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a b s t r a c t
The aim of this paper is full study about the abilities of the roots of castor, pear, peach, apple, almond, 
walnut, sour cherry, berry, ginger, sunflower, red flower, mallow, grapevine, hot pepper, hollyhock, 
tomato, astragalus, and black eggplant as biosorbents for the removal of heavy metal ions from water. 
The obtained results indicate that the grapevine root particles can adsorb heavy metal ions better 
that other roots and also, lead and zinc ions can be better adsorbed than other ions. In the next step, 
the grapevine root is milled into nanoparticles by an innovative ball mill. The prepared nanoparti-
cles are characterized by DLS, transmission electron microscopy, scanning electron microscopy, and 
Fourier-transform infrared spectroscopy. The results show that the average diameter of grapevine root 
nanoparticles (GRN) is 63 nm. The prepared GRN is used as nanobiosorbent to remove lead and zinc 
ions from water. Based on the experimental results, Pb2+ and Zn2+ ions can quantitatively remove from 
water by a spontaneous exothermic process in the conditions including pH 4, initial solution volume 
50 mL, initial concentration of each metal ion 50 mg L–1, sorbent dosage 4 g L–1, and contact time 30 min 
at room temperature. The isothermal and kinetic studies show that the adsorption of Pb2+ and Zn2+ 
ions on GRN can be well described by Langmuir isotherm and pseudo-second-order kinetic models. 
Based on the Langmuir isotherm model, the maximum capacities are found 24.6 and 26.3 mg g–1 for 
the adsorption of Pb2+ and Zn2+ ions on GRN, respectively.
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1. Introduction

The entry of heavy metal ions into the water and soil can
lead to serious environmental hazards, even at trace amounts 
[1]. The hazardous metal ions such as Pb, Zn, Cd, Hg, and As 
can enter into the environment from different sources such 
as batteries, metal plating, and mineral processing [2]. The 
heavy metal ions are not degradable into harmless products 
[3]. Lead and zinc are widely used in various industries, can 
discharge into the wastewater and causes many harmful 
effects to human health [4,5]. The allowable concentrations 
of Pb2+ and Zn2+ have been determined 0.05 and 4 mg L−1, 
respectively, by World Health Organization (WHO) [6,7].

The chemical precipitation, membrane and electro-
chemical separations, and ion exchange were introduced 
for the removal of toxic heavy metal ions [8,9]. The most of 
the above-mentioned methods have some limitations such 
as difficult operation, high cost, unusable on large scale, 
and low efficiencies at higher concentrations of metal ions. 
Adsorption as one of the most efficient removal methods 
is generally recommended due to lower environmental 
impacts, low cost, treatment stability, and easy operation. 
Many chemical and natural adsorbents have been introduced 
for the removal of Zn2+ and Pb2+ ions from water [10,11].

Recently, various nanosorbents have been used to remove 
heavy metal ions from water and wastewater because of their 
large specific surface areas [12–14]. Recently, biosorbents 
have been widely used for the removal of toxic compounds 
from water [15–19].
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The plant root is usually underground portion of a plant 
that lacks buds, leaves, or nodes and serves as support, 
draws minerals and water from the surrounding soil, and 
sometimes stores food. Major uptake of water and other min-
erals by plant is done in plant root. Therefore, it seems that 
roots of plants to be suitable biosorbent for the removal of 
metal ions from water. For the first time as a full study, 18 
different plants roots including castor, pear, peach, apple, 
almond, walnut, sour cherry, berry, ginger, sunflower, red 
flower, mallow, grapevine, hot pepper, hollyhock, tomato, 
astragalus, and black eggplant were examined as adsor-
bents for the removal of some heavy metal ions from water. 
Finally, grapevine roots particles (GRP) and grapevine root 
nanoparticles (GRN) have been produced and extensively 
investigated as a suitable adsorbent for the removal of lead 
and zinc ions from water because of their simplicities, high 
efficiencies, and high adsorption capacities.

2. Experimental

2.1. Materials

Fe(NO3)2, Pb(NO3)2.H2O, Zn(NO3)2.6H2O, CuSO4.5H2O, 
Mn(NO3)2.4H2O, NaNO3, MgSO4, and HNO3 as the chemicals 
in analytical grade were purchased from Merck and used 
without further purification. Double-distilled water was used 
in all experiments. The roots of some plants (castor, pear, 
peach, apple, almond, walnut, sour cherry, berry, ginger, sun-
flower, red flower, mallow, grapevine, hot pepper, hollyhock, 
tomato, astragalus, and black eggplant) were collected from 
Abhar city (Zanjan, Iran).

