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a b s t r a c t

This study investigated the effect of organic base adsorbents derived from agricultural wastes; 
namely rice husk silica (RHS), raw rice husk (RRH), and rice bran (RB) on removing lead ions from 
aqueous solutions. RRH and RB are collected from the agricultural wastes of north of Iran farms and 
RHS prepared at 800ºC temperature after acid leaching. The adsorption rate examined in different 
contact times (CT from 5 to 90 min), initial pH (pH0 = 5, 6, 7, 8 and 9), adsorbents dosages (AD = 0.5, 1 
and 1.5 mg/L) and initial concentration of lead (C0 = 1, 5, 10 and 15 mg/L). The optimum conditions 
for adsorption of lead were pH of 6, adsorbent dosage of 1 g/L and contact time of 60 min, and RHS 
showed maximum efficiency up to 96.4%. The results were admissibly confident with linear and 
non-linear Langmuir, Freundlich and pseudo first-order models. Langmuir isotherm indicated qm for 
the RHS up to 15.6 mg/L compared to RRH with 7.3 mg/g and RB with 4.8 mg/g. Adsorption process 
in this system was limited by mainly sorption process and bulk or boundary layer diffusion. The 
dominant reaction was estimated to be the ion-exchange according to the obtained energy values of 
sorption. 
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1. Introduction

Over the course of recent decades human activities 
have led to a considerable increase in environmental pol-
lution, so there is a growing concern over environmental 
pollutions [1]. Heavy metals are some of these pollutants 
which have dangerous effects on human physiology when 
they exceed the tolerance levels. They are non-biodegrad-
able, accumulate in living organisms, and cause different 
diseases [2]. Considering the methods to removal of heavy 
metals, adsorption is an effective and affordable technology 
specially for purification of low concentrations of contam-
inates [3]. 

Activated carbon generated from different materials is 
extensively used for heavy metals adsorption in the purifi-
cation of aqueous solution. Since commercial activated car-
bon is not affordable in large scale, hence today, researchers 
have found inexpensive adsorbents instead of commercial 
activated carbon. 

Lately, notable consideration is devoted to study heavy 
metals removal from aqueous solutions by using agricul-
tural wastes such as wheat straw, rice husk and so on; for 
instance in a most recent work Mu et al., reported a suc-
cessful experience on adsorption of lead by amended wheat 
straw [4]. In this line of research, wastes of rice and adsor-
bents derived from the wastes are investigated in recent 
years, because they are widely available and affordable 
materials [5–8]. This study aims to investigate adsorption 
effectiveness of, raw rice husk, and rice bran for the removal 
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of lead ions from aqueous solutions. Extent study on the 
isotherms and kinetic aspects of the sorption process is 
raised to understand the adsorption characteristics.

2. Materials and methods

2.1. Preparation of the adsorbents

RRH and RB collected from the agricultural wastes 
of farms in the north of Iran and RHS was prepared as a 
method proposed previously [9]. In this regard, the RRH 
was rinsed several times with water to remove dirt and 
other contaminants, and then dried at 110°C for 12 h. After 
drying, 50 g of the RRH was subjected to 1 L of an acid solu-
tion, 3% (v/v) hydrochloric acid (HCl), 10% (v/v) sulfuric 
acid (H2SO4) and for 2 h to acidic amendment. After thor-
oughly rinsing with distilled water (DW), it was dried again 
for 4 h at 100°C, and calicinated in a static air muffle furnace 
for 4 h at 800°C.

2.2. Characterization of the adsorbents

Characteristics of the RRH and RHS were examined 
by studying surface morphology with scanning electron 
microscopy (SEM) in physics laboratory of Sharif Univer-
sity of Technology, Tehran. Moreover, the secured sam-
ples of the sorbents were sent to chemistry laboratory of 
Kharazmi University, Tehran for CHNS analysis. pHpzc 
was determined with pH-drift analysis as described by 
Lopez et al. [10], and the chemical functional groups of 
the sorbents were examined by FTIR (Termo Nicolet 6700). 
Specific surface area was determined by BET analysis by 
a ThermoFinnigan Sorptomatic apparatus using nitrogen 
adsorption at –196°C.

2.3. Adsorption experiments

250 ml batch reactors were used for all experiments and 
the procedures carried out at the normal temperature and 
pressure. Analytical-grade lead chloride (Merck Inc.), was 
used to prepare known concentrations of lead in distilled 
water. The adsorption rate was examined in different con-
tact times (CT from 5 to 90 min), initial pH (pH0 = 5, 6, 7, 
8 and 9), adsorbents dosages (AD = 0.5, 1 and 1.5 mg/L) 
and initial concentration of lead (C0 = 1, 5, 10 and 15 mg/L). 
Atomic absorption spectrometer, Perkin Elmer 100 was 
used for measurement of lead concentrations. Quality con-
trol of the experiment and measurements was performed 
by taking blank samples in each set of the experiments and 
replications for three times.

Data analyses achieved by using Excel solver add-
Ins, and non-linear modelling performed by using Curve 
Expert 1.4. The correlation determination (R2) and standard 
error (SE) were used to determine appropriateness of sorp-
tion isotherms and the examined models. R2 values close 
to 1.0 and small SE values were considered to have better 
curve fitting.

