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The present study reports the chemical modification of agricultural waste (rice straw) with urea using microwave radiation and
the efficiency evaluation of this modified rice straw for the adsorption of a toxic heavy metal, cadmium. The elemental analysis of
urea modified rice straw affirmed urea grafting on rice straw, and FTIR spectra of chemically benign modified adsorbent showed
the presence of hydroxyl, carbonyl, and amino functional groups. Effects of process parameters (adsorbent dosage, contact time,
agitation speed, pH, and temperature) were studied in batch mode. Parameters were optimized for the equilibrium study, and
adsorptionmechanismwas elucidated using fivemathematical models (Langmuir, Freundlich, Temkin, Harkin-Jura, andDubinin-
Radushkevich). Binding of Cd(II) ions on modified adsorbent followed Langmuir model, and the maximum uptake capacity was
found to be 20.70mg g−1. Kinetic modeling was done using six different kinetic models. The process was considered physisorption
according to the obtained activation energy value. Thermodynamic parameters confirmed the process to be favorable and feasible.
Exothermic nature of adsorption of Cd(II) ions on urea modified rice straw was confirmed by the negative value of ΔH∘.

1. Introduction

Rapid pace of industrialization has resulted in a number of
problems among which water pollution is considered to be
one of the serious problems. Industrial processes discharge
huge amounts of untreated wastewater daily into the sur-
rounding environment, leading to detrimental effects on aqu-
atic, plant, and human life. Heavy metal such as lead, cad-
mium, chromium, and copper is regarded asmajor pollutants
in wastewater. These contaminants are of major concern
because they do not degrade naturally [1].

Cadmium has attracted wide attention of environmental
chemists as one of the most toxic metals and has been cate-
gorized as a human carcinogen by USEPA (United States
Environment Protection Agency), WHO (World Health
Organization), and NTP (National Toxicology Program) [2].
It is a nonessential and nonbiodegradable metal which slowly
accumulates in the human body, usually from food chain.
The permissible limits for cadmium by WHO and USEPA
are 3 𝜇g L−1 and 5 𝜇g L−1, respectively. It affects lungs, liver,
and pancreas and disturbs the human DNA repair system.

Chronic cadmium poisoning causes characteristic yellow
pigmentation of teeth (the yellow ring of cadmium) [2].

It is important to treat contaminated waters on a contin-
uous basis due to need of hour. A number of technologies
are available with varying degree of success, and among them
adsorption process is considered relatively better because
of convenience, ease of operation, and simplicity of design
[3]. Activated carbon has been utilized as the commercial
adsorbent for the removal of pollutant from wastewater
because of its excellent adsorption ability. However, its use is
restricted due to high cost.

Recently, many nonconventional, low-cost adsorbents
including natural materials, (biosorbents) and waste materi-
als have been proposed by several researchers. Cadmium has
been reported to be removed and recovered from aqueous
solutions by a number of biosorbents [4–8]. Modification
of the natural materials (biosorbents) has gained numerous
cost-effective and efficient adsorbents for the uptake of pollu-
tants from aqueous solution. Certain physical and chemical
methods such as heating, freezing, drying, cross-linking
with organic solvents, chemical reactions with a variety of
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organic and inorganic compounds, and modification under
microwave radiation in the absence of any solvent have been
utilized in this regard [9–13]. The modifications produce
adsorbents which have greater exposed metal-binding sites
as compared to raw adsorbents. The chemically modified
adsorbent offers a larger available surface area. The surface
chemistry is altered after modification due to the incorpo-
ration of new functional groups by changing the already
present functional groups on any adsorbent. These modified
functional groups act as complexing or chelating agents for
metals [14–16]. Modification with microwave radiation is
advantageous because it is a simple process and does not
require any solvent. Also no harmful vapors are added to the
environment.

Rice (Oryza sativa) is one of the major crops grown
throughout the world and is most important staple food for
a large part of the world’s human population. Rice straw,
obtained as a byproduct of rice industry, is an agricultural
waste which is used as a cost-effective adsorbent for a number
of pollutants including metal ions. Rice straw is insoluble in
water, has good chemical stability, and has high mechanical
strength [17], making it good adsorbent material for treating
heavy metals from wastewater.

The present study is based on the evaluation of effec-
tiveness of a modified agricultural waste (rice straw) for the
removal of toxic Cd (II) ions from aqueous solution in a batch
process. Detailed equilibrium, kinetic, and thermodynamic
studies elucidate the adsorption mechanism.

2. Materials and Methods

2.1. Collection and Urea Modification of Oryza sativa. Dried
rice straw (Oryza sativa) was collected from the Punjab
University area of Lahore, Pakistan. It was washed with water
to remove the dust and particles and was air dried. Dried rice
straw was grinded and sieved to pass 40–60 mesh (ASTM
standard). It was again washed with water and dried in an
oven at 105–110∘C till constant mass. The dried biomass was
mixed with urea (Merck, Germany) in 1 : 2 by mass and
irradiated in amicrowave oven (D131, Dawlance) for a period
of 12 minutes. The procedure for modification is expressed
in detail elsewhere [18] and shown in Scheme 1. This urea
modified rice straw was designated as UMRS and stored in
airtight plastic bottles for further use.

