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Abstract
Kinetics parameters are the essential issue in the design of water treatment systems for pollutants uptake.
Though numerous studies have identified the boundary conditions that exert influence on the kinetics parameters,
the influence of the dynamic initial solute concentration (C0) to the kinetic parameters generated from fitting kinetics model to experimental data has not been investigated thoroughly. This study revealed a change in the kinetics parameter value due to changes in the adsorption mechanism as an effect of dynamic C0. It was observed
that at higher C0 the adsorbed solute at equilibrium (qe) increases and it takes longer time to reach equilibrium.
As a result, the kinetics rate constant (k) calculated from adsorption reaction model (Lagergren, Ho, Santosa, and
RBS) was decreased. In general, Ho model exhibit higher correlation coefficient value (R 2) among the other model
at low C0. At high C0, Ho’s R2 tend to decrease while the Lagergren and RBS’s R2 was increased. The amendment
mechanism from external mass transport to intra-particle diffusion as a rate limiting step was evidenced by Boyd
and Weber-Morris kinetics model. Further, the physicochemical properties of the adsorbent used in this work: chitin and Fe3O4 modified horse dung humic acid (HDHA-Fe3O4 and HDHA-Ch, respectively) with the solute: Pb(II),
Methylene Blue (MB), and Ni(II) was deeply discussed in this paper. The outcomes of this work are of prime significance for effective and optimum design for pollutant uptake by adsorption equipment.
Copyright © 2021 by Authors, Published by BCREC Group. This is an open access article under the CC BY-SA
License (https://creativecommons.org/licenses/by-sa/4.0).
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1. Introduction
Adsorption is one of the most widely methods
for contaminant removal from aqueous polluted
medias [1,2]. Concerning adsorption issues,
thermodynamics and kinetics aspect should be
* Corresponding Author.
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Telp: +62 815-6860-897, Fax: +62- 274-545188

involved to obtain more details about its performance and mechanisms. Besides for adsorption
capacity, kinetics performance of a particular
adsorbent is also great significance for the pilot
application. From kinetics study, the solute uptake rate, which determines time-dependent
completion of adsorption reaction, may be established. Furthermore, the scale of an adsorption
apparatus can be determined based on kinetics
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information [3]. In general, adsorption kinetics
is the base to determine the performance of
fixed-bed or any other flow-through systems.
In the past two decades, several mathematics models have been proposed to describe the
empirical adsorption data. The proposed kinetics models ordinarily classified as adsorption
reaction and adsorption diffusion models. Both
models are widely applied to describe the kinetics process of adsorption, even though they are
quite different in point of view. Adsorption diffusion models were constructed on the basis of
three consecutive steps [4]: external diffusion,
internal or intra-particle diffusion, and adsorption-desorption between solute and active sites
of an adsorbent (mass action). Whereas, adsorption reaction models rising from chemical
reaction kinetics was based on the entire process of adsorption without considering the steps
mentioned in adsorption diffusion models.
Adsorption diffusion models assumed that
mass action is a very fast process and can be
negligible for kinetics study so the rate limiting
steps is always controlled by liquid film diffusion or intraparticle diffusion [4]. The wellknown adsorption diffusion models that widely
applied in adsorption study are film diffusion
mass transfer rate equation model and WeberMorris intraparticle model [5,6]. The diffusion
mass transfer rate equation model presented
by Boyd et al. [7] is:
Bt = −0.4977−ln(1−F)

(1)

where, F represent the fraction of solute adsorbed at any time, t (min) as calculated by
F = qt/qe. Weber-Morris found that in many adsorption cases, the adsorbed solute varies almost proportionally with the t1/2 rather than
contact time t [6]:

qt = k int t 1 2 + Ci

(2)

where the kint (mol/g min1/2) is the intraparticle
diffusion rate. The plot of qt vs. t1/2 shall be
straight line with a slope kint when the intraparticle diffusion is a rate limiting step.
On the other hand, the two of most widely
applied kinetics adsorption reaction models
were developed by Lagergren [8] and Ho [9].
Lagergren published a first-order rate equation
to describe the kinetics process of liquid-solid
phase of malonic and oxalic acid onto charcoal,
which is believed to be earliest kinetics models
based on the adsorption equilibrium [10].
Lagergren model originated from view:

dqt
= k Lag (q e − qt )
dt

by integrating Eq. (3) with the boundary qt=0
at t=0, and qt=qt at t=t yields:
(4)
ln (q − q ) = ln q − k t
e

t

e

Lag

In 1998, Ho described a kinetic process of
the adsorption of divalent metal ions onto peat
[9], in which the chemical bonding among divalent metal ions and polar functional groups on
peat. The main assumptions were that the adsorption may be second-order and the expression given as

dqt
= k Ho (q e − qt ) 2
dt

(5)

Integrating Eq. (5) with the boundary qt=0 at
t=0, and qt=qt at t=t yields linear form:

t
1
1
=
+ t
2
qt k Ho q e q e

(6)

To distinguish kinetic equations based on adsorption equilibrium from solution concentration, Lagergren’s first order and Ho’s second
order rate equation has been called pseudofirst-order (PFO) and pseudo-second-order
(PSO), respectively [10].
However, since past decade, the problem
was existed: PSO rate equation based on chemical adsorption was unsuitably applied to describe organic pollutants adsorption onto several nonpolar polymeric adsorbents (essentially a
process of physical adsorption) [11]. In addition, PFO models were still widely applied to
data modeling, though no adsorption mechanisms could be reasonably available. Consequently, some famous journals like J. Hazard.
Mater. and Sep. Purif. Technol. began to
“aware” on adsorption manuscripts based on
unsuitable or simple kinetic modeling [12] and
paid more attention to their boundary conditions. Azizian [13] summarized the adsorption
data in literatures, and concluded that initial
solute concentration (C0) was greatly affect the
fitting kinetics model to experimental data.
When the C0 is high, the PFO model gave better prediction for the kinetics data than PSO
models, contrary when the C0 is low; the PSO
model represents adequately the adsorption kinetic data.
At present, the more complex adsorption reaction models have been widely developed to
describe the kinetics process of adsorption.
Santosa developed the adsorption kinetics
model that can interpret the equilibrium constant (K) and adsorption energy (E) from single
set data [14]. The Santosa’s model originated
from assumption:

