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Abstract
Drinking water treatment sludge in large quantities was generated in the flocculation process of the treatment plant, all over 
the world. It considered the secondary raw material due to having valuable inorganic compounds such as iron. Herein, a novel 
green method was developed to recover iron from drinking water treatment sludge for synthesizing nanoscale iron supported 
on nanoclay by a lemon Beebrush polyphenol. The surface of nanoclay containing iron nanoparticles was modified with 
ethylenediamine for their applications as heavy metals adsorbent. The field emission scanning electron microscopy, energy-
dispersive x-ray spectroscopy, thermogravimetric analysis, derivative thermogravimetry, and Fourier-transform infrared 
spectroscopy techniques were utilized to examine the adsorbents. Based on the results of energy-dispersive X-ray analysis, 
iron and nitrogen were successfully introduced into the structure of modified nanoclay. A batch adsorption system was used 
to investigate the simultaneous removal performance of hexavalent chromium and lead onto drinking water treatment sludge, 
nanoclay, and nanoclay-iron nanoparticle-ethylenediamine. The influence of factors, e.g., initial concentration, contact 
time, pH, adsorbent dosage, and temperature, were evaluated. The maximum uptake for chromium was 0.303, 0.352, and 
0.984 mmol/g and for lead 0.03, 0.042, and 0.108 mmol/g at pH of 3 onto drinking water treatment sludge, nanoclay, and 
nanoclay-iron nanoparticle-ethylenediamine, respectively. The results show that the quantity of chromium and lead adsorbed 
onto modified nanoclay was more than 2.5-fold than that adsorbed onto unmodified nanoclay. The equilibrium adsorption 
data of hexavalent chromium and lead were fitted well with the Langmuir isotherm model (R2 > 0.97). Besides, the pseudo-
second-order kinetic model demonstrated the kinetic adsorption of the metal ions. The thermodynamic constants suggested 
that the adsorption of lead by three adsorbents was exothermic and spontaneous while that of hexavalent chromium was 
endothermic. It leads to a finding that nanoclay-iron nanoparticle-ethylenediamine could be an effective adsorbent for heavy 
metals removal from water and wastewater.
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Introduction

Among all the pollutants, heavy metals are paramount due 
to their toxic nature and their risk of accumulation in liv-
ing organisms through food chains (Sarı et al. 2007). For 
example, hexavalent chromium (Cr(VI)) and lead (Pb(II)) 
are very toxic heavy metals, with the maximum permissible 
quantity of 0.05 mg/L in potable water, according to Envi-
ronmental Protection Agency (EPA) (Gupta et al. 2016; He 
et al. 2017; Sharma et al. 2018). Pb(II) can create severe 
threats to human health, including damages to the nervous 
and immune systems (Gupta et al. 2016; Şölener et al. 2008). 
Adverse health problems related to Cr(VI) exposure consist 
of nasal and skin irritation, eardrum perforation, and lung 
carcinogen (Karthik et al. 2017). Therefore, the removal of 
heavy metals before releasing them into the media is needed. 
Some water treatment methods, for example, ion exchange, 
reverse osmosis, membrane separation, coagulation and 
flocculation, chemical sedimentation, and adsorption, have 
been used for heavy metals removal (Bolisetty et al. 2019; 
Gupta et al. 2016; Karthik et al. 2017; Sharma et al. 2018). 
However, adsorption by different materials is an emerging 
alternative method because of relatively cost-effective, sim-
plicity of design and operation, removal at low concentra-
tions, low sludge production, and environmental friendly 
(Foo and Hameed 2010; Gupta et al. 2016; Sharma et al. 
2018; Sis and Uysal 2014). Based on the profits of adsorp-
tion, the development of a new adsorbent with properties 
and characteristics that indicate a high adsorption capacity 
for metal ions is necessary. Therefore, relatively inexpensive 
and readily accessible raw materials such as drinking water 
treatment sludge (DWTS) and clay should be investigated to 
synthesize appropriate adsorbents for the removal of Cr(VI) 
and Pb(II) from water.

DWTS is a by-product made in the potable water treat-
ment plant, mainly generated in the coagulation and floc-
culation process in the sedimentation basin. A typical 
treatment plant generates 100.000 metric tons of residue 
annually worldwide (Ahmad et al. 2016). Currently, the lit-
erature estimates overall DWTS production up to several 
million tons each year (Evuti and Lawal 2011; Zhou et al. 
2018). DWTS is regarded as a waste, usually landfilled or 
discharged directly into the environment (Zhao et al. 2011). 
Clay, humus, and coagulant were the significant constituents 
of DWTS (Meng et al. 2016). It contains relatively high 
quantities of chemical elements such as iron (Fe), aluminum 
(Al), and silicon (Si) that predominantly arise from the floc-
culants applied in water purification, quality of raw water, 
and treatment technology (Ahmad et al. 2016). Until now, 
worthy attempts have been made that identified and explored 
the conversion of DWTS to useful materials [e.g., coagulant 
Keeley et al. 2014), adsorbent (Bian et al. 2019; Jiao et al. 