2.2. Characterization of UMRS. The prepared material
UMRS was characterized using FTIR, elemental analysis,
and surface area. In order to study the presence of potential
functional groups in UMRS, the FTIR spectrumwas scanned
in 4000–400 cm−1 using standard method with the help of

FTIR spectrophotometer (Spectrum RX-1, Perkin Elmer).
The elemental analysis was performed using elemental ana-
lyzer (EL III, Elementar, Vario) using corn gluten as a
standard. The surface area was determined using Langmuir
equilibrium model.

2.3. Batch-Stirred Biosorption Experiments. A concentration
difference method was used to study the effect of various
parameters on the biosorption of Cd(II) byUMRS. Cadmium
(II) nitrate (Merck, Germany) was used to prepare the
aqueous solution of Cd(II). Distilled water was used for all
types of solution preparations and dilutions as per require-
ment. In all experiments, measuring/conical flasks (100mL)
were used containing Cd(II) solution (50mg/L, 50mL) of
a known concentration at a specific pH. A known amount
of UMRS (0.2–1.4 g) was added to the solution and then
agitated on an orbital shaker (OSM-747, Vortex) at predefined
speed (125 rpm). After a specific period of time, the contents
were filtered, and the filtrate was analyzed using atomic
absorption spectrophotometer (AAnalyst 100, Perkin Elmer)
to determine the equilibrium Cd(II) ions concentrations.
The difference of initial (𝐶

0

, mg L−1) and equilibrium (𝐶
𝑒

,
mg L−1) metal ion concentration was considered to be sorbed
by UMRS. The removal (R%) of Cd(II) and/or the amount
of Cd(II) sorbed per unit mass of UMRS at equilibrium (𝑞

𝑒

,
mg g−1) were determined using the following formula:

𝑅% =
𝐶
0

− 𝐶
𝑒

𝐶
0

× 100, (1a)

𝑞
𝑒

=
𝐶
0

− 𝐶
𝑒

𝑚
× V, (1b)

where “𝑚” (g) is the mass of UMRS and “V” (L) is the volume
of Cd(II) solution used for the experiment.

The effects of parameters like time of contact, pH, dose
of UMRS, agitation speed, temperature, and concentration
of Cd(II) ions on the biosorption process were studied in a
similar way. Blank experiments were performed in order to
study the adsorption of Cd(II) by the glassware.No detectable
adsorption of Cd(II) was found by the glassware. All the
graphs were prepared using Microsoft Excel 2003 software.
Regression analyses have also been performed by calculating
𝑅
2 to investigate the suitability of certain mathematical

model. Root mean square errors (RMSE) were calculated in
order to evaluate the error of the model predictions. The
sum of the squares of the difference between metal removal
experimental data (𝑞exp) and model predictions (𝑞cal) was
divided by the number of data points (𝑁) for each data set,
and the square root of this term was taken as follows:

RMSE = √
∑(𝑞exp − 𝑞cal)

2

𝑁
.

(1c)

3. Results and Discussion

3.1. Effect of pH. The pH of the solution is probably the most
important parameter as it affects the charges on biomass as
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well as metal speciation in the solution. The metal species
are influenced by the solution pH. Cadmium ions are present
as free Cd2+ species along the whole acidic pH range. As
the pH is increased above pH 7.5, it starts to precipitate as
Cd(OH)

2

, and thus it is no more “available” for biosorption.
This narrows down the upper pH limit for the biosorption of
Cd(II) by UMRS. So, during the study of the effect of pH, the
range that should be scanned for the optimum pH is limited
to an upper value of 7.5 [16].

On the other hand, in highly acidic pH, there are a greater
number of H+ ions present in the solution. These H+ ions
are readily sorbed on the sites of the biomass (UMRS) and
thus protonate it before metal ions can attack these sites.
This causes UMRS to behave as positive specie. Due to the
electrostatic repulsive force present between two positive
species, a limited number of Cd(II) ions are sorbed onUMRS,
and thus there should be low 𝑞

𝑒

value at low pHs. When the
pH is raised from highly acidic pH, this positive character
decreases. UMRS, being a modified lignocellulosic material,
contains a variety of functional groups including carbonyl,
amide, hydroxyl, and thiol. The behavior of each of these
functional groups changes with the change in solution pH.
For example, carboxyl groups are protonated in highly acidic
pHs (pH less than 3) acting as positively charged species
and attracting negative charged ions [19]. On increasing
the pH, the deprotonation (ionization) of these functional
groups causes them to act as negative moieties. At this
stage, they attract and attach positive cations like Cd(II) ions
more readily. It may be represented as shown in Scheme 2
[16].

The protonation and deprotonation of other available
functional groups can be explained on similar grounds. It can
be predicted that at highly acidic pHs, Cd(II) binding with
UMRS is reduced, and the binding increases with increase in
pH because UMRS is negatively charged. This effect of pH
of solution on biomass, thus, decides the lower limit of pH.
Based on the previous discussion, the effect of pHwas studied
in pH range of 2–7.