2.2. Instrumentals

The prepared GRN was characterized by scanning elec-
tron microscopy (SEM; Vp 1455) and transmission electron 
microscopy (TEM; Zeiss EM10C). Fourier-transform infra-
red spectroscopy (FT-IR; Thermo Scientific Nicolet IS 10) 
was used to study the mechanism of lead and zinc ions 
adsorption on GRN. Size distribution diagram of the samples 
was obtained by DLS (Malvern Instruments Ltd, Zeta Sizer 
Ver. 6.32). Flame atomic absorption spectrophotometer 
(GBC, Sense AA, Australia) was used to demine the residual 
concentrations of the heavy metal ions. A 2,500 rpm cen-
trifuge (Wagtech Co. C257-176) and also cellulose acetate 
membrane (0.45 μm, Micropore) were used to separate the 
GRN from solution in adsorption and desorption studies, 
respectively.

2.3. Experimental procedures

2.3.1. Production of micrometer and nanometer 
sized-root particles

The plant roots are collected. After separation of any non-
objective particles, the roots of each plant were washed and 
dried under sunlight for 1 week. For production of microm-
eter-sized powder, 10 g from each plant root was crushed by 
porcelain mortar to obtain uniform powder. The prepared 
powders were graded using 500 and 625 mesh laboratory 
sieves. The particle size of the graded powders was estimated 
by using Tyler standards of sieves 20–25 μm.

For production of grapevine nanopowder, grapevine 
root was mill by an innovative ball mill which was explained 
in [20]. For this propose, 100 g of each plant root was milled 
in ball mill with a specified formulation of steel balls accord-
ing to Table 1. Sampling of powder was done at 20 min, 2, 4, 
6, and 8 h ball milling.

2.3.2. Adsorption experiments

First, adsorption batch studies were performed with the 
prepared micrometer-sized root particles (MSRP). In this 
step, 200 mg MSRP of each plant was added to 50 mL of 
each metal ion (Pb2+, Cu2+, Zn2+, Fe2+, Mn2+, and Mg2+) solution 
with initial concentration of 50 ppm with pH 4. The mix-
tures were stirred for 30 min at 400 rpm and then, MSRP 
was separated from the solution by centrifuging. The resid-
ual concentrations of the proposed ions were determined by 
the flame atomic absorption spectroscopy. In the next steps, 
the experimental conditions for the removal of lead and zinc 
ions were fully studied. The effect of pH was investigated 
at 25°C and initial concentration 50 mg L–1. pH adjustments 
were done by using 0.1 M HNO3 solution and 0.1 M NaOH. 
In adsorption experiments, the removal efficiency was 
calculated by the following equation:

Efficiency %( ) =
−

×
C C
C
i f

i

100  (1)

where Ci (mg L–1) and Cf (mg L–1) are ion concentrations 
before and after mixing with sorbent, respectively. The equi-
librium adsorption capacity, qe (mg g–1) was calculated using 
the mass balance equation (Eq. (2)):

q
C C
m

Ve
i e=
−( )

×  (2)

where Ce (mg L–1) is the equilibrium concentration of metal 
ions. V (mL) is the sample volume and m (mg) is the amount 
of sorbent.

3. Results and discussion

3.1. Characterization of grapevine root nanoparticles

All micrometer-sized samples were graded by using 
two laboratory sieves therefore, they were used without any 
further characterization. The GRN were produced by using 
the innovative vibrational ball mill. The ball milling process 

Table 1
The specified formulation of balls used in the innovative ball mill

Diameter (mm) Number

5 50
10 30
15 20
20 10
24 5
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was done in 20 min, 2, 4, 6, and 8 h. The prepared samples in 
different ball milling times were characterized by DLS. The 
summary of DLS results is shown in Fig. 1. As can be seen in 
Fig. 1, the average particles sizes of the GRN are decreased 
from 2,000 to 60 nm when the ball milling time is increased 
from 20 min to 6 h. The difference between the average par-
ticles sizes of two samples was produced at 6 and 8 h ball 
milling are not significant therefore, the suitable ball milling 
time for the production of GRN is 6 h.