3. Results and discussion

3.1. The adsorbents

A considerable reduction in carbon content was seen in 
RHS (0.09%) compared to RRH (35.92%). Also, the reduc-
tion of nitrogen and hydrogen content was resulted in RHS 
(Table 1). The large amount of carbon in RRH is related to 
organic materials in its structure, as RRH consist of almost 
95% organic materials mainly including; α-cellulose 43.3%, 
Lignin 22%, D-xylose 17.52%, I-arabinose 6.53%, Mthylglu-
curonic acid 3.27% and D-galactose 2.37% [11]. The results 

Fig. 1. RRH (a), SEM image of RRH (b), RHS (c), SEM image of RHS (d).
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showed that SiO2 (94.24%) was the main portion of RHS 
components. Likewise, the high values of SiO2 in RHS were 
reported by Mehdinia et. al. (97.35%) and from 83.66 to 
99.66%, depended on the preparation condition, by Yalcin 
et al. [12] and Mehdinia et al. [13]. While, the reported con-
tents of SiO2 for RRH (25.81 [12] and 20.2% [14]), and RB 
(3.34% [15]), were significantly lower than RHS.

High SiO2 and lower carbon content of RHS show its 
mineral structure compared to RRH, which is mainly 
organic. This transmutation form RRH to RHS which 
occurred during the acidic treatment and calcination gives 
a higher stability and tolerant against biological degrada-
tion of RHS, as an adsorbent during the aquatic adsorption 
process. And the silicon dioxide molecules could make net-
works of SiO2 in a crystalline structure [16]. 

Regarding to the FTIR spectra of the sorbents (Fig. 2), 
disulfide week bands (465 cm–1) [17], C-H or S-OR esters 
(700–1200 cm–1) also remarked as gel network [18,19], strong 
bending of C=S thyocarbonil or most probably broad, 
strong bending of Si-OR, and Si-O-Si siloxane (900–1400 
cm–1) [20], and strong Si-H silane bending (2360 cm–1) [21] 
are extending in the RHS comparing with the RRH and RB. 
While the alkanes (2925 cm–1) and alcohols (3418 cm–1) are 
notably declined [20,22].

Finally, the resulted surface area for the RHS was 
obtained about 226.3 m2·g–1,by the BET analysis, with pore 
diameters mainly lower than 20 nm (supplementary mate-
rial Fig. 1S and 2S). Also, the pH-drift analysis indicated 
pHpzc about 6.1 for RRH and RB, and 6.6 for RHS.

3.2. Effect of pH 

The results showed the most removal efficiency (RE, Eq. 
(1)) of lead by using adsorbents in the initial solution pH of 
6. RE of lead for RHS, RRH and RB were respectively 92.3%, 
85.7% and 84.3% in pH 6. 

RE
C C

C
e%

( )
=

− ×0

0

100
 (1)

where C0 is the initial concentration of lead, and Ce is the 
remained lead in the solution (mg/L).

Removal efficiency of lead from the solution in the 
pHs higher than 6 and in initial solution pH (pH0) of 5 was 
decreased (see Fig. 3). This indicated that the most appro-
priate pH for adsorption of lead with all three adsorbents 
is 6. It is clear that in the higher pH values, lead and most 
heavy metals will precipitate with reduction of their solu-
bility due to reaction with hydroxyl. A notable part of the 
total lead is present as a precipitate of Pb(OH)2 from pH 7.7 
to 11, which is not available for adsorption [23]. 

It is known that at the isoelectric point or in other word, 
point of zero charge (pHpzc), surface charge of adsorbent 
is neutral, and in the pH values above pHpzc it has nega-
tive charge, whereas below pHpzc it is positively charged 
[24]. The obtained pHpzc for RHS was 6.6, where it was 6.1 
for RRH and RB [25–28]. Predominant form of Pb(II) in the 
solution is Pb2+ at pH less than 6.0 and Pb(OH)+ at pH 6.0–7.7 
[23]. 

In this study the optimum pH for adsorption of lead was 
found to be at 6.0, which was lower than adsorbents’ pHpzc. 
In the lower pHs competition between H+ and the lead ions 
could diminish adsorption of lead ions. It is clear that the 
increase of solution pH reduces the competition between H+ 

Fig. 2. FTIR spectra for the RRH, RB, and RHS.

Fig. 3. Removal efficiency of lead in different pH values (AD = 
1.0 g/L, C0 = 5.0 mg/L and CT = 60 min).

Table 1
Physical-chemical properties of the RRH & RHS 

Selected characteristics parameters

Density (g/L) pH C (%) H (%) N (%) SiO2 (%)

Raw rice husk (RRH) 93.3 6.7 35.92 4.84 0.42 NM*
Rice husk silica (RHS) 44.5 7.5 0.09 0.16 0.14 94.24

NM* = not measured
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and the lead ions for binding sites with decreasing concen-
tration of H+, favoring sorption at high pH. Therefore, when 
pH of the solution is around the pHpzc the best adsorption 
results were obtained, where the electrostatic repulsion is 
minimum between the positively charged lead ions and the 
surface [23]. Low adsorption of lead ions above pH value of 
6.0 could be attributed to the precipitation of lead ions as 
hydroxide.

3.3. Effect of contact time 

Optimization of the contact time (CT) was carried out 
for the maximum removal of Pb(II) on the adsorbents by 
changing agitating time in the reactor from 5 to 90 min. 
Based on the observed results (Fig. 4), the adsorption of lead 
consisted of two phases. The adsorption rate in the initial 
phase was immediate, while a relatively slow adsorption 
occurred in second stage. It sounds that, the first phase was 
external surface adsorption while the second one was the 
diffusion controlled adsorption [29,30]. When CT increased, 
pores of the sorbents were filled and the adsorption rate 
became slower and reached a plateau stage [31]. 