(3)
Copyright © 2021, ISSN 1978-2993

Bulletin of Chemical Reaction Engineering & Catalysis, 16 (4), 2021, 775

d A
(7)
= k s (1 −  A ) C A − k ds A
dt
with the particular assumption ksC0 +kds ≈ ksC0,
integrating Eq. (7) from 0 to qt and from 0 to t
for the dt, the linear expression was obtained:
 q (C − Xqt ) 
1
 = kst
ln e 0
C 0 − Xq e  C 0 (q e − qt ) 

(8)

The Santosa’s desorption rate constant (kd) was
obtained from the equation:


q
ln1 − t
q
e



 = −  t


(9)

where, β is equal to ksC0 + kds.
Later, Rusdiarso et al. [15] proposed a kinetics model which has similar significance with
the Santosa’s model. The Rusdiarso et al.’s
model originated from the assumption [15–17]:

dx
= k a (C 0 − x)(C b − x) − k d x
dt

(10)

Taking integration of Eq. (10) from (C0Cb) to
(C0Cb−xex), 0 to x, and 0 to t results
C C − x 
 C C − xe x 
 x 
t − ln e  (11)
 = k a  0 b
ln 0 b

xe
 xe − x 
 C0 Cb 


Recently, the adsorption rate constant (ka) in
the kinetics models reported has not always
been constant [18]. The uncertain ka value is also essential obstacle to the adsorption kinetics
comparison among adsorbents. The ka is significantly affected by the initial reaction conditions, which one of them is the initial solute
concentration (C0) [19]. Although some researchers have been recognize this phenomenon there is limited further effort to address
the problem [20–22]. To date, very limited
study has evaluated the dependency of kinetics
parameter with the C0 of the various mentioned
kinetics models.
In this study, the dependency of adsorption
kinetics parameters obtained from various kinetics models of different adsorbent as the
function C0 was investigated. Those kinetics
models have been examined to the widely applied adsorbent: humic acid (HA) [23]. Our previous study reported that the dry horse dung
powder is promising as a source of HA-like adsorbent. In order to increase the stability and
adsorption capacity, the horse dung humic acid
functionalized chitin (HDHA-Ch) and horse
dung humic acid functionalized magnetite
(HDHA-Fe3O4) has been prepared in this work.
The synthesized adsorbent was applied to
Pb(II) and Ni(II) as solute for HDHA-Ch adsorbent, and Pb(II) and methylene blue (MB) as
solute for HDHA-Fe3O4 adsorbent. Further, the
comparison of characterization, adsorption ca2
e

pacity, and the optimum condition adsorption
of as-prepared adsorbent were also investigated in this paper.
2. Materials and Methods
2.1 Materials
The HDHA was extracted from three month
aged horse dung material in 30 cm depth from
soil surfaces by the Stevenson’s procedure [24].
Chitin was isolated from wasted shrimp shell
of local seafood restaurant in Yogyakarta, Indonesia through No et al. methods [25]. All
chemicals used in this work i.e. sodium hydroxide pellet, hydrochloric acid 37%, hydrofluoric
acid 48%, ammonia solution 25%, iron(III) chloride hexahydrate, iron(II) sulphate heptahydrate, lead(II) acetate and nickel(II) acetate as
source of metal ion, and the Methylene Blue
(MB) dye as solute were analytical grade produced by Merck® without further purification.
2.2 Instrumentations
Functional group analysis was conducted by
Fourier transform infra-red spectroscopy (FTIR, Shimadzu Prestige 21). Surface morphology
and elemental composition was analyzed by
scanning electron microscopy-Energy dispersive X-ray (SEM-EDX, Phenom Desktop
ProXL). Average size analysis of adsorbent was
characterized by combination of transmission
electron microscopy (TEM, JEOL JEM-1400)
image with the Image-J free software. Metal
ions and dyes quantification was performed by
atomic absorption spectroscopy (AAS, Perkin
Elmer 3110) and UV-Vis spectrophotometer
(UV-1800 Shimadzu), respectively. Measurement of magnetic strength and pH in solution
was conducted by Vibrating Sample Magnetometer (VSM, Oxford 1.2H) and pH meter
HI98100 Hanna Instrument. Thermal stability
was recorded by differential thermal analyzed
(DTA, DTG-60 Shimadzu).
2.3 Preparation of Adsorbents
The HDHA-Ch was synthesized refer to
methods published by Santosa et al. [26]
through replacing peat HA with HDHA. Briefly, 40 g of chitin was stirred in 250 mL HCl 0.5
M for 24 h until the gelatinous chitin formed.
The HDHA-Ch was prepared by reaction of 4 g
HDHA in 500 mL NaOH 0.5 M with the gelatinous chitin under the stirring for 6 h and followed by aging for 24 h. This procedure should
be yield HDHAC with the stability of the
HDHA attached on chitin which have excellent
stability at the widely range of pH.
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The HDHA-Fe3O4 were prepared following
procedure reported by Liu et al. [27] through
dissolving 6.1 g FeCl3.6H2O and 4.2 g
FeSO4.7H2O into 50 mL distilled water. The solution heated to 90 °C, then, two solution of 10
mL NH3 25% and the mixture of 0.5 g HDHA in
100 mL NaOH 0.1 M were simultaneously added. The mixture was stirred for 60 min and
then aged for 24 h. The black sediments of
HDHA-Fe3O4 was rinsed to neutral pH, and
dried in a vacuum oven at 50 °C.
2.4 Effect of pH and Stability Study
The effect of pH on the adsorption of Pb(II)
and MB onto HDHA-Fe3O4 and Pb(II) and
Ni(II) onto HDHA-Ch over a pH range of 2–10
was investigated. A series of 25 mL solute in
glass flasks at desired concentration (Pb(II) =
Ni(II) = 50 mg/L; MB = 25 mg/L) with pH medium 2.0-8.0 range were prepared. Into each
flask, 50 mg of the adsorbent was inserted and
shake for 2 h. After the adsorbent was separated, the remaining metal ions and MB dyes in
solutions was quantified with AAS and UV-Vis
spectrophotometer, respectively. The amount of
solute per unit weight of adsorbent was calculated by the following equation:
qe =