As an example, the characterization results of the pro-
duced GRN in 6 h were shown in Fig. 2.The SEM image in 

Fig. 2(a) shows that the GRN was strongly agglomerated. 
The sample was fully dispersed in ethanol by ultrasonic 
irradiation. During ultrasonic irradiation, the agglomerated 
particles are separated from each other. The solvent of the 
mixture was evaporated and the residual paste was dried 
and crushed. The final nanopowder was analyzed by TEM. 
As it can be seen in TEM micrograph (Fig. 2(b)), the sam-
ple consists uniform nanoparticles with average diameter 
of 30 nm. Based on the DLS diagram (Fig. 2(c)), the sample 
consists nanoparticles in the range of 45–90 nm with aver-
age particle size of 63 nm. The difference between TEM and 
DLS results is due to the agglomeration of nanoparticles. The 
result of TEM is more reliable than that of DLS.

3.2. Application of plants roots as biosorbent

3.2.1. Biosorption of different metal ions

The efficiencies of 18 kinds of plants roots as biosorbent 
in same experimental conditions including 50 mL initial solu-
tion, pH 4, 50 mg L–1 initial concentration of each metal ion, 
contact time 30 min, and 4 g L–1 sorbent dosage at room tem-
perature were separately examined for Mg2+, Zn2+, Cu2+, Pb2+, 
Fe2+, and Mn2+ ions. Table 2 shows the removal efficiencies 
of some heavy metal ions by different plant roots. Based on 
Table 2, the following results can be obtained:

•	 The roots particles of pear, sour cherry, sunflower, 
mallow, grapevine, hot pepper, hollyhock, tomato, Fig. 1. Effect of ball milling time on the average particle size of GRN.

Fig. 2. SEM image (a), TEM micrograph (b), and DLS size distribution diagram (c) of the prepared GRN within 6 h ball milling.
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astragalus, and eggplant can be used as efficient biosor-
bents (removal efficiency more than 90%) for the removal 
of lead ions (marked in bold in Table 2).

•	 The roots particles of grapevine and eggplant can be used 
as efficient biosorbents (removal efficiency more than 
90%) for the removal of lead and zinc ions (marked in 
bold italic in Table 2).

•	 All experiments in Table 2 were repeated two times. 
The relative standard deviation (RSD%) was calculated. 
The calculated RSD% was in the range 1.3%–2.1%. The 
results show that the presented method has acceptable 
accuracy.

A number of previous reports have illustrated the sorp-
tion potential of low-cost biomaterials for different metal 
ions [21–33]. The performance of different biosorbents is 
mainly based on the affinity of available functional groups 
to metal ions; for their removal/recovery from different 
solutions. In the work, all plant roots in Table 2 were stud-
ied by FT-IR (the results were not included in the paper). 
All spectrums show the presence of OH, NH, carbonyl 
(CO), and ester (CO) functional groups. The presence of the 
mentioned functional groups in biomass and their affinity 
for metal ions in sorption process has previously reported 
[34–38]. The neighboring groups of the mentioned donating 
groups in the plant roots are different. Therefore, donating 
groups (OH, NH, carbonyl CO, and ester CO) in the men-
tioned plants in Table 2 have different basic characters. 
Therefore, we suggest a scheme shown in Fig. 3 as an 

adsorption mechanism for the removal of heavy metal ions 
by plants roots. In interaction between root and metal ion, 
one to four chemical bands can be formed. Based on type 
of root, the strength of the formed bands will be different 
therefore, the removal efficiencies of heavy metal ions by 
the mentioned plants roots can be different. Based on the 
results (Table 2), the interaction between plant roots and 
Zn2+ and Pb2+ is stronger than other ions. It can be related to 
the best interaction between soft acid-soft bases.

3.2.2. The effect of pH on the removal of Zn2+and 
Pb2+ by plant roots

The adsorption of heavy metal ions depends strongly on 
pH, and so the pH of the aqueous solution is an important 
controlling parameter in the adsorption process [39]. The 
influence of initial pH on adsorption percentage was stud-
ied in the range of 3–6 for the removal of Pb2+ and Zn2+ ions 
on 18 plant roots (Table 3). As Table 3 shows solution pH 
can strongly change the removal efficiency of lead ion as 
well as zinc ion. There are many hydroxyl groups on the 
surface of the plant root particles which deprotonate and 
converted to anionic groups and can adsorb metal ions 
(with positive charge) at pH higher than 3. On the other 
hand, lead and zinc ions can be treated with the hydrox-
ide ions in the solution at pH higher than 5. Therefore, the 
maximum adsorption of lead and zinc ions takes place at 
pH about 4. At pH lower than 4, adsorption of metal ions is 
less, because the proton concentration is higher than those 
of metal ions so can compete with metal ions in adsorption 
on the root particles.