The adsorption increased from 15.7, 16.4 and 23.9% to 
84.3, 73.6 and 91.9% respectively for RRH, RB and RHS, as 
the contact time was increased from 5 to 60 min. On further 
increase of CT up to 90 min, adsorption rate increased to 
88.2, 76.3 and 93.6% but these increments were scant and 
slow specially for RHS. Hence, 60 min was considered to be 
the optimum CT for Pb(II) adsorption. The results declared 
that adsorption on RHS had a faster rate growth than the 
remains in the initial times and the adsorption mostly 
occurred in the first 30 min as the RE% of RRH, RB and 
RHS were 63.9, 59.4 and 78.5%, respectively. 

3.4. Effect of adsorbent dosage

Dosages of the adsorbents were examined for the opti-
mum value using 0.5, 1 and 2 g/L of the selected adsor-
bents. The results showed rapid increment of adsorption 
rate by increasing dose of adsorbents (Fig. 5). The increase 
in adsorption by adding adsorbent could be attributed to 
the larger surface area thereby increased number of binding 
sites available for Pb(II) [32]. Respectively for RRH, RB and 
RHS Pb(II) adsorption increased from 69.3, 63.3 and 74.8% 

at dosage of 0.5 g/L to 88.2, 85.4 and 96.4% at dosages of 
1.5 g/L. 

Therefore, 1.0 g/L of the adsorbent was considered 
as an appropriate dosage for the remained examinations. 
The quick increment of adsorption with AD increase at the 
low dosages could be due to higher concentration gradient 
between the surface and pores of the sorbent and the bulk 
solution. So in higher dosage there are more free sites of 
adsorption for Pb ions and their adsorption decreases bulk 
concentration of Pb. This results in decrease of the concen-
tration gradient and limits the concentration diffusion in the 
pores of the sorbent [27]. The significant decrease of q (mass 
of adsorbed Pb/mass of adsorbent) values with increasing 
dosage (Fig. 5) clearly shows less Pb uptake per unity of the 
sorbents is in consistent with above discussion. 

3.5 .Adsorption isotherm modelling

Adsorption isotherms provide valuable information on 
how the lead ions distribute between the solid and liquid 
phase at the equilibrium state of adsorption process. The 
information from the isotherms have a deterministic role to 
optimize the adsorption process [24].

The isotherm experiments were carried out with 1–15 
mg/L of Pb concentrations, at solution pH 6.0 and the adsor-
bents’ dosage of 1.0 g/L. The resulted data was analyzed by 
fitting to isotherm models including Langmuir, Freundlich, 
Redlich-Peterson (R-P), Temkin, Dubinin-Radushkevich 
(D-R) and Flory–Huggins (F-H). 

3.5.1. Langmuir isotherm

In Langmuir model the basic supposition is that the 
sorption falls out at specific homogeneous sites through the 
adsorbent, and maximum adsorption corresponds to for-
mation of a monolayer of adsorbate. Based on the assump-
tions of the isotherm, there is transmigration of adsorbate 
on the surface and adsorption energy is constant [33]. The 
mathematical form of Langmuir equation is presented as 
follows [34].

q
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K C
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Fig. 4. Effect of contact time on lead removal efficiency (pH0 = 6, 
AD = 1.0 g/L and C0 = 5.0 mg/L).

Fig. 5. Effect of adsorbent dosage on lead removal (pH0 = 6, CT = 
60 min, and C0 = 5.0 mg/L).
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where qe is the equilibrium state adsorption capacity, which 
represents the amount of adsorbed lead per amount of 
adsorbent;

q
C C

me
e=

−0  (3)

where C0 is initial lead concentration (mol/L), Ce is equi-
librium liquid phase concentration (mol/L), m is mass of 
adsorbent (g), qm is maximum monolayer adsorption capac-
ity (mol/g) and KL is Langmuir constant related to energy 
of adsorption (L/mol), which corresponds to the concentra-
tion at which the amount of adsorbate bound to the sorbent 
is equal to qm/2, and indicates the affinity of the adsorbate 
to bind with sorbent. Hence, a high KL value indicates a 

higher affinity. Plotting Ce/qe versus Ce gives a straight line 
with slop of 1/qm and 1/KL·qm which is its intercept. KL and qm 
were evaluated for the adsorption data from the slope and 
intercept of the plot, which are listed in Table 2; along with 
determination coefficient (R2).

The results declared that maximum adsorption capacity 
and affinity of Pb to sorbent, given to the KL, for RHS (qm = 
15.6 mg/g, KL = 188414 L/mol) is considerably more than 
RRH (qm = 7.3 mg/g, KL = 45078 L/mol) and RB (qm = 4.8 
mg/g, KL = 123591 L/mol). This high adsorption capacity 
of RHS could be due to its more surface area (226.3 m2/g) 
[35] rather than RB (0.46 m2/g) [15] and RRH (2.48 m2/g) 
[25]. Also, a main portion of RHS is SiO2 which its surface 
has commonly negative charge regarding the pHpzc of 6.6, 
that causes affinity to cations. It includes silanol (Si-OH), 

Table 2
Determined constant values for the adsorption isotherms of lead ions on the selected adsorbents

*Linear Non-linear

RRH RB RHS RRH RB RHS

Langmuir KL (L/mol) 45078 123591 188414 53377 186094 26974
qm (mg/g) 7.3 4.8 15.6 6.9 4.5 48.3
RL 0.39 0.26 0.066 0.36 0.2 0.14
–ΔG0(KJ) 26.6 29.1 30.1 27.0 30.1 25.3
R2 0.96 0.96 0.73 0.98 0.92 0.99
SE 0.138 0.235 0.054 1.7 × 10–6 2.6 × 10–6 2.9 × 10–6