The pH profile study is shown in Figure 1. It is obvious
that the binding of Cd(II) by UMRS increased with increase
in pH. This is in conformity with the previous discussion.
No significant change in the 𝑞

𝑒

value is observed as the pH
is increased above 5. This indicated that the pH had a vital
role in the biosorption of Cd(II) by UMRS and themaximum
binding occurred at a pH of 5. A number of studies, in the
literature, on the biosorptive removal of Cd(II) by various
biosorbents reported the optimum pH between 5-6 [18, 20–
22]. Almost similar values of pH indicate that the biosorption
of Cd(II) ions seems not to be dependent on the biosorbent
material. The material only provides the lower pH limit for
biosorption of Cd(II) ions.
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Figure 1: Effect of change in pH on biosorption of Cd(II) on UMRS
(𝐶
0

= 50mg/L, time = 10min).
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Figure 2: Effect of contact time on Cd(II) biosorption by UMRS
(𝐶
0

= 50mg/L).

3.2. Effect of Contact Time-Biosorption kinetics. The contact
time studies are very critical as these endow with the min-
imum time required to remove maximum amount of Cd(II)
ions from the solution and thus help in scaling up the process.
The optimum (equilibrium) time helps in studying the rate of
biosorption process. With the help of kinetic data, the rate
determining step of the transport mechanism and thus the
modeling and design of the process can be described.

The effect of contact time on the removal of Cd(II) by
UMRS is depicted in Figure 2. It was observed that by increas-
ing the time of contact, the metal removal (𝑞

𝑒

) increased
rapidly. This continued till the 𝑞

𝑒

achieved a maximum value
at a time of contact of 10 minutes.The rapid increase in the 𝑞

𝑒

values in the initial 10 minutes can be attributed to a greater
number of binding sites available during initial stages. This
indicated the physical binding of Cd(II) ionswithUMRS [18].
As time proceeded, the number of binding sites was reduced
due to accumulation of Cd(II) ions on the UMRS leading
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Table 1: Kinetics of the biosorption of Cd(II) onto UMRS.

Model Linear equation 𝑞
𝑒 exp (mg g−1) Model parameters

Elovich model 𝑞
𝑡

=
ln (𝑎 × 𝑏)

𝑏
+
ln 𝑡
𝑏

2.924

𝑎 (mg g−1 min−1)
𝑏 (gmg−1)

𝑅
2

4.62 × 10
29

25.64
0.6931

First order 1

𝑞
𝑡

=
1

𝑞
𝑒

+
𝑘
1

𝑞
𝑒

𝑡

𝑘
1

(min−1)
𝑞
𝑒 calc (mg g−1)

𝑅
2

0.0452
2.914
0.5245

Pseudo-first order ln (𝑞
𝑒

− 𝑞
𝑡

) = ln 𝑞
𝑒

− 𝑘
1

𝑡

𝑘
1

(min−1)
𝑞
𝑒 calc (mg g−1)

𝑅
2

0.1074
0.1537
0.4734

Second order 1

𝐶
𝑒

−
1

𝐶
0

= 𝑘
2

𝑡
𝑘
2

(gmg−1 min−1)
𝑅
2

0.0026
0.4644

Pseudo-second order 𝑡

𝑞
𝑡

=
1

𝑘
2

𝑞2
𝑒

+
𝑡

𝑞
𝑒

𝑘
2

(gmg−1 min−1)
𝑞
𝑒 calc (mg g−1)

𝑅
2

4.6812
2.929
0.999

Intraparticle diffusion 𝑞
𝑡

= 𝑘WM√𝑡 + 𝐶
𝑘WM (mg g−1 min−1/2)

𝐶

𝑅
2

0.0245
2.7902
0.6166

to the decrease in the binding of metal ions. Thus the rate
of biosorption decreases in the later stages. After a contact
time of 10 minutes, the graph becomes virtually parallel to
the time axis, indicating the establishment of the equilibrium.
Thus 10 minutes were taken as the optimum time of contact
for the biosorption of Cd(II) onto UMRS. This equilibrium
(optimum) time is found shorter than a number of studies
reported in the literature for the biosorption of Cd(II) ions
onto various biosorbents [18, 20–22].

The reaction kinetics was investigated by using a number
of different available kinetic models. The experimental data
obtained from the contact time studies was used for the
purpose.The linear forms of the Elovich, first-order, pseudo-
first-order, second-order, and pseudo-second-order kinetic
models [23–27] are, respectively, given as

𝑞
𝑡

=
ln(𝑎 × 𝑏)
𝑏

×
ln 𝑡
𝑏
, (2a)

1

𝑞
𝑡

=
1

𝑞
𝑒

+
𝑘
1

𝑞
𝑒

𝑡
, (2b)

ln (𝑞
𝑒

− 𝑞
𝑡

) = ln 𝑞
𝑒

− 𝑘
1

𝑡, (2c)

1

𝐶
𝑒

−
1

𝐶
0

= 𝑘
2

𝑡, (2d)

𝑡

𝑞
𝑡

=
1

𝑘
2

𝑞2
𝑒

+
𝑡

𝑞
𝑒

, (2e)

where 𝑎 (mg g−1min−1) gives the rate constant and 𝑏 (gmg−1)
gives rate of adsorption at zero coverage in Elovich model.
𝑘
1

(min−1) is the first-order rate constant, 𝑞
𝑒

and 𝑞
𝑡

are
the amounts of metal ions sorbed per gram of biomass
(mg g−1) at equilibrium and at time “𝑡,” respectively, and
𝑘
2

(mg g−1min−1) is the second-order rate constant. The
parameters for the kinetic models were determined from
respective plots (Figure 3) and are given in Table 1.

