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Introduction
In terms of water availability, Jordan is rated among the poorest 
countries in the world.1 Nowadays, its renewable water supply 
capacity covers half of its population’s water demand.2 A poten-
tial alternative resource for Jordan is the reuse of wastewater.3 
Wastewater reuse has the lowest marginal cost among the non-
conventional water resources.4 Although the possibility of 
wastewater reuse is huge; thus far, wastewater reclamation and 
reuse in Jordan are not high. The technologies applied in 
wastewater reuse include heavy metals removal; which consider 
as the most common chemical pollutants in wastewater.1,5

Heavy metals create crucial pollution issues. Their contami-
nation and related risks are matters of increasing concern 
regarding the environment and human health.6-10 For instance, 
the accumulation of heavy metals indicated cancerous breast 
biopsies.11 Heavy metals are either being transferred to the 
environment naturally or by means of humans’ activities.  
Table 1 shows a comparison between the worldwide emissions 
generated by the studied heavy metals from natural sources and 
the worldwide emissions generated by the studied heavy metals 
from synthetic sources.12 This comparison shows that the emis-
sions of heavy metals from the human activities exceed the 
emissions of heavy metals from natural sources. The U.S. 
Environmental Protection Agency (EPA)13 revealed the 

Maximum Contaminant Level (MCL) for the drinking water 
for these contaminants (Table 1).

To eliminate heavy metals from water, many treatment 
methods have been applied including; ion exchange,14-18 
adsorption,19-22 coagulation,23 electro-coagulation,24 and bio-
logical processes.25,26 The most efficient is the adsorption 
method using; sorbents that require little processing, abundant 
in nature or by-products or waste materials from industry.27-33 
For instance; palm coir and apricot shells waste were tested as 
bio-sorbent to remove heavy metals from wastewater.34,35 
Chicken bones were also used as a bio-sorbent for the removal 
of Cu (II) ions from aqueous solutions.36

Olive oil production is considered one of the major agricul-
tural production in Jordan with an approximate annual produc-
tion of 21.5 thousand tons per year.37,38 The production process 
of olive oil generates 3 products: olive oil, solid waste, and aque-
ous waste.39,40According to Qdais and Alshraideh41; unless the 
environmental criteria given a very high priority, the co-com-
bustion of Olive Mill Solid Residue (OMSR) remains the most 
favorable management option. However, OMSR could be con-
verted to a commercially available by-product.42,43

Several attempts were carried out to utilize the OMSR as a 
bio-sorbent in wastewater treatment. The untreated OMSR can-
not be used to remove all metal from aqueous solutions by 
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adsorption.44,45 Hawari team46 has found out that OMSR has an 
effective way to decrease Zn2+ concentration in wastewater. A 
combination of heavy metal sorbent and ethanol production from 
OMSR using microwave pre-treatment is suggested by Abu 
Tayeh et  al47 group. Biochar produced from OMSR was also 
tested and found useful adsorbents for removing heavy metals 
from water.48,49

Even though several studies on OMSR as a bio-sorbent 
in wastewater treatment were carried out; still there is a 
need to investigate a simple and relatively inexpensive 
OMSR treatment that increases the heavy metal removal. 
Therefore, the objective of this study was to investigate the 
effectiveness of simple and low-cost pre-treatment of 
OMSR on the removal of toxic heavy metals from wastewa-
ter. OMSR was treated by water and by n-hexane. The toxic 
heavy metals chosen for this multi-metal bio-sorption study 
were Cd2+, Cu2+, and Pb2+. The selection of these metals 
had been made regarding their wide industrial use and 
potential impact. Exposure to intemperate levels of these 
metals remarkably increases the probability of nervous sys-
tem damage, kidney damage, and renal dysfunction because 
they are non-biodegradable. These metals are considered 
the most common heavy metal contaminants.50-53 Chemical 
Oxygen Demand (COD) and Cation Exchange Capacity 
(CEC) were used to indicate the effective bio-sorbent. 
Then; the most effective treatment was examined by uptake 
metal. Subsequently; the influence of some parameters on 
the bio-sorption process such as: the effect of pH, contact 
time, bio-sorbent concentration, initial concentration of the 
metal ions solutions, presence of other metals, and bio-sorp-
tion isotherms have been examined.

Materials and Methods
Preparation of OMSR

OMSR was collected from an olive oil production plant in 
Amman, Jordan.

Untreated OMSR (OMSR-U). The sample of the OMSR was 
dried by using direct sunlight in an open area for 2 weeks, and 
then dried in an oven at 50°C for 1 week to ensure complete 
dryness. The OMSR was then ground and sieved into 0.90 mm 
(see Figure 1a). The sieved samples were not sorted according 

to sorbent particle size, sorting according to size from the 
point of view of industrial applications provides no additional 
benefit for the bio-sorption process yet causes additional 
costs.45

Treatment by distilled water (OMSR-W). About 50 g of dried 
OMSR-U was washed 6 times with distilled water until the 
dark color of the supernatant became clear, and then the sam-
ple was filtered and dried (Figure 1b).

Treatment by n-hexane (OMSR-H). About 50 g of dried 
OMSR-U was washed 6 times with n-hexane as organic sol-
vent until the dark color of the supernatant became clear, and 
then the sample was filtered and dried (Figure 1c).

Characterization of OMSR

Chemical oxygen demand (COD). The COD represents the 
number of oxygen equivalents that are consumed in the oxida-
tion of organic compounds by strong oxidizing agents, and it 
indicates the amount of organic pollutants present in the 
examined sample.54 COD is measured in milligrams per liter 
(mg/L), which indicates the mass of oxygen consumed per liter 
of solution.55 The closed reflux, titrimetric method was used in 
this measuring job. The 3 different OMSR dried samples were 
shacked with distilled water (100 g/L), then the solid suspen-
sions were kept under magnetic stirring in a shaker at 150 rpm 
for 120 minutes. Solid-liquid separation was performed using 

Table 1. Global emission and permissible levels of Cd2+, Cu2+, and Pb2+.

ElEMENT EMISSIONS TO aTMOSPHERE PERMISSIBlE lEvEl

NaTURal (KT/YEaR) SYNTHETIC (KT/YEaR) MCl (MG/l)

Cd2+ 0.15-2.6 3.1-12 0.005

Cu2+ 2.3-54 20-51 1.300

Pb2+ 0.97-23 289-376 0.015

abbreviation: MCl, maximum contaminant level.