Freundlich KF (mol/g)(L/mol)1/n 24.0 × 10–3 3.0 × 10–3 20.4 × 10–3 5.1 × 10–3 0.62 × 10–3 494.0 × 10–3

1/n 0.68 0.49 0.53 0.54 0.35 0.77
n 1.47 2.04 1.89 1.9 2.9 1.3
R2 0.96 0.87 0.98 0.97 0.85 0.99
SE 0.147 0.300 0.158 2.0 × 10–6 3.6 × 10–6 2.4 × 10–6

Redlich-
Peterson

KRP (L/g) 1.51 2.77 × 1029 3.06 × 1029 2.43 3.78 70
aRP (L/mol)1/β 37180 9.11 × 1031 1.5 × 1031 8721 250551 151
β 1 0.51 0.47 0.78 1 0.21
–ΔG0 (KJ) 26.1 – – – 30.8 –
R2 0.94 0.88 0.97 0.98 0.92 0.99
SE 0.2 0.16 0.09 2.2× 10–6 3.6× 10–6 3.3× 10–6

Temkin KT (L/mol) 685223 1783235 8995814 713449 1757353 8450306
B 0.192 0.132 0.163 0.21 0.14 0.13
bT (kJ/mol) 12.9 18.8 15.2 14.7 17.1 19.9
–ΔG0 (KJ) 33.3 35.7 39.7 33.4 35.6 39.5
R2 0.98 0.92 0.79 0.98 0.92 0.79
SE 0.05 0.12 0.22 2.4× 10–6 3.8× 10–6 1.9× 10–5

D-R qm(mg/g) 104 38 127 55.38 18.96 933.06
β 5 × 10–9 3 × 10–9 3 × 10–9 3.9 × 10–9 2.5 × 10–9 5.6 × 10–9

E (kJ/mol) 10 12.9 12.9 11.3 14.2 9.5
R2 0.97 0.90 0.97 0.98 0.86 0.99
SE 0.20 0.33 0.24 1.8× 10–6 3.4× 10–6 2.8× 10–6

F-H KFH (L/mol) 393 1250 1662 550 1500 2320
nFH –5.95 –3.65 –1.33 –5.27 –3.26 –1.22
–ΔG0 (KJ) 14.8 17.7 18.4 15.6 18.1 19.2
R2 0.87 0.92 0.92 0.93 0.89 0.99
SE 0.28 0.25 0.19 9.5× 10–6 1.2× 10–5 9.8 × 103

*The graphs are presented in supplementary material (Fig. 3S–8S)
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siloxane (Si-O-Si) and Si-O groups, which could contribute 
in ion-exchange reactions [36]. 

Owing to the great difference in the electronegativity 
of silicon and oxygen thereby the Si–O bond is fairly ionic, 
about 50% the ionic structure of silica provides a capabil-
ity of adsorbing Pb ion [37]. Between RRH and RB, RRH 
showed more adsorption capacity (7.3 mg/g vs. 4.8 mg/g), 
which could be related to its more surface area, however 
affinity of RB (KL = 123591) to Pb was higher than RRH (KL 
= 45078). 

The separation parameter (RL) is a dimensionless equi-
librium parameter of the Langmuir model which is given 
as follows: 

R
K CL

L

=
+

1
1 0

 (4)

For favorable adsorption process it is suggested that the 
value of RL to lie in the range 0–1. RL that indicates excel-
lence and nature of adsorption, which as RL = 0 for irrevers-
ible adsorption, 0 < RL < 1 for favorable adsorption, RL = 1 
for linear adsorption, and RL > 1 for unfavorable adsorption 
[24,38].

The calculated RL values for the adsorption of Pb onto 
RRH, RB and RHS respectively were 0.39, 0.26 and 0.066 
which indicated favorable adsorption of Pb onto the sor-
bents. The non-linear form of the Langmuir isotherm was 
more consistent with the data from RRH and RHS (Table 2). 
The notable differences of the linear model were the higher 
adsorption capacity (48.3 mg/g) and RL (0.14) of RHS. 
The adsorption capacity (48.3 mg·g) in the present work is 
higher than the reported values of 10.86 [31] and 2.0 mg/g 
[39] for rice husk. It indicates agreeable performance of rice 
husk silica as an adsorbant substance. 

3.5.2. Freundlich isotherm

Freundlich isotherm explains adsorption on both of 
homogeneous and heterogeneous surfaces [29]. It assumed 
a heterogeneous surface with a non-uniform distribution of 
adsorption heat over the surface and proposes that bind-
ing sites are not independent and/or equivalent. Following 
equation represents the isotherm. It could be applied for 
non-ideal adsorption on heterogeneous surfaces also mul-
tilayer adsorption [40].

q K C linear form q K
n

Ce F e
n

e F e= = +
1 1

 : log log log  (5)

where KF is the constant of Freundlich isotherm related to 
adsorption capacity and n is the constant of the isotherm 
related to the adsorption intensity. Plotting a graph of log Ce 
vs. log qe gives straight line, and 1/n and log KF are slope and 
intercept of the line, respectively. The value of slope (1/n) 
shows the adsorption intensity or surface heterogeneity. 
As 1/n gets closer to 0 indicates that adsorbent is more het-
erogeneous and the value of 1/n close to or 1 indicates that 
adsorbent is a material with homogenous binding sites as 
is described by the normal Langmuir isotherm, whereas a 
value of 1/n above 1 is suggestive of cooperative adsorption 
[28, 34]. Also, n value of this isotherm is important regard-
ing to description of adsorption given n as: n = 1 (linear); n< 
1 (chemical process); n > 1 (physical process) [41] isotherm, 

kinetic, mechanism and design equations for the analysis of 
adsorption in Cd (II). 