V (C 0 − C e )
W  1000

(12)

The stability of HDHA-Fe3O4 and HDHA-Ch
was analyzed in two aspects: pH and thermal
stability. pH stability in solid form was evaluated at different medium pH. One hundred mg
of HDHA-Fe3O4 and HDHA-Ch was exposed to
solutions with medium pH ranging from 2.0 to
13.0. After stirring for 24 h, the solid was separated with an external magnet and weighed
(A)

carefully. Thermal stability was evaluated by
DTA instrument.
2.5 Determining of Adsorption Capacity and
Energy
A series of 50 mL conical Pyrex glass flasks
was filled with 25 mL solution of solute of desired concentration (20, 40, 60, 80, 100, 150,
and 200 mg/L) and adjusted to the optimum
pH at room temperature. Then, 50 g of adsorbent was added to each flask and kept in isothermal shaker (25 °C) at 200 rpm until equilibrium was reached. Preliminary test showed
that after 180 min, the solutes concentration
remain unchanged significantly. After this period, the solution was separated with the adsorbent and analyzed spectrophotometrically
for the solute remained in the solution. The
amount of solute per unit weight of adsorbent,
q (mg/g) was calculated by the Eq. (12).
2.6 The Study of Kinetics with the Dynamic C0
The batch type reactor was employed to
study the effect of contact time at the varied
C0. For this purpose, a number of 50 mL flasks
containing 25 mL of desired solute concentration (Pb(II) = Ni(II) = 20, 50, 100, and 400 mg/L
and MB = 10, 25, 50, and 100 mg/L) were agitated in thermostat shaker at 200 rpm. Fifty
mg of adsorbents was added into each flask at
room temperature, 298 K. The solution of each
specified flask was separated from the adsorbents at different time interval (5, 10, 20, 30,
40, 60, 90, 120, and 180 min) and analyzed for
the uptake of solute.
The kinetics data was applied to the Boyd
and Webber-Morris (represent the adsorption
diffusion model) and Lagergren, Ho, and recent
(B)

Figure 1. FT-IR spectra (A) and XRD diffractogram (B) of chitin, HDHA, Fe 3O4, HDHA-Ch, and
HDHA-Fe3O4.
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Figure 2. Surface morphology and composition of HDHA-Ch (A) and HDHA-Fe3O4 (B) by SEM-EDX;
TEM image of HDHA-Ch (C) and HDHA-Fe3O4 (D).

(A)

(B)

Figure 3. (A) stability comparison of HDHA-Ch, HDHA-Fe3O4, and HDHA in alkaline solution; (B) the
TGA curves of the HDHA, HDHA-Ch, and HDHA-Fe3O4.
Copyright © 2021, ISSN 1978-2993
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developed model: Santosa and RBS (represent
the adsorption reaction model).
3. Results and Discussion
3.1 Characterization of Adsorbent
The extracted HDHA shows the humic-like
substance since it exhibit five characteristic
peaks of HA: 3444, 2931, 1721, 1650, and 1208
cm-1 that represents the O−H stretching; aliphatic C−H stretching; C=O of COOH and ketones; aromatic C=C and strongly H-bonded
C=O of conjugated ketones; and C−O stretching
of COOH, respectively (Figure 1A) [24]. The
peak at 1102 cm−1 denotes the C−O stretching
of unhumified polysaccharide substance or
Si−O of silicate impurities. The successful isolated chitin presented in primary wavenumber
at 3444, 2931, 1650, 1557 (N−H bending), and
1031 cm−1 (C−N stretching) [25,28,29]. The
Fe−O stretching vibration of synthesized Fe3O4
was identified at 592 cm−1 [27,30]. Emerging
peak at 1557 and 1031 cm−1 in HDHA-Ch spectra and 592 cm−1 at HDHA-Fe3O4 spectra
(Figure 1A) indicates the successful incorporation of chitin and Fe3O4 into HDHA, respectively.
The XRD patterns of the isolated chitins
and the HDHA-Ch showed an identical three
sharp peaks at 12.5°, 19.0°, and 26.5° (Figure
1B), which exhibited successful modification
HDHA with chitin. It is reported in the literature that these positions of the peaks indicate
the chitin is in the -form [31]. The identical
characteristic peak of Fe3O4 with HDHA-Fe3O4
was shown in Figure 1B. The peaks at 30.4°,
35.7°, 43.5°, 57.3°, and 62.9°, which corresponding to (220), (311), (400), (511), and (411) reflections were suitable with the standard pattern
of Fe3O4 spinel structure (JCPDS 19-0629) [44–
45]. Unobserved crystal damage of HDHAFe3O4 indicated the successful incorporation of
HDHA on Fe3O4. Further, the decreasing magnetic strength of Fe3O4 (80.25 emu/g) and
HDHA-Fe3O4 (62.95 emu/g) sustained the successful of the HDHA-Fe3O4 synthesized process.
The surface morphologies of the HDHA-Ch
and HDHA-Fe3O4 were investigated with SEMEDX analysis and the results are shown in Figure 2(A-B). The SEM image of the HDHA-Ch
(Figure 2A) reveals that the surface is smooth
with stringy textures dominated by carbon
(48.63%), oxygen (31.64%), and nitrogen
(9.08%). The results of the TEM images also indicate identical textures (Figure 2C). While the
HDHA-Fe3O4 has rougher morphology with a
round shape structure dominated by iron