The experimental data were used to study the kinetics
of the process using Elovich model (Figure 3(a)). The value
of coefficient of determination (𝑅2 = 0.6931) is quite less
than 0.98.This low value indicated that the kinetics of Cd(II)
biosorption by UMRS could not be discussed based on
the Elovich model. In other way, Cd(II)-UMRS biosorption
system did not follow Elovich kinetic model. The literature
shows that Elovich model is the least applied kinetic model
to biosorption systems, and only a few examples show
the application of this model over the whole kinetic data
[28, 29].

The plots for first-order and pseudo-first-order kinetic
models are shown in Figures 3(b) and 3(c).The comparison of
the experimental and calculated 𝑞

𝑒

values provides a tool for
deciding the fitting of the model over the experimental data.
As shown in Table 1, it can be observed that the calculated 𝑞

𝑒

(2.914mg g−1) value for the first-order model is comparable
with the experimental value (2.924mg g−1). This pointed
to the possible fitting of the model for the process. The
value of the first-order rate constant 𝑘

1

is 0.0452 (min−1).
However, 𝑅2 (0.5245) is quite less than 0.98. So, it can be
inferred that first-order model cannot be applied to explain
the biosorption process under study. On the other hand,
the calculated 𝑞

𝑒

(0.1537mg g−1) value for pseudo-first-order
model is significantly different from the experimental 𝑞

𝑒

(2.924mg g−1) value. The value of the pseudo-first-order rate
constant 𝑘

1

is 0.1074 (min−1). In addition, 𝑅2 value (0.4734)
is quite less than 0.98. Hence it can be concluded that Cd(II)-
UMRS biosorption system did not follow the pseudo-first-
order kinetic model. This observation is in accordance with
the studies reported in the literature for the fitting of first-
order and pseudo-first-order kinetic models (Table 2).

The plots for second-order (𝑡 versus 1/𝐶
𝑒

− 1/𝐶
0

) and
pseudo-second-order (𝑡 versus 𝑡/𝑞

𝑡

) kinetic models are given
in Figures 3(d) and 3(e). The value of second-order rate
constant 𝑘

2

was quite low (0.0026 gmg−1min−1).The𝑅2 value
for the second-order kineticmodel (0.4644) indicted that this
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Figure 3: Kinetic models for the binding of Cd(II) onto UMRS (a) Elovich, (b) first-order, (c) pseudo-first-order, (d) second-order, (e)
pseudo-second-order, and (f) intraparticle diffusion models.
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Table 2: Comparison of capacity of UMRS with some other reported biosorbents.

Biomass Biosorption capacity (𝑞
𝑚

, mg g−1) Equilibrium modela Kinetic modelb Reference
Sulfonated Juniperus monosperma wood 1.68 — PSO [42]
Juniperus monosperma 2.80 — PSO [42]
Zea mays 3.61 — [43]
Coconut copra meal 4.92 L, RP — [44]
Nauclea diderrichii 6.30 L PSO [45]
Triticum aestivum (straw) 11.56 L — [21]
Triticum aestivum (straw) 14.56 L PSO [40]
Water Hyacinth 14.67 — PSO [46]
Papaya wood 17.22 L PSO [47]
Spent grain 17.30 L — [6]
Urea modified Oryza sativa 20.70 L PSO Present work
Rhizopus cohnii 40.50 L — [48]
aL: Langmuir model; RP: Redlich-Peterson model.
bPSO: pseudo-second-order model.

model cannot be applied to investigate the kinetics of Cd(II)-
UMRS biosorption system.

When the experimental data was used to draw the graph
for pseudo-second-order kinetic model, straight plot for the
whole set of data was observed.The comparison of calculated
𝑞
𝑒

(2.929mg g−1) and experimental 𝑞
𝑒

(2.924mg g−1) values
showed that the difference between the two was too small to
be significant.This indicated the possible fitting of the kinetic
model for the process.The coefficient of determination (𝑅2 =
0.9999) pointed to that the pseudo-second-order kinetic
model could be used for the investigation of kinetics of the
Cd(II) biosorption by UMRS.

It was found that Elovich, first-order, pseudo-first-order,
and second-order models failed to explain the kinetics of
Cd(II) biosorption by UMRS. In some cases, the experi-
mental and calculated 𝑞

𝑒

values were in close proximity; yet
the coefficient of determination was opposing the fitting of
the model (first-order model). Pseudo-second-order kinetic
model was the best model, showing fitting over the whole
set of experimental kinetic data. Hence, it can be concluded
that pseudo-second-order model was suitable to explain the
kinetics of the system under study, that is, Cd(II)-UMRS
biosorption system. A number of authors have studied the
biosorption of divalent metal ions onto various biosorbents
and reported that such studies mostly followed pseudo-
second-order kinetics (Table 2).