Figure 1. (a) OMSR-U, (b) OMSR-W, and (c) OMSR-H.

Downloaded From: https://complete.bioone.org/journals/Environmental-Health-Insights on 26 Dec 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Mahmoud et al 3

centrifugation technique at 2000 rpm for 10 minutes, then the 
pH of the solutions was monitored, and it was found that the 
pH values were between 6 and 7. The supernatants samples 
were diluted 100 times, and then a volume of 2.5 mL of the 
diluted samples was added to the standard tube then mixed 
with a volume of 1.5 mL of 0.0167 M K2Cr2O7 and a volume 
of 3.5 mL H2SO4. The tubes were tightly capped and were 
shook and turned several times to make sure that it is mixed 
completely, then the tubes were placed in a block digester at 
150°C for 2 hours. The tubes were cooled to room temperature 
and transferred to a conical flask for titration; 1 to 2 drops of 
ferroin indicator were added and stirred rapidly while titrated 
with 0.1 M FAS (standard ferrous ammonium sulfate titrant). 
At the end point the color was changed from bluish green to 
reddish brown.

Cation exchange capacity (CEC). CEC is a measure of nega-
tively charged sites on the surface that help in holding posi-
tively charged ions.56 It is the quantity of exchangeable cations 
(in milliequivalents) per unit dry weight of substance.57 In this 
study; the CEC for the OMSR samples was determined using 
the Ammonium Replacement Method, and the percent of 
ammonium ion in the samples was determined by the Kjeldahl 
method.58 An amount of 200 mL of 6 N NH4Cl was added to 
2 g of the 3 different OMSR dried samples. The samples were 
shaken at 150 rpm for 1 week. The samples were filtered, and 
the filtrate was washed 3 times with distilled water then washed 
with 50 mL of ethanol to remove the excess ammonium ion. 
After that, the solid samples were air dried then added to an 
800 mL Kjeldahl flask and mixed with 25 mL of 6 N NaOH, 
and 50 mL of 2% H3BO3. Then, 10 drops of bromocresol green 
methyl red mixed indicator were added to the mixture and 
stirred rapidly while titrated with 0.1 N H2SO4. At the end of 
this test, the color was changed from bluish green to pink.

Batch tests

Adsorption is a separation process that refers to the adhesion of 
molecules (adsorbate) to a solid surface (adsorbent) and is clas-
sified as either physical or chemical adsorption.59 Examination 
and preliminary evaluation of a solid-liquid adsorption system 
is based on 2 kinds of investigation: (a) The equilibrium batch 
sorption tests (the one used in this study), and (b) Dynamic 
continuous-flow sorption.60,61 The amount of metallic ion bio-
sorbed by grams of the biomass (q; adsorption capacity) and 
the metal removal efficiency (E%) are calculated using equa-
tions (1) and (2), respectively:

 q
C C V

m
i f=

( − )
 (1)

 E
C C

C
i f

i
% %= ×

−
100  (2)

where Ci is the initial concentration of the metallic ion (mg/L), 
Cf is the final (equilibrium) concentration of the metallic ion 
(mg/L), m is the mass of the bio-sorbent in the reaction mix-
ture in gram, and V is the volume of the reaction mixture in 
liter.53,62,63

All adsorption tests in this study were performed by the 
batch technique (Figure 2).

Chemicals. Stock solutions of Cadmium Nitrate, Copper 
Chloride, and Lead Nitrate of 1000 mg/L were used as adsorb-
ates, and solutions of various concentrations were obtained by 
diluting the stock solution with distilled water. The metal ions 
concentrations were determined by Flame Atomic Absorption 
Spectrometry (Perkin Elmer Model Analyst 100). All the 
chemicals used were of analytical reagent grade.

Figure 2. Batch experiment illustration.
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Effect of pre-treatment. Batch sorption experiments were car-
ried out to investigate the uptake efficiency for the 3 OMSR 
samples. The experiments were carried out by mixing 1 g of a 
dry sample with 50 mL of 50 mg/L solution of Cd2+, Cu2+, or 
Pb2+. The samples were shaken at 150 rpm at a temperature of 
20°C. The solutions were then filtered using a syringe filter 
with 0.45 µm and the filtrate was analyzed by a flame atomic 
absorption spectrometry.

The optimum conditions. To enhance the uptake efficiency of 
the best-chosen bio-sorbent, the optimum condition was 
determined. The bio-sorption process was affected by several 
variables including: pH, contact time, bio-sorbent concentra-
tion, and initial concentration of the metal ions solutions.

To study and evaluate the significance of variables on the 
removal efficiency of metal ions, the adsorption experiments 
were carried out using a batch procedure. First, the pH values 
were studied from 2 to 8. To obtain the desired pH; the metal 
solution was adjusted with 0.1 M NaOH and 0.1 M HCl. The 
experiments’ parameters were kept as above (see the effect of 
pre-treatment).

Then each variable (contact time, bio-sorbent concentration 
and initial concentration of the metal ions solutions) was 
changed keeping the other variables fixed to investigate the 
optimum value. The contact time was changed from 10 to 
360 minutes, while the bio-sorbent concentration was varied 
from 10 to 80 g/L and the initial concentration of the metal 
ions solutions was between 20 and 200 mg/L.

Present of other metals. Batch experiments were carried out 
under the optimum conditions for single (Cd2+, Cu2+, and 
Pb2+) and binary (Cd2+/Cu2+, Cd2+/Pb2+, and Cu2+/Pb2+) 
systems. A comparison between such experiments provides 
information on the competition between different metal ions 
for the active sites on the surface of the best-chosen 
bio-sorbent.

