlich, and Sips models.

2.6. Study of adsorption kinetics

The HA removal kinetics study was performed by
mixing 0.5 g of MIPs with 50 ml of peat water sample
at temperature of 25, 45, 65, and 80°C for 1, 5, 10, 20,
30, 40, 60, 90, 120, and 240 min, with other conditions
were held constant at pH of 4.12, particle size of
75 pm, and shaking speed at 100 rpm. The experimen-
tal data were then calculated to determine the adsorp-
tion kinetics using the pseudo-first-order, pseudo-
second-order, intraparticle, and Boyd kinetic models.

3. Results and discussion
3.1. Characterization of MIPs adsorbent particles

The FI-IR spectra of the MIPs after removing the
template as well as the NIPs, all prepared under the
optimal conditions, are presented in Fig. 1. It can be
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Fig. 1. FT-IR spectrum of (a) NIPs and (b) MIPs materials.

seen from Fig. 1(a) that the NIPs exhibited a stretching
vibration band of -CH at a wavelength of
2,956.87 cm™'. The peak at 1,728.22 cm™' was assigned
to stretching vibration band of C=0, while the peaks
at 147554 and 1,161.15cm ' were assigned to the
stretching vibration bands of —-CH; and -O-CHj,
respectively. One surprising observation was that
there was no significant difference between MIPs and
NIPs spectrum and the absorption bands correspond-
ing to the HA were not observed in the MIPs spectra
(Fig. 1(b)), which demonstrates that HA molecules
were washed off during the leaching process.

From the two photos (Fig. 2(a) and (b)), we can
know that the surface of MIPs was rougher than that
of NIPs and there were many cavities in MIPs but few
in NIPs, which indicated that MIPs had many imprint-
ing cavities that were favorable for rebinding template
molecules while NIPs had not. Thereby, the MIPs had
stronger adsorption capacity to the template than the
NIPs did.

Fig. 3 shows the N, adsorption-desorption iso-
therms for the MIPs with its corresponding control
adsorbent particles (the NIPs). Detail characteristics of
the pore structure of the imprinted and non-imprinted

1750 1500 1250 1000 750 500

polymers prepared are presented in Table 2. It is
worth noting that the BET surface area did not change
significantly between the imprinted polymer and the
control polymer. This result precluded the assumption
that the porous features of the polymers are not
dependent on the imprinted template. Similar results
have been reported by Gémez-Pineda et al. [38].

3.2. Effect of agitation time on adsorption processes

The effect of agitation time on HA adsorption onto
the MIPs and the NIPs materials is shown in Fig. 4. It
can be seen that for both the adsorbent materials, a
rapid initial adsorption of HA takes place at the begin-
ning of agitation time and thereafter, the adsorption
increases gradually with an increase in the agitation
time and reaches equilibrium after 60 min. This may
be due to the high availability in the number of vacant
surface sites at the initial stage.

From Fig. 4, we can also observe that the amount
of HA adsorption using the MIPs is higher than that
of using the NIPs for the same agitation time period.
This result demonstrated the excellent imprinting
effect of the MIPs materials adsorbent for the HA.
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Fig. 2. Surface morphology of (a) MIPs and (b) NIPs materials.
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Fig. 3. N, adsorption—-desorption isotherm for (a) MIPs
and (b) NIPs materials.

3.3. Effect of dosage on adsorption processes

Adsorbent dosage is an important parameter
because it determines the capacity of an adsorbent for
a given initial concentration of the adsorbate [39,40].
To investigate the adsorption capacity of the MIPs,
different amounts of particles adsorbent ranging from
0.05 to 1.0 g were mixed with the peat water for 60

Table 2
Characteristics of MIPs and NIPs adsorbent particles
Parameters MIPs NIPs
BET surface area (m*/g)® 381 343
Micro pore volume (cm®/g)° 0.03 0.06
Total pore volume (cm®/g) 0.7 0.8
*Applying BJH model.
PDetermined by t-plot.
100
80 —
£ 60 %
&
=]
5 40 —e— MIPs
GE —&— NIFs
s 20
0 T