In order to have an insight into the rate determining
step, Weber and Morris model, that is, intraparticle diffusion
(IPD)model, was employed [30].The linear form is shown as
follows: (2f);

𝑞
𝑡

= 𝑘WM√𝑡, (2f)

where 𝑘WM is the intraparticle diffusion rate constant
(mg g−1min−1/2). A straight line passing through the origin
in 𝑞
𝑡

versus 𝑡1/2 plot will indicate that the sorption process
is governed by intraparticle diffusion; that is, intraparticle
diffusion is the rate determining step; otherwise boundary
layer diffusion is the rate controlling step.

As shown in Figure 3(f), the varying extent of the binding
of Cd(II) during initial and final stages of the experiment
led to a plot virtually parallel to time axis. As the curve did
not start from the origin (the intercept is not zero), so it can
be inferred that intraparticle diffusion did not play a role in
the rate determining step. So, boundary layer diffusion was
the rate determining step, and the biosorption of Cd(II) by
UMRS was governed by boundary layer diffusion. The value
of 𝑘WM is shown in Table 1. However, further studies are
required to establish this observation.

3.3. Effect of Concentration-EquilibriumModeling. Therole of
adsorption in the biosorption of Cd(II) ions by UMRS can be
explained by the use of equilibriummodeling.The adsorption
models indicate how Cd(II) ions distribute between the
liquid and solid phases at equilibrium. A number of different
models have been employed for the purpose in the present
study. These models, namely, Langmuir equation (3a) [31],
Freundlich equation (3b) [32], Temkin equation (3c) [33],
Harkin-Jura equation (3d) [34], and Dubinin-Radushkevich
equation (3e) [35], are given as, respectively,

𝑞
𝑒

=
𝑞
𝑚

𝐾
𝐿

𝐶
𝑒

1 + 𝐾
𝐿

𝐶
𝑒

, (3a)

𝑞
𝑒

= 𝐾
𝐹

𝐶
1/𝑛

𝑒

, (3b)

𝑞
𝑒

=
𝑅𝑇

𝑏
ln (𝐴
𝑇

𝐶
𝑒

) , (3c)

𝑞
𝑒

= (
𝐴

𝐵 − log𝐶
𝑒

)

1/2

, (3d)

𝑞
𝑒

= 𝑞
𝑚

exp (−𝛽𝜀2) , (3e)

where 𝐾
𝐿

, 𝐾
𝐹

, 1/𝑛, 𝐴
𝑇

, 𝑏, 𝐴, 𝐵, 𝛽, and 𝜀 are the constants of
these models.

Experimental data for the biosorption of Cd(II) ions by
UMRS is plotted as 𝐶

𝑒

versus 𝑞
𝑒

graph (Figure 4). The fitting
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Table 3: Equilibrium models studied at 303K.

Model Equation Parameters

Langmuir 𝑞
𝑒

=
𝑞
𝑚

𝐾
𝐿

𝐶
𝑒

1 + 𝐾
𝐿

𝐶
𝑒

𝑞
𝑚

(mg g−1)
𝐾
𝐿

(Lmg−1)
𝑅
𝐿

𝑅
2

RMSE

20.70
0.0409

0.7576–0.2381
0.9855
0.65

Freundlich 𝑞
𝑒

= 𝐾
𝐹

𝐶
1/𝑛

𝑒

𝐾
𝐹

(mg g−1)
𝑛

𝑅
2

RMSE

1.2018
1.6575
0.9128
1.22

Temkin 𝑞
𝑒

=
𝑅𝑇

𝑏
ln (𝐴

𝑇

𝐶
𝑒

)

𝐾
𝑇

(Lmg−1)
𝐵 (RT/b, kJmol−1)

𝑅
2

RMSE

1.9022
2.1612
0.974
0.30

Harkin-Jura 𝑞
𝑒

= (
𝐴

𝐵 − log𝐶
𝑒

)

1/2

𝐴

𝐵

𝑅
2

RMSE

2.4606
1.1722
0.6002
1.14

D-R 𝑞
𝑒

= 𝑞
𝑚

exp (−𝛽𝜀2)

𝑞
𝑚

(mg g−1)
𝛽

𝐸 (kJmol−1)
𝑅
2

RMSE

5.8532
1 × 10

−6

0.707
0.814
0.97
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Figure 4: Equilibrium modeling of Cd(II) biosorption on UMRS.

of the equilibrium models is also represented on the same
plot. The values of different equilibrium parameters and 𝑅2
values have been determined with the help of these plots and
are shown in Table 3.

The Langmuir model is one of the most frequently
used equilibrium models and is employed to determine the
maximum capacity of the biosorbent to bind the metal ions.
It assumes that the uptake/binding of Cd(II) ions occurs on
the homogenous surface by monolayer adsorption without
any interaction between adsorbed ions. The nonlinear form

of Langmuir model is used to explain the behavior of the
Cd(II)-UMRS biosorption process. It can be observed that
the Langmuir equilibrium curve significantly overlaps the
experimental data (Figure 4). The 𝑅2 value that is 0.9878
(greater than 0.98) points to the inference that the Langmuir
model can explain the equilibrium of the biosorption process
under study. The biosorption capacity of UMRS (𝑞

𝑚

) was
found to be 20.7mg g−1, and the adsorption constant𝐾

𝐿

was
found to be 0.0409 Lmg−1.