For a favorable adsorption n value should be in the range 
1–10 [42]. The constants of Freundlich isotherm and the 
related R2 values were calculated and are recorded in Table 2. 
From Table 2, it is clear that n values were greater than 1, 
which indicate that the adsorption processes of Pb ions onto 
surface of the sorbents are favorable and follow the physi-
cal process. The values of 1/n showed more heterogeneous 
surface for RHS (1/n = 0.49) than RRH (1/n = 0.68), and R2 
values indicated well confidence of linear (R2

RHS = 0.98, R2
RRH 

= 0.96) and non-linear (R2
RHS = 0.99, R2

RRH = 0.97) Freundlich 
isotherm with adsorption of lead on RRH and RHS. 

Evaluation of maximum adsorption capacity was 
regarding to the results of using various amounts of the 
adsorbents for a constant C0. Thus, log qm was the extrapo-
lated value of log q for C = C0. Then, given the Halsey equa-
tion [43] (Eq. (6)), the qm was calculated and obtained 19.9, 
14.7 and 12.9 mg/g respectively for RRH, RB and RHS. 

K
q

C
F

m

n
=

0

1  (6)

3.5.3. Redlich-Peterson isotherm

Redlich–Paterson (R-P) is designated as a three parame-
ter equation which is capable to represent adsorption equi-
librium over a wide concentration range and due to its high 
versatility could be either applied in homogenous or het-
erogeneous systems [44]. This equation has the following 
form [45]:

q
K C

a C
linear form

K C
q

C ae
RP e

RP e

RP e

e
e=

+
−







= +

1
1β β log: log log RRP  (7)

where KRP is the R-P isotherm constant, aRP is constant and β 
is a heterogeneity factor which lies between 0 and 1.

The isotherm is described by Eq. (6), and the constants 
in the equation could be evaluated from the obtained 
pseudo-linear plot by using a trial-and-error optimization 
method. In order to obtain the best value of KRP which 
yields a maximum optimized value of R2 [46], a trial-and-er-
ror procedure which is applicable to computer operations 
could be developed to determine the coefficient of determi-
nation, R2, in series of values of KRP for the linear regression 
of log(Ce) on log[(KRP Ce/qe) − 1].

Redlich and Paterson incorporated the characteristics of 
Langmuir and Freundlich isotherms into a single equation. 
Its behavior lines with the Freundlich isotherm in high con-
centrations. Where KF = KRP/aRP and 1/n = 1 – β. Considering 
the heterogeneity factor β two limiting behaviours exist, i.e., 
Langmuir form for β = 1 and Henry’s law form for β = 0 [47]. 

For β = 1 it reduces to the Langmuir equation, where KL 
= aRP, and qm = KRP/aRP. For β = 0 it reduces to Henry’s law as 
the following equation [48].

q
K C

ae
RP e

RP

=
+1

 (8)

where KRP/1+ aRP is the Henry’s constant [49].
Evaluated constants of R-P isotherm are presented in 

Table 2. Consistent with the obtained heterogeneity factor 
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of Freundlich isotherm, RHS was the most heterogeneous 
adsorbent material with lower β (0.47) compared to RRH 
(β = 1) and RB (β = 0.51). The isotherm was reduced to 
Langmuir given the β value for RRH, which indicated the 
homogenous surface and monolayer adsorption of lead on 
RRH. Then for RRH KL = aRP = 37180 L/mol, which was 
fairly in accordance with the Longmuir isotherm (KL = 
45078 L/mol).

Although the non-linear form of the isotherm showed β 
= 1 for RB, but the fairly weak fitness (R2 = 0.92) with the 
data don’t permit to intend the obtained β. The non-linear 
R-P was more consistent with the results and estimated dras-
tically different values for KRP and aRP. The resulted R2 and SE 
inferred more reliability of non-linear R-P for the adsorption 
system. R-P isotherm was far from Henry’s low limit for the 
examined sorbents when β was not close to 0 for them. 

3.5.4. Temkin isotherm

The Temkin isotherm assumes linear decreasing for 
adsorption heat of all molecules in the layer with coverage 
due to adsorbent-adsorbate interactions. Also it presumes 
the characterization of adsorption by a uniform distribu-
tion of the binding energies; it considers maximum binding 
energy and declines the heat of sorption as a function of 
temperature, whereas it is linear rather than logarithmic, as 
implied in the Freundlich equation. This isotherm is com-
monly presented in the following form [24]:

Ψ Ψ=






( ) = +
RT
b

K C linear form B K B C
T

T e T eln : ln ln  (9)

where Y = qe/qm is fractional surface coverage, qm obtained 
from linear Langmuir (see Table 2) for RRH and RB, and 
RHS qm obtained from Freundlich (qm = 12.9) according to 
reliability of their R2 values. B = RT/bT, and bT is constant 
of Temkin isotherm related to heat of sorption (J/mol), KT 
is the equilibrium binding constant corresponding to the 
maximum binding energy (L/g), R is the ideal gas constant 
(8.314 J/mol K), and T is the absolute temperature (K). KT 
and B are determined by using the linear plot of Y vs ln Ce. 
The values of KT, bT and B are presented in Table 2.