(53.17%), oxygen (40.04%), and carbon (5.89%)
(Figure 1B). The TEM image showed that the
HDHA-Fe3O4 existed in non-uniform aggregates and round features with Fe3O4 core
(Figure 2D). Size analysis using image-J software shows that the average diameter of
HDHA-Fe3O4 is 15 nm. Similarly, previous report by Illés and Tombácz revealed that Fe3O4
nanoparticles have ∼10 nm primary size of
round to non-uniform fractal aggregates [34].
The stability of HDHA-Ch and HDHAFe3O4 compared with HDHA in alkaline solution are shown in Figure 3A. At pH 5.0, the
HDHA show 10% of weight loss due to the
starting of carboxylic and phenolic group deprotonation. At pH higher than 7, weight loss
was extremely occurred and only less than 5%
of the weight of HDHA remained when pH
reached 12. After incorporation with chitin, the
stability of HDHA-Ch was improved to pH 9,
and only lost 47% of the HDHA-Ch weight
(Figure 3A). Previous report by Santosa et al.
[28] demonstrated the correspond results. Similarly, HDHA-Fe3O4 show the improved stability until pH 10 with the 83% remained weight.
The stability improvement of HA or HA-like
substance by Fe3O4 incorporation has been
widely reported [23,27,35–37]. The results indicate that modification of HDHA with the chitin
and Fe3O4 has improved the stability in alkaline solution.
The TGA curves for the HDHA, HDHA-Ch,
and HDHA-Fe3O4 are shown in Figure 3B. All
of the materials show mass loss approximately
5-10% up to 100 °C, which attributed to evaporation of water from the sample. Above 150 °C,
the thermal stability of HDHA gradually decreased and completes at 570 °C. The HDHACh thermal profile was quite un-degraded after
water evaporation up to 260 °C. However,
HDHA-Ch starts to descend quickly at 267 °C
and completes its degradation at 460 °C. Compare with the HDHA and HDHA-Ch, the TGA
result of HDHA-Fe3O4 shown significant stability above 90% un-degraded when the temperature heating up to 570 °C.
3.2 Effect of pH
pH is an essential factor which affected the
affinity of binding solute onto the adsorbent.
The sorbent's surface charge as well as the
structure of the solute speciation is highly influenced by pH. At low pH (high amount of H +)
adsorption of the metal ion and the MB was
quietly low (Figure 4). In literature, the low adsorption of metals ion observed in low pH has
been attributed to several factors: repulsion be-
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tween adsorbent positively charge surfaces and
the metal cations, competition between H + and
free metal cations to adsorbed on to adsorbent
active sites, protonation of surface functional
group lead to lower formation of complexes
with metal ions, and combination of these factors [20].
In this study, the highest adsorbed metal
ion and MB was achieved at pH optimum ~5
and ~6, respectively. At this condition, deprotonation was occurred and the solid adsorbent’s surface became negatively charged. As a
result, electrostatic repulsion decreased and it
enhanced the positively charged metal ions and
MB adsorption. At higher pH than pH optimum, the adsorbed metal ion was sharply decreased due to the formation of solid metal hydroxide [38]. For MB, the decreasing adsorbed
MB was might be caused by competition between the OH- ions and the negatively charged
surface of the adsorbents [39]. Similar trend
was reported in the adsorption one of Pb(II),
Ni(II), and MB on HA-chitin [28], peat HA [40],
magnetic/HA/chitosan [41], magnetite-humin
[42], and magnetite-HA [43].
3.3 Adsorption Capacity and Energy
In order to deliver the design of the adsorption system, it is important to establish the
most appropriate correlation for the equilibrium curves. In this study four linearized adsorption isotherm models: the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (DR) were applied to fit the equilibrium data of
adsorbed Pb(II)/Ni(II) onto HDHA-Ch and
Pb(II)/MB onto HDHA Fe3O4 (Figure S1).
Langmuir isotherm assumes the monolayer
adsorption on the finite and uniform active

(A)

sites with no interaction among solute in the
plane of surface [44]. The linear form of Langmuir isotherm equation is gives as:
Ce
1
1
=
+ Ce
(13)
qe bK L b
where Ce (mol/L) is the equilibrium concentration of the solute, qe (mol/g or mg/g) is amount
of solute adsorbed per unit mass adsorbent, b
(mg/g or mol/g) and KL (L/mol) are Langmuir
adsorption capacity and equilibrium constant,
respectively.
The important features of the Langmuir
model can be expressed in terms of dimensionless constant called separation factor of equilibrium parameter, RL described by Weber and
Cakkravorti [45]:

RL =

1
1 + K L C0

(14)

which the RL values indicated to irreversible
(RL=0), favorable (0<RL<1), and unfavorable
(RL>1).
Figure 5 showed the calculated RL values vs.
the initial solute concentration (C0). All the RL
values were between 0 and 1, indicated the adsorption of solute: Pb(II)/MB and Pb(II)/Ni(II)
anto HDHA-Fe3O4 and HDHA-Ch was favorable at the condition being studied, respectively.
However, the R-L values decreased as the C0 increased from 20 to 200 mg/L, indicated that the
adsorption was more favorable at higher C0.
Freundlich model is an experimental equation based on heterogeneous surface sites [46].
It is assumed that the stronger sites are occupied first and that the binding strength decrease with the increasing degree of occupation. The linear form of Freundlich model is

(B)

Figure 4. Effect of the pH on the adsorbed Pb(II) and Ni(II) onto HDHA-Ch (A) and Pb(II) and MB onto
HDHA-Fe3O4.
Copyright © 2021, ISSN 1978-2993
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given by:

1
ln qe = ln B + ln Ce
n

(15)

where B is the multilayer adsorption capacity
(mg/g (L/mg)1/n) that represents the quantity of
the solute adsorbed onto the adsorbent for a
unit equilibrium concentration. n is the Freundlich constant that indicates how favorable the
adsorption process. The slope of 1/n value ranging between 0 and 1 measures the surface heterogeneity, becoming more heterogeneous when
its value gets closer to zero. The value of 1/n <
1 indicates a normal Langmuir and 1/n > 1 indicates of cooperative adsorption.