The presented data in Table 3 shows that the both 
grapevine and eggplant roots act as suitable sorbents for 
the removal of both Pb2+ and Zn2+ ions. However, due to 
the abundance of the root of the grapevine, especially in the 
studied area (Abhar), GRP was selected for further studies.

3.3. GRP or GRN?

GRP and GRN were used as biosorbent for the removal 
of lead and zinc ions in the same conditions (sample vol-
ume 50 mL, sorbent dosage 2 g L–1, contact time 30 min, and 
temperature 25°C) in eight different concentrations of Zn2+ 
and Pb2+. Fig. 4 shows the results these studies. Based on the 
presented data in Fig. 4, adsorption capacities of both Zn2+ 
and Pb2+ on GRN are 40% more than those of GRP. Therefore, 
GRN was selected for further studies.

Table 2
Removal efficiencies (%) of metal ions by some different 
micrometer-sized root particles

Mg2+Mn2+Fe2+Cu2+Zn2+Pb2+Root nameNo.
14.831.69.276.684.275.7*Castor1
2.836.45.844.245.895.4Pear2
2.030.26.260.265.575.5Peach3
5.229.01.027.472.888.6Apple4
21.418.618.436.259.088.5Almond5
37.630.23.244.799.187.7Walnut6
55.546.616.956.634.291.9Sour cherry7
49.145.018.450.037.885.8Berry8
10.613.460.452.881.078.2Ginger9
6.424.51.475.865.195.5Sunflower10
16.642.611.075.459.671.9Red flower11
13.039.424.440.255.1100.0Mallow12
44.530.320.443.498.794.6Grapevine13
30.424.859.241.269.099.3Hot pepper14
9.658.825.672.635.693.5Hollyhock15
7.646.897.637.975.5100.0Tomato16
37.637.415.291.665.998.8Astragalus17
5.228.288.258.592.599.4Eggplant18

In all of these experiments, 100 mg biosorbent was added to 
50 mL solution with pH containing metal ion with concentration 
of 50 mg L–1 and mixed for time 30 min at room temperature. All 
experiments were replicated two times
*All efficiencies are in percentage (%).

Fig. 3. The suggested interaction between metal ions and root 
particles. In each plant root, one of the four interactions is 
stronger.
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3.4. Adsorption studies on GRN

3.4.1. Effect of ball milling time on the removal efficiency of 
lead and zinc ions

The samples prepared at different ball milling times 
according to Fig. 1 were used as biosorbents for the removal 
of lead ions (Fig. 5). Fig. 5 shows that the ball milling time can 
obviously change the adsorption efficiency. The adsorption 
efficiencies of lead ions as well as zinc ions on GRN increase 
when the ball milling time increases. As it has been explained 

for the results of Fig. 1, the particles sizes of GRN samples 
decrease when the ball milling time increases. Therefore, 
these results show that smaller particles of adsorbent have 
bigger adsorption abilities. The results can be related to this 
fact that the smaller particles have a higher surface area/
volume ratio.

3.4.2. Effect of pH

The influence of initial solution pH on adsorption effi-
ciency was studied in the pH range of 3–6 for Pb2+ and Zn2+ 

Table 3
Removal efficiencies of metal ions by some different micrometer-sized root particles at different pHs