The 𝑞
𝑚

value thus calculated was used to determine the
specific surface area (𝑆

𝐿

, m2 g−1) of the material (UMRS) by
using the following mathematical relationship:

𝑆
𝐿

=
𝑁
𝐴

𝐴𝑞
𝑚

𝑀
, (3f)

where 𝑁
𝐴

is Avogadro number (6.02 × 1023), 𝐴 refers to
cross sectional area of metal ion (Å2), and 𝑀 is the atomic
mass of the metal ion. The specific surface area is calculated
on the basis of the 𝑞

𝑚

value, and it shows the surface area
per gram of the material occupied by the metal ions. The
atomic mass of cadmium is 112, and the cross sectional area is
3.73 Å2 (the radius of Cd(II) ions for close packed monolayer
is 1.09 Å [18]). The specific surface area of UMRS for Cd(II)
biosorption was found to be 4.15m2 g−1.

The feasibility of Langmuir model is usually expressed
by a dimensionless constant separation factor or equilibrium
parameter 𝑅

𝐿

, defined as

𝑅
𝐿

=
1

1 + 𝐾
𝐿

𝐶
0

, (3g)

where “𝐾
𝐿

” is the Langmuir constant. The value of 𝑅
𝐿

indicates the type of isotherm as unfavorable (𝑅
𝐿

> 1), linear
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(𝑅
𝐿

= 1), irreversible (𝑅
𝐿

= 0), or favorable (0 < 𝑅
𝐿

< 1)
[36].The 𝑅

𝐿

values were calculated to lie in 0.7576–0.2381. As
these values lie between 0 and 1, it can be deduced that the
adsorption of Cd(II) ions onto UMRS is favorable under the
studied conditions.

The Freundlich model assumes the nonzero interactions
between the adsorbate particles and is based on multilayer
adsorption on heterogeneous surface. The nonlinear plot for
the model is shown in Figure 4. The comparison of the curve
for the Freundlich model with the experimental data shows
that this model can explain the biosorption of Cd(II) ions for
the initial set of data only. The coefficient of determination
(𝑅2 = 0.9867) for initial range also supports the observation.
The 1/𝑛 value is less than 1, and it shows that the sorption of
metal ions is favorable on UMRS. As the Freundlich model
states that the adsorption is exclusively physical one [18, 37],
so it can be inferred that Cd(II) ions are sorbed physically on
the heterogeneous surface (ofUMRS) forming a layers having
nonzero interactions between them.

Temkin model provides information about the heat of
adsorption and the adsorbent-adsorbate interaction on the
surfaces. Harkin-Jura model indicates the multilayer adsorp-
tion. The parameters for the both equilibrium models are
shown in Table 3, and the fitting with the experimental data
is represented in Figure 4. It can be observed that both the
models do not fit with the experimental data, although data
seemed to follow Temkin model at the later ends (𝐶

𝑒

>

14mgL−1). Although certain information about the nature of
sorption are achieved yet due to disagreement of the experi-
mental data with the models, these information/models are
not suitable to explain the process, and further studies are
required to establish the facts. However, 𝐵

𝑇

value (less than
8) indicated low heat of adsorption and very weak interaction
suggesting the process to be physisorption [38, 39].

The physical or chemical nature of biosorption of Cd(II)
onto UMRS can be assessed by determining the energy of
sorption (𝐸) using the following equation:

𝐸 =
1

√2𝛽
, (3h)

where 𝛽 is a coefficient related to the mean free energy of
adsorption (mol2 J−2).The value of𝛽 can be determined using
the Dubinin-Radushkevich (D-R) model. The adsorption
process will be a physical adsorption for𝐸 < 8 kJmol−1, and it
will be chemisorption for 8 < 𝐸 < 16 kJmol−1 [40].The value
of energy (𝐸) was found to be less than 0.71 kJmol−1, and
thus the sorption of Cd(II) by UMRS was physical in nature.
This is in accordance with the inference obtained from the
Temkin model. Figure 4 shows that D-R model is not being
followed by the Cd(II)-UMRS biosorption system. 𝑅2 value
is quite less than 0.98. Hence, the values of Polanyi potential
(𝜀),𝛽 and the energy of sorption (𝐸) were determinedwithout
significant accuracy. As the systems did not follow thismodel,
the inference about the nature of adsorption process seemed
not to be reliable.

3.4. Effect of Temperature: Feasibility of the Process. The effect
of change in temperature on the Cd(II)-UMRS sorption

Table 4: Values of thermodynamic parameters for Cd(II)-UMRS
system.