0 30 60 90 120 150 180 210 240
Contact time (min)

Fig. 4. Effect of agitation time on HA removal from peat
water (volume 50 mL, dosage 0.5 g, pH 4.02, particle size
75 um, shaking speed 100 rpm, and temp. 25°C).

min. The amount of HA removed by adsorption using
the MIPs are presented in Fig. 5. It is observed that,
the percentage removal of the HA increases with an
increase in the dosages until a point where any further
addition of adsorbent did not cause any significant
change in the percentage of adsorption. Increased HA
adsorption with increasing MIPs dosage is attributed
to the increase of total adsorbent surface area. Near
optimum adsorption was observed in the case of 0.5 g
of MIPs.
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Fig. 5. Effect of adsorbent dosage on HA removal from
peat water (contact time: 60 min, volume 50 mL, pH 4.02,
particle size 75 um, shaking speed 100 rpm, and temp.
257°C).

3.4. Effect of pH on removal processes

To explore the effects of solution pH of the peat
water on the percentage removal of HA, a series of
solutions with pH values from 2.0 to 12 was prepared.
The experiment was carried out at 25°C and the
results are shown in Fig. 6. As shown in Fig. 6, the
experimental data showed that the adsorption was
higher in acidic conditions than in basic ones; the
higher HA adsorption was achieved at pH 2. With
increasing pH value, the HA adsorption was shown to
diminish. This indicates that the adsorption of HA
from peat water using the MIPs is favored at lower
pH values. It was stated that the MIPs contain polar
functional groups such as carboxylic group in their
molecular structure, which can be involved in adsorp-
tion. At low pH, the concentration of H" ion in the
system increases and this functional group was proto-
nated, with the surface of the adsorbent acquiring a
positive charge. As previously explained, HA is the
main component of peat water, which consists of
many phenolic and carboxylic functional groups, and
can be ionized in aqueous medium and may acquire a

20 A

% Adsorption

Fig. 6. Effect of pHs on HA removal from peat water
(contact time: 60 min, volume 50 mL, dosage 0.5 g, particle
size 75 nm, shaking speed 100 rpm, and temp. 25°C).
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negative charge. Hence, in acidic conditions, these
groups are led to the imprinted cavities of the MIPs
due to the strong electrostatic forces from the proto-
nated carboxylic groups of the MIPs, or other possible
driving forces such as van der Waals” and hydropho-
bic interactions.

With the increase of peat water pH, less polar
functional groups on the MIPs surface were proto-
nated and the adsorbent became more negatively
charged; thus, the electrostatic repulsion between the
these functional groups and adsorbent occurred,
which leads to a decrease in the amount of HA
adsorption.

3.5. Effect of temperature on adsorption processes

The effects of temperature on the adsorption of
HA using MIP materials are shown in Fig. 7. As
shown in Fig. 7, the adsorption capacity of the HA
increased with increasing temperature. This is due to
increase in the mobility of HA molecule with increas-
ing temperature [13,18,26] where more molecules
move across the external boundary layer and the inter-
nal pores of the adsorbent particles. Furthermore,
increasing temperature may produce a swelling effect
within the internal structure of adsorbent, making
possible the penetration of the large HA molecule fur-
ther [41-46]. Similar results have been reported on
acid activated Greek bentonite [18], on unburnt carbon
[26], on bentonite [17], as well as on activated carbon
prepared from biomass material [13].

3.6. Adsorption isotherm

The adsorption isotherm represents the relation-
ship between the amount adsorbed by a unit weight
of solid adsorbent and the amount of adsorbate
remained in the solution at the equilibrium time. In

100 \
80 — ?
2 60
% —h— SdaC
Z 40 —6— 65 diaC
< —— 45dkaC
T —— 25deaC
IE T T T T
0 30 60 90 120 150 180 210 240

Contact time (min)

Fig. 7. Effect of temperatures on HA removal from peat
water (volume 50 mL, dosage 0.5 g, pH 4.02, particle size
75 pm, and shaking speed 100 rpm).
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this experiment, three equilibrium isotherm models of
Langmuir, Freundlich, and Sips were examined. Lang-
muir isotherm refers to homogeneous adsorption,
where adsorption can only occur at a fixed number of
definite localized sites, with no transmigration of the
adsorbate in the plane of the surface. The Langmuir
model can be given as:

_ qmbC.
e 14bC,

3)

where C, is the equilibrium concentration (mg/L), ge
is amount of adsorbate adsorbed per unit weight of
absorbent (mg/g), g and b are the maximum adsorp-
tion capacity (mg/g), and Langmuir constant (L/mg),
respectively.