2017), cement (Frías et al. 2014), brick and ceramic (da 
Silva et al. 2015)]. Recently, recycling of metals such as Al, 
Si, and Fe from treatment sludge to synthesis non-crystalline 
nanomaterials have been reported (Meng et al. 2016; Zou 
et al. 2012, 2013). The magnetic particle was prepared from 
iron oxides extracted from DWTS via hydrothermal or cal-
cination techniques with the addition of different reductant 
agents, including glycol (Zhu et al. 2015), ascorbic acid 72 
(Zhu et al. 2018b), and ethylene glycol (Meng et al. 2016). 
A green technique should be developed for DWTS recycling 
to attain sustainability.

Recently, the zero-valent iron nanoparticle has been 
revealed to be a sound absorbent for heavy metals removal 
due to high reduction reactivity, high surface energy, other 
reactive surface sites, and considerable reaction rate. Nev-
ertheless, some practical challenges, including reduced 
mobility, dispersivity, and durability because of its aggrega-
tion, chemical instability, and the tendency for oxidization, 
restricted its use in environmental remediation. Therefore, 
to solve these issues, iron nanoparticles immobilized on 
some support materials such as bentonite (Shi et al. 2011), 
montmorillonite (Zhang et al. 2013), kaolinite (Zhang et al. 
2011), zeolite (Kim et al. 2013), and rectorite (Luo et al. 
2013).

In this study, the primary purpose was to examine the 
green synthesis of iron nanoparticle from iron extracted from 
DWTS instead of synthetic iron using a lemon Beebrush 
extract as a reductant supported on nanoclay. Nanoclay was 
prepared from clay fraction of bentonite, and subsequently, 
functionalized with ethylenediamine. Ethylenediamine 
is an organic compound with low-toxicity, low-cost, and 
comprises two functional amine groups, which can create 
stable complexes with metal ions. Therefore, grafting eth-
ylenediamine to NC may enhance its adsorption ability and 
need to be investigated. Recently, Bello et al. (2019) have 
reported the preparation of iron nanoparticle from DWTS 
by the  NaBH4 reduction method as a conjugate with kao-
lin. However, this work used the chemical method for iron 
nanoparticle synthesis and, like other studies, immobilized 
it in bulk clay materials (Kim et al. 2013; Shi et al. 2011). 
Besides, the prior works confirmed that the iron nanoparticle 
synthesis in the attendance of clay minerals reduces their 
aggregation (Abbassi et al. 2013; Tandon et al. 2013). To 
the best of our knowledge, there is no study examining both 
green syntheses of iron nanoscale from DWTS supported 
on ethylenediamine grafted nanoclay and the application of 
its composite for Cr(VI) and Pb(II) removal. The second-
ary objective was to assess and compare the performance 
of DWTS, nanoclay (NC), and nanoclay-Fe nanoparticle-
ethylenediamine (NCFN) to adsorb Cr(VI) and Pb(II) from 
an aqueous solution. The influence of various adsorption 
factors (pH, initial metal concentration, contact time, and 
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adsorbent dosage) was investigated. The abovementioned 
metal ions adsorption mechanisms were determined through 
isotherm, kinetic, and thermodynamic studies. This research 
was performed during October 2018–September 2019 at the 
Ferdowsi University of Mashhad, Mashhad, Iran.

Materials and method

Materials

The bentonite sample was purchased from Zarin Khak Com-
pany, a mine located in Ghayen, South Khorasan, Iran. The 
DWTS was obtained from a water treatment plant in Mash-
had. The main chemical constituents of DWTS are  Fe2O3 
(33.3%),  SiO2 (20.4%), CaO (8.1%), and  Al2O3 (6.1%). The 
high quantity of iron in this sludge was associated with uti-
lizing ferric chloride as a coagulant during the treatment of 
drinking water. More details about the properties of DWTS 
are reported in our previous work (Yazdani et al. 2019). 
Sodium hexametaphosphate ((NaPO3)6, ≥ 68%), sodium car-
bonate  (Na2CO3, ≥ 99.9%), sodium chloride (NaCl, ≥ 99.5), 
sodium hydroxide (NaOH, ≥ 99–100%), potassium dichro-
mate  (K2Cr2O7, ≥ 99.9%), lead nitrate (Pb(NO3)2, ≥ 99.5%), 
and hydrochloric acid (HCl, 37%) were acquired from 
Merck. Ethylenediamine  (C2H8N2, 99%) and ammonia 
 (NH3, 25%) were purchased from Sigma-Aldrich.

Clay extraction from bentonite

For clay extraction, first, 100 g of bentonite sample was 
sieved by 325 mesh and placed into a muffle furnace at 
350 ̊C to remove the organic matter. Second, 100 ml of 
HCl (12 M) was added to 50 g of the obtained sample and 
then washed with deionized water to eliminate carbonates 
(Bergaya and Lagaly 2013). Third, to remove the associated 
quartz, cristobalite, and other impurities (Gong et al. 2016; 
Klute and Page 1986; Sedighi et al. 2013), it dispersed in 2.5 
L of distilled water, which containing and 0.9 g of sodium 
hexametaphosphate and 0.2 g of sodium carbonate, and cen-
trifuged at 4000 rpm for 15 min. Finally, the above liquid 
was collected and dried at 70 °C for 24 h.

