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A B S T R A C T

Bio-matrix of rice husk and Mobil Composition of Matter No. 41 (MCM-41) was modified with alizarin red S for
preconcentration of Pd2þ prior flame atomic absorption spectrometric determination. The prepared bio-matrix
(RH@MCM-41@ARS) was characterized by Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), transmission electron microscope (TEM), scanning electron microscope, energy dispersive X-ray spec-
trometer (SEM/EDX) and surface area studies. The impact of different parameters (solution pH, amount of sor-
bent, contact time, sample volume, initial Pd2þ concentration and diverse ions) on the uptake of Pd2þ were
evaluated. The maximum adsorption capacity of Pd2þ onto RH@MCM-41@ARS was 198.2 mg g�1 at optimum
conditions. Applying the optimized procedure as a preconcentration step led to limit of detection of 0.13 μg L�1

and dynamic analytical range up to 500 μg L�1. The sorbent was regenerated by 0.5 mol L�1 thiourea for at least
10 cycles without significant reduction of adsorption capacity. The method was applied for preconcentration of
Pd2þ from real samples.
1. Introduction

Palladium (Pd) is an economic element of unique properties. It is used
in combination with other metals for production of jewelry, dental alloys
and catalytic converters for cars [1]. Exposure to Pd or its compounds
may lead to toxic effects on skin, eyes, kidneys, liver and lungs depending
on the route of exposure and the chemical form of Pd [2].

There are many methods for determination of Pd such as spectro-
photometry [3], flame atomic absorption spectrometry (FAAS) [4],
inductively coupled plasma-mass spectrometry (ICP-MS) [5] and induc-
tively coupled plasma-optical emission spectrometry (ICP-OES) [6]. Most
of these techniques are not suitable for direct analysis of real samples due
to lack of sensitivity and presence of complex matrix with the analyte.

Preconcentration of Pd prior determination is an indispensable step to
enhance sensitivity and selectivity. Different techniques based on phys-
ical, physico-chemical or chemical principles were used for this aim
including high performance liquid chromatography [7], cloud point
extraction [8], liquid-liquid extraction [9] and solid phase extraction
[10].
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Agriculture wastes have been employed with interest for preconcen-
tration of metal ions [11] as they found in huge amounts, useless,
reproducible and with low cost. Many researches have been done for
removal of different metal ions using various types of agriculture wastes
as wheat, corn, sugarcane and bajra agro [12], potato leaf [13], orange
peel and groundnut shell [14].

Rice husk (RH) is continuously produced from rice industry. It is one
of the low-value agricultural by-products which have been used as a
biosorbent material due to its high chemical stability and mechanical
strength and water insolubility [15]. The worldwide annual RH output is
about 80 million tones [16]. Farmers often discharge RH by burning
which liberates CO2 into the environment. CO2 is a well-known green-
house gas so RH should be treated and modified to obtain useful mate-
rials [17]. RH is an organic agriculture waste which compose of about
50% cellulose and 15–20% silica so it can be used as starting material in
synthesis of active biosorbents such as Mobil Composition of Matter No.
41 (MCM41) which is a mesoporous molecular sieve with hexagonal
arrangement of pores [18]. The use of biosorbents possesses many
advantaged including the recycling of waste materials and overcome the
du.eg (W.I. Mortada).
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input of expensive chemicals [19]. Non-modified RH has low adsorption
capacity toward metal ions [20]. Modification of RH has received
important attention of researched to enhance its adsorption properties
[21]. Vyas et al prepared new sorbents based on modification of RH with
succinic anhydride and different amines for removal of Pd2þ from
aqueous solutions [20]. However, poor adsorption capacity was achieved
(7.7–15.7 mg/g) and the adsorption process was relatively slow (3 h).
Sun et al used magnetic rice husk biochar modified by KMnO4 for
adsorption of Cd2þ and Pb2þwith maximum adsorption capacities of 79
and 148 mg g�1, respectively [22]. Other modification procedures of RH
were presented to obtain better adsorption capacity [23].

The purpose of the present work is to prepare a bio-matrix of MCM-41
silica and RH modified with alizarin red S (RH@MCM-41@ARS) for
separation and preconcentration of Pd2þ from different samples prior to
its determination by FAAS. The main experimental parameters influ-
encing the extraction were optimized to obtain sensitive and selective
preconcentration procedure.

2. Experimental

2.1. Reagents and solutions

Double distilled water was through the study. Stock solution of Pd2þ

(1000mg L�1) was prepared by dissolving proper amount of PdCl2 in 100
mL double distilled water acidified with HCl. 3-aminopropyl trimethoxy
silane, Cetyltri methylammonium-bromide (CTAB), alizarin red S (ARS),
ethylenediaminetetraacetic acid (EDTA) and toluene were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Acetate buffer (pH 3.0–7.0)
was used to control pH. Solution of 0.5 mol L�1 thiourea was prepared by
dissolving 3.81 g of thiourea in 100 mL double distilled water and was
used as eluent.

2.2. Instrumentation

A Buck Scientific atomic absorption spectrometer (model 210 VCP,
East Norwalk, CT, USA) with an air–acetylene flame was used for
determination Pd2þ (wavelength 244.8 nm and spectral bandwidth of 0.2
nm). Infrared spectrumwasmeasured using KBr discs on Nicolet i10 FTIR
spectrometer in the range of 4000 to 400 cm�1. X-ray diffraction (XRD)
analysis was carried out using a Philips PW 1390 X-ray diffractometer
(Eindhoven, Netherlands). The size and morphology of the biosorbent
were investigated by transmission electron microscopy (TEM; Model:
JEM 2100, JEOL, Japan). The scanning electron microscopy (SEM) was
carried out using JSM 6510LV scanning electron microscope (JEOL,
Tokyo, Japan) operated at an accelerating voltage of 20 kV. Energy
dispersive X-ray analysis (EDX) carried out by SEM model Quanta 250
FEG (Field Emission Gun). The BET surface area and pores radius were
determined using adsorption-desorption isotherms of N2 gas at 77 K
using NOVAtouch™ gas sorption analyzer (Quantachrome Instruments,
USA). The pores radius was determined using BJH method as the sample
was degassed under vacuum at 200 �C for 4 h, using 0.1 g sample prior to
surface area measurement [24].