The Freundlich isotherm model is derived by
assuming a heterogeneous surface of adsorption
capacity and adsorption intensity with a non-uniform
distribution of heat of adsorption, in which it is
characterized by the heterogeneity factor, 1/n. The
Freundlich equation can be written as:

Je = KfCl/” (4)

where C, is the equilibrium concentration (mg/L), ge
is amount of adsorbate adsorbed per unit weight of
absorbent (mg/g), and K¢ and n are Freundlich con-
stants. A value of 1/n, ranging between 0 and 1, is a
measure of adsorption intensity or surface heterogene-
ity. A value for n greater than one indicates of a favor-
able adsorption process. The other Freundlich constant
K indicates the adsorption capacity of the adsorbent.

Sips isotherm is employed to analyze the equilib-
rium data obtained during batch adsorption studies.
Sips model is a combination of the Langmuir and Fre-
undlich models, having features of both the Langmuir
and Freundlich equations. It is expressed as:

GmKeqCe

Je = 1+ KegCl 5)
Sips isotherm equation is characterized by the hetero-
geneity factor, n, and it can be employed to describe
the heterogeneous system. K.q (L/mg) represents the
equilibrium constant of Sips equation and ¢, (mg/g)
is the maximum adsorption capacity. When n =1, Sips
isotherm equation reduces to the Langmuir equation
and it implies a homogeneous adsorption process [46].
Fig. 8 shows the fitting curves to the experimental
data. The parameters of the three isotherms calculated
based on Egs. (3)-(5) by non-linear regression using
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Fig. 8. Isotherm curve for HA removal from peat water
(contact time: 60 min, volume 50 mL, pH 4.02, particle size
75 pum, shaking speed 100 rpm, and temp. 25°C).

Excel software are presented in Table 3. As shown in
Fig. 8, the Langmuir isotherm model fits well to the
experimental results more than the Freundlich and
Sips isotherm models do, indicating that the adsorp-
tion of HA from peat water onto the MIPs is a mono-
layer adsorption. In addition, the isotherm parameters
from the models indicate that the Langmuir isotherm
produces a better fitting result in terms of regression
coefficient (Table 3). Based on the Langmuir isotherm
model, the maximum adsorption of HA from peat
water onto the MIPs at pH 4.01 and 25°C is found to
be 45.45 mg/g.

3.7. Adsorption kinetics

The kinetics of adsorption is vital because it con-
trols the efficiency of the process. In this study, the
pseudo-first-order, pseudo-second-order, intraparticle
diffusion, and Boyd kinetic models were applied to
investigate the controlling mechanisms of the adsorp-
tion of HA onto the MIPs materials. The pseudo-first-
order equation can be expressed as Eq. (6):

log (9e — g:) = logqe— (k1/2.303)t )

The pseudo-second-order model is based on the
assumption of chemisorption of the adsorbate on the
adsorbents. This model is given as Eq. (7):

t/q: = 1/kaq’ +t/qe @)