Nanoclay extraction

The nanoclay was separated from the clay fraction of ben-
tonite using a method described by Calabi-Floody (Calabi-
Floody et al. 2011). Five g of extracted clay is suspended 
in 300 ml of NaCl (1 M) and subjected to 50 watts of ultra-
sound for 5 min. The obtained mixture was centrifuged at 
8000 rpm for 43 min. For removing mineral impurities, the 
preliminary round supernatant was discarded. After that, 
the precipitate was stirred with 50 ml of distilled water for 

40 min and centrifuged again. The precipitate is agitated 
with 50 ml of distilled water for 40 min and then centrifuged. 
After collecting the upper portion of slurry, the solid was 
re-suspended in distilled water and centrifuged again. This 
stage was repeated 11 times. Finally, the attained superna-
tants were oven-dried at 70 °C and stored for the experi-
ments. The extraction efficiency of nanoclay from bentonite 
was 40%.

Iron recovery

The collected sludge from the wastewater treatment plant 
was grounded and sieved. The resulting powder was then 
placed at 550° C for two h. Iron recovery was conducted 
according to the procedure described by Meng et  al. 
(2016b). Twenty g of the obtained powder was mixed 
with 400 mL of hydrochloric acid and agitated at ambient 
temperature for 3 h. Then the mixture was passed through 
a filter paper to obtain the yellow liquid. The concentra-
tion of total Fe in the filtrate was 8723 mg/L, which was 
measured by an ICP-OES analyzer.

Synthesis of NC–Fe

The synthesis of green nano Fe supported on NC was done 
based on the modified method, which was demonstrated by 
Zhang et al. (2020). First, 1 g of NC was added to 60 ml 
of the solution obtained from acid-washed DWTS and 
stirred for 30 min. At the same time, a lemon Beebrush 
extract was made by adding 5 g of its powdered leaves 
to 400 mL of distilled water at 80 °C for 30 min. The 
obtained mixture was filtered twice through the filter paper 
after cooling to ambient temperature. Then, the extract 
was poured drop-wise into the NC and DWTS and mixed 
under a magnetic stirrer for 24 h. The mixture color was 
altered immediately to black, which indicated the nano 
Fe formation. After that, the suspension was centrifuged 
at 10000 rpm for 30 min. Finally, the obtained solid was 
washed with ethanol and dried at 80 °C.

The mechanism involved in the synthesis of iron nan-
oparticles can be explained as follows: lemon beebrush 
extract contains a variety of antioxidants and secondary 
metabolites, including verbascoside (Bilia et al. 2008; 
Cruz et al. 2010; Quirantes-Piné et al. 2009), chrysoe-
riol-7-O-diglucoronide (Cruz et al. 2010; Quirantes-Piné 
et al. 2009), isoverbascoside (Cruz et al. 2010; Quirantes-
Piné et al. 2009), and luteolin-7-O-diglucoronide (Cruz 
et al. 2010; Quirantes-Piné et al. 2009), wherein these 
compounds act as reducing agent to reduce the Fe ions to 
the zero-valent iron nanoparticle and control its stability 
(Cruz et al. 2010; Mondal et al. 2020).
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Synthesis of NC–Fe–N

The magnetic nanoclay composite (NCF) was functional-
ized via grafting using ethylenediamine, according to the 
method described by Ma et al. (2012). First, 0.4 g of NCF 
was mixed with 400 ml of distilled water and stirred for 
24 h. Second, 9.0 mL ammonia and 4.8 mL ethylenedi-
amine were added to the NCF suspension and stirred for 
15 min. Third, the suspension was refluxed at 95 °C for 
6 h. Forth, the obtained mixture was passed through a filter 
and washed with ethanol and distilled water. Ultimately, 
the resulting product was dried at 60 °C for 24 h and stored 
in a bottle for further experiments.

Characterization

The surface morphology of the NC and NCFN adsorbents 
was investigated using field emission scanning electron 
microscopy (FE-SEM) (TEACAN, MIRA lll, Czech 
Republic) technique. The thermogravimetric analysis 
(TGA) and derivative thermogravimetry (DTG) (Q600, 
TA, USA) were used to examine the thermal properties of 
clay materials with 20 °C/min at  N2. The functional groups 
on the surface of the adsorbent were determined by Fou-
rier transform infrared spectroscopy (FTIR) (AVATAR, 
Thermo, USA) analysis.