Bio-sorption isotherms. The equilibrium of the bio-sorption 
process is frequently described by fitting the experimental data 
with models usually used for the representation of isotherm 
adsorption equilibrium.60,64

Langmuir is one of the most widely accepted and linearized 
equilibrium adsorption isotherm models.60 It is used to describe 
the equilibrium between adsorbate and adsorbent system. 
Langmuir assumes that the fractional surface coverage is 
directly proportional to the rate of desorption from the surface, 
and that the rates of adsorption and desorption are equal at 
equilibrium.27,63 The Langmuir equation is expressed as:

 q
q bC

bC
max f

f
=

+1  (3)

where q (adsorption capacity) is the amount of solute adsorbed 
per unit weight of sorbent at equilibrium measured in mg/g,  

Cf is the adsorbate equilibrium concentration in solution meas-
ured in mg/L, qmax is the maximum adsorption capacity meas-
ured in mg/g, and b is Langmuir adsorption constant  
(L/mg).65-67

The term qmax is assumed to represent a fixed number of 
surface sites in the sorbent, and it should be constant and tem-
perature-independent. It is determined merely by the nature of 
the sorbent. To facilitate fitting the model to the experimental 
data and its parameter evaluation, equation (3) can be trans-
formed into an expression of linear form68:

 
C
q

C
q bq

f f

max max
= +

1  (4)

A plot of (Cf /q) against Cf produces a linear graph with 
slope = (1/qmax), and intercept = (1/bqmax).66

In this work; the equilibrium of the bio-sorption process 
was described by fitting the experimental data for single metal 
systems (Cd2+, Cu2+, and Pb2+) with the Langmuir isotherm 
model. The investigation of each single metal ion system was 
performed by varying the initial metal ion concentration in the 
range of 20 to 200 mg/L, and the batch experiments were car-
ried out under the optimum conditions.

Results and Discussion
This study was carried out as an attempt to utilize Olive Mill 
Solid Residue (OMSR) as a bio-sorbent for heavy metals 
removal from wastewater. Although adsorption is a highly 
effective process with fast kinetics, it relatively has a high cost 
of materials.69 In order to find a simple and cost-effective 
method; the effect of pre-treatment of OMSR (OMSR-W and 
OMSR-H) on the removal of Cd2+, Cu2+, and Pb2+ from 
wastewater was investigated. COD and CEC were used to 
indicate the effective bio-sorbent. The most effective treatment 
was then examined to uptake metal. Thereafter, the influence 
of some parameters on the uptake efficiency such as: the effect 
of pH, contact time, bio-sorbent concentration, initial concen-
tration of the metal ions solutions, presence of other metals, 
and bio-sorption isotherms have been examined.

Characterization of OMSR

The COD and CEC values for the 3 OMSR samples are 
listed in Table 2. The results show that the values of COD 
decreased by treatment. This trend was expected because 

Table 2. COD and CEC values of untreated and treated OMSR.

COD (MG O2/l) CEC (Eq/G)

OMSR-U 35 200 29.83

OMSR-H 16 000 22.15

OMSR-W 4800 18.03

Blank 0 –
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washing OMSR will lead to leaching the organic compounds. 
OMSR-W has the lowest COD value followed by OMSR-H 
then OMSR-U. CEC results show that OMSR-U has the 
highest value, whereas the values of the OMSR-W and 
OMSR-H were less and close. The best bio-sorbent is the one 
having the lowest COD and the highest CEC values. Although 
OMSR-U has the highest CEC value; still it cannot be con-
sidered as the best bio-sorbent as it increases the organic pol-
lutant in the treated water since it has the highest COD value. 
On the other hand; the OMSR-W and OMSR-H have close 
CEC values, while OMSR-W has the lowest COD value 
compared to other treatments. Based on these results; it was 
concluded that OMSR-W is the material of choice for water 
purification, because it contaminates water with organic com-
pounds in a smaller extent than OMSR-U or OMSR-H. The 
COD value of OMSR-W could be further reduced using 
microbial treatment method. The microbial treatment is an 
inexpensive, nontoxic, and non-polluting method. This will be 
investigated in future work.70,71

Effect of pre-treatment of OMSR

In this experiment, the batch tests were performed using 3 
different bio-sorbents (OMSR-U, OMSR-W, and OMSR-H) 
with a concentration equal to 20 g/L for each bio-sorbents. 
The batch experiments are illustrated in Figure 2. The batch 
experiments were carried out under the influence of contact 
time for Cd2+, Cu2+, and Pb2+ with an initial concentration 
equal to 50 mg/L for each metal ion. Figure 3a and b indicate 
that Cd2+ and Cu2+ have the same equilibrium time which 
can be reached after 60 minutes using the 3 different OMSR 
bio-sorbents. Meanwhile; for Pb2+ (Figure 3c) the equilib-
rium stage reached after 30 minutes for both OMSR-W and 
OMSR-U, while for OMSR-H the equilibrium stage reached 
after 120 minutes. At equilibrium; all tested bio-sorbents 
were effective at removal of >80% of Cd2+ and Pb2+, and 
>60% of Cu2+.

Based on the metal removal efficiency, E% (Figure 3); the 
uptake using OMSR-W was the highest and the uptake using 
OMSR-H was the lowest for the 3 metals’ ions (Cd2+, Cu2+, 
and Pb2+). The pre-treatment of OMSR with water 
(OMSR-W) may expose more available binding sites for metal 
bio-sorption and may remove surface impurities from the bio-
mass. These might be the reasons for the increase in the uptake 
capacity of the biomass.72-74 Whereas; n-hexane as an organic 
solvent may dissolve or damage the binding sites. This could 
explain the decrease in the uptake capacity of the biomass after 
the treatment with n-hexane.

The optimum conditions of the batch experiments

According to our findings in the characterization of OMSR 
and the batch experiments; OMSR-W was found as the best 
bio-sorbent, and therefore it can be used to determine the 

optimum conditions in the batch experiments. The effect of 
solution pH, contact time, bio-sorbent (OMSR-W) concen-
tration, and initial metal ions (Cd2+, Cu2+, and Pb2+) concen-
tration on batch experiments were investigated.

Effect of pH. The pH of the bio-sorption process is very impor-
tant because it affects the metal uptake, the surface chemistry 
of the bio-sorbent and metal ions specification.75 Batch experi-
ments were carried out to assess the effect of the pH. The pH 
values from 2 to 8 were performed using OMSR-W with a 
concentration equal to 20 g/L. The solution’s pH value is an 
important parameter affecting the adsorption process of heavy 
metals.76 Bio-sorption data for Cd2+, Cu2+, and Pb2+ (with an 
initial concentration equal to 50 mg/L for each metal ion) 
using OMSR-W at pH from 2 to 8 are shown in Figure 4a. It 
was found that the removal of Cd2+, Cu2+, and Pb2+ at pH = 2 
was less than that at pH = 3, however; the uptake mostly reaches 
the equilibrium at pH ⩾ 3. According to Rahman and 

Figure 3. Effect of pre-treatment of OMSR on uptake of (a) Cd2+, (b) 

Cu2+, and (c) Pb2+. The batch tests were performed using a concentration 

equal to 20 g/l for each bio-sorbents and an initial concentration equal to 

50 mg/l for each metal ion.
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Sathasivam77 the low bio-sorption efficiency at low pH can be 
explained by the fact that positively charged functional groups 
increase the competition between protons and metal cations 
for binding active sites of biomass.