Temkin isotherm [47] explains the soluteadsorbent interaction based on the assumption
that there is an indirect relationship between
sorption energy and their interaction. Temkin
isotherm is expressed as:

qe =

RT
RT
ln AT +
ln C e
bT
bT

(16)

where bT (J/mol) relates to the heat of adsorption, which it decrease linearly with coverage
due to solute-adsorbent interaction. AT (L/g) is
the equilibrium binding constant corresponding to the maximum binding energy. R (8.314
J/mol K) and T (K) are universal gas constant
and absolute temperature, respectively.
D-R isotherm is defined by:
(17)
2

ln qe = ln q DR − BDR 

where, ε correlates as Polanyi potential,
ε = RT ln [1+(1/Ce)]. BDR gives the mean free
energy (EDR) of sorption per molecule of solute
when it transferred to the surface of the adsorbent from infinity in the solution [7]. EDR can
be computed using the relationship:
1
E DR =
(18)
2 BDR

Figure 5. Effect of initial solute concentration
(C0) on separation factor (RL).

and it believed to determine the interaction of
the solute and the adsorbent: 0<EDR <7 kJ/mol
indicates the physical interaction, and 8<EDR
<16 indicates adsorption comprised with the
ion exchange between solute and adsorbent
[2,48].

Table 1. Correlation coefficient (R2) and corresponding parameters of four isotherm model of Pb(II)/MB
and Pb(II)/Ni(II) onto HDHA-Fe3O4 and HDHA-Ch, respectively.
Isotherm
Model

Solute-Adsorbent
Parameters

Langmuir

b (×10−5 mol/g)
b (mg/g)
KL (L/mol)
EL (kJ/mol)
R2

Pb(II) onto
HDHA-Fe3O4
27.52
57.02
23443.87
25.10
0.9985

MB onto
HDHA-Fe3O4
9.77
31.25
6542.25
21.91
0.9923

Pb(II) onto
HDHA-Ch
58.87
121.96
50112.09
26.81
0.9940

Ni(II) onto
HDHA-Ch
97.57
57.26
1719.05
18.46
0.9969

Freundlich

B (×10−5 mol/g)
B (mg/g)
1/n
R2

225.07
465.90
0.31
0.9737

22.51
72.0
0.19
0.9557

185.09
592.00
0.15
0.8829

726.85
2324.84
0.35
0.9834

Temkin

bT (J/mol)
AT (L/g)
R2

393.32
4.50
0.9813

268.84
0.15
0.9964

183.84
62.32
0.8902

200.92
3.34
0.9918

D-R

qD (×10−4 mol/g)
qD (mg/g)
BDR (×10−9 mol2/J2)
EDR (kJ/mol)
R2

7.03
145.69
2.99
12.91
0.9902

2.97
95.03
3.84
11.18
0.9818

9.12
298.93
1.29
19.69
0.8896

5.59
178.71
1.69
17.21
0.9923
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All the correlation coefficient (R2) values
and the corresponding parameters from four
isotherm models applied for adsorption of
Pb(II)/MB onto HDHA-Fe3O4 and Pb(II)/Ni(II)
onto HDHA-Ch are summarized in Table 1.
The Langmuir model gave the highest R2 values which were greater than 0.96 (satisfactory)
of all experiment, showing that the adsorption
of the solute onto the adsorbent in this work
was best described by this model. The results
agreed with the works carried out by many previous researchers which reported that the
Langmuir model gave a better ﬁt than the other isotherm model on the adsorption of HAbased modified adsorbents (Table 2).
The highest monolayer adsorption capacity
(b) was achieved by the adsorption of Ni(II) onto HDHA-Ch (97.57×10−5 mol/g). In general,
HDHA-Ch shows the higher monolayer adsorption capacity than HDHA-Fe3O4. Nevertheless,
HDHA-Ch still required an additional step
(filtering/centrifugation) in the separation of
post-adsorption adsorbents, while HDHA-Fe3O4
demonstrated easy and quick separation with
an external magnet. Table 2 lists comparison
the monolayer adsorption capacity of various
HA-based modified adsorbents. The HDHAFe3O4 and HDHA-Ch prepared in this work
showed relatively high adsorption capacity as
compared to some previous works reported in
the literature.

The value of EDR found in this work were
12.91 (Pb(II)) and 11.18 (MB) kJ/mol for
HDHA-Fe3O4 adsorbent (Table 1), which implied ion exchange was the main mechanism
involved in the adsorption process for this adsorbent. However, the value of EDR for HDHACh adsorbent were 19.69 (Pb(II)) and
17.21(Ni(II)) kJ/mol, which implied a stronger
chemical adsorption than ion exchange occurred for this adsorbents [49]. Further, the
values of bT obtained from the Temkin isotherm ranging from 0.2 to 0.4 kJ/mol (Table 1)
indicated that the adsorption energy of outer
layer adsorbed solute in this work occurred via
ion exchange mechanisms [50,51].

3.4 The Dependency of Kinetic Parameters as a
Function of Initial Solute Concentration
The kinetics adsorption describes the rate of
the solutes uptake on the adsorbent which controlled by the equilibrium reaction. The kinetics of solutes uptake is required for selecting
optimum operating condition for large-scale
batch process. The kinetics parameter, which is
helpful for the prediction adsorption rate, gives
important information for designing and modeling process. Thus, the dependency of the kinetics parameters was analyzed from the kinetic point of view.