2.3. Preparation of the modified bio-matrix

2.3.1. Preparation of RH@MCM-41
Rice husk was washed several times by distilled water to remove dust

and undesirable materials. The washed RHwas rinsed with 3mol L�1 HCl
with stirring for 3 h at 100 �C, the solution was filtered and washed
several times with distilled water until the filtrate become neutral. The
resulting RH was dried and ground to pass through 300 mesh sieve. Five
grams of the treated RH was mixed with 2 g of CTAB, 50 mL distilled
water and 35mL ammonium solution and stirring for 10 min. The pHwas
adjusted to 10 using 5% (v/v) HCl. The mixture was sealed in Teflon
vessels and heated at 120 �C in microwave oven for 3 h. The mixture was
filtered and the separated solid was washed with ethanol and distilled
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water then dried at 65 �C for 8 h, the solid ground gently using mortar to
obtain homogenous particles of RH@MCM-41.

2.3.2. Preparation of RH@ MCM-41@ARS
Five grams of RH@MCM-41 were added to 2 mL of 3-aminopropyltri-

methoxy silane in 25 mL toluene. The mixture was heated in microwave
oven at 120 �C in microwave oven for 3 h as described above. The
separated solid phase was washed with ethanol and distilled water and
heated again in the microwave oven (120 �C for 3 h) with 3.0 g of ARS in
25 mL toluene. The obtained sorbent (RH@MCM-41@ARS, Scheme 1)
was separated, washed, dried and characterized by FTIR, XRD, TEM,
SEM, and EDX and BET surface area studies.

2.4. General adsorption process

Adsorption of Pd2þ onto RH@MCM-41@ARS was investigated by
using batch procedure. Certain quantities of RH@MCM-41@ARS
(10–100 mg) were added to 5 mL buffer solution (pH 3.0 to 7.0) in
fixed volume (50–1200 mL) containing appropriate amount of Pd2þ. The
mixture was stirred (5–60 min) and filtrated. The concentration of Pd2þ

in the supernatant was determined by FAAS. The removal % of Pd2þ was
calculated according to Eq. (1):

%Removal¼ðCi � CeÞ
Ci

x100 Eq. 1

Where Ci and Ce are the initial and equilibrium concentrations of Pd2þ

(mg L�1).

2.5. Optimization of the adsorption process

To obtain the best adsorption conditions the procedure was optimized
using uni-variant strategy as described in the experimental section.

2.5.1. Effect of pH
The effect pH on Pd2þ sorption onto RH@MCM-41@ARS was studied

in order to obtain the optimum adsorption pH. Fifty mg of RH@MCM-
41@ARS were mixed with 5 mL buffer solution (pH 3.0–7.0) and 10
mg L�1 Pd2þ in a conical flask, then the volume was completed to 100mL
using double distilled water. Mechanical stirring occurred for 20 min at
room temperature (25� 1 �C) then the solid material was separated from
the solutions by filtration. The removal %was calculated according to Eq.
(1).

2.5.2. Effect of amount of biosorbent
Different amounts of the RH@MCM-41@ARS (10–100 mg) were

added in separated conical flasks. To each, 5 mL of buffer solution (pH
4.0) and appropriate amount of Pd2þ solution were mixed and the vol-
ume was marked to 100mL using double distilled water. After stirring for
20 min, the solid phase was separated from the solutions by filtration and
the removal % of Pd2þ was calculated as mentioned above.

2.5.3. Effect of stirring time
Fifty mg of RH@MCM-41@ARS were added to conical flasks con-

taining 5 mL buffer solution (pH 4.0) and Pd2þ (10 mg L�1) and the
volume was completed to 100 mL using double distilled water. The
mixture was stirred for (5–60 min) at room temperature then the bio-
sorbent was separated by filtration. The removal % of Pd2þ by
RH@MCM-41@ARS was estimated using Eq. (1).

2.5.4. Effect of sample volume
Certain amount of the biosorbent (50mg), 5 mL of buffer (pH 4.0) and

10 mg L�1 Pd2þ were mixed in a conical flask and the volume was
completed to a fixed volume (50–1200 mL). The content of the flask was
stirred for 20 min and the experiment was continued and the removal %
of Pd2þ as described above.



Scheme 1. Preparation of RH@MCM-41@ARS
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2.5.5. Adsorption capacity
Five mL of citrate buffer solution (pH 4.0) was mixed with 50 mg of

RH@MCM-41@ARS in a series of conical flasks. Different concentrations
of Pd2þ (Ci) were added to each flask and the experiment was continued
as mentioned above. For each flask the Ce was measured by FAAS and the
adsorption capacity (qe) was calculated from Eq. (2):

qe ¼
ðCi � CeÞV

m
Eq. (2)

Where V is volume of solution in L and m is the mass of the solid phase in
grams.