Adsorption experiments

The batch mode adsorption tests were accomplished to 
evaluate the simultaneous removal of Cr(VI) and Pb(II) 
from aqueous solutions. To determine the optimum 
adsorption conditions, the effect of essential parame-
ters such as pH (2–5), contact time (0–120 min), adsor-
bent dose (0.125–2.5 g/L), initial metal concentration 
(10–50  mg/L), and temperature (298–333  K) on the 
removal of abovementioned metal ions onto three adsor-
bent (DWTS, NC, and NCFN) was investigated. In each 
experiment, various amounts of adsorbents were added 
into an Erlenmeyer flask containing the 50 mL heavy met-
als ion solution with different concentrations, which was 
stirred at the desired temperature for a different time. For 
pH adjustment, the desired amount of dilute HCl or NaOH 
was used. After adsorption, the solution was filtered, and 
the residual concentration of Cr(VI) and Pb(II) was evalu-
ated by atomic absorption spectrometry (AAS) (AA-7000, 
Shimadzu, Japan). The removal percentage (R%) of metal 
ion was estimated using Eq. (S1). The adsorption capacity 
of adsorbent at time t was estimated using Eq. (S2).

Isothermal models

Langmuir adsorption model presumes uniform monolayer 
adsorption by the fixed number of the binding sites on 
the surface of the adsorbent. The nonlinearized Langmuir 
adsorption isotherm and its separation factor (RL) are rep-
resented in Eq. (S3 and S4). The amount of RL specifies 
the feasibility of the adsorption process. For RL > 1, the 
adsorption is unfavorable, for RL = 1, the adsorption is 
linear, for for 0 < RL < 1, the adsorption is favorable, and 
for RL = 0, the adsorption is irreversible. The Freundlich 
model is an experiential adsorption isotherm equation, 
which assumes adsorption on diverse external sites and 
heat. Its equation model was described in Eq. (S5).

Adsorption kinetics

To evaluate the adsorption kinetics of Cr(VI) and Pb(II) ions, 
the pseudo-first-order and pseudo-second-order kinetic mod-
els were utilized. The pseudo-first-order (Eq. S7) presume 
that one adsorbate molecule adsorbed on one surface-active 
site of adsorbent while the pseudo-second-order (Eq. S8) 
assumes that one adsorbate molecule adsorbed on two active 
surface sites of adsorbent (Oskui et al. 2019; Subbaiah and 
Kim 2016). The initial adsorption rate (h) estimates from the 
pseudo-second-order kinetic model (Eq. S8).

Thermodynamic

Thermodynamic aid in recognizing the physical or chemical 
property of the adsorption mechanism. The thermodynamic 
factors such as Gibbs free energy change (ΔG), enthalpy 
change (ΔH), and entropy change (ΔS) were estimated from 
the equations (Eq. S8 and S9) (Van’t Hoff) (Liu et al. 2017b). 
The slope and intercept of the linear plot of ln (Qe/Ce) versus 
1000/T were applied to estimate the quantities of ΔH and 
ΔS, respectively.

Results and discussion

Characterization of adsorbents

The morphology and the surface of the as-synthesized NC 
and NCFN adsorbents were evaluated by FE-SEM images 
(Fig. 1). As shown in Fig. 1a, the NC has a sheet structure, 
and no possible aggregation is observed. The configuration 
of NCFN in Fig. 1b presented that the spherical shape of Fe 
nanoparticles was dispersed on the surface of NC sheets. 
The size of Fe nanoparticle loaded on NC was ranged from 
13 to 18 nm.
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Fig. 1  The SEM image of NC and NCFN (a, b), and EDX mapping analysis of NCFN (c–i), its original SEM image (j), and corresponding elemental graph (k)
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Fig. 2  The TGA and DTG 
curves, and FTIR spectra of NC 
(a) and NCFN (b)
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Figure 1 presents the results of the energy-dispersive 
x-ray spectroscopy (EDX) analyses of NCFN. From its 
figure, the presence of Al, O, Si, Mg, N, and Fe atoms in 
the nanocomposite can be perceived. The elements are dis-
tributed uniformly on the surface. Al, Si, Mg, and O came 
mainly from the NC and the iron from the Fe nanoparticle 
synthesized from DWTS. N created mainly from the amine 
functional groups grafted ethylenediamine, which con-
firmed that the NCF had been successfully modified with 
ethylenediamine.

Figure 2 exhibits the TGA-DTG curves of NC and NCFN. 
The TGA curves display weight losses of 18 and 30.28% 
for NC and NCFN, respectively, over a temperature range 
between 30 and 800 °C. NC and NCFN had one step of mass 
loss at 60.24 and 100.9 °C, which ascribed to the removal 
of water molecules and free solvent in pores or interlayer 
of nanoclay (Celestino et al. 2019; Guggenheim and van 
Groos 2001; Li et al. 2019). The samples’ backbone was 
thermally decomposed slowly. The significant weight loss of 
NC corresponded to the dehydroxylation of aluminosilicate 
groups in the clay structure (Li et al. 2019). The 12.28% 
higher loss of mass observed in the TGA curve of NCFN 
was related to (1) the pyrolysis of amine functional groups 
chemically grafted on its surfaces, (2) removal of physically 
adsorbed silanes, (3) the elimination of intercalated silanes, 
and (3) dehydroxylation of aluminosilicate groups (Asgari 
et al. 2017; Shanmugharaj et al. 2006; Wamba et al. 2017).