For each of the studied metal ions; the increase in the pH 
value of the solution will decrease the solubility of metal ions in a 
way causing their precipitation to occur.78 Cd2+, Cu2+, and Pb2+ 
ions start to precipitate at pH higher than 8, 7, and 5.5 respec-
tively (see Figure 4a). Therefore, the pH value of 5.5 was chosen 
to be used for the rest of the experiments for the 3 metal ions.

Effect of contact time. The contact time experiments were car-
ried out at a pH value of 5.5 using the OMSR-W (20 g/L); the 
samples were shaken for different contact times. It is essential 
to evaluate the effect of contact time between the bio-sorbent 
and the metal ions solutions. As the bio-sorption process pro-
ceeds, the sorbent reaches the saturation state and then the 
sorbed solute tends to desorb back into the solution. Eventu-
ally, the adsorption and desorption rates will be equal and 
attain an equilibrium state. When the system reaches the sorp-
tion equilibrium, no further net adsorption occurs.68,79

This experiment was determined at varying contact time 
from 10 to 360 minutes. For an initial metal ions concentration 
equal to 50 mg/L; the results revealed similar behavior in the 

uptake of Cd2+, Cu2+, and Pb2+, where the uptake of metal 
ions seems to occur in 2 steps: rapid step and slow step (Figure 
4b). The first step involves rapid metal uptake within the first 
10 minutes of contact time that is followed by the subsequent 
removal of the metal which continues with time until an equi-
librium state is reached within almost 60 minutes. Yue et al80 
group was reported that Pb2+, Fe2+, and Cd2+ were rapidly 
adsorbed by infused tea leaves (Camellia sinensis) during the 
first 10 minutes. Similarly; Cd2+, Cu2+, and Pb2+ were adsorbed 
by the OMSR-W within <10 minutes.

The rapid step is probably due to the abundant availability of 
active sites on the material. With the gradual occupancy of these 
sites; the sorption becomes less efficient in the slower step. Based 
on these results, it was concluded that a shaking time of 60 min-
utes will be suitable for subsequent sorption experiments.

Effect of OMSR-W concentration. The adsorbent concentration 
is an important factor that influences the adsorption process and 
defines the adsorption capacity of the adsorbent for a given ini-
tial concentration of metal ions solution.81,82 For the purpose of 
observing the effect of this parameter on the rate of metallic bio-
sorption and determining the lower and upper levels of OMSR-
W concentration for removing the metals efficiently; uptake 
experiments were carried out using different concentrations of 

Figure 4. Effect of: (a) pH on OMSR-W uptake of Cd2+ (blue), Cu2+ (red), and Pb2+ (black). The batch tests were performed using a concentration equal 

to 20 g/l for OMSR-W and an initial concentration equal to 50 mg/l for each metal ion. (b) Contact time on OMSR-W uptake of Cd2+ (blue), Cu2+ (red), and 

Pb2+ (black). The batch tests were performed at pH = 5.5, OMSR-W concentration = 20 g/l, and an initial concentration equal to 50 mg/l for each metal ion. 

(c) Concentration of OMSR-W on the uptake of Cd2+ (blue), Cu2+ (red), and Pb2+ (black). The batch tests were performed at pH = 5.5, contact 

time = 60 minutes, and an initial concentration equal to 50 mg/l for each metal ion. (d) Initial metal ion concentration on OMSR-W uptake of Cd2+ (blue), 

Cu2+ (red), and Pb2+ (black). The batch tests were performed at pH = 5.5, contact time = 60 minutes, and OMSR-W concentration = 20 g/l.
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OMSR-W at a pH value of 5.5. The results obtained are shown 
in Figure 4c. For a given initial concentration of metal ions solu-
tions (50 mg/L); whenever there was an increase in OMSR-W 
concentration (g/L), there was an increase in the efficiency. 
Increasing the OMSR-W concentration will increase the num-
ber of sorption sites at the OMSR-W surface. This is basically 
what led to the increase in metal ions removal.80,81 However; the 
adsorption will increase up to certain OMSR-W concentrations, 
after that, the effect of the increase in OMSR-W amount 
becomes insignificant. This is due to the inability of metal ions 
to reach to the adsorbent surface.83 For an initial concentration 
of the metal ions used (50 mg/L); no change was observed in the 
bio-sorption efficiency at OMSR-W concentration >20 g/L for 
both Cd2+ and Pb2+, and OMSR-W concentration >40 g/L for 
Cu2+. Therefore, 10 and 20 g/L were defined as the lower and 
upper levels of OMSR-W concentration for Cd2+ (50 mg/L) 
and Pb2+ (50 mg/L). Whereas for Cu2+ (50 mg/L); the lower 
and upper levels of OMSR-W concentration were defined at 10 
and 40 g/L. Therefore, the OMSR-W concentration equal to 
20 g/L was chosen to be used for the rest of the experiments for 
the 3 metal ions.

Effect of initial concentration of the metal ions solutions. The 
effect of initial metal ions concentration on bio-sorption is 
shown in Figure 4d. The range of initial concentration was 
between 20 and 200 mg/L. The results show that sorption effi-
ciency decreases when the initial concentration of all metal 

ions is >50 mg/L. The decrease in the removal efficiency at 
higher initial concentrations of metal ions is probably caused 
by the fact that all the adsorbents had a limited number of 
active sites. These sites could become saturated above a certain 
metal ions concentration. Similar results have been reported by 
Yue et al80 group. Therefore; to achieve greater efficiency in the 
removal of the heavy metals at the given experimental condi-
tions (pH = 5.5, contact time = 60 minutes, and OMSR-W con-
centration = 20 g/L), it is required to maintain the metal ions 
concentration ⩽50 mg/L.

Effect of mixed metal ions solutions

To investigate the effect of the presence of >1 metal’s ion 
species in solution on metals uptakes; batch experiments were 
carried out under the optimum conditions for single systems 
containing 1 metal ion (Cd2+, Cu2+, and Pb2+) and binary 
systems containing 2 metal ions (Cd2+/Cu2+, Cd2+/Pb2+, and 
Cu2+/Pb2+). In batch experiments for each binary system; 1 g 
of dried OMSR-W was brought in contact with 50 mL of 
mixed solutions that contain 50 mg/L for each metal’s ions. 
This experiment was carried out at a pH value of 5.5, and the 
samples were shaken for 60 minutes. The same batch experi-
ments were carried out for every single system.