Energy range for ion-exchange bonding mechanism is 
typically 8–16 kJ/mol and 20–40 kJ/mol for chemisorption, 
while physisorption processes are reported to have adsorp-
tion energies less than –40 kJ/mol [50]. The value of bT indi-
cates strong interaction between lead ions and the sorbents. 
Hence, the adsorption process of lead onto the sorbents 
could be expressed as ion-exchange. As indicated, the value 
of bT adsorption mechanism in the RB was more close to 
chemisorption, but it was not in the range of 20–40 kJ/mol.

The non-linear model of the isotherm gives qm values 
for RRH, RB and RHS, 8.1, 6.5 and 16.9 mg/g, respectively. 
This form of the equation was not more compatible with the 
results, but it included lower SEs. The predicted higher bt 
(19.9 vs. 15.2 kJ/mol) for RHS was the main difference with 
the linear model.

3.5.5. Dubinin-Radushkevich isotherm

The adsorption data have been analyzed to distinguish 
the adsorption mechanisms based on the heterogeneous 

characteristics of the adsorbents by using D-R isotherm. 
This model is generally used to describe the adsorption on 
a heterogeneous surface with a Gaussian distribution of 
adsorption energy [51]. 

There are some limitations for application of DR equa-
tion onto liquid-phase adsorption due to the complexities 
associated with other factors such as pH and ionic equi-
librium intrinsic in aqueous solutions. Additionally, the 
non-ideal bulk solution often is rendered due to the sol-
ute-solvent interactions [52]. However, in many researches 
on adsorption of metal ions, this model is used to distin-
guish the adsorption mechanisms regarding to the mean 
free energy (E) of adsorption. In this regard, E is amount of 
energy that is required to drive a molecule from its location 
on the adsorbate to the infinity [51]. It could be evaluated 
with the following expression.

E =












1
2β

 (10)

where β is the isotherm constant. It could be evaluated form 
the D-R isotherm as the mathematical expression of D-R 
model for the liquid phase system is expressed by the fol-
lowing equation.

q q linear form q qe m e m= −( ) = −exp : ln lnβε βε2 2  (11)

Meanwhile, the parameter ε can be correlated as [53]:

ε = +








RTln

Ce

1
1  (12)

The obtained results of D-R isotherm are presented in 
Table 2, the values of E show that the adsorption mech-
anisms for all three sorbents were in the range of ion-ex-
change process. The non-linear form of D-R predicted 
considerably higher qm and fairly lower E for RHS. This 
form of the equation also fitted with the results of RRH and 
RHS and reliability of application for them.

3.5.6. Flory–Huggins isotherm

This model occasionally derives the degree of surface 
coverage characteristics of adsorbed substance onto adsor-
bent surface. It could declare the feasibility of adsorption, 
and spontaneous nature of an adsorption process. The F-H 
isotherm is expressed as the following formulation.

θ
θ

θ
C

K linear form
C

K n nFH
n

FH FH FH
FH

0 0

1= −( ) 





= + : log log log logg 1 −( )θ  (13)

where KFH and nFH are the indication of its equilibrium 
constant and model exponent. The equilibrium con-
stant, KFH could be used for the calculation of spontaneity 
free Gibbs energy [51,52]. In this equation, θ is the degree of 
surface coverage and is calculated as following:

θ = −1
0

C
C

e  (14)

The values of parameters for this isotherm are pre-
sented in Table 2. Non-linear forms of the model had better 
fitness with RRH and RHS but the SE of RHS were nota-
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bly high. It was declared form the results that coverage (θ) 
were not considerably reduced for RHS, as a function of 
C0, compared to the remains (Fig. 6). On the other hand, a 
sprightly increment of the area covered with the lead ions, 
[S, Eq. (15)], was seen for RHS. This could be due to the 
high surface area of RHS and its high affinity to lead ions 
which made it able to adsorb ions on the surface in higher 
concentrations of lead. However, the coverage was notably 
decreased for RB and RRH and the covered area with the 
lead ions did not increase significantly for them. This could 
be related to their very small surface area, than RHS, which 
could not support more adsorption capacity for the higher 
concentrations. The covered area with the lead ions esti-
mated according to Eq. (15) [54].

S
q A r
M

e=
×
  π
103

2

 (15)

where S (m2/g) is the covered area of each gram of sorbents 
with the lead ions, A = 6.022 × 1023 is the Avogadro’s num-
ber, r = 4.01 × 10–10 m is ionic radius of lead and M = 207.2 g/
mol is the molar mass of lead.

3.6. Adsorption rate and kinetic

Adsorption of lead onto the selected sorbents firstly 
was investigated to find the most probable order of reac-
tion and the using pseudo-first-order, pseudo-second-or-
der, Bangham and intra-particle diffusion kinetic models. 
In this regard, adsorption investigation on the sorbents was 
carried out in a 250 ml bath reactor with C0 = 5 mg/L, pH0 = 
6, t = 5–90 min and AD = 1 g/L as shown in Fig. 7. 

3.6.1. The order of reaction

The reaction orders for adsorption of lead on RRH, RB 
and RHS were studied initially with the expression of [55]: 

log log log
−





+
∆
∆

C
t

K n Ce
  (16)

where K is the reaction constant (min–1), n is order of the reac-
tion and (mg/L) is the mean concentration in the solution for 
Δt. Fig. 7 represents the obtained plot for the reactions and 

the reactions’ constants. The most reaction constant of 0.026 
min–1 was obtained for RHS. Also, it could be stated accord-
ing to the plot that the adsorption reactions (nRRH = 1.6, nRB = 
2.7, nRHS = 1.7) were close to second and third order. Hence, 
given the obtained results for the rate of lead adsorption 
on the selected sorbents, pseudo-first and pseudo-second 
order reactions could be consistent expressions. The values 
of n indicate that pseudo-first order equation could be more 
reliable for RRH and RHS, while for RB the pseudo-second 
order equation sounds to be more compatible. 