2.5.6. Desorption and reusability studies
Fifty mg of RH@MCM-41@ARS were mixed with 5 mL of buffer so-

lution (pH 4.0) and 10 mg L�1 of Pd2þ and the total volume was marked
to 100 mL using double distilled water. The mixture was stirred for 20
min at room temperature. After separation of the solid phase by filtration,
the biosorbent was washed three times by double distilled water to
remove any excess Pd2þ. Desorption occur by shaking the biosorbent
with 5 mL of different reagent (in separated experiments) for 5 min.
EDTA and thiourea were studied as desorbing agents. The desorption
efficiency (D) was determined from Eq. (3):

Dð%Þ¼ CdVd

ðCi � CeÞVx100 Eq (3)

Where:

Cd: the concentration of Pd2þ in the eluate (mg L�1)
Vd: the volume of the eluent (L)
V: the volume of the solution (L).

To investigate the reusability of the biosorbent, 10 successive
adsorption/desorption cycles were done. After each cycle, the biosorbent
was rinsed with distilled water to outfit it for the following round. Eq. (1)
was used to calculate the removal % after each cycle.
3

2.6. Application

Water samples were collected during January 2020 from Nile River
approximately 1 m deep from the surface in acid-washed polypropylene
containers and stored frozen at -20 �C until analysis. All water samples
were filtered before analysis. About 0.5–1.0 g of clay soil samples
(Aswan, Egypt) was homogenized and digested in a TEFLON beaker by
2.0 mL HF and 2 mL HNO3. Near dryness, 10 mL of 10% boric acid was
added to neutralize excess HF and the final volume was made up to 25.0
mL by distilled water.

3. Results and discussion

3.1. Characterization of modified bio-matrix MCM-41

The XRD pattern of RH, RH@MCM-41, RH@MCM-41@ARS and Pd2þ

adsorbed on RH@MCM-41@ARSwere shown in Figure 1. Intense peak at
23Å due to presence of carbon and two peaks at 17Å and 35 Å indicate
the presence of SiO2. The peak at 2.55Å in low angle XRD (Figure 1b)
indicates the presence of (RH-MCM-41) [25].

Figure 2 shows FTIR spectra of RH and its modified materials. The
bands in region between 1200 and 1000 cm�1 result from superposition
of bond vibrations of C–OH and Si–O. The band at 3431 cm�1 is assigned
for stretching of OH. Aliphatic C–H bond are located at �2855 cm�1

[26]. The band centered at 2922 cm�1 result from methyl group attrib-
uted to the presence of lignin [27]. After mobilization of 3-aminopropyl-
trimethoxy silane, a new band at 1546 due to stretching C–N bond.
Modification by alizarin R.S. leads to appearance of a band at 1655 cm�1

attributed to CO stretching vibration. The band at (1600–1400) cm�1 is
attributed to C–C stretching vibrations in aromatic ring.

The EDX spectra in Figure 3 show intensive bands corresponding to C
and Si which are the main components of RH and MCM-41. A new peak
was found after adsorption of Pd2þ confirming successful uptake process.

The results of TEM suggested that the as prepared bio-matrix is a
nano-rod with average diameter of 35 nm as shown in Figure 4a. The rods
consist of core-clade structure where RH represents the core surrounded



Figure 1. XRD pattern of RH, RH@MCM-41, RH@MCM-41@ARS and RH@MCM-41@ARS/Pd (a) high angle (b) low angle.

Figure 2. FTIR spectra of RH, RH@MCM-41, RH@MCM-41@Amine and
RH@MCM-41@ARS.
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by a layer of ARS as in Figure 4b. SEM images (Figure 5) revealed the
porous and rough surface of RH@MCM-41@ARS. BET results indicated
that the prepared sorbent is mesoporous in nature (average pore radius¼
2.4 nm) with surface area of 32 m2 g�1.

3.2. Factors affecting the uptake of Pd2þ onto RH@MCM-41@ARS

3.2.1. Effect of pH
pH is a key factor for the adsorption of metal ions by SPE because it

affect the activity of function groups on surface of the sorbent as well as
speciation of the under-investigated ions in the solution [28, 29]. In order
to detect the optimum pH at which maximum adsorption of Pd2þ

occurred, the effect of pH was investigated in the range from 3.0 to 7.0.
The results in Figure 6 indicate a strongly dependent relation between
uptake of Pd2þ onto RH@MCM-41@ARS and pH of solution. The pH
dependent adsorption manners of Pd2þcan be described easily based on
the degree of protonation of active sites exist onto the surface of the
adsorbent. The results proved that the extraction of Pd2þ increased as the
pH increased reaching plateau at pH 4–5, then dropped beyond pH 5.
This behavior can be due to the competitive adsorption between Hþ and
Pd2þ onto SO3

þ active groups and consequently reduced the removal of
Pd2þ in strong acidic medium, while over pH 5, Pd2þ formed metal hy-
droxide. Simultaneous extractions of Pd2þ occurred at pH 4.0 for the next
experiments.

3.2.2. Effect of adsorbent amount
The sorbent dose is a major factor that impacts the adsorption pro-

cess. The quantitative separation of metal ions can't successfully be done
when the sorbent dose is low [30]. Oppositely, using large amount of
sorbent delays desorption of the retained metal ions by a small volume of
eluent, in addition to the possible agglomeration of sorbent particles and
the consequent reduction in its adsorption capacity [31]. The relation
between amount of RH@MCM-41@ARS and removal % of Pd2þ ions was
presented in Figure 7. The results showed that the recovery of Pd2þ