No. Root Name pH = 3 pH = 4 pH = 5 pH = 6

Pb2+ Zn2+ Pb2+ Zn2+ Pb2+ Zn2+ Pb2+ Zn2+

1 Castor 70.1* 19.0 75.7 84.2 87.2 50.9 73.9 37.0
2 Pear 91.1 20.5 95.4 45.8 100.0 42.5 90.9 44.8
3 Peach 72.1 60.2 75.5 65.5 85.1 63.0 85.1 59.8
4 Apple 84.8 23.5 88.6 72.8 98.0 67.8 92.5 31.0
5 Almonds 81.5 24.1 88.5 59.0 91.6 50.8 88.0 42.4
6 Walnut 86.8 91.4 87.7 99.1 93.2 54 89.7 39.3
7 Sour cherry 85.8 31.0 91.9 34.2 91.4 30.5 90.6 38.0
8 Berry 80.0 33.9 85.8 37.8 92.8 72.9 92.1 11.5
9 Ginger 86.7 18.5 78.2 81.0 94.8 60.1 93.5 45.5
10 Sunflower 92.4 49.5 95.5 65.1 85.9 53.8 80.6 59.2
11 Red flower 70.0 52.7 71.9 59.6 86.6 58.7 82.1 51.7
12 Mallow 85.2 52.1 100.0 55.1 98.7 55.3 87.6 38.0
13 Grapevine 88.8 51.2 94.6 98.7 98.4 71.8 90.3 56.0
14 Hot pepper 90.1 57.1 99.3 69.0 94.3 51.8 93.7 46.6
15 Hollyhock 89.5 25.0 93.5 35.6 100.0 41.5 93.8 41.0
16 Tomato 85.8 35.5 100.0 75.5 100.0 70.9 89.4 62.0
17 Astragalus 91.1 45.3 98.8 65.9 100.0 63.3 97.1 62.0
18 Eggplant 91.0 26.0 99.4 92.5 88.1 66.2 90.3 65.8

In all of these experiments, 100 mg biosorbent was added to 50 mL solution containing 50 mg L–1 metal ion (Zn2+ or Pb2+) and mixed for 30 min 
at room temperature.
*All removal efficiencies are in percentage (%).
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Fig. 4. Effect of ion concentration on the removal efficiency. In all 
of these experiments, 100 mg GRP or GRN was added to 50 mL 
solution with pH 4 containing 50 mg L–1 metal ion (Zn2+ or Pb2+) 
and mixed for 30 min at room temperature.
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(Fig. 6). Fig. 6 shows that adsorption of Zn2+ ion is very sen-
sitive to pH. At pH lower than 4, adsorption of zinc ions is 
less, because the proton concentration is higher than those 
of metal ions and such a situation was not favorable for the 
removal of zinc ions. Therefore, some of the negative sites 
of GRN will be occupied by proton ions so that the metal 
ions adsorption will be decreased. At pH higher than 4, 
adsorption of zinc ions is decreased due to the formation of 
Zn(OH)+ ions [40].

pH dependency of lead ions is low in the pH range of 
3–6. This fact due to the strong interaction between Pb2+ and 
functional groups of GRN. To confirm this fact, the effect of 
GRN on pH solution was investigated (Fig. 7).

In these experiments, the pH of each solution was deter-
mined before (pHi) and after (pHf)	addition	GRN	(∆pH	=	pHf–
pHi). Fig. 6 shows that the surface of GRN has no charge at pH 
3.5. At pH lower and higher than 3.5, the surface of GRN has 
positive and negative charge, respectively. Therefore, pH 4 is 
suitable for the simultaneous removal of Zn2+ and Pb2+ ions.

3.4.3. Time dependency of metal ions adsorption on GRN and 
kinetics studies

To investigate the effect of contact time on the adsorption 
efficiency of lead ions on GRN, the removal values of lead 

ions by GRN are determined in different contact times 
(5–30 min). Fig. 8 shows the effect of contact time on the 
removal efficiencies of zinc and lead ions by GRN. As it can 
be seen in Fig. 8, the removal efficiency is increased when the 
contact time is increased. The metal ion removal is completed 
at 30 min. The required time for the quantitative sorption of 
each ion depends on the sorption kinetics.

In order to examine the diffusion mechanism of the 
adsorption process, two kinetic models were tested. The 
adsorption data were first fitted to pseudo-first-order kinetic 
model, which is given by Eq. (3) [41]:

ln lnq q q k te t e−( ) = − 1  (3)

where qe and qt are the amounts of adsorbed ion on sorbent 
(mg g–1) at equilibrium and at contact time t (min), respec-
tively, and k1 is the pseudo-first-order rate constant (min–1). 
The first-order-rate constant k1 can be obtained from the 
slope of the plot In (qe–qt) versus t. Based on the obtained 
results, the R2 values obtained are relatively small and the 
experimental qe values do not agree with the values calcu-
lated from the linear plots. The results of these experiments 
were summarized in Table 4. In the next step, the data were 
examined by the pseudo-second-order kinetic model is given 
by Eq. (4) [42]:

t
q k q

t
qt e e

= +
1

2
2  (4)

where k2 is the rate constant of pseudo-second-order adsorp-
tion (g mg−1 min−1). Based on the experimental data of q, and 
t, the equilibrium sorption capacity (qe), and the pseudo- 
second-order rate constant (k2) can be determined from the 
slope and intercept of a plot of t/q versus t. It was found that 
the pseudo-second-order model gives a satisfactory fit to all 
of the experimental data. The parameters of the both pseu-
do-first-order and pseudo-second-order kinetics models are 
calculated and summarized in Table 4.