where g, is the amount of adsorption of HA (mg/g) at
time t (min), and k; (min™Y), k, (g/mg/min) are the
adsorption rate constant of pseudo-first-order and
pseudo-second-order adsorption, respectively. The
validity of the two models can be interpreted by the
linear plots of log (ge— gy vs. t and (t/g) vs. ¢,
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Table 3
Langmuir, Freundlich, and Sips constants for HA adsorption
Langmuir model Freundlich model Sips model
b (L/mg) Gm (mg/g) R? n K¢ (mg/g) R? Gm (mg/g)  Keq (mL/g) n rR?
0.224 45.45 0.994 4.00 15.21 0.967 45.82 0.098 0.858 0.988
1 coefficients close to 1. Also, the calculated g, values
0.5 L‘\“ agree very well with the experimental data at all tem-
s D e = perature. This means that the adsorption kinetics of
v 05 BN 4 : HA onto the MIPs obeys the pseudo-second-order
% 11 asoec ~ 0 kinetic model for the entire adsorption period.
s SR e 9 Adsorption kinetics is usually controlled by differ-
S Bl ™ ent mechanisms, and the most general of which is the
25 diffusion mechanism. To investigate the mechanism of
t (min) adsorption, the intraparticle diffusion and Boyd

Fig. 9. Pseudo-first-order model plots for HA removal
from peat water at different temperatures (volume 50 mL,
dosage 0.5g, pH 4.02, particle size 75 pm, and shaking
speed 100 rpm).

respectively. The rate constants k; and k, can be
obtained from the plot of experimental data.

Fig. 9 shows the kinetics of HA adsorption by
using pseudo-first-order model, and its kinetics
parameters are shown in Table 4. It was observed that
the pseudo-first-order kinetic model does not ade-
quately fit the experimental values. Also from Table 4,
it is indicated that the values of the correlation coeffi-
cients are not high for the various temperatures solu-
tion. Furthermore, a large difference of equilibrium
adsorption capacity (g.) between the experiment and
calculation was observed, indicating a poor pseudo-
first-order fit to the experimental data.

Plot of t/g; against t for pseudo-second-order
model under different temperatures are shown in
Fig. 10. From the slope and intercept values, ¢, and k;
were calculated and the results are shown in Table 4.
The linear plots of t/g; vs. t show a good agreement
with experimental data giving the correlation

Table 4

kinetic models is used. The intraparticle diffusion
model can be defined as:

g = kat'? + C ®)
where k4 and C are an intraparticle diffusion rate con-
stant (mg/g min'/?) and a constant, respectively. The
kq is obtained from the slope of linier plot of g; vs. t'/2.
If the plot of g; vs. t'/? gives a straight line and passed
through the origin, the sorption process is controlled
by pore diffusion only. However, if the data exhibit
multilinear plots, then two or more steps influence the
sorption process.

From the plot of g; against t'/? (Fig. 11), it can be
seen that these plots generally have a dual nature,
implying that more than one process affected the sorp-
tion. From these figure, it is clear that at all tempera-
tures, the adsorption processes of the HA follows two
phases, suggesting that the intraparticle diffusion (or
pore diffusion) is not the rate-limiting step for the
entire reaction. The initial portion of the plot indicated
an external mass transfer (or film diffusion) whereas
the second linear portion is due to intraparticle or
pore diffusion. Extrapolating the linear portion of the

The pseudo-first order and second-order kinetic parameters for HA adsorption from peat water using MIPs

Pseudo-first-order

Pseudo-second-order

Temperature (°C) ky (min™") e,cal (Mg/g) R? ky (min™") Je,cal (MZ/g) R? Jeexp (MG/ Q)
25 0.053 2.415 0.980 0.034 3.401 0.992 3.28
45 0.076 2.864 0.986 0.053 3.559 0.996 3.45
65 0.081 2.710 0.983 0.086 3.690 0.999 3.65
80 0.145 3.304 0.994 0.115 3.953 0.999 3.92




15172

50 3
| as0dexc /_;
40 ®65deg C ,f//;/ 1
) AdSdeaC //_?-‘ Z
%} 30 A O25degC f”/// "
g P =
£ 20 ==
= -l
5 Pz
0| o4
0 f& . :
0 50 100 150

t (min)

Fig. 10. Pseudo-second-order model plots for HA removal
from peat water at different temperatures (volume 50 mL,
dosage 0.5g, pH 4.02, particle size 75 um, and shaking
speed 100 rpm).
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Fig. 11. Intraparticle model plot for HA removal from peat
water at different temperatures (volume 50 mL, dosage
0.5g, pH 4.02, particle size 75um, and shaking speed
100 rpm).

plot to the ordinate produces the intercept (C) which
is proportional to the extent of boundary layer thick-
ness [15,31,34,41,45-47]. The values of kg; and kg, as
obtained from the slopes of the two straight lines are
listed in Table 5.