3.6.2. Rate constants of the adsorption

As discussed above, pseudo-first-order [Eq. (17)] and 
second-order rate equations [Eq. (18)] were applied to elab-
orate the rate of lead adsorption on the selected adsorbents. 
Eqs. (17) and (18) express the Lagergrens pseudo-first-order 
and pseudo-second order reaction, respectively [24,56].
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.2 303
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K q q linear form
t
q K q q

tt

t
s e t

t s e e

= −( ) = +
2

2

1 1
 :  (18)

In these equations qt (mg/g) is the amount of lead 
adsorbed at time t. Kf (min–1) is the pseudo first order rate 
constant, Ks is the pseudo second order rate constant (g/
mg·min), t is the contact time (min) and Ksqe

2 (mg/g·min) 
is expressed as initial adsorption rate (at t → 0) [57]. The 
integration of the equations with initial condition (qt = 0 at t 
= 0) leads to their linear form. 

Half-life (t1/2) of lead in the sorbents was estimated 
based on the obtained reaction constants. Below equations 
respectively denote the half-life for first and second order 
models [58,59]. The estimated values of the rate constants 
are presented in Table 3.

t
K f

1
2

2 303
=

.  (19)

t
K qs e

1
2

1
=  (20)

Fig. 6. Coverage (θ) and occupied surface area (asterisks) of the 
selected adsorbents as a function of concentration (C0).

Fig. 7. Reaction order and constants of lead adsorption on the 
selected adsorbents.
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Regarding the R2 values in Table 3, the results showed 
that the adsorption of lead on RRH, RB and RHS was 
superbly compatible with the pseudo first-order and 
pseudo second-order models. Appreciably more reac-
tion constant (K) was found for RHS than the remains in 
both models. Given the R2 and SE in Table 3, it is indicated 
that the results are most fitted with the pseudo first-order 
model. On the other hand, the lower half-lives were pre-
dicted for lead concentration via the pseudo second-order 
model which exerted more consistency with the exper-
imental results which are presented in Table 3. Agree-
ment of the results with the pseudo second-order reaction 
declares that the chemical adsorption is notably influenced 
the rate-limiting step of the adsorption [60]. Although the 
chemical bonding makes some difficulty to the recovery of 
sorbents, but it prevents form the secondary pollution to 
environment.

3.6.3. Elovich model 

The Elovich model assumes heterogeneous nature for 
the solid surface active sites of sorbent and therefore, the 
sites exhibit different activation energies for chemisorp-
tion [61]. A kinetic principle is base of the model as it is 
assumed that with advance of adsorption the adsorption 
sites increase exponentially. Hence the model implies a 
multilayer adsorption [62].

Elovich equation is generally expressed as Eq. (21).

q
b

ab
b

tt = ( ) +
1 1

ln ln  (21)

where a is a constant of initial sorption rate of chemisorp-
tion (mg/g·min), and b represents extent of surface cover-
age (desorption constant) also it demonstrates activation 
energy of chemisorption (g/mg). a and b are evaluated from 
the linear plots of qt vs ln t. They are presented in Table 3 for 
the selected sorbents. 

The pseudo first order, the pseudo second order and 
the Elovich model are based on the fact that the sorption 
is the rate limiting step in the adsorption process [54]. So, 
according to the results in the attributed table, the fitting 
to the models elucidated that the sorption was the leading 
cause of rate-controlling step. Also, the good fitness to the 
Elovich model indicated the multilayer adsorption of lead 
on the sorbents.

3.6.4. Bangham’s equation

Bangham model supposes that the internal diffusion 
is the rate limiting step. Kinetic data were further used to 
know about the slow step occurring in the present adsorp-
tion system using Bangham’s model as Eq.(22) [57]. 
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Table 3
Determined rate and kinetic constants for adsorption of lead ions on the selected adsorbents

RRH RB RHS

Pseudo first-order model Kf  (min–1) 0.0453 0.0487 0.0605
qe (cal.) (mg/g) 4.94 3.94 4.85
t1/2 (min) 50.8 47.3 38.1
R2 0.996 0.998 0.997
SE 0.04 0.03 0.05

Pseudo second-order model Ks (g/mg·min) 0.0053 0.0095 0.0113
qe (cal.) (mg/g) 6.13 4.87 5.64
t1/2 (min) 30.9 21.8 15.7
h (mg/g·min) 0.1983 0.2236 0.3599
R2 0.991 0.995 0.995
SE 0.52 0.50 0.42

Elovich model a (mg/g·min) 0.44 0.47 0.73
b (g/mg) 0.74 0.91 0.79
R2 0.990 0.988 0.973
SE 0.15 0.14 0.23

Bangham model α 0.0079 0.0068 0.0056
K0 (ml·L/g) 67.92 70.05 102.16
R2 0.72 0.68 0.65
SE 0.165 0.153 0.147

Weber–Morris intra-particle diffusion model Kid(mg/g·min1/2) 0.52 0.42 0.47
C (mg/g) -0.04 0.29 0.75
R2 0.95 0.92 0.88
SE 0.34 0.34 0.49
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where V is the volume of the solution (ml), m is the weight of 
adsorbent per liter of solution (g/L). K0(ml·L/g)and α (<1) 
are constants and are presented in Table 3. Plotting (log log 
(C0/C0–qtm) vs log t) did not yield satisfactory linear curves 
for lead removal by the adsorbents. This demonstrated that 
the internal diffusion of adsorbate into pores of adsorbents 
is not the only rate-controlling step. Hence, the film and 
pore diffusion were important in the adsorption process. As 
the dependable straight lines (R2

RRH = 0.98, R2
RB = 0.99, R2

RHS 
= 0.99) emerged when considering the end part of the pro-
cess (60–90 min), one can state that the rate-controlling step 
of this part was the internal diffusion (see Fig. 8). This could 
be due to the diminished concentration gradient between 
the pores and bulk solution with increasing concentration 
of lead in the pores along with the process [63].