The adsorption of metal ions by OMSR-W from single and 
bi-metallic solutions is shown in Figure 5. For single systems; 
the metal uptake by OMSR-W followed the following order: 

Figure 5. Comparison between OMSR-W uptake of metal ion in single and bi-metallic solutions; Cd2+ (blue), Cu2+ (red), and Pb2+ (black). The batch tests 

for single and bi-metallic solutions were performed at pH = 5.5, contact time = 60 minutes, OMSR-W concentration = 20 g/l, and an initial concentration 

equal to 50 mg/l for each metal ion.
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Cd2+ > Pb2+ > Cu2+. In binary systems and in comparison to 
metal uptake in single systems; the uptake of Cu2+ was consid-
erably reduced in the presence of Cd2+ or Pb2+, the uptake of 
Pb2+ was inhibited slightly when mixed with Cd2+ or Cu2+. 
However, in this study, there was an increase in Cd2+ uptake in 
the presence of Cu2+ or Pb2+ when compares to its uptake in a 
single system. The results in the binary systems can be explained 
by considering the properties of the metal ions present, such as 
ionic radius, electronegativity, potential, and redox potential of 
these metals. Therefore; the presence of other metal ions in the 
solution can affect the adsorption of a target metal ion.84-86

Bio-sorption isotherms

The equilibrium of the bio-sorption process was described 
with the Langmuir adsorption isotherm model. The bio-sorp-
tion isotherm experiments were studied for single metal sys-
tems (Cd2+, Cu2+, and Pb2+) by varying the initial concentration 
of heavy metal ions in the range of 20 to 200 mg/L, and at the 
optimum experimental conditions (pH = 5.5, contact 
time = 60 minutes, and OMSR-W concentration = 20 g/L). A 
plot of (Cf/q) versus the various concentrations of the 3 metal 
ions at equilibrium (Cf) is shown in Figure 6. The maximum 
adsorption capacities (qmax) obtained from this model are 4.587, 
4.525, and 4.367 mg/g for Pb2+, Cd2+, and Cu2+ respectively. 
This indicates that the adsorption capacity of the OMSR-W 
increased in the order of Pb2+ > Cd2+ > Cu2+. The Langmuir 
constants and their correlation coefficient values (R2) for the 3 
metal ions calculated based on this isotherm model are sum-
marized in Table 3. Very high correlation coefficient values 
were obtained for the 3 metal ions (.998 for Pb2+, .999 for 
Cd2+, and .996 for Cu2+), indicating that there is a good agree-
ment between the experimental data and the Langmuir iso-
therm parameters. The capacity difference of OMSR-W to 
remove Pb2+, Cd2+, and Cu2+ could be attributed to different 
adsorptive affinities of the metal ions which tentatively corre-
lated to cation properties; such as hydrated radii, electronega-
tivity, and softness.53 The results obtained in this study are 
comparable (to some extent) with those found in the literature 
in which agricultural waste were used to remove heavy metals 
from wastewater (qmax [mg/g]: Pb²⁺; 17.07, Cd²⁺; 5.41, and Cu²⁺; 
4.55).87

Conclusion
This study has shown the possibility of using OMSR-W as a 
low-cost bio-sorbent for the removal of heavy metal ions 
(Cd2+, Cu2+, and Pb2+) from aqueous solutions. OMSR-W 
(the most effective treatment) was found to have a higher metal 
uptake value in comparison to OMSR-U and OMSR-H. 
OMSR-W leaches the minimum amount of organic matter 
since it has the lowest COD value compared with other treat-
ments. The treatment of OMSR-W may expose more available 
binding sites for metal bio-sorption and may remove surface 

impurities from the biomass. Several parameters were found to 
affect metal ions uptake by OMSR-W such as pH, contact 
time, bio-sorbent concentration, metal ions concentration, and 
the presence of other metal species. The equilibrium sorption 
data for single metal systems were investigated by the Langmuir 
isotherm model. The highest value of maximum uptake, qmax, 

Figure 6. langmuir adsorption isotherm of (a) Cd2+, (b) Cu2+, and (c) 

Pb2+ by OMSR-W. The bio-sorption isotherm models were studied for 

single metal systems and performed at pH = 5.5, contact 

time = 60 minutes, and OMSR-W concentration = 20 g/l.

Table 3. The langmuir constants for Cd2+, Cu2+, and Pb2+ by 
OMSR-W.

METal ION qMax (MG/G) b (l/MG) R2

Cd2+ 4.525 .438 .999

Cu2+ 4.367 .230 .996

Pb2+ 4.587 .290 .998
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was found for Pb2+ followed by Cd2+ and Cu2+. A good agree-
ment between the experimental data and the Langmuir iso-
therm parameters was obtained for the 3 metal ions.

The low cost and easily prepared OMSR-W shows an abil-
ity to adsorb one or more metal ions from solutions, which may 
increase its potential for application in the wastewater treat-
ment. However; further investigations with real wastewater 
samples and the reuse of OMSR-W bio-sorbent are required 
to confirm the findings and to apply this method on an indus-
trial scale.

Acknowledgements
The authors would like to thank the Hashemite University’s 
(HU) management for the financial, technical, and administra-
tive support given for the success of this research project titled: 
“Heavy Metals Uptake by Olive Mill Solid Residues.” Also, the 
authors wish to thank the Chemistry Department’s and the 
Earth Sciences and Environment Department’s lab staff for the 
support given in sample preparation and the analysis. 

Author Contributions
ENM: Methodology, Formal analysis, Visualization, Writing – 
Original Draft, Writing – Review & Editing, Literature review. 
FYF: Performed the experiments, Analysis and interpretation 
of data, Writing – Review & Editing, Literature review. Dr. 
KMI: Methodology, Formal analysis, Visualization, Writing – 
Review & Editing, Literature review. Dr. SJ: Analysis and inter-
pretation of data, designed the figures, Writing – Review & 
Editing, Literature review. 

ORCID iDs
Khalil M Ibrahim  https://orcid.org/0000-0002-7255-5166
Sawsan Jaafreh  https://orcid.org/0000-0003-2069-4276

RefeRenCes
 1. Saidan MN, Al-Addous M, Al-Weshah RA, Obada I, Alkasrawi M, Barbana N. 