adsorbed increased by increasing the amount of sorbent until reached a



Figure 3. EDX spectra of RH@MCM-41@ARS and RH@MCM-41@ARS/Pd

Figure 5. SEM of RH@MCM-41@ARS
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platform at 50 mg. Over 50 mg of sorbent, non-significant increase in
recovery of the metal ions adsorbed (become nearly constant) was
observed which confirms almost adsorption of Pd2þ on the active sites of
RH@ MCM-41@ARS. Therefore 50 mg of RH@ MCM-41@ARS was
chosen for other adsorption process of Pd2þ.
Figure 4. TEM of RH@MCM-41@ARS (a) the prepared bio-sorbent is rod-like shape w
RH represents the core surrounded by a layer of ARS.
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3.2.3. Effect of stirring time
Stirring time is a very important factor in the adsorption process as it

shows the rapidness of complete adsorption of metal ions onto the sur-
face of biosorbents. Originally, the adsorption is rapid because the active
groups on the surface of biosorbent are available for the target metal ions.
By time these active groups become occupied by the adsorbed metal ions
and the adsorption kinetic turn out to be slow. Accordingly, the effect of
stirring time on adsorption of Pd2þ onto RH@MCM-41@ARS in the range
of 5–60min at room temperature and pH 4.0. The results pointed out that
there was an increase in the adsorption of Pd2þ while increasing the
stirring time. The adsorption amounts reached equilibriumwithin 20min
(Figure 8). . After that, the increase in extraction of Pd2þ was negligible.
This value is indicative of rapid kinetics of RH@MCM-41@ARS towards
Pd2þ compared to other sorbents. Maximum adsorption efficiency of
Pd2þ was attained after 45 min on a biomass of fungi and yeast [32], 180
min on silk fibroin fiber [33], 30 min onto a montmorillonite derivative
[34], 240 min on bayberry tannin immobilized collagen fiber [35] and
120 min on glycine modified crosslinked chitosan resin [36]. According
to the obtained results, 20 min has been set as the optimum stirring time
for the next experiments.

3.2.4. Desorption studies and effect of sample volume
Different eluents (EDTA and thiourea) were tested for desorption of

Pd2þ from RH@MCM-41@ARS under the previously stated optimum
ith average diameter of 35 nm (b) the rods consist of core-clade structure where



Figure 6. Effect of pH on the adsorption of Pd2þ onto RH@MCM-41@ARS (100
mL sample, 50 mg of sorbent, 10 mg L�1 Pd2þ, stirring for 20 min).

Figure 7. Effect of amount of sorbent (100 mL sample, pH 4.0, 10 mg L�1 Pd2þ,
stirring for 20 min).

Figure 8. Effect stirring time (100 mL sample, pH 4.0, 50 mg of sorbent, 10 mg
L�1 Pd2þ).

Table 1. Effect of different eluents on desorption of Pd2þ from RH@MCM-
41@ARS

Eluent Concentration of the
eluent (mol L�1)

Volume of the
eluent (mL)

Recovery (%)

EDTA 0.1 2.5 69.5 � 4.3

0.1 5 77.0 � 3.9

0.5 2.5 84.9 � 3.4

0.5 5 93.6 � 4.0

Thiourea 0.1 2.5 73.4 � 3.8

0.1 5 85.8 � 4.3

0.5 2.5 91.5 � 3.5

0.5 5 98.6 � 3.3

F
s
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conditions. The results in Table (1) show that 0.5 mol L�1 thiourea has
the maximum ability to desorb Pd2þ from RH@MCM-41@ARS. We
avoided the use of acids due to its denaturation effects on the sorbent
which can decrease its reusability [37]. Therefore, 0.5 mol L�1 thiourea
was used as eluent through the study.

Sample volume ranged from 50 to1200 mL was tested to determine
the maximum volume of sample which gives both high preconcentration
factor and recovery. As shown in Figure 9 the maximum sample volume
that leads to quantitative extraction (>95%) of Pd2þ is 1000 mL and the
subsequent preconcentration factor is 200 when 5.0 mL of eluent was
applied. By using larger volumes significant decline in the extraction
efficiency was noticed.
3.3. Adsorption capacity of the solid phase

Figure 10 displays the adsorption equilibrium isotherms gained form
adsorbing Pd2þ onto RH@MCM-41@ARS. It is clear that, the sorption
capacities toward Pd2þ increased rapidly in the beginning, then
increased slowly, and attained saturation by the end of the experiment.
Langmuir adsorption model was used to represent the data obtained
[38]. Langmuir adsorption isotherm model suggests the formation of an
ideal, homogeneous monolayer adsorption. The general form of the
Langmuir isotherm is:

Ce/qe ¼ Ce/qm þ1/bqm Eq. (4)

Where Ce is the equilibrium concentration of Pd2þ, qe is the amount Pd2þ

adsorbed (mg/g), qm is the maximum adsorption capacity of Pd2þ (mg/g),
and b is the adsorption constant (L mg�1) that is related to bonding-energy
between the adsorbate and the sorbent. By plotting a relation between Ce/
qe against Ce, a straight line was obtained with a slope equals to 1/qm and
an intercept equals to 1/bqm. The qm of Pd2þ equals 198.2 mg g�1 which is
igure 9. Effect of sample volume (pH 4.0, 50 mg of sorbent, 10 mg L�1 Pd2þ,
tirring for 20 min).



Figure 10. (a) Adsorption isotherm (b) linear Langmuir plots of Pd2þ onto
RH@MCM-41@ARS

Table 3. Tolerance limits of potentially interfering ions in determination of 100
μg L�1 Pd2þ.