Figure 2 presents the FTIR spectra of NC and NCFN, 
which have similar peaks. The bands at 3622 and 3627 cm−1 
were attributed to inner –OH stretching vibration in the 
octahedral structure of clay (Suraj et al. 1997). The broad 
bands observed at 3407 and 1639 cm−1 for NC, 3424, and 
1634 cm−1 for NCFN were stretching and bending vibration 
of O–H and H–OH stretch vibrations of physisorbed water or 
the water molecules intercalated in the clay mineral (Bertu-
oli et al. 2014; Fayazi and Ghanbarian 2020; Li et al. 2019). 
Also, the bands at 1462 and 1571 cm−1 were related to the 
bending vibrations of the amine (–NH2) (Asgari et al. 2017; 
Bertuoli et al. 2014; Hu et al. 2017). These peaks show the 
grafting of ethylenediamine molecules on the tetrahedral 
sheets of nanoclay. The peaks located at 2926 cm-1 are rec-
ognized to the C-H asymmetric aliphatic groups (Chen et al. 
2017; Moreira et al. 2017). The presence of the sharp peak at 
1040 and 1052 cm−1 were connected to the Si–O stretching 
vibration (Luo et al. 2017). Bending vibration of Si–O–Al, 
and Si–O–Si was observed at 462 cm−1 (Suraj et al. 1997). 
Two bands located at 791 and 794 cm−1 were assigned to 
Si–O vibration of quartz impurities (Bekri-Abbes and Srasra 
2016). Other peaks were noticed at 911 cm−1 are attributed 
to the bending vibration of –OH in Al–OH (Li et al. 2019; 
Tyagi et al. 2006). The strong peaks were observed at 462 
and 522 cm−1 are related to vibration of Si–O–Si (Suraj et al. 

1997; Tyagi et al. 2006). However, based on the presence 
of the critical functional groups such as –NH2 and –OH 
involved in the adsorption of heavy metal, it is expected 
that the NC and NCFN to be appropriate adsorbents.

Adsorption study

Effect of adsorbent dose

Figure 3 presents the influence of adsorbent quantity on the 
Cr(VI) and Pb(II) removal onto DWTS, NC, and NCFN. As 
the three adsorbent doses improved from 0.125 to 2.5 g/L, 
the removal performance of Cr(VI) and Pb(II) enhanced 
and leaned toward to reach steady at the greater quantity. 
The removal percentage of Cr(VI) enhanced from 38.69 to 
62.36% (for DWTS), from 47.37 to 74.02% (NC), and from 
56.22 to 84.70% (NCFN). That of Pb(II) raised from 33.47 
to 46.63% (for DWTS), from 34.13 to 53.19% (for NC), and 
from 30.05 to 60.50% (for NCFN). This phenomenon occurs 
because of the rise in the number of active reaction places 
for the uptake of metal ions (Liu et al. 2017a; Naseem and 
Tahir 2001). Besides, the adsorption capacity of three adsor-
bents diminished with an increment of adsorbent mass. This 
decreasing trend may be ascribed to (1) the growth of the 
number of the unsaturated adsorption sites on the adsorbent 
at a higher dosage and (2) aggregation of adsorbent at higher 
mass, causing a reduction in its total surface area and as a 
result, adsorption (Sharma et al. 2014). The NCFN had the 
greatest adsorption amounts for both metal ions rather than 
DWTS and NC due to the modification of nanoclay by iron 
and amine. The adsorption capacity of NCFN for Cr(VI) and 
Pb(II) was 1.72 and 0.145 mmol/g, respectively. An adsor-
bent quantity of 0.5 g/L was taken as the optimal dosage for 
consequent adsorption experiments.

Effect of initial pH

The pH of the metal solution is critical factor that has a sig-
nificant influence on the adsorption capacity of an absorbing 
substance and the removal performance of adsorbate (heavy 
metals ions). Figure 4 displays the influence of pH on remov-
ing Cr(VI) and Pb(II) ions for all adsorbents. From Fig. 4, 
the removal of Cr(VI) from aqueous solution enhanced with 
decreasing pH value from 5 to 2 in agreement with previ-
ous researches (Yuan et al. 2010; Zhang et al. 2018). The 
maximum Cr(VI) removal efficiency reached 53.2, 62.5, and 
84.4% for DWTS, NC, and NCFN, respectively, when the 
initial pH was 3. It implied that in pH 3 high extent protona-
tion of adsorbent surface groups (e.g., –OH and –NH2, Fe) 
was happened, which generates powerful, attractive forces 
between these positive charges of adsorption sites and the 
negative charges of Cr(VI) species  (HCrO4

− and  Cr2O7
2−) 
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(Jain et al. 2018; Saha and Orvig 2010; Yadav et al. 2013). 
In contrast, the reduction in the removal efficiency at pH 
higher than 3 happened because the surface of adsorbents 
would be hindered due to electrostatic repulsion. In other 
words, under acidic conditions, corrosion of Fe present in 
DWTS and NCFN adsorbents increased, which created more 
reactive sites and supporting the reduction reactions (Zhu 
et al. 2018a).