Wastewater reclamation in major Jordanian industries: a viable component of a 
circular economy. Water. 2020;12:1276.

 2. Al Sawalqa HA, Hammad RN, Al Nassar FH, Suleiman SS. Urban rainwater 
harvesting: an approach for water provision for cities in semi-arid regions: the case 
of Um Uthaina neighbourhood in Amman – Jordan. J Eng Archit. 2020;8:31-36. 
doi:10.15640/jea.v8n1a3

 3. Abdulla FA, Alfarra A, Qdais HA, Sonneveld B. Evaluation of wastewater 
treatment plants in Jordan and suitability for reuse. Acad J Environ Sci. 
2016;4:111-117.

 4. Ammary BY. Wastewater reuse in Jordan: present status and future plans. Desali-
nation. 2007;211:164-176.

 5. Agoro MA, Adeniji AO, Adefisoye MA, Okoh OO. Heavy metals in wastewater 
and sewage sludge from selected municipal treatment plants in Eastern Cape 
Province, South Africa. Water. 2020;12:2746.

 6. Ngoc NT, Chuyen NV, Thao NT, et al. Chromium, cadmium, lead, and arsenic 
concentrations in water, vegetables, and seafood consumed in a coastal area in 
northern Vietnam. Environ Health Insights. 2020;14:1178630220921410.

 7. Ali H, Khan E, Ilahi I. Environmental chemistry and ecotoxicology of hazard-
ous heavy metals: environmental persistence, toxicity, and bioaccumulation. J 
Chem. 2019;2019:1-14.

 8. Yu G, Wang X, Liu J, et al. Applications of nanomaterials for heavy metal 
removal from water and soil: a review. Sustainability. 2021;13:713.

 9. Shara S, Moersidik SS, Soesilo TEB. Potential health risks of heavy metals pol-
lution in the downstream of Citarum River. IOP Conf Ser Earth Environ Sci. 
2021;623:012061.

 10. Briffa J, Sinagra E, Blundell R. Heavy metal pollution in the environment and 
their toxicological effects on humans. Heliyon. 2020;6:e04691.

 11. Usman UL, Danhauwa SA, Sajad S, Banerjee S. Assessment of heavy metal in 
some commonly used cosmetic product and associated health risk in Nigeria: 
threat to public health. Macromol Symp. 2021;397:2100161.

 12. Nriagu JO. A global assessment of natural sources of atmospheric trace metals. 
Nature. 1989;338:47-49.

 13. EPA US. National primary drinking water guidelines. Epa 816-F-09-004. 
2009;1:7.

 14. Ibrahim K, Ed-Deen NT, Khoury H. Use of natural chabazite–phillipsite tuff in 
wastewater treatment from electroplating factories in Jordan. Environ Geol. 
2002;41:547-551.

 15. Ibrahim KM, Akashah T. Lead removal from wastewater using faujasite tuff. 
Environ Geol. 2004;46:865-870.

 16. Hubicki Z, Koodynsk D. Selective removal of heavy metal ions from waters and 
waste waters using ion exchange methods. In: Kilislioglu A, ed. Ion Exchange 
Technologies. InTech; 2012;193-240. doi:10.5772/51040

 17. Al Dwairi RA, Ibrahim KM, Khoury HN. Potential use of faujasite–phillipsite 
and phillipsite–chabazite tuff in purification of treated effluent from domestic 
wastewater treatment plants. Environ Earth Sci. 2014;71:5071-5078.

 18. Ibrahim K, Khoury H, Tuffaha R. Mo and Ni removal from drinking water using 
zeolitic tuff from Jordan. Minerals. 2016;6:116.

 19. Mnasri-Ghnimi S, Frini-Srasra N. Removal of heavy metals from aqueous solu-
tions by adsorption using single and mixed pillared clays. Appl Clay Sci. 
2019;179:105151.

 20. Hawari AH, Mulligan CN. Biosorption of lead(II), cadmium(II), copper(II) and 
nickel(II) by anaerobic granular biomass. Bioresour Technol. 2006;97:692-700.

 21. Ince M, Kaplan İnce O. An overview of adsorption technique for heavy metal 
removal from water/wastewater: a critical review. Int J Pure Appl Biosci. 
2017;3:10-19.

 22. Abu-Hawwas JK, Ibrahim KM, Musleh SM. Characterization of Jordanian Por-
celanite rock with reference to the adsorption behavior of lead ions from aqueous 
solution. Orient J Chem. 2018;34:663-674.

 23. Tang X, Zheng H, Teng H, et al. Chemical coagulation process for the removal 
of heavy metals from water: a review. Desalination Water Treat. 2016;57: 
1733-1748.

 24. Un UT, Ocal SE. Removal of heavy metals (Cd, Cu, Ni) by electrocoagulation. 
Int J Environ Sci Dev. 2015;6:425-429.

 25. Kikuchi T, Tanaka S. Biological removal and recovery of toxic heavy metals in 
water environment. Crit Rev Environ Sci Technol. 2012;42:1007-1057.

 26. Chai WS, Tan WG, Halimatul Munawaroh HS, Gupta VK, Ho SH, Show PL. 
Multifaceted roles of microalgae in the application of wastewater biotreatment: a 
review. Environ Pollut. 2021;269:116236.

 27. Abu-Hawwas JK, Ibrahim KM, Musleh SM. The Langmuir isotherm adsorp-
tion equation: the monolayer approach. IOP Conf Ser Mater Sci Eng. 
2016;107:012067.

 28. Agarwal M, Singh K. Heavy metal removal from wastewater using various 
adsorbents: a review. J Water Reuse Desalination. 2017;7:387-419.

 29. Zwain HM, Vakili M, Dahlan I. Waste material adsorbents for zinc removal 
from wastewater: a comprehensive review. Int J Chem Eng. 2014;2014:1-13.

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

 31. Carvalho J, Araujo J, Castro F. Alternative low-cost adsorbent for water and 
wastewater decontamination derived from eggshell waste: an overview. Waste 
Biomass Valorization. 2011;2:157-167.

 32. Nguyen K, Nguyen B, Nguyen H, Nguyen H. Adsorption of arsenic and heavy 
metals from solutions by unmodified iron-ore sludge. Appl Sci. 2019;9:619.

 33. Hegazi HA. Removal of heavy metals from wastewater using agricultural and 
industrial wastes as adsorbents. HBRC J. 2013;9:276-282.