As Table 4 shows the both adsorption data of lead and 
zinc ions on GRN are fitted with pseudo-second-order kinet-
ics model. The obtained results can be indicative of chemical 
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adsorption but, this conclusion is not conclusive and should 
be proven by other experiments.

3.4.4. Adsorption studies

The initial concentration of the metal ion is an important 
parameter that can affect the removal efficiency. To evaluate 
this factor, some solutions with different concentrations of 
lead and zinc ions in the range of 50–150 mg L–1. In practice, 
4.0 mg mL–1 nanoparticles were added to each of solutions 
and stirred for 30 min. After centrifuging, the residual con-
centrations of lead and zinc ions were determined. Fig. 9 
shows the results of these experiments. As it can be seen in 
Fig. 9, at initial concentration of 30 mg L–1 or lower, the ion 
removal is complete but, by increasing initial ion concentra-
tion, the removal efficiency is decreased due to the saturation 
of adsorption sites on GRN.

For clarification of adsorption mechanism, the adsorption 
data in Fig. 9 were checked by Langmuir, Freundlich, and 
Temkin isotherms. In the Langmuir model, there is a homo-
geneous surface of the sorbent, there is no interaction between 
the adsorbed species on adsorptive active sites, the adsorption 
is localized in a monolayer and it is assumed that once an ion 
occupies a site, no further adsorption can take place at that site.

Langmuir isotherm in linear form can be represented as 
Eq. (5) [43]:

C
q bq

C
q

e

e m

e

m

= +
1

 (5)

where Ce is the equilibrium concentration of Pb (II) in 
solution (mg L−1), qe is the equilibrium capacity (mg g−1) of 
Pb (II), qmax is the maximum adsorption capacity of the sor-
bent corresponding to complete monolayer coverage on the 
surface (mg g−1), and b is the Langmuir adsorption constant 
(L mg−1) and related to the free energy of adsorption.

The linear form of Freundlich isotherm can be given 
as follows:

log log logq k
n

Ce f e= +
1  (6)

where Kf is the constant related to the adsorption capacity 
of the sorbent in mg L–1, and n is the constant related to the 
adsorption intensity.

The third isotherm is Temkin, which contains a factor 
that explicitly considers interactions between attraction and 
adsorption capacities [44,45] and can be identified as follows:

q B A B Ce e= +ln ln  (7)

where A is the equivalent to the fixed Linked with maximum 

energy (L mg–1), B B RT
b

=








  as a constant coefficient is pro-

portional to the heat of adsorption, and b is the constant 
of Temkin isotherm (J mol–1). The obtained results of three 
isotherms are shown in Fig. 10. As Fig. 10 shows the experi-
mental data for the adsorption of lead and zinc ions on GRN 
are acceptably fitted with Langmuir isotherm. Langmuir 
isotherm compatibility can be another reason for chemical 
absorption. All examination of Fig. 10 was repeated by GRP. 
The summary of the calculated parameters of three isotherm 
models is presented in Table 5. The maximum adsorption 
capacities (qmax) based of the slope of Langmuir isotherm were 
found 24.6 and 26.3 mg g–1 for the adsorption of lead and zinc 
ions on GRN at 25°C, respectively. Based on the presented 
results in Table 5, GRN has greater adsorption capacity than 
GRP because the effective surface area of GRN is bigger.

For finding more reason for chemical adsorption, FT-IR 
spectrums were recorded before and after contacting GRN 
with lead and zinc ions (Fig. 11). In chemical adsorption 
of metal ions, it is expected that some bands of sorbent are 
shifted to blue or red shifts and one or more new bands is 
observed in wave numbers less than 1,000 cm–1 [46]. The 
score bands of FT-IR spectrums are summarized in Table 6.