Table 2. Comparison of monolayer adsorption capacity of Pb(II), MB, and Ni(II) solute onto various
HA-modified adsorbents.
Adsorbent
HA-CMC/PMH
HA-Fe3O4 NPs
HA-Fe3O4
HA/Perlite
Peat Humin
HDHA-Fe3O4
Biopolymer HA
River humus HA
HDHA-Ch
Fe3O4/HA
HA peat (Polland)
Starch-HA
HDHA-Fe3O4
HA soil (India)
HA Peat
HA peat (Polland)
HDHA-Ch
HA-Cellulose
HA-Chitin

R2
0.9995
0.9900
0.9987
0.9662
0.9980
0.9923
0.9500
0.9625
0.9940
0.9900
0.9920
0.9900
0.9940
0.8200
0.9960
0.9910
0.9969
0.9600
0.9840

Solute
MB
MB
MB
MB
MB
MB
MB
MB
Pb(II)
Pb(II)
Pb(II)
Pb(II)
Pb(II)
Pb(II)
Pb(II)
Ni(II)
Ni(II)
Ni(II)
Ni(II)

b (mg/g)
666.67
200.00
108.81
82.80
70.55
31.25
20.83
15.82
121.96
92.40
82.31
58.82
57.02
19.16
14.97
61.27
57.26
12.41
5.86

Particular condition
pH=~7; T=298 K
pH=10; T=298 K
pH=11; T=298 K
pH=10; T=303 K
pH=6.2; T=298 K
pH=6; T=298 K
pH=7; T=298 K
pH=8; T=298 K
pH=5.2; T=298 K
pH=5.0; T=298 K
pH=5.0; T=298 K
pH=5; T=298 K
pH=5; T=298 K
pH=5; T=298 K
pH=5.5; T=298 K
pH=5; T=298 K
pH=5; T=298 K
pH=5; T=298 K
pH=8; T=298
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The effect of different initial solute concentration (C0) as function of time to the adsorbed
solute at time t (qt) is shown in Figure 6. Adsorption of all solutes on the adsorbent showed
the similar pattern. The rapid adsorption was
occurred at first 10 min for all experiments
that indicated an abundant of accessibly available active sites on the adsorbent surface [52].
At this stage, more than 70% of the adsorbent
sites were saturated by the solutes. Thereafter,
the adsorption rate slows dramatically as the
active sites were progressively occupied by the
solute molecule. Generally, the equilibrium has
been reached after ~180 min; however the data
shows that the equilibrium attains faster at the
lower C0. It was also observed that as the C0 increases up to 400 mg/g, the adsorbed solute at
equilibrium (qe) increases but never surpass the
monolayer adsorption capacity (b) of the particular system. Similar phenomenon was observed
for the adsorption of MB onto activated carbon
where the equilibrium time and adsorbed solute (qe) was found to be increased when the initial MB concentration increased [53]. This observation could be explained by the chemodynamics theory that in the process of solute
adsorption, initially the solute molecules have

to first encounter the outer boundary layer and
then diffuse from the boundary layer film onto
adsorbent surface and then finally, they have
to diffuse into the porous structure of the adsorbent [54,55]. Therefore, the higher initial solute concentrations (C0) will take relatively
longer contact time to attain equilibrium due
to higher amount of dye molecules, also, when
the initial solute concentration increased (C0),
the mass transfer driving force would become
larger, hence resulting in higher adsorption of
solute [53].
The mechanism involved in this adsorption
system, investigated by adsorption reaction
model: Lagergren (Eq. 3), Ho (Eq. 6), Santosa
(Eq. 8), and RBS (Eq. 11) and adsorption diffusion model: Boyd (Eq. 1) and Weber-Morris
(Eq. 2). The plot of the kinetics data to the linearized adsorption reaction models has been
presented in Figure S2-S5 and the corresponding kinetic parameters were listed in Table S1.
As can be seen, the relatively higher value
of the correlation coefficient (R2), which is an
essential precedent in the determination of
proper fit, for the Ho model compared to those
of the Lagergren, Santosa, and RBS models as
well as the very close similarity of the experi-

(A)
(B)

(C)

(D)

Figure 6. The effect of initial solute concentration (C0) as function of time to the adsorbed (A) Pb(II)
onto HDHA-Fe3O4, (B) MB onto HDHA-Fe3O4, (C) Pb(II) onto HDHA-Ch, and (D) Ni(II) onto HDHA-Ch
at time t (qt).
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mental and calculation of adsorbed solute at
equilibrium (qe) values indicates that the adsorption mechanism is best described by the Ho
model, except for the Pb(II) adsorption onto
HDHA-Ch. However, it was observed that for
the adsorption of Pb(II)/MB onto HDHA-Fe3O4
and Ni(II) onto HDHA-Ch, the Ho’s correlation
coefficient (R2) is closer to unity at the low initial solute concentration (C0) and tend to decrease with the increasing of initial solute concentration (Figure 7A). This result was in line
with the report in literature.
Previously, Sabarinathan et al. [56] reported
that the R2 value of Ho model of the MB adsorption onto polyoxometalate decreased from
0.8979 to 0.5905 with the increase of C0 from
140 to 300 mg/L. Almeida et al. [57] reported
the decreasing of Ho’s R2 value in MB adsorption on montmorillonite clay from 1.0000 to
0.9951 when the C0 varied from 200 to 1000
mg/L. The best fit Ho model to the adsorption
system at low C0 in literature was shown in research of resorcinol onto CTAB/NaOH/flyash
[58], MB onto BBLS-CA [59], Cu(II) onto dried
algal [60], benzene and toluene onto coconut
shell-based AC [61], methyl orange onto NiO
and CuO NPs [62], and dyes onto peat [9]. Further, Zhang [3] and Marczewski [63] found that
the best condition for the Ho model was at the
equilibrium surface coverage (θ) approach to 1.
Guo and Wang found that three conditions
could represent the best-fitted the Ho model:
the low C0, at the final stage of the adsorption
process, and the adsorbent has abundant active
sites [65].
Meanwhile, the Lagergren R2 trend was
closer to unity with the increasing of C0. Contrary, when the Lagergren’s R2 is the best fit to
the adsorption system at low C0 (in Pb(II) adsorption onto HDHA-Ch case), the Ho’s R2 tend
to increase at high C0 (Figure 7B). The previous
study reported that the Lagergren model fits
well only for the rapid initial phase that occurs
for a contact time of 0–10 min [66–68]. The initial rapid adsorption (in the first 10 min) is
strongly suspected as a chemisorption process.
Thereafter, for the second phase, the profile
suggests a physisorption mechanism, which is
possibly governed by a diffusion mechanism
[52]. The study confirms that the Lagergren
model is not appropriate to predict the adsorption kinetics for the entire adsorption period
due to the changing adsorption mechanisms at
the initial and second phase. Considering the
fact to this work, the decreasing Ho’s R2 at the
high C0 is strongly considered by the changing
adsorption mechanism. This revealed that adsorption mechanism changes not only due to