 34. Rambabu K, Thanigaivelan A, Bharath G, Sivarajasekar N, Banat F, Show PL. 
Biosorption potential of Phoenix dactylifera coir wastes for toxic hexavalent 
chromium sequestration. Chemosphere. 2021;268:128809.

 35. Šoštarić TD, Petrović MS, Pastor FT, et al. Study of heavy metals biosorption on 
native and alkali-treated apricot shells and its application in wastewater treat-
ment. J Mol Liq. 2018;259:340-349.

 36. Al Ketife AMD, Almomani F, Znad H. Sustainable removal of copper from 
wastewater using chemically treated bio-sorbent: characterization, mechanism 
and process kinetics. Environ Technol Innov. 2021;23:101555.

 37. Al-Shaweesh M, Mohammed M, Al-Kabariti D, et al. Olive mill wastewater 
(OMW) treatment by using ferric oxide dephenolization and chemical oxygen 
demand removal. Glob NEST J. 2018;20:558-563.

 38. Bawab AA, Ghannam N, Abu-Mallouh S, et al. Olive mill wastewater treat-
ment in Jordan: a review. IOP Conf Ser Mater Sci Eng. 2018;305:012002.

 39. Al-Essa K. Activation of Jordanian bentonite by hydrochloric acid and its poten-
tial for olive mill wastewater enhanced treatment. J Chem. 2018;2018:1-10.

Downloaded From: https://complete.bioone.org/journals/Environmental-Health-Insights on 26 Dec 2024
Terms of Use: https://complete.bioone.org/terms-of-use

https://orcid.org/0000-0002-7255-5166
https://orcid.org/0000-0003-2069-4276


10 Environmental Health Insights 

 40. Achak M, Boumya W, Ouazzani N, Mandi L. Preliminary evaluation of con-
structed wetlands for nutrients removal from olive mill wastewater (OMW) after 
passing through a sand filter. Ecol Eng. 2019;136:141-151.

 41. Qdais HA, Alshraideh H. Selection of management option for solid waste from 
olive oil industry using the analytical hierarchy process. J Mater Cycles Waste 
Manag. 2016;18:177-185.

 42. Toscano P, Montemurro F. Olive mill by-products management. In: Muzzalupo 
I, ed. Olive Germplasm: The Olive Cultivation, Table Olive and Olive Oil Industry 
in Italy. InTech; 2012:173-200.

 43. Khdair A, Abu-Rumman G. Sustainable environmental management and valo-
rization options for olive mill byproducts in the Middle East and North Africa 
(MENA) region. Processes. 2020;8:671.

 44. Gharaibeh SH, Abu-el-sha’r WY, Al-Kofahi MM. Removal of selected heavy 
metals from aqueous solutions using processed solid residue of olive mill prod-
ucts. Water Res. 1998;32:498-502.

 45. Blázquez G, Hernáinz F, Calero M, Ruiz-Núñez LF. Removal of cadmium ions 
with olive stones: the effect of somes parameters. Process Biochem. 
2005;40:2649-2654.

 46. Hawari A, Rawajfih Z, Nsour N. Equilibrium and thermodynamic analysis of 
zinc ions adsorption by olive oil mill solid residues. J Hazard Mater. 
2009;168:1284-1289.

 47. Abu Tayeh HN, Azaizeh H, Gerchman Y. Circular economy in olive oil produc-
tion – olive mill solid waste to ethanol and heavy metal sorbent using microwave 
pretreatment. Waste Manag. 2020;113:321-328.

 48. Abdelhadi SO, Dosoretz CG, Rytwo G, Gerchman Y, Azaizeh H. Production of 
biochar from olive mill solid waste for heavy metal removal. Bioresour Technol. 
2017;244:759-767.

 49. Ahmed A-MM, Ali AE, Ghazy AH. Adsorption separation of nickel from 
wastewater by using olive stones. Adv J Chem A. 2019;2(1):79-93. doi:10.29088/
SAMI/AJCA.2019.2.7993

 50. Wuana RA, Okieimen FE. Heavy metals in contaminated soils: a review of 
sources, chemistry, risks and best available strategies for remediation. ISRN Ecol. 
2011;2011:1-20.

 51. Masindi V, Muedi KL. Environmental contamination by heavy metals. In: Saleh 
H, Aglan R, eds. Heavy Metals. InTech; 2018:115-134.

 52. Tangahu BV, Sheikh Abdullah SR, Basri H, Idris M, Anuar N, Mukhlisin M. A 
review on heavy metals (As, Pb, and Hg) uptake by plants through phytoreme-
diation. Int J Chem Eng. 2011;2011:1-31.

 53. Long M, Jiang H, Li X. Biosorption of Cu2+, Pb2+, Cd2+ and their mixture from 
aqueous solutions by Michelia figo sawdust. Sci Rep. 2021;11:11527.

 54. Yao N, Wang J, Zhou Y. Rapid determination of the chemical oxygen demand of 
water using a thermal biosensor. Sensors. 2014;14:9949-9960.

 55. Kumar A, Bisht BS, Joshi VD, Singh AK, Talwar A. Physical, chemical and bacte-
riological study of water from rivers of Uttarakhand. J Hum Ecol. 2010;32:169-173.

 56. Kumar A, Schreiter IJ, Wefer-Roehl A, Tsechansky L, Schüth C, Graber ER. 
Production and utilization of biochar from organic wastes for pollutant control 
on contaminated sites. In: Prasad MNV, Shih K, eds. Environmental Materials 
and Waste. Elsevier; 2016:91-116.

 57. McKnight KB, McKnight KH, Harper KT. Cation exchange capacities and min-
eral element concentrations of macrofungal stipe tissue. Mycologia. 1990;82:91.

 58. Barbano DM, Clark JL, Dunham CE, Flemin RJ. Kjeldahl method for determi-
nation of total nitrogen content of milk: collaborative study. J AOAC Int. 
1990;73:849-859.

 59. Danaci D, Webley PA, Petit C. Guidelines for techno-economic analysis  
of adsorption processes. Front Chem Eng. 2021;2:1-11. doi:10.3389/
fceng.2020.602430

 60. Ahalya N, Ramachandra TV, Kanamadi RD. Biosorption of heavy metals. Res J 
Chem Environ. 2003;7:71-79.

 61. Bankar A, Nagaraja G. Recent trends in biosorption of heavy metals by actino-
bacteria. In: Singh BP, Gupta VK, Passari AK, eds. New and Future Develop-
ments in Microbial Biotechnology and Bioengineering. Elsevier; 2018:257-275.