As it is obvious in Table 6, there four functional groups 
(C=O: carbonyl, C–O: Ester, N–H: amine 1°, and N–H: amine 2°) 
on GRN which can interact with Pb and Zn ions. All of these 

Table 4
Pseudo-first-order kinetics and pseudo-second-order kinetics constants of lead and zinc ions sorption on GRN

Metal ion C0 (mg g–1) First-order kinetics Second-order kinetics

K1 (min–1) R2 K2 (g mg–1 min–1) R2

Pb(II) 50 0.2183 0.912 0.0736 0.9997
Zn(II) 50 0.1708 0.8333 0.0977 0.9999

In all of these experiments, 100 mg GRN was added to 50 mL solution with pH 4 containing metal ion with concentration of 50 mg L–1 
and mixed for different times at room temperature.
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Fig. 9. Effects of initial concentration of lead and zinc ions on 
the removal efficiencies. All these experiments were done in 
conditions including 50 mL solution, contact time 30 min, pH 4, 
sorbent dosage 4 g L–1, and temperature 25°C.
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absorption bands are weakened and shifted to red wave-
lengths after interaction with metal ions. The Pb–O and Zn–O 
bands are formed and observed at 519.03 and 428.7 cm–1, 
respectively. The findings of the FT-IR spectrums confirm the 
chemical absorption of metal ions on GRN.

3.4.5. Thermodynamic studies

The effect of solution temperature on the ion removal 
efficiency was studied (Fig. 12). The ion removal efficiencies 

decrease when the solution temperature increases. Therefore, 
it can be concluded that the adsorption of lead and zinc ions 
on GRN could be an exothermic process.

The mechanism of adsorption can identify its tempera-
ture dependency. The solution temperature has two major 
effects on the adsorption processes. The first effect is the 
direct dependency of diffusion rate of the adsorbate across 
the external boundary layer and in the internal pores of the 
sorbents. The second effect of the temperature is the varia-
tion of equilibrium capacity of the sorbent towards adsorbate 

 
Fig. 10. Adsorption isotherms of metal ions on GRN; Langmuir isotherms for the adsorption of Pb2+ (a) and Zn2+ (b), Freundlich isotherms 
for the adsorption of Pb2+ (c) and Zn2+ (d) and Temkin isotherms for the adsorption of Pb2+ (e) and Zn2+ (f). In all of these experiments, 
100 mg GRN was added to 50 mL solution with pH 4 containing metal ion (Zn2+ or Pb2+) and mixed for 30 min at room temperature.
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[47–50]. To investigate the influence of temperature on the 
uptake of lead and zinc ions by the studied sorbent, the 
removal of these ions (50 mg L–1) from aqueous solution at 
adjusted pH of 4 and GRN g L–1 was performed as a function 
of temperature in the range 283–343 K. The corresponding 
distribution coefficient (Kd) was calculated by Eq. (8):

K
C C
C

V
md

e

e

=
−( )

×0  (8)

where C0 and Ce are initial and equilibrium concentrations of 
metal ions (mg L–1), respectively, V is the volume of the aque-
ous sample solution (L), and m is the amount of sorbent (g). 
The Van’t Hoff equation can be shown as Eq. (9):

lnK S
R

H
RTd = −

∆ ∆ 0

 (9)

Table 5
Adsorption isotherm parameters of lead and zinc ions on 
GRN at 25°C

Isotherm model 
parameters

Pb2+ Zn2+

GRP GRN GRP GRN

Langmuir qmax 8.6 24.6 11.2 26.3
kl 136 250 335 625
R2 0.982 0.980 0.983 0.987

Freundlich KF 36.2 74.3 29.3 57.2
N 1.8 1.9 3.7 4.3
R2 0.967 0.976 0.981 0.979

Temkin A 20.654 21.387 398.601 449.702
B 19.312 22.519 8.912 9.242
R2 0.970 0.970 0.960 0.954

 

(a) 

 

(b) 
 

 

(c) 

Fig. 11. FTIR spectrums GRN befor (a) and after (b) treating with 
lead ion solution, and after (c) treating with zinc ion solution.

Table 6
Absorption bands of FTIR spectrums of GRN before and after contact with Pb2+ and Zn2+ solutions

No. Before the interacting with 
the zinc and lead ions

BandAfter interacting 
with the lead ion

After interacting 
with the zinc ion

13,424.22OH3,423.503,425.13
22,926.132,923.212,922.29
31,732.57Stretching of C=O (Carbonyl)1,740.561,740.50
41,613.34Bending of NH (Amin 1°)1,616.901,620.48
51,514.491,513.26–
61,451.181,463.431,463.15
71,381.911,376.78–
81,317.341,318.471,317.63
91,243.421,245.891,226.02
101,148.581,034.33–
111,035.95Stretching of C–O (Ester)––
12781.94Bending of NH (Amin 2°)834.11–
13–Stretching of MO (Pb–O or Zn–O)519.03428.7
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Based	on	Eq.	 (9),	 standard	enthalpy	 (ΔH°) and entropy 
(ΔS°) changes can be analyzed by plotting the ln Kd versus 
T–1	 [47].	 The	 values	 of	 ΔH°	 and	 ΔS° were calculated from 
the slope and intercept of linear plot of ln Kd versus T–1, 
respectively (Fig. 13).