contact time but also due to changes because
C0.
The dependency of the kinetics rates to the
C0 was presented in Figure 8. It can be seen
that rate constant (k) of all the kinetics models,
including the Ho kinetics constant (kHo) which
was appropriate to this work, decreased with
the increased C0. This observation can be explained by the fact that the adsorption process
takes a longer time to reach equilibrium at
higher C0. Although the adsorbed solute at
equilibrium (qe) is higher at high C0 than at low
C0, the amount of adsorbed solute adsorbed per
unit of time is less, this causes the rate constant to decrease as the C0 increases. The decreasing adsorption rate constant (ka) was accompanied by the decreasing desorption rate
constant (kd) which was estimated by the Santosa and RBS kinetic model (Table S1). It can
be seen in the Table S1 that the Santosa kinetic model is possible to estimate kd when the C0
is high, while the RBS kinetic model is possible
at all C0 values. Previous studies of the adsorption of Cu(II) on RSAC (rubber wood sawdustactivated carbon) [68], 2,4,6-trichlorophenol
(TCP) on activated carbon prepared from oil
palm empty fruit bunch [7], Cu(II) and Zn(II)
on HA [69], and MB on montmorillonite clay
[57] showed similar result in the decreasing of
kHo value at the higher C0.
3.5 Adsorption Mechanism by Adsorption Diffusion Model
The diffusion mechanism was identified by
the intraparticle diffusion model based on the
theory of Weber and Morris [6]. It is an empirically found that the uptake of solute varies almost proportionally with t1/2 rather than with
the contact time t. According to the Equation
(2) the Ci intercept of stages i, give an idea
about the thickness of boundary layer, the larger the Ci, the greater the boundary layer effect.
If intraparticle diffusion plot gives straight line
and passes through the origin, the rate limiting
adsorption process is only due to the intraparticle diffusion. Otherwise, some other mechanism along with intraparticle diffusion is involved.
For intraparticle diffusion plots, the first,
sharper region is the external surface adsorption or instantaneous adsorption [7]. The second region indicates when the intraparticle diffusion starts to slow down due to the low solute
concentrations left in the solutions at the final
equilibrium stage. Referring to Figure 9, for all
C0, the first stage was completed within the
first 10 min and the second stage of intraparti-
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(A)

(B)

Figure 7. The effect of initial solute concentration (C0) to the observed kinetics model’s correlation coefficient (R2) of the adsorption of (A) Pb(II)/MB onto HDHA-Fe3O4 and Ni(II) onto HDHA-Ch and (B)
Pb(II) onto HDHA-Ch.

(A)

(B)

(C)

(D)

Figure 8. The dependency of the kinetics rates constant (k) obtained from (A) Lagergren, (B) Ho, (C)
Santosa, and (D) RBS kinetics model to the initial solute concentration (C0).
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cle diffusion limiting control was then attained
at the higher C0, due to the proximity of linear
adsorption to intersect the origin. The different
stages of adsorbed solute indicated that the adsorption rate was initially faster and then
slowed down with the increasing of time.
It was shown in Figure 9 that intraparticle
diffusion is the rate limiting at first stage. At
second stage, the linear lines did not intersect
the origin indicated that intraparticle diffusion
was not the only rate limiting mechanism in
the adsorption process. This deviation from the
origin or near saturation might be due to the
difference in the mass transfer rate in the first
and second stages of adsorption [69]. It was also observed that at higher C0, the deviation becomes smaller and lead to the intersection with
the origin. This can be explained by changes in
adsorption mechanisms when the initial solute
concentration (C0) changes. The values of kIP-i,
Ci, and correlation coefficient (R2) obtained
from the plots are given in Table 3. The kIP-i
values were found to be generally increased
with the increasing C0 which was due to the
greater driving force [7].
In order to predict the actual slow step involved in the adsorption process, the kinetic da-

ta were analyzed using the Boyd model given
by Eq. (1). The calculated Bt values plotted
against time, t (min) was shown in Figure 10.
The linear lines for Pb(II) adsorption onto
HDHA-Fe3O4 at C0 = 20, 50, and 100 mg/L
(Figure 10A) did not pass through the origin.
This indicated that the adsorption was mainly
driven by external mass transport where particle diffusion was the rate limiting step. Otherwise, the other linear lines were closely lead to
intersect the origin (Figure 10A 400 mg/L, Figure 10B-D) which indicate the intraparticle diffusion is the rate limiting step [53].
4. Conclusions
This study evidently showed the dependency of the initial solute concentration (C0) to the
kinetics parameter value. The evaluation was
conducted by humic-like (humic acid from dry
horse dung powder, HDHA) modified adsorbent: HDHA-Fe3O4 and HDHA-Ch and Pb(II),
MB, and Ni(II) as solute. The success synthesize of these adsorbents was characterized by
FT-IR, SEM-EDX, TEM, VSM, and DTA. Under optimum condition, the adsorption of solute
to the adsorbents was fitted well to the Langmuir monolayer isotherm model with the ad-

(A

(B)

(C

(D

Figure 9. Plot of intraparticle diffusion model for adsorption of (A) Pb(II) onto HDHA Fe 3O4, (B) MB
onto HDHA-Fe3O4, (C) Pb(II)onto HDHA-Ch, and (D) Ni(II) onto HDHA-Ch.
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(A)

(B)

(C)

(D)

Figure 10. Boyd plot for adsorption of (A) Pb(II) onto HDHA Fe 3O4, (B) MB onto HDHA-Fe3O4, (C)
Pb(II)onto HDHA-Ch, and (D) Ni(II) onto HDHA-Ch.