 62. Barros Júnior LM, Macedo GR, Duarte MM, Silva EP, Lobato AK. Biosorption 
of cadmium using the fungus Aspergillus niger. Braz J Chem Eng. 
2003;20:229-239.

 63. Liu L, Luo X-B, Ding L, Luo S-L. Application of nanotechnology in the 
removal of heavy metal from water. In: Luo X, Deng F, eds. Nanomaterials for the 
Removal of Pollutants and Resource Reutilization. Elsevier; 2019:83-147.

 64. Acheampong MA. Sustainable Gold Mining Wastewater Treatment by Sorption 
Using Low-Cost Materials. CRC Press; 2020.

 65. Pertile E, Dvorský T, Václavík V, Heviánková S. Use of different types of biosor-
bents to remove Cr (VI) from aqueous solution. Life. 2021;11:240.

 66. Kelle HI. Comparative analysis of removal of crude oil and some refined petro-
leum products from the environment using rice husk: adsorption isotherm and 
kinetic studies. Niger J Basic Appl Sci. 2019;26:1.

 67. Al-Ghouti MA, Da’ana DA. Guidelines for the use and interpretation of adsorp-
tion isotherm models: a review. J Hazard Mater. 2020;393:122383.

 68. Prasetyo I. Removal of toxic metals from aqueous solutions by biosorption.  
Published 1992. Accessed October 12, 2021. https://escholarship.mcgill.
ca/concern/theses/7s75dd57x

 69. Chai WS, Cheun JY, Kumar PS, et al. A review on conventional and novel mate-
rials towards heavy metal adsorption in wastewater treatment application. J Clean 
Prod. 2021;296:126589.

 70. Nhi-Cong LT, Lien DT, Mai CTN, et al. Advanced materials for immobiliza-
tion of purple phototrophic bacteria in bioremediation of oil-polluted wastewa-
ter. Chemosphere. 2021;278:130464.

 71. Deng J, Chen Q , Hu B, et al. Synergic effect of adsorption and biodegradation 
by microsphere immobilizing Bacillus velezensis for enhanced removal organics 
in slaughter wastewater. Processes. 2021;9:1145.

 72. Ramrakhiani L, Ghosh S, Majumdar S. Surface modification of naturally avail-
able biomass for enhancement of heavy metal removal efficiency, upscaling pros-
pects, and management aspects of spent biosorbents: a review. Appl Biochem 
Biotechnol. 2016;180:41-78.

 73. Bhatti HN, Hamid S. Removal of uranium(VI) from aqueous solutions using Euca-
lyptus citriodora distillation sludge. Int J Environ Sci Technol. 2014;11:813-822.

 74. Yan G, Viraraghavan T. Effect of pretreatment on the bioadsorption of heavy 
metals on Mucor rouxii. Water SA. 2000;26:119-123.

 75. Cruz-Lopes LP, Macena M, Esteves B, Guiné RPF. Ideal pH for the adsorption 
of metal ions Cr6+, Ni2+, Pb2+ in aqueous solution with different adsorbent mate-
rials. Open Agric. 2021;6(1):115-123. doi:10.1515/opag-2021-0225

 76. Cozmuta L, Cozmuta A, Peter A, Nicula C, Nsimba E, Tutu H. The influence of 
pH on the adsorption of lead by Na-clinoptilolite: kinetic and equilibrium stud-
ies. Water SA. 2012;38:269-278.

 77. Rahman MS, Sathasivam KV. Heavy metal adsorption onto Kappaphycus sp. 
from aqueous solutions: the use of error functions for validation of isotherm and 
kinetics models. Biomed Res Int. 2015;2015:126298.

 78. Pohl A. Removal of heavy metal ions from water and wastewaters by sulfur-con-
taining precipitation agents. Water Air Soil Pollut. 2020;231:503.

 79. Shirsath DS, Shirivastava VS. Adsorptive removal of heavy metals by magnetic 
nanoadsorbent: an equilibrium and thermodynamic study. Appl Nanosci. 2015;5: 
927-935.

 80. Yue CS, Chong KH, Eng CC, Loh LS. Utilization of infused tea leaves 
(Camellia sinensis) for the removal of Pb2+, Fe2+ and Cd2+ ions from aqueous 
solution: equilibrium and kinetic studies. J Water Resour Prot. 2016;08: 
568-582.

 81. Stjepanović M, Velić N, Galić A, Kosović I, Jakovljević T, Habuda-Stanić M. 
From waste to biosorbent: removal of Congo Red from water by waste wood bio-
mass. Water. 2021;13:279.

 82. El-Said AG, Badawy NA, Abdel-Aal AY, Garamon SE. Optimization parame-
ters for adsorption and desorption of Zn(II) and Se(IV) using rice husk ash: 
kinetics and equilibrium. Ionics. 2011;17:263-270.

 83. Kulkarni S. Synthesis, characterization and performance of low-cost unconven-
tional adsorbents derived from waste materials. Biointerface Res Appl Chem. 
2020;10:7243-7256. doi:10.33263/BRIAC106.72437256

 84. Safinejad A, Goudarzi N, Chamjangali MA, Bagherian G. Effective simultane-
ous removal of Pb(II) and Cd(II) ions by a new magnetic zeolite prepared from 
stem sweep. Mater Res Express. 2017;4:116104.

 85. Elkhatib E, Mahdy A, Sherif F, Elshemy W. Competitive adsorption of cad-
mium (II) from aqueous solutions onto nanoparticles of water treatment residual. 
J Nanomat. 2016;2016:1-10.

 86. Sulaymon AH, Mohammed AA, Al-Musawi TJ. Competitive biosorption of 
lead, cadmium, copper, and arsenic ions using algae. Environ Sci Pollut Res Int. 
2013;20:3011-3023.

 87. Dai Y, Sun Q , Wang W, et al. Utilizations of agricultural waste as adsorbent for 
the removal of contaminants: a review. Chemosphere. 2018;211:235-253.

Downloaded From: https://complete.bioone.org/journals/Environmental-Health-Insights on 26 Dec 2024
Terms of Use: https://complete.bioone.org/terms-of-use

https://escholarship.mcgill.ca/concern/theses/7s75dd57x
https://escholarship.mcgill.ca/concern/theses/7s75dd57x