The removal efficiency of Pb(II) ion enhanced with an 
increment of pH from 2 to 5 (Fig. 4b), which was incon-
sistent with prior researches (Forghani et al. 2020; Fu et al. 

2015; Kumari et al. 2015). The highest removal efficiency of 
Pb(II) at pH of 5 was 73.55, 52.745, and 50.36% for NCFN, 
NC, and DWTS, respectively. This phenomenon happened 
due to the high production of hydronium ions  (H3O+) in the 
solution at lower pH, which leads to competition between 
 Pb2+ ions for adsorption onto adsorbents, thereby dropping 
the adsorption efficiency of this ion (Li et al. 2019). These 
findings are in agreement with Li et al. (Li et al. 2019) 
results, which evaluated the adsorption of Pb(II) cations 
and Cr(VI) anions from aqueous solution using amino-
modified nano-sized illite–smectite clay. They found that 

Fig. 3   The influence of 
adsorbent dose of DWTS, 
NC, and NCFN on Cr(VI) and 
Pb(II) removal. Experimental 
conditions: adsorbent dosage: 
(0.125–2.5 g/L); initial metal 
concentration: 20 mg/L; pH: 3; 
temperature: 25 ̊C; and contact 
time: 60 min
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the maximum Cr(VI) and Pb(II) removals were obtained at 
a pH of 2.2 and 5.5, respectively. The adsorption efficiency 
was highest at pH 3 for Cr(VI) using NCFN adsorbent. Due 
to the better adsorption performance of all adsorbents for 
Cr(VI) than Pb(II), its optimal pH (3) was used in the next 
experiments.

Isothermal models

The simultaneous adsorption of binary metal ions (Cr(VI) 
and Pb(II)) on the adsorbents was analyzed using Freundlich 
and Langmuir isotherms, and their plots are presented in 

Fig. 5. The adsorption data of both ions (Cr(VI) and Pb(II)) 
by three adsorbents (DWTS, NC, and NCFN) were fitted 
better with the Langmuir (R2 > 0.97) than Freundlich model 
(R2 > 0.93). The fit of equilibrium data by the Langmuir indi-
cated that the adsorption of metal ions happens on the mon-
olayer of DWTS, NC, and NCFN. Table 1 lists the calculated 
parameter from the abovementioned isotherm models. As 
shown in this table, the separation factors (RL) calculated 
from Langmuir isotherms were between 0 and 1; as a con-
sequence of that, the Pb(II) and Cr(VI) ions removal by all 
adsorbents is favorable. Besides, the estimated n (Freundlich 

Fig. 4  The influence of pH on 
Cr(VI) and Pb(II) removal by 
DWTS, NC, and NCFN. Experi-
mental conditions: pH (2–5), 
initial metal concentration: 
20 mg/L; adsorbent dosage: 
0.5 g/L; temperature: 25 °C; and 
contact time: 60 min
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constant) was more significant than 1, which confirms a 
favorable circumstance for metal ion adsorption.

The maximum adsorption quantity (qm) of Cr(VI) esti-
mated by the Langmuir isotherm model for DWTS, NC, and 
NCFN was 0.303, 0.352, and 0.984 mmol/g, respectively. 
The amount of qm for Pb(II) by DWTS, NC, and NCFN was 
0.03, 0.042, and 0.108 mmol/g, respectively. This finding 
was compared with the maximum adsorption capacity of dif-
ferent clay adsorbents (Table 2). From Table 2, the raw clay 
had a relatively low qm for metal ions. For instance, the qm of 
clay for Cr(VI) and Pb(II) removal was obtained as 0.01 and 
0.066 mmol/g, respectively (Khan and Singh 2010). How-
ever, the modification of clay adsorbents with metals (e.g., 

Fe) and amine materials enhanced their adsorption capacity 
for metal ions. For example, the qm quantity of raw kaolin for 
Pb(II) removal improved from 0.014 to 0.097 mmol/g after 
the modification by aluminum sulfate (Jiang et al. 2009). 
In this study, after modification of nanoclay with iron and 
amine groups, the qm of Cr(VI) ion improved from 0.352 
to 0.984 mmol/g. A similar increment trend (from 0.042 
to 0.108 mmol/g) was observed for Pb(II) ion in the binary 
system.