3.6.5. Weber–Morris intra-particle diffusion equation

The presented below expression describes Weber-Mor-
ris model [Eq. (23)], which is used to elucidate the influence 
of intra-particle diffusion on resistance to adsorption [24].

q K t Ct id= +
1

2  (23)

In this model Kid is the intra-particle diffusion rate 
constant. A straight line passing the origin in the plot of qt 
vs. t1/2 indicates the compatibility of data with this model. 
Intercept of the line (C) represents thickness of the bound-
ary layer, and the larger intercept shows the greater bound-
ary layer effect [57]. Obtained values of the constants were 
accommodated in Table 3. Given the results the Weber-Mor-
ris model was fairly better fitted with data from RRH and 
RB than the Bangham’s model (Fig. 9). This show partly 
influence of intra-particle diffusion on their adsorption 
rate rather than RHS. The deviation of straight lines from 
the origin indicates that the pore diffusion is not the only 
rate-controlling step. About RHS it may be caused by the 
difference between the rate of mass transfer in the initial 
and final stages of the adsorption. The first, sharper stage 
could be attributed to the diffusion of lead through the 
solution to the external surface of RHS or boundary layer 

diffusion of solute molecules as the greatest C value was 
seen for the RHS up to 0.75 [63]. The straight lines obtained 
for the Bangham model for the selected adsorbents indicate 
that the intra-particle diffusion is the rate controlling step 
for the removal of lead ions.

3.7. Free energy of adsorption

The spontaneous nature of the on-going adsorption pro-
cesses was examined by the change in Gibb’s free energy 
(ΔG°). It was calculated by using following equation:

∆G RT K° = − ln  (24)

The values of K (L/mol) were obtained from Langmuir, 
R-P, Temkin and F-H isotherms. The results are presented in 
Table 2, which show the spontaneous nature of the adsorp-
tion by the sorbents and greatest values of ΔG° which were 
obtained for RHS (39.7 kJ/mol) from Temkin isotherm that 
was not so reliable given the R2 of 0.79. ΔG°, which in none 
of the cases was not reached the –40 kJ/mol as the energy of 
physisorption [50].

4. Conclusion

Regarding to the results of this study agricultural wastes 
of rice and especially RHS have appreciable capacity for 
adsorption of lead from an aqueous solution. Optimum pH 
for the adsorption of lead on the sorbent is obtained 6 and 
the optimum dosage of sorbent was 1 g/L with the contact 
time of 60 min. The adsorption of lead on RHS, RRH, and 
RB has include a spontaneous processes and ion-exchange 
determined as the dominant reaction. 

The adsorption of lead on RRH, RB and RHS was fairly 
compatible with all examined isotherms, while non-linear 
Langmuir and non-linear R-P had the best fitness with the 
results. Subsequently, pseudo first-order model is in well 
agreement with the results of lead adsorption rate on the 
RHS, RRH and RB.

RHS showed the most adsorption capacity, high adsorp-
tion free energy and highest rate constants for adsorption 

Fig. 8. Bangham’s model plots for the removal of lead by the se-
lected sorbents.

Fig. 9. Intra-particle diffusion plots for the removal of lead by 
the selected sorbents.
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of lead compared to the RRH and RB. This indicated the 
effectiveness of the modification process on rice husk to get 
a better adsorbent.

Regarding the results, the boundary layer diffusions 
were the main rate-controlling steps of the adsorption of 
lead on the sorbents. About RHS the boundary layer dif-
fusions was found to be more influencing factor in limiting 
the reaction rate compared to the remains.
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are presented in Fig. 1S and 2S. Also, various isotherm for 
adsorption of lead ions on the selected adsorbents, RRH 
(row rice husk), RB (rice bran) and RHS (rice husk silica) are 
presented in Figs. 3S–8S.

Supplementary material

The BET value obtained for the surface area of rice husk 
silica was 226.3 m2g–1. It shown to be mesoporous with a 
median pore radius of 2.4 nm. The BET parameter graphs 

0.0 0.1 0.2 0.3p/p0

0.000

0.001

0.002

0.003

0.004

0.005

0.006

p/(
V ad

s (p
0 -p)

) / cm
-3 g

 

Fig. 1S. The BET surface area analysis, 2 parameters line (p/pº) 
vs. p/(Vads(pº–p))/cm–3 g in the Rice Husk Silica.
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Fig. 2S. Pore radius size (nm) vs. pore volume (cm3 g–1) in the 
Rice Husk Silica.

Fig. 3S. Langmuir isotherm graphs for the selected adsorbents.

Fig. 4S. Freundlich isotherm graphs for the selected adsorbents.

Fig. 5S. Redlich-Peterson isotherm graphs for the selected 
 adsorbents.

Fig. 6S. Temkin isotherm graphs for the selected adsorbents.
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Fig. 7S. Dubinin-Radushkevich isotherm graphs for the selected 
adsorbents.

Fig. 8S. Flory–Huggins isotherm graphs for the selected adsor-
bents.