The values of k4; and kg, for the adsorption of HA
slightly increased with increasing temperature from 25
to 80°C. This indicated that increasing temperature
slightly increases the migration of HA into the inner
structure of the MIPs. From Table 5, we also can see that
the value of C increased with increasing temperature.

Table 5
Parameter of the intraparticle diffusion model for the HA
adsorption from peat water using MIPs

Temperature (°C) ka1 C; ka» Cy

25 0.371 0.292 0.001 3.153
45 0.453 0.398 0.003 3.375
65 0.504 0.701 0.009 3.485
80 0.561 0.883 0.014 3.700
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This suggests that the effect of boundary layer diffusion
for the adsorption of HA on the MIPs probably become
more important at higher temperature because of the
greater random motion associated with the increased
thermal energy [34].

In order to determine the actual rate-controlling
step involved in the HA adsorption process, the kinetic
data as obtained by the batch method were further
analyzed using the Boyd kinetics model. Boyd’s kinetic
model determines whether the main resistance to mass
transfer is in the thin film (boundary layer) surround-
ing the adsorbent particle, or in the resistance to
diffusion inside the pores. This model is expressed as:

By = —0.4977 —In(1 — ) ©)

where B, is a mathematical function of F, and F is the
fraction of solute adsorbed at different times, t (h),
which is calculated as follows:

F=4q:/q, (10)
where g, represents the amount sorbed (mg/g) at infi-
nite time. The linearity of the plot of B; vs. time is
used to distinguish whether external (film diffusion)
and intraparticle diffusion controls the adsorption rate
[45,47-49].

A straight line passing through the origin is indica-
tive of sorption processes governed by particle-diffu-
sion (or pore diffusion) mechanisms. Otherwise they
are governed by film diffusion or chemical reaction
[48]. The calculated B values are used to calculate the
effective diffusion coefficient, D; (cm?/s) from the
equation:
B = n*D;/r* 1mn
where r represents the radius of the sorbent particle
(cm) by assumsing as spherical particles. From the
plot of B; against t (Fig. 12), it was observed that the
plots are linear with high correlation coefficient at all
temperatures but does not pass through origin, con-
firming that film diffusion is the rate-limiting step
[48].

The calculated D; values at different temperatures
are provided in Table 6. If film diffusion is the rate-
determining step, then the value of D; should be in
the range 107°-107® cm?/s, whereas if particle diffu-
sion is the rate-determining step, then the D; value
should be in the range 107''-107"° cm®/s [49]. The D;
values obtained from this work are in the range
107°-107® cm?/s, confirming that the slowest step in
HA adsorption on the MIPs is film diffusion.



M.A. Zulfikar et al. | Desalination and Water Treatment 57 (2016) 15164-15175

A 50 deg ©
C65degC
& 45 deg C
® 25 dezC

10 20 30 40

t (time)

Fig. 12. Boyd kinetic model for for HA removal from peat
water at different temperatures (volume 50 mL, dosage
0.5g, pH 4.02, particle size 75um, and shaking speed
100 rpm).

Table 6
The Boyd kinetic model parameters for HA adsorption
from peat water using MIPs

Temperature (°C) R? D; (x 108 cm?/s)
25 0.945 7.42

45 0.905 7.84

65 0.900 7.99

80 0.974 13.84

3.8. Thermodynamic studies

Thermodynamic considerations of an adsorption
process are necessary to conclude whether the process
is spontaneous or not. The experimental data obtained
at different temperatures were used in calculating the
thermodynamic parameters such as Gibbs free energy
change (AG®), enthalpy change (AH®), and entropy
change (AS®). The thermodynamic parameters were
determined using the following equations:

AG®° = — RTInb (12)
where

AS°  AH°
Table 7
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where R (8.314 J/mol K) is the gas constant, T (K) is
the absolute temperature, and K, (L/mg) is the
Langmuir isotherm constant. The value enthalpy (AH®)
and entropy (AS°) were calculated from the slope and
intercept of the plot of In K, vs 1/T. The results are
listed in Table 7.