Surface complexation, ion exchange, and surface pre-
cipitation were the processes involved in heavy metals 
removal by clay adsorbent (Gahlot et al. 2020; Shi et al. 
2011; Yuan et al. 2013). Surface complexation happens by 
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Fig. 5  The adsorption isotherms of Cr(VI) and Pb(II) on DWTS, NC, 
and NCFN adsorbents. a, b Langmuir model, c, d Freundlich model. 
Experimental conditions: initial metal concentration: (10–50  mg/L); 

pH 3; adsorbent dosage: 0.5  g/L; temperature: 25  °C; and contact 
time: 60 min
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forming ionic and covalent bonds between heavy metals 
ions and surface OH groups and O atoms of the edges of 
the clay. The affinity and preference of adsorption sites 
of aluminosilicate structure for various adsorbates were 
determined by ionic strength, pH, and the presence of 
anions in the solution (Gahlot et al. 2020). With coating 
Fe nanoparticle on the surface of NC, removing heavy 
metals ions from aqueous solution increased due to reduc-
tion, absorption, and precipitation mechanism (Fu et al. 
2015; Yang et al. 2019). Cr(VI) and some of Pb(II) in 
the solution adsorbed onto the surface of the NCFN and 
then reduced to Cr(III) and  Pb0 by Fe (Zhang et al. 2011). 
Cr(III) was eliminated from the aqueous solution by pre-
cipitation (in the form of Cr(OH)3 or  Fe(1−x)Crx(OH)3 (Toli 
et al. 2016). The  Pb0 and a hydroxylated Cr(OH)3 species 
precipitated on the NCFN (Shi et al. 2011; Zhang et al. 
2011). Introducing amine groups into the NC-Fe enhanced 
the heavy metals removal because these functional groups 
can act as the Lewis base for bonding with cations. The 
Pb(II) and Cr(III) cations in the solution were electrostati-
cally attracted by protonated amine groups by the surface 
complexation mechanism (Fayazi and Ghanbarian 2020). 
A similar mechanism for Cr(VI) and Pb(II) uptake by 
nanoclay functionalized adsorbent by iron and amine was 
reported in previous studies (Fayazi and Ghanbarian 2020; 
Fu et al. 2015).

Effect of contact time and adsorption kinetics

Figure 6 shows the effect of contact time on the removal 
efficiency of Cr(VI) and Pb(II) by DWTS, NC, and NCFN 
adsorbents. It can be seen that the removal efficiencies 
of both metal ions onto three abovementioned adsorbents 
were raised rapidly until 30 min and then reach a plateau 
after 120 min. The high rates of Cr(VI) and Pb(II) removal 
at the beginning of adsorption were attributed to the high 
accessibility of the unoccupied adsorption site, which is 
located in the exterior of the adsorbent. For DWTS and 
NC adsorbents, the adsorption equilibrium was acquired 
at 60 min, while for NCFN, it achieved at 30 min. The 
obtained equilibrium time was similar to that reported for 
montmorillonite-supported magnetite nanoparticles (Yuan 
et al. 2009) and bentonite-supported nanoscale zero-valent 
iron (Shi et al. 2011) for Cr(VI).

The kinetic data of the metal mentioned above were 
proportionated to the pseudo-first- and pseudo-second-
order models (Fig. 6 and Table 1). the  R2 values were 
obtained for the second-order kinetic model were higher 
than those acquired for the first-order. Besides, as shown 
in Table 1, the qe,exp, and the qe1 and qe2 (calculated qe) 
quantities for the second-order model were approximately 
near to each other. Therefore, from the finding, it could be 
understood that the adsorption of Cr(VI) and Pb(II) ion Ta
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onto DWTS, NC, and NCFN pursued the pseudo-second-
order kinetic model. In other words, it indicated that the 
adsorption phenomenon happened through a covalent bond 
(e.g., sharing of electrons and electron exchange) between 
adsorbent and adsorbate (Ho and McKay 1999). Analo-
gous findings were reported for the kinetic adsorption of 
the aftermentioned ions on different adsorbents (Alghamdi 
et al. 2020). Also, for both ions, the most significant h was 
obtained for NCFN, implying that adsorbent modification 
improved the adsorption rate (Fig. 6).

Thermodynamic Studies

Figure 7 presents the Van’t Hoff graphs for adsorption 
of metal ions onto DWTS, NC, and NCFN. The related 
parameters were summarized in Table 3. For Pb(II) ion, 
the values of ΔG° was minus at entire temperatures, 
implying that its adsorption system is thermodynamically 
extemporaneous in nature. Besides, ΔG° values for DWTS 
and NC adsorbents were lesser than − 20 kJ/mol, demon-
strating that the adsorption process was physical. At the 
same time, that of NCFN was higher than − 20 kJ/mol, 
showing the process was chemical adsorption (Horsfall 
Jr et al. 2006). Moreover, for Pb(II), the negative quanti-
ties of ΔH°, and the positive amounts of ΔS indicate that 
its reaction was exothermic. Interface between solid and 

solution enhanced randomly, respectively. The exothermic 
adsorption of Pb(II) was reported by other clay materials 
(Yadava et al. 1991).

For Cr(VI) ion, at all temperatures, the amounts of ΔG° 
were positive, presenting a spontaneous adsorption process, 
and consequently, some energy from an external source 
needs to happen. Furthermore, the positive quantities of ΔH° 
suggested that as the endothermic process. At the same time, 
the negative values of ΔS show that the degrees of freedom 
were lost with the formation of the activated complex (León-
Torres et al. 2012). Endothermic adsorption of Cr(VI) onto 
clay adsorbents was confirmed by other researchers (Bhat-
tacharyya and Sen Gupta 2006; Khan and Khan 1995).