Interfering ions Tolerated limit (mg L�1)

Naþ, Mg2þ, Ni2þ, Kþ, SO4
2-, 4000

Co2þ, Cr3þ, Br -, SCN�,HCO3, Cd2þ 1000

Ba2þ, Pb2þ 500

Cu2þ, Fe3þ 250

Rh3þ 50

Pt4þ 10
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higher than that achieved by other sorbents [10, 39, 40, 41] as shown in
Table (2). The results also showed that RH@MCM-41@ARS had greater qm
compared to that of RH@MCM-41 and RH (16.1 and 13.3 mg g�1,
respectively). Langmuir adsorption equilibrium constant b equal to 0.0074
mLmg�1 and the correlation coefficient for the adsorption R2 is 0.998. The
Langmuir isotherm can also expressed in term of separation factor or
equilibrium parameter, RL which is defined as:

RL ¼ 1/ (1 þ b Ci) Eq. (5)

where Ci is the initial metal concentration. The value of RL indicates the
type of isotherm to be favorable (0< RL< 1), unfavorable (RL> 1), linear
Table 2. Comparison between maximum adsorption capacity of RH@MCM-41@ARS

Method

Polyethyleneimine-Functionalized Alumina Nanopowder

Poly (N-phenylethanolamine) modified MWCNTs

Cellulose filter paper grafted with polymer chains
bearing thiocarbamate moieties

Modified activated carbon

RH@MCM-41@ARS
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(RL ¼ 1), or irreversible (RL ¼ 0) [42]. From our study, RL value was
0.473 so the adsorption process is favorable.
3.4. Effect of potential interfering ions

The extraction efficiency of Pd2þ by RH@MCM-41@ARS was studied
under optimum conditions in presence of various concentrations of
different ions. The ions considered as an interfering species when it
changes the absorbance value of Pd2þ by �5%. The results displayed in
Table (3) show that most tested ions did not interfere even at high con-
centrations. So the method described is applicable for the analysis of
Pd2þ in different samples.
3.5. Reusability of the sorbent

In order to estimate the reusability of RH@MCM-41@ARS, adsorp-
tion and desorption cycles were run for 10 consecutive times. The results
in Table (4) indicate that the qm value remains almost constant after the
10 cycles. Therefore; RH@MCM-41@ARS maintained its metal removal
efficiency with only ˂5% reduction in its efficiency as compared to 20%
reduction in the efficiency of oil palm frond biosorbent after four cycles
[43] and barley straw biosorbent after three cycles [44]. Also the effi-
ciency of Dalbergia sissoo pods biosorbent reduced by nearly 10% after
10 cycles [45]. These results suggest the better reusability and recover-
ability potentials, and consequently approving the advantages of using
RH@MCM-41@ARS as biosorbent.
3.6. Analytical features and application

The optimized procedure has dynamic linear range from 0.4 to 500 μg
L�1 and limit of detection (LOD¼ 3 s/S) of 0.13 μg L�1 where s and S are
standard deviation of 10 blank determinations and slope of calibration
curve, respectively. The precision was determined as relative standard
deviation (RSD). The between and within run RSD were 1.9–2.6%. Good
recoveries of Pd2þ were obtained from analysis of spiked samples indi-
cating accurate procedure as shown in Table (5). Comparison with other
SPE procedure [46, 47, 48, 49, 50] for preconcentration of Pd2þ in
Table (6) revealed that our procedure is superior as it possesses lower
LOD and larger qm.
and other biosorbents.

qm (mg g�1) Ref.

97.7 [39]

101 [40]

37 [41]

92 [10]

198.2 Our work



Table 4. Reusability of RH@MCM-41@ARS in adsorption of Pd2þ.

Cycle no. 1 2 3 4 5 6 7 8 9 10

qm 198.2 198.0 196.9 196.2 195.1 193.9 192.8 191.5 190.2 189.3

Table 5. Determination of Pd2þ in spiked samples after separation and preconcentration using RH@MCM-41@ARS

Added Found Recovery

Sea water (μg L�1) 0
2.5
5.0

BDL
2.45
4.93

-
98.0
98.6

Nile water (μg L�1) 0
2.5
5.0

BDL
2.48
4.98

-
99.2
99.6

Waste water (μg L�1) 0
2.5
5.0

BDL
2.40
4.91

-
96.0
98.2

Clay (μg g�1) 0
0.5
1.0

0.026
0.523
1.019

-
99.4
99.3

BDL ¼ below detection limit.

Table 6. Comparison with other procedure for preconcentration of Pd2þ.

Adsorbent Analytical
technique

LOD (μg
L�1)

Maximum adsorption capacity (mg
g�1)

Preconcentration
factor

Reference

Multi-walled carbon nanotubes modified with 8-aminoquinoline ICP-OES 10 7.09 Not provided [46]

Mesoporous silica modified with ammonium (4-chlro-2-mercaptophenyl)
carbamodithioate

ICP–AES 1.17 157.2 Not provided [47]

Glutaraldehyde cross-linked magnetic chitosan nanoparticle s (GMCNs) FAAS 2.8 Not provided Not provided [48]

Amberlite XAD-1180 resin FAAS 0.19 2.4 250 [49]

Thiophene-2-carbaldehyde-modified mesoporous silica ICP–AES 0.2 5.0 100 [50]

RH@MCM-41@ARS FAAS 0.13 198.2 200 Our study

K.A. Nabieh et al. Heliyon 7 (2021) e06062
4. Conclusion

One of the benefits of this study is the recycling of rice husk to
obtain an effective adsorbent that can be used for removal and
enrichment of Pd2þ from aqueous solution. The prepared solid phase
(RH@MCM-41@ARS) exhibits excellent adsorption properties towards
Pd2þ. It processes good adsorption capacity (198.2 mg g�1) as well as is
low cost. Quantitative extraction of Pd2þ occurred at pH 4.0 using 50
mg of the biosorbent. The present procedure gave accurate and precise
results with higher preconcentration factor (200) when compared to
other procedures. The biosorbent was recycled easily using 0.5 mol L�1

thiourea and retain its adsorption capacity after 10 adsorption/
desorption cycles.
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[4] Ş. Tokalıo�glu, T. Oymak, Ş. Kartal, Determination of palladium in various samples
by atomic absorption spectrometry after preconcentration with dimethylglyoxime
on silica gel, Anal. Chim. Acta 511 (2) (2004) 255–260.