Table 3. Intraparticle diffusion model constants and correlation coefficients for adsorption of Pb(II)/MB
onto HDHA Fe3O4 and Pb(II)/Ni(II) onto HDHA-Ch.
C0
(mg/L)
20
50
100
400

kIP-1
(mg/g min1/2)
2.14
3.07
5.47
10.26

kIP-2
(mg/g min1/2)
0.04
0.50
0.78
5.05

MB onto
HDHA-Fe3O4

10
25
50
100

0.99
2.02
2.72
3.17

Pb(II) onto
HDHA-Ch

20
50
100
400

Ni(II) onto
HDHA-Ch

20
50
100
400

Solute

Pb(II) onto
HDHA-Fe3O4

C1

C2

(R1)2

(R2)2

0
0
0
0

9.68
16.56
29.92
10.39

1.0000
1.0000
1.0000
1.0000

0.8577
0.8328
0.9645
0.9741

0.06
0.19
0.40
0.84

0
0
0
0

3.00
5.86
8.00
7.11

1.0000
1.0000
1.0000
1.0000

0.8764
0.9355
0.9000
0.9972

1.87
2.67
14.42
10.68

1.29
4.15
5.61
9.27

0
0
0
0

6.90
5.97
33.62
5.82

1.0000
1.0000
1.0000
1.0000

0.7058
0.8018
0.9540
0.9474

2.26
6.95
8.91
9.56

0.23
0.83
1.64
2.21

0
0
0
0

6.49
19.68
21.92
22.04

1.0000
1.0000
1.0000
1.0000

0.9556
0.9675
0.9750
0.9685
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sorption capacity (b) of 57.02 mg/g for Pb(II) onto HDHA-Fe3O4, 31.25 mg/g for MB onto
HDHA-Fe3O-4, 121.96 for Pb(II) onto HDHACh, and 57.26 mg/g for Ni(II) onto HDHA-Ch.
The value of adsorption energy by DubininRadushkevich model (EDR) indicate that ion exchange was the main mechanism for adsorption
of Pb(II) (12.91 kJ/mol) and MB (11.18 kJ/mol)
onto HDHA-Fe3O4 and a stronger chemical adsorption than ion exchange occurred for the adsorption of Pb(II) (19.69 kJ/mol) and MB (17.21
kJ/mol) onto HDHA-Ch. In this study, it was
evidently proved that there is a change in the
kinetics parameter value due to changes in the
adsorption mechanism as an effect of dynamic
C0. It was observed that at higher C0 the adsorbed solute at equilibrium (qe) increases and
it takes longer time to reach equilibrium. As a
result, the kinetics rate constant (k) calculated
from adsorption reaction model (Lagergren, Ho,
Santosa, and RBS) was decreased. In general,
Ho model exhibit higher correlation coefficient
value (R2) among other model at low C0. At
high C0, Ho’s R2 tend to decrease while the
Lagergren and RBS’s R2 was increased. The
amendment mechanism from external mass
transport to intra-particle diffusion as a rate
limiting step was evidenced by Boyd and Weber-Morris kinetics model. Therefore, the outcomes of this study will contribute to the effective design and optimization of removal pollutant (dye and heavy metal) in wastewater by
adsorption equipment.
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APPENDICES

(A)

(B)

(C)

(D)

Figure S1. The plot of equilibrium data of adsorbed Pb(II)-Ni(II) onto HDHA-Ch and Pb(II)-MB onto
HDHA Fe3O4 on linearized adsorption isotherm models: the Langmuir (A), Freundlich (B), Temkin (C),
and D-R (D)
(A)

(B)

(C)

(D)

Figure S2. The plot of kinetics data of adsorbed (A) Pb(II) onto HDHA-Fe3O4; (B) MB onto HDHA-Fe3O4;
(C) Pb(II) onto HDHA-Ch; and (D) Ni(II) onto HDHA-Ch on linearized Lagergren’s kinetics model
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(D)

Figure S3. The plot of kinetics data of adsorbed (A) Pb(II) onto HDHA-Fe3O4; (B) MB onto HDHAFe3O4; (C) Pb(II) onto HDHA-Ch; and (D) Ni(II) onto HDHA-Ch on linearized Ho’s kinetics model.
(A)
(B)

(D)
(C)

Figure S4. The plot of kinetics data of adsorbed (A) Pb(II) onto HDHA-Fe3O4; (B) MB onto HDHAFe3O4; (C) Pb(II) onto HDHA-Ch; and (D) Ni(II) onto HDHA-Ch on linearized Santosa’s kinetics model.
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Figure S5 The plot of kinetics data of adsorbed (A) Pb(II) onto HDHA-Fe3O4; (B) MB onto HDHAFe3O4; (C) Pb(II) onto HDHA-Ch; and (D) Ni(II) onto HDHA-Ch on linearized RBS’s kinetics model.
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Table S1. Corresponding parameters obtained from linearized Lagergren, Ho, Santosa, and RBS kinetics model of Pb(II)-MB onto HDHA-Fe3O4
and Pb(II)-Ni(II) onto HDHA-Ch.
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