Based	on	the	presented	plots	in	Fig.	13,	ΔH°	and	ΔS° were 
calculated	 and	 then	 the	 Gibbs	 free	 energy	 changes	 (ΔG°) 
determined by Eq. (10):

000 STHG ∆−∆=∆  (10)

The calculated thermodynamic parameters for the adsorp-
tion process of lead and zinc ions on the sorbent are given 
in	 Table	 7.	 The	 negative	 amount	 of	 ∆H° indicates that the 
adsorption of lead and zinc ion on GRN is an exothermic 
process.	The	negative	amounts	of	∆G°	and	∆S° show that the 
adsorptions of both Pb2+ and Zn2+ on GRN are spontaneous 
processes and during adsorption, the entropy of the system 
is decreased, respectively [47,48].
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Fig. 12. Effect of temperature on the metal ion removal efficiency. 
The experimental conditions include solution volume 50 mL, 
contact time 30 min, pH 4, sorbent dosage 4 g L–1 and ion 
concentration 50 mg L–1.

Fig. 13. Linear Van’t Hoff plot of adsorption of Pb2+ (a) and Zn2+ (b) on GRN. In all of these experiments, 100 mg GRN was added to 
50 mL solution with pH 4 containing metal ion (Zn2+ or Pb2+) 50 mg L–1.

Table 7
Summary of the calculated thermodynamic parameters for the adsorption of lead and zinc ions on GRN

Ion –ΔH°  
(kJ mol–1)

–ΔS°  
(kJ mol–1K–1)

–ΔG° (kJ mol–1) at temperatures (K)

283 293 303 313 323 333

Pb2+ 28.608 86.183 4.218 3.357 2.495 1.633 0.771 0.090
Zn2+ 48.137 139.866 8.555 7.156 5.758 4.359 2.960 1.561

Table 8
The features of the current nanobiosorbent have been compared with some previous works

No. Ion Sorbent qmax (mg g–1) pH Temperature (°C)
[51] Cd2+ Cork 9.65 6 25
[16] Pb2+, Zn2+ Cedar leaf 7.23, 4.79 5 20
[52] Cu2+, Pb2+ Marula seed husk 10.2, 20 6, 5 20
[53] Cu2+ Banana peel 20.37 6.5 20
[54] Cu2+ Garden grass 58.34 6 20
Current work Pb2+, Zn2+ GRP 8.6, 11.2 4 25
Current work Pb2+, Zn2+ GRN 24.6, 26.3 4 25
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3.4.6. Comparative features

In Table 8, some score parameters of the presented nano-
biosorbent have been compared with some previous studies. 
As Table 8 shows GRN can remove Pb2+ and Zn2+ ions from 
water with more sorption capacities than those of Ref. [16] 
and about Pb2+ also more than [52].

4. Conclusions

The all particles prepared from roots of castor, pear, 
peach, apple, almond, walnut, sour cherry, berry, ginger, sun-
flower, red flower, mallow, grapevine, hot pepper, hollyhock, 
tomato, astragalus, and black eggplant plant roots can be used 
as biosorbents to remove some heavy metal ions from water. 
Among of them, pear, sour cherry, sunflower, mallow, grape-
vine, hot pepper, hollyhock, tomato, astragalus, and eggplant 
can be used as efficient biosorbents (removal efficiency more 
than 90%) for the removal of lead ions. The roots particles of 
grapevine and eggplant can be used as efficient biosorbents 
(removal efficiency more than 90%) for the removal of lead 
and zinc ions. The prepared GRN can quantitatively remove 
lead and zinc ions from water. Adsorption of Pb2+ and Zn2+ 
ions on GRN is described by Langmuir isotherm and pseu-
do-second-order kinetics model. Thermodynamic studies 
showed that the adsorptions of lead and zinc ions on GRN 
are spontaneous and exothermic processes. The prepared 
nanoparticles are inexpensive, available, abundant, healthy, 
and nontoxic, but it is a bit difficult to separate these nanopar-
ticles from water due to their low density.
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