[5] M. Müller, K. Heumann, Isotope dilution inductively coupled plasma quadrupole
mass spectrometry in connection with a chromatographic separation for ultra trace
determinations of platinum group elements (Pt, Pd, Ru, Ir) in environmental
samples, Fresen. J. Anal. Chem. 368 (1) (2000) 109–115.

[6] N. Zhang, Y. Ma, Y. Shen, X. Gao, Determination of platinum, palladium,
ruthenium, rhodium, and iridium in ultrabasic rock from the great Dyke of
Zimbabwe by inductively coupled plasma–optical emission spectrometry, Anal.
Lett. 47 (12) (2014) 2072–2079.

[7] Q. Hu, X. Yang, Z. Huang, J. Chen, G. Yang, Simultaneous determination of
palladium, platinum, rhodium and gold by on-line solid phase extraction and high
performance liquid chromatography with 5-(2-hydroxy-5-nitrophenylazo)
thiorhodanine as pre-column derivatization regents, J. Chromatogr. A 1094 (1-2)
(2005) 77–82.

[8] M.M. Hassanien, W.I. Mortada, I.M. Kenawy, Selective separation of palladium from
synthetic highly active liquid waste by cloud point extraction using benzil mono-(2-
pyridyl) hydrazone and Triton X-114, J. Radioanal. Nucl. Chem. 303 (1) (2015)
261–269.

[9] S.Z. Mohammadi, D. Afzali, M.A. Taher, Y.M. Baghelani, Determination of trace
amounts of palladium by flame atomic absorption spectrometry after ligandless-
dispersive liquid–liquid microextraction, Microchimica Acta 168 (1-2) (2010)
123–128.

[10] Z. Tu, S. Lu, X. Chang, Z. Li, Z. Hu, L. Zhang, H. Tian, Selective solid-phase
extraction and separation of trace gold, palladium and platinum using activated
carbon modified with ethyl-3-(2-aminoethylamino)-2-chlorobut-2-enoate,
Microchimica Acta 173 (1-2) (2011) 231–239.

[11] S. De Gisi, G. Lofrano, M. Grassi, M. Notarnicola, Characteristics and adsorption
capacities of low-cost sorbents for wastewater treatment: a review, Sustain. Mater.
Technol. 9 (2016) 10–40.

[12] N. Bandela, M. Babrekar, O. Jogdand, G. Kaushik, Removal of copper from aqueous
solution using local agricultural wastes as low cost adsorbent, J. Mater. Environ. Sci.
7 (6) (2016) 1972–1978.

[13] M. Moyo, A. Chirinda, T. Nharingo, Removal of copper from aqueous solution using
chemically treated potato (Solanum tuberosum) leaf powder, Clean 44 (5) (2016)
488–495.

[14] S. Janyasuthiwong, S.M. Phiri, P. Kijjanapanich, E.R. Rene, G. Esposito, P.N. Lens,
Copper, lead and zinc removal from metal-contaminated wastewater by adsorption
onto agricultural wastes, Environ. Technol. 36 (24) (2015) 3071–3083.

[15] Z. Wang, J. Saleem, J.P. Barford, G. McKay, Preparation and characterization of
modified rice husks by biological delignification and acetylation for oil spill
cleanup, Environ. Technol. 41 (15) (2020) 1980–1991.

[16] D. Chaudhary, M. Jollands, F. Cser, Understanding rice hull ash as fillers in
polymers: a review, Silicon Chem. 1 (4) (2002) 281–289.

[17] S.P. Oliver, B.M. Jayarao, R.A. Almeida, Foodborne pathogens in milk and the dairy
farm environment: food safety and public health implications, Foodb. Pathog. Dis. 2
(2) (2005) 115–129.

[18] D. Kumar, K. Schumacher, C.d.F. von Hohenesche, M. Grün, K. Unger, MCM-41,
MCM-48 and related mesoporous adsorbents: their synthesis and characterisation,
Colloid. Surface. Physicochem. Eng. Aspect. 187 (2001) 109–116.

[19] S. Afroze, T.K. Sen, A review on heavy metal ions and dye adsorption from water by
agricultural solid waste adsorbents, Water, Air, & Soil Pollution 229 (7) (2018) 225.

[20] A.H. Vyas, S. Jauhari, Z. Murthy, Chemically modified rice husk adsorbents,
characterization and removal of palladium (II) from aqueous solutions,
J. Dispersion Sci. Technol. 34 (3) (2013) 369–380.

[21] Z. Shamsollahi, A. Partovinia, Recent advances on pollutants removal by rice husk
as a bio-based adsorbent: a critical review, J. Environ. Manag. 246 (2019) 314–323.

[22] C. Sun, T. Chen, Q. Huang, J. Wang, S. Lu, J. Yan, Enhanced adsorption for Pb (II)
and Cd (II) of magnetic rice husk biochar by KMnO 4 modification, Environ. Sci.
Pollut. Control Ser. 26 (9) (2019) 8902–8913.

[23] M.S. Lashkenari, B. Davodi, H. Eisazadeh, Removal of arsenic from aqueous solution
using polyaniline/rice husk nanocomposite, Kor. J. Chem. Eng. 28 (7) (2011)
1532–1538.