The positive values of Gibbs free energy (AG®) at
all temperatures showed that the removal process was
non-spontaneous. The decrease of the Gibbs free
energy (AG®) from 1.17 to 3.71 kJ/mol with increase
temperature from 25 to 80°C indicated that the pres-
ence of an energy barrier at low temperature [50]. The
value of AG® becomes more negative with the increase
of temperature, which indicates that the reaction is
more favorable at high temperatures.

The positive AH® values obtained indicated that
the sorption process was endothermic in nature.
Generally, the enthalpy change (AH®) for physical
sorption is in the range 2.1-20.9 kJ/mol and chemical
sorption is in the range 80-200 kJ/mol [34]. Since the
value of AH® observed in the system is 16.17 k]/mol,
this process can be considered as physisorption. The
positive value of entropy change (AS®) indicates the
increased randomness at the solid—solution interface
during the adsorption of HA onto MIPs [34,41,42,50].

The other thermodynamic parameter is activation
energy (E,). The Arrhenius equation was applied to
evaluate the E, of the adsorption process:

Ea
Ink=1InA— -2
e=ma=rr

(14)
where k is rate constant of pseudo-second-order
kinetic model (g/mg min), E, is the activation energy
(kJ]/mol), A the Arrhenius factor, R the gas constant
(8.314 J/mol K), and T is the solution absolute tem-
perature (K). The linear plot of Ink vs. 1/T gives a
straight line with slope —E,/R. The magnitude of E,
gives an opinion about the adsorption mechanism
[41,42,50]. Physical adsorption typically has activation
energy of 5-40 kJ/mol and chemical adsorption has
activation energy of 40-800 kJ/mol [41,42,50]. The
activation energy obtained in this study is
18.62 kJ /mol (Table 7), indicating that HA adsorption

Thermodynamic parameters for HA adsorption from peat water using MIPs

Temperature (°C) b (L/mg) AG”° (k]/mol) AH"® (kJ /mol) AS° (k] /mol) E, (kJ]/mol)
25 0.224 3.706 16.17 42.70 18.62

45 0.422 2.281

65 0.538 1.742

80 0.675 1.170
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onto the MIPs corresponds to physisorption. The posi-
tive value of E, suggests that an increase in tempera-
ture favors the adsorption of HA on MIPs and the
adsorption process is endothermic in nature [34].

4. Conclusions

The MIPs can be effectively used as adsorbent for
the adsorption of HA from peat water. The HA
adsorption percentage increases with an increase in the
adsorbent dosages and temperatures. The HA adsorp-
tion percentage decreases with increasing peat water
pH from 2 to 12. The equilibrium adsorption data of
HA on the MIPs fit the Langmuir isotherm model better
than both Freundlich and Sips isotherm models. Based
on the Langmuir isotherm model, the maximum
monolayer adsorption capacity is 45.45mg/g. The
result of the kinetic study shows that the adsorption of
HA onto the MIPs could be described by the pseudo-
second-order kinetic models with a rate constant in the
range of 0.034-0.115 g/mg min. The adsorption process
was found to be controlled by both film and pore diffu-
sion, with film diffusion at the earlier stages followed
by pore diffusion at the later stages. Analysis of adsorp-
tion data using a Boyd kinetic plot confirmed that film
diffusion is the rate-determining step in the sorption
process with the effective diffusion coefficient in the
range of 7.42x107°-13.84 x 10°® cm®/s. Thermody-
namic parameters data indicated that the HA adsorp-
tion process was non-spontaneous and endothermic
under the experimental conditions, with the Gibbs free
energy (AG®) in the range of 3.71-1.17 k] /mol, enthalpy
(AH?) and entropy (AS?) of 16.17 kJ/mol and
42.70 J/mol, respectively. The results of this study show
that the MIPs are a promising adsorbent for removing
HA from peat water.
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