Temperature
(K)

ΔG∘
(kJmol−1)

ΔH∘
(kJmol−1)

ΔS∘
(J K−1 mol−1)

293.16 −1126.58 117.81 409.08
303.16 −7979.85

313.16 −9308.26

systemwas studied to resolve the thermodynamic parameters
and to investigate the nature/feasibility of the process. It was
observed that the sorption capacity increased with increase
in temperature. The 𝑞

𝑒

values increased during the studied
temperature range (293–313 K) from 1.9175 to 3.0400mg g−1
of UMRS (figure not shown).This indicated that the sorption
of Cd(II) by UMRS was an endothermic process and that
UMRS could be effectively used for the biosorptive removal
of Cd(II) ions from aqueous solutions at relatively higher
temperatures.

The experimental data were used to determine the ther-
modynamic parameters like changes in standard free energy
(Δ𝐺∘), enthalpy (Δ𝐻∘), and entropy (Δ𝑆∘) using the following
equations:

Δ𝐺
∘

= −𝑅𝑇 ln𝐾
𝐷

, (4a)

Δ𝐺
∘

= Δ𝐻
∘

− 𝑇Δ𝑆
∘

, (4b)

where 𝑇 is the absolute temperature (K) and 𝐾
𝐷

[(𝐶
0

−

𝐶
𝑒

)/𝐶
𝑒

] is the distribution coefficient.
The thermodynamic parameters given in Table 4 were

determined from the plot of Δ𝐺∘ versus 𝑇 (Figure 5(a)).
The negative values of Δ𝐺∘ at the studied temperature
range indicated that the sorption of Cd(II) by UMRS was
thermodynamically feasible and spontaneous. The decrease
in the value of Δ𝐺∘ with temperature further showed the
increase in feasibility of sorption at elevated temperatures.
In other words, the sorption was endothermic in nature.
The positive value of Δ𝐻∘ also supported this statement. The
positive value ofΔ𝑆∘ showed the increased randomness at the
solid-solution interface during the sorption ofmetal ions, and
it also reflected the affinity of UMRS for metal ions [41].

3.4.1. Activation Energy. Activation energy (𝐸
𝑎

) is an impor-
tant parameter related to the strength and type of forces
present between Cd(II) ions and UMRS. It was determined
using the following linear Arrhenius equation [26]:

ln 𝑘
2

= ln𝐴
1

−
𝐸
𝑎

𝑅𝑇
, (4c)

where 𝑘
2

is known as the pseudo-second-order rate constant,
𝐴
1

is the Arrhenius constant,𝐸
𝑎

refers to energy of activation
(kJ mol−1), 𝑅 is the ideal gas constant (8.3134 Jmol−1 K−1),
and 𝑇 is the temperature of the medium (K). A graph was
plotted between ln𝑘

2

and 1/𝑇. The values of energy of activa-
tion (𝐸

𝑎

) and Arrhenius contact (𝐴) were determined from
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Figure 5: (a) Thermodynamic modeling and (b) activation energy for the Cd(II) onto UMRS under optimum conditions.

the slope and intercept of the linear plot (Figure 5(b)).The 𝐸
𝑎

value is found to be 34.42 kJmol−1 indicating relatively weak
forces to be involved in the biosorption process indicating the
process to be physisorption.

3.5. Dose of UMRS. Dose of biomass is very important in
determining the minimum amount required to treat a solu-
tion of given metal concentration. By increasing the amount
of biomass, the number of available sites is also increased.The
effect of dose of UMRS on percentage adsorption of Cd(II)
ions was studied at an initial concentration of 50mg L−1 by
varying the amount from 0.2 to 1.4 g per 50mL of Cd(II)
solution. At optimum conditions, it was observed that by
increasing the dose, the 𝑞

𝑒

values also increased initially
(figure not shown). After increasing the dose to 0.8 g per
50mL, the 𝑞

𝑒

values decreased. The increase in 𝑞
𝑒

can be
attributed to the increase in the number of sites at UMRS.
After maximum Cd(II) ions are attached at 0.8 g per 50mL,
the increase in dose caused 𝑞

𝑒

values to decrease. As 𝑞
𝑒

values
are calculated by dividing 𝐶

0

− 𝐶
𝑒

by mass of UMRS, so 𝑞
𝑒

values decreased, although the removal (𝑅%) increased. In
addition, the decrease may be attributed to overlapping or
aggregating of sites at UMRS resulting in decrease in total
UMRS surface area available to Cd(II) ions. It can be inferred
that 0.8 g of UMRS was sufficient to detoxify a solution
containing 50mg Cd(II) per liter of solution.

3.6. Effect of Agitation Speed. Agitation speed is considered as
one of the important process parameter which significantly
affects the biosorption of Cd(II) onto UMRS. When UMRS
is made to come into contact with Cd(II) bearing solution,
the metal ions present close to it are readily attached. This
generates a concentration gradient in the metal-biomass
system. By agitating the metal-biomass system, the effect of
such a concentration gradient is minimized, and the metal
ions present in the solution are distributed evenly in the
solution. Moreover, agitation distributes the biomass in the
solution more evenly as compared to the situation when
there is no agitation. On the other hand, agitation also causes
desorption of the loosely bound metal ions from the surface
of biomass. So an optimum speed of agitation is very much

Table 5: Characterization of UMRS.