[24] K.R. Shoueir, A.A. Sarhan, A.M. Atta, M.A. Akl, Macrogel and nanogel networks
based on crosslinked poly (vinyl alcohol) for adsorption of methylene blue from
aqua system, Environ. Nanotechnol. Monitoring Manag. 5 (2016) 62–73.

[25] M. Seliem, S. Komarneni, R. Parette, H. Katsuki, F.S. Cannon, M. Shahien, A. Khalil,
I.A. El-Gaid, Composites of MCM-41 silica with rice husk: hydrothermal synthesis,
characterisation and application for perchlorate separation, Mater. Res. Innovat. 14
(5) (2010) 351–354.

[26] N. Ketcome, N. Grisdanurak, S. Chiarakorn, Silylated rice husk MCM-41 and its
binary adsorption of water–toluene mixture, J. Porous Mater. 16 (1) (2009) 41–46.
9

[27] A. Rivas, G. Vera, V. Palacios, A. Rigail, M. Cornejo, Characterization of Rice Husk
and the Crystallization Process of Amorphous Silica from Rice Husk Ash, 2016.

[28] W. Mortada, I. Kenawy, Y. Abou El-Reash, A. Mousa, Microwave assisted
modification of cellulose by gallic acid and its application for removal of aluminium
from real samples, Int. J. Biol. Macromol. 101 (2017) 490–501.

[29] I.M. Kenawy, W.I. Mortada, Y.G. Abou El-Reash, A.H. Hawwas, New modified
cellulose nanoparticles for solid-phase extraction of some metal ions in biological
and water samples, Can. J. Chem. 94 (3) (2016) 221–228.

[30] I.M. Kenawy, W.I. Mortada, Y.G. Abou El-Reash, A.A. Mousa, Preparation of lactic
acid modified cellulose nanoparticles by microwave heating for preconcentration of
copper from blood and food samples, Environ. Sci. Pollut. Control Ser. 27 (7) (2020)
7256–7266.

[31] M.M. Hassanien, W.I. Mortada, I.M. Kenawy, H. El-Daly, Solid phase extraction and
preconcentration of trace gallium, indium, and thallium using new modified amino
silica, Appl. Spectrosc. 71 (2) (2017) 288–299.

[32] B. Godlewska- _Zyłkiewicz, S. Sawicka, J. Karpi�nska, Removal of platinum and
palladium from wastewater by means of biosorption on fungi Aspergillus sp. and
yeast Saccharomyces sp, Water 11 (7) (2019) 1522.

[33] T. Sato, S. Abe, S. Ito, T. Abe, Silk fibroin fiber for selective palladium adsorption:
kinetic, isothermal and thermodynamic properties, J. Environ. Chem. Eng. 7 (2)
(2019) 102958.

[34] M.H. Baki, F. Shemirani, R. Khani, M. Bayat, Applicability of
diclofenac–montmorillonite as a selective sorbent for adsorption of palladium (II);
kinetic and thermodynamic studies, Analytical Methods 6 (6) (2014) 1875–1883.

[35] H.-w. Ma, X.-p. Liao, X. Liu, B. Shi, Recovery of platinum (IV) and palladium (II) by
bayberry tannin immobilized collagen fiber membrane from water solution,
J. Membr. Sci. 278 (1-2) (2006) 373–380.

[36] A. Ramesh, H. Hasegawa, W. Sugimoto, T. Maki, K. Ueda, Adsorption of gold (III),
platinum (IV) and palladium (II) onto glycine modified crosslinked chitosan resin,
Bioresour. Technol. 99 (9) (2008) 3801–3809.

[37] W.I. Mortada, I.M. Kenawy, A.M. Abdelghany, A.M. Ismail, A.F. Donia, K.A. Nabieh,
Determination of Cu2þ, Zn2þ and Pb2þ in biological and food samples by FAAS
after preconcentration with hydroxyapatite nanorods originated from eggshell,
Mater. Sci. Eng. C 52 (2015) 288–296.

[38] Y. Liu, T. Du, C. Ping, D. Tang, Z. Ni, P. Gu, J. Fu, Physio-chemical Properties of
Adsorbing Pd2þ by Saccharomyces cerevisiae Waste Biomass, 2003.

[39] R. Nagarjuna, S. Sharma, N. Rajesh, R. Ganesan, Effective adsorption of precious
metal palladium over polyethyleneimine-functionalized alumina nanopowder and
its reusability as a catalyst for energy and environmental applications, ACS Omega 2
(8) (2017) 4494–4504.

[40] M. Behbahani, A. Bagheri, T. Gorji, M.R. Nabid, R. Sedghi, H.A. Oskooie,
M.M. Heravi, Application of poly (N-phenylethanolamine) modified MWCNTs as a
new sorbent for solid-phase extraction of trace palladium ions in soil and water
samples, Sample Prep. 1 (2013) (2013) 10–17.

[41] M.M.Z. Hyder, B. Ochiai, Synthesis of a selective scavenger for Ag (I), Pd (II), and
Au (III) based on cellulose filter paper grafted with polymer chains bearing
thiocarbamate moieties, Chem. Lett. 46 (4) (2017) 492–494.

[42] T.W. Weber, R.K. Chakravorti, Pore and solid diffusion models for fixed-bed
adsorbers, AIChE J. 20 (2) (1974) 228–238.

[43] T. Ahmad, M. Rafatullah, A. Ghazali, O. Sulaiman, R. Hashim, Oil palm
biomass–Based adsorbents for the removal of water pollutants—a review,
J. Environ. Sci. Health, Part C 29 (3) (2011) 177–222.

[44] E. Pehlivan, T. Altun, S. Parlayıcı, Utilization of barley straws as biosorbents for Cu2
þ and Pb2þ ions, J. Hazard Mater. 164 (2-3) (2009) 982–986.