Elemental analysis
C (%)
H (%)
N (%)
S (%)

49.98
6.86
7.08
0.82

FTIR analysis (cm−1) 3819.1; 3287.4; 2349.4; 1697.9; 1429.1; 1048.8;768.5; 674.9

essential for the efficient removal of metal ions from the
solution.

The effect of agitation speed was monitored on the
biosorption of Cd(II) by UMRS by varying the speed from
50 to 250 rpm at optimum conditions (figure not shown). As
the agitation speed was increased, 𝑞

𝑒

value initially increased
and reached a maximum at 125 rpm. After that, the increase
in speed caused the biosorption of Cd(II) to decrease. If
agitation speed is low UMRS accumulates in the solution
instead of distributing in the solution. Various active sites are
buried forming layers of UMRS on one another and thus do
not participate in the biosorption process. So sorption occurs
only at the top surface layer resulting in lesser 𝑞

𝑒

values.
On the other hand, at higher agitation speeds, desorption
of bound Cd(II) ions increases, and the sorption-desorption
equilibrium is shifted towards the desorption and the 𝑞

𝑒

values decreases. On the basis of the previous discussion, an
agitation speed of 125 rpm was selected as an optimum speed
for the Cd(II) biosorption by UMRS.

3.7. Characterization of UMRS. Elemental analysis and FTIR
analysis were carried out using powdered, dried urea modi-
fied rice straw.The characterization revealed the information
regarding adsorption sites in terms of functional groups.
Simple rice straw consists of cellulose (32.24%), hemicellulose
(21.34%), lignin (21.44%), and mineral ash (15.05%) [37].
The elemental analysis of urea modified rice straw showed
relatively higher percentage of carbon, hydrogen, oxygen, and
nitrogen (Table 5). The percentage of nitrogen, that is, 7.08%
is of special concern. The high content of nitrogen in UMRS
pointed to the fact that after modification urea was attached
to already present functional groups present in the rice straw.
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Figure 6: FTIR of UMRS.
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Figure 7: Proposed attachment/binding sites of Cd(II) ions onto the
UMRS biosorbent (𝐶

0

= 50mg/L).

The FTIR is an important technique to identify potential
functional groups thatmay participate in the binding ofmetal
ions. The characteristic FTIR bands for UMRS (Figure 6) are
given in Table 5. A number of peaks/bands can be recognized.
The broadband in 3000–2800 cm−1 region is mainly due to
O–H stretching vibrations. The N–H and C–H bands also
arise in this region, and these are buried under the broad
O–H band, although some very weak peaks may be seen.
The presence of C≡C and C≡N can be observed by the peak
around 2300 and 2100 cm−1. The sharp peak at 1697.78 cm−1
may be attributed to the carbonyl groups of aldehydes and
ketones present in the large molecules in the cell wall of the
biosorbent material. The presence of a band near 1650 cm−1
pointed to the presence of amide group. The C–H bending
and C–O–C stretching may be observed around 1430 and
1050 cm−1, respectively. Thus it can be inferred that UMRS
is polyfunctional in nature. Cd(II) has been found to attach
with the oxygen and nitrogen containing functional groups
present in the biomass. As UMRS is rich in these functional
groups, it can be used for the binding of Cd(II) ions in a
significant amount. The binding may be proposed as shown
in Figure 7.

4. Conclusion

The present study was based on the efficiency evaluation of
a low cost urea modified agricultural waste material for the
adsorption of Cd(II) ions from water. Characterization of
the modified adsorbent using FTIR and elemental analysis
affirmed the urea modification by showing peaks of amide
group and a high nitrogen content, respectively. Process

parameters were optimized for equilibrium study. According
to the results maximum adsorption was observed when 0.8 g
per 50mL of modified adsorbent remained in contact with
50mg L−1 Cd(II) ions solution for 10min at pH 6 keeping
agitation speed 125 rpm at temperature 303K. Five differ-
ent adsorption isotherms (Langmuir, Freundlich, Temkin,
Harkin-Jura, and Dubinin-Radushkevich) were used for the
adsorption modeling and equilibrium study. It was observed
that Langmuir model better fitted to the equilibrium data,
the maximum uptake capacity was found to be 20.70mg g−1,
and 𝑅

𝐿

factor showed the favorability of the adsorption
process. Temkin isotherm indicated physisorption to be the
operating process for the uptake of Cd(II) ions by urea mod-
ified adsorbent due to weak interactions and lower heat of
adsorption. 𝐸 value obtained from D-R model corroborated
this statement. Kinetics of the process was investigated by
six different kinetic models. The kinetic study indicated that
adsorption mechanism obeyed pseudo-second-order kinetic
model. Intraparticle diffusion model proposed boundary
layer diffusion as rate determining step for the process.
Thermodynamic parameters such as Δ𝐺∘, Δ𝐻∘, and Δ𝑆∘
showed the exothermic nature of the process along with its
feasibility and spontaneity. Increase in entropy Δ𝑆∘ indicated
the favorability of adsorption of Cd(II) ions by urea modified
rice straw affirming its effectiveness and application for
waste water treatment. Thus urea modified rice straw can
be considered a cost effective and benign adsorbent for the
removal of heavymetal ions such asCd(II) ions from aqueous
solutions.
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