[45] G. Mahajan, D. Sud, Modified agricultural waste biomass with enhanced responsive
properties for metal-ion remediation: a green approach, Appl. Water Sci. 2 (4)
(2012) 299–308.

[46] H.A. Shaheen, H.M. Marwani, E.M. Soliman, Selective solid phase extraction and
determination of trace Pd (II) using multi-walled carbon nanotubes modified with
8-aminoquinoline, J. Mol. Liq. 232 (2017) 139–146.

[47] M.R. Awual, Solid phase sensitive palladium (II) ions detection and recovery using
ligand based efficient conjugate nanomaterials, Chem. Eng. J. 300 (2016) 264–272.

[48] Q. Yin, D. Zhu, D. Yang, Q. Hu, Y. Yang, Rapid determination of trace palladium in
active pharmaceutical ingredients by magnetic solid-phase extraction and flame
atomic absorption spectrometry, J. Appl. Spectrosc. 84 (6) (2018) 1084–1088.

[49] H.E. Bayrak, V.N. Bulut, M. Tufekci, H. Bayrak, C. Duran, M. Soylak, Determination
of Au (III) and Pd (II) ions by flame atomic absorption spectrometry in some
environmental samples after solid phase extraction, Toxicol. Environ. Chem. 99 (4)
(2017) 590–600.

[50] M.R. Jamali, Y. Assadi, F. Shemirani, M. Salavati-Niasari, Application of thiophene-
2-carbaldehyde-modified mesoporous silica as a new sorbent for separation and
preconcentration of palladium prior to inductively coupled plasma atomic emission
spectrometric determination, Talanta 71 (4) (2007) 1524–1529.

http://refhub.elsevier.com/S2405-8440(21)00167-5/sref4
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref4
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref4
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref4
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref4
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref4
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref5
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref5
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref5
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref5
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref5
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref6
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref6
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref6
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref6
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref6
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref6
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref7
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref7
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref7
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref7
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref7
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref7
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref8
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref8
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref8
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref8
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref8
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref9
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref9
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref9
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref9
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref9
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref9
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref10
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref10
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref10
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref10
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref10
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref11
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref11
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref11
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref11
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref12
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref12
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref12
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref12
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref13
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref13
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref13
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref13
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref14
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref14
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref14
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref14
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref15
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref15
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref15
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref15
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref16
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref16
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref16
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref17
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref17
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref17
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref17
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref18
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref18
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref18
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref18
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref19
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref19
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref19
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref20
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref20
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref20
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref20
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref21
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref21
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref21
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref22
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref22
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref22
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref22
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref23
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref23
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref23
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref23
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref24
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref24
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref24
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref24
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref25
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref25
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref25
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref25
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref25
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref26
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref26
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref26
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref26
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref27
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref27
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref28
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref28
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref28
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref28
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref29
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref29
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref29
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref29
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref30
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref30
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref30
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref30
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref30
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref31
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref31
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref31
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref31
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref32
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref32
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref32
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref32
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref32
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref33
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref33
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref33
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref34
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref34
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref34
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref34
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref34
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref35
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref35
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref35
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref35
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref36
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref36
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref36
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref36
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref37
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref37
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref37
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref37
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref37
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref37
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref37
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref37
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref38
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref38
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref38
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref39
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref39
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref39
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref39
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref39
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref40
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref40
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref40
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref40
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref40
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref41
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref41
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref41
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref41
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref42
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref42
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref42
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref43
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref43
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref43
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref43
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref43
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref43
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref44
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref44
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref44
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref44
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref45
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref45
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref45
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref45
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref46
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref46
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref46
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref46
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref47
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref47
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref47
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref48
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref48
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref48
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref48
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref49
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref49
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref49
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref49
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref49
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref50
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref50
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref50
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref50
http://refhub.elsevier.com/S2405-8440(21)00167-5/sref50

	Chemically modified rice husk as an effective adsorbent for removal of palladium ions
	1. Introduction
	2. Experimental
	2.1. Reagents and solutions
	2.2. Instrumentation
	2.3. Preparation of the modified bio-matrix
	2.3.1. Preparation of RH@MCM-41
	2.3.2. Preparation of RH@ MCM-41@ARS

	2.4. General adsorption process
	2.5. Optimization of the adsorption process
	2.5.1. Effect of pH
	2.5.2. Effect of amount of biosorbent
	2.5.3. Effect of stirring time
	2.5.4. Effect of sample volume
	2.5.5. Adsorption capacity
	2.5.6. Desorption and reusability studies

	2.6. Application

	3. Results and discussion
	3.1. Characterization of modified bio-matrix MCM-41
	3.2. Factors affecting the uptake of Pd2+ onto RH@MCM-41@ARS
	3.2.1. Effect of pH
	3.2.2. Effect of adsorbent amount
	3.2.3. Effect of stirring time
	3.2.4. Desorption studies and effect of sample volume

	3.3. Adsorption capacity of the solid phase
	3.4. Effect of potential interfering ions
	3.5. Reusability of the sorbent
	3.6. Analytical features and application

	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