Removal Cr(VI) and Pb(II) from real wastewater

The possibility/capability of three adsorbents (DWTS, NC, 
and NCFN) for removal of Cr(VI) and Pb(II) ions from 
industrial wastewater was investigated. Two wastewater 
samples (1 and 2) were collected from a tannery plant in 
northeast Iran. In a typical experiment, 25 mL of wastewater 
was added to 0.01 g of the adsorbents in 25 mL under con-
stant stirring at a pH of 3 for 60 min. In sample 1, the Cr(VI) 
and Pb(II) in the wastewater were low, 2, and 0.5 mg/L. The 
results indicated that both metal ions were removed entirely 
from industrial effluent on DWTS, NC, and NCFN. Moreo-
ver, the initial concentrations of Cr(VI) and Pb(II) were 19 

Table 2  Comparison of 
maximum adsorption capacity 
of clay materials for Cr(VI) and 
Pb(II) ions

MMT montmorillonite, PEI polyethyleneimine, SAC spent activated clay, NI/S nano illite–smectite, Mag 
magnetite nanoparticles, S-NZVI sepiolite-nano zero-valent iron, B-nZVI Bentonite-nano zero-valent iron, 
FA-ZVI fly ash- zero-valent iron

Adsorbents Adsorption capac-
ity (mmol/g)

Condition References

Pb(II) Cr(VI)

MMT-Fe3O4-PEI nanocomposite – 1.209 Single system Fayazi and Ghanbarian (2020)
MMT- magnetite nanoparticles – 0.294 Single system Yuan et al. (2009)
B-nZVI – 0.359 Single system Shi et al. (2011)
Clay 0.01 0.066 Single system Khan and Singh (2010)
Mag – 0.387 Single system Yuan et al. (2009)
MMT- Mag – 0.266
Raw kaolin 0.014 – Single system Jiang et al. (2009)
Modified kaolin 0.097 –
NH2-NI/S 0.336 0.612 Binary system Li et al. (2019)
S-NZVI 0.133 0.843 Binary system Fu et al. (2015)
FA-ZVI 0.235 0.301 Binary system Liu et al. (2017a)
DWTS 0.03 0.303 Binary system This work
NC 0.042 0.352
NCFN 0.108 0.984
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and 9 mg/L, in sample 2. The removal efficiency of Cr(VI) 
was 80, 69, and 58% for NCFN, NC, and DWTS, respec-
tively. In the case of Pb(II), the removal percentage was 60, 
52, and 48% for NCFN, NC, and DWTS, respectively.

Conclusion

DWTS is an iron-rich waste, which is used as an adsorbent 
and also a raw material for the synthesis of the new adsor-
bent. Nanoscale Fe nanoparticle-supported nanoclay was 
successfully green synthesized from DWTS as a source of 

iron and lemon beebrush extract as a reducing agent. To 
improve the adsorption ability of nanoclay containing Fe 
(NCF), it is grafted with ethylenediamine. The SEM, EDX, 
FTIR, and TGA analyses confirmed that the iron nanoparti-
cle and amine functional groups were immobilized on nano-
clay. The ability of adsorption of Cr(VI) and Pb(II) onto 
DWTS, NC, and NCFN was compared. The results showed 
that the removal of Cr(VI) and Pb(II) enhanced with an 
increment of contact time and adsorbent dosage. The Lang-
muir isotherm model indicated the best fit to equilibrium 
empirical data of two metals. The qm of Cr(VI) onto DWTS, 
NC, NCFN was 0.303, 0.352, and 0.984 mmol/g, while 
the values of Pb(II) were 0.03, 0.042, and 0.108 mmol/g, 
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Fig. 6  Contact time (a, b) and the pseudo-second-order kinetics (C and d) of Cr(VI) and Pb(II) adsorption onto DWTS, NC, and NCFN. Experi-
mental conditions: contact time: (0–120 min); initial metal concentration: 20 mg/L; pH: 3; adsorbent dosage: 0.5 g/L; and temperature: 25 °C
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respectively. For both metal ions, the qm of NCFN was supe-
rior to that of DWTS and NC. The removal percentage of 

Pb(II) and Cr(VI) enhanced with increasing contact time 
and adsorbent dose. The kinetic data of Cr(VI) and Pb(II) 

Fig. 7  Van’t Hoff plots for 
adsorption of Cr(VI) and Pb(II) 
onto DWTS, NC, and NCFN. 
Experimental conditions: 
initial metal concentration: 
(10–50 mg/L); pH 3; adsorbent 
dosage: 0.5 g/L; temperature: 
25 °C; and contact time: 60 min
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was fitted well with the pseudo-second-order model. Ther-
modynamic data showed that the adsorption process of 
Pb(II) was exothermic and spontaneous, as that of Cr(VI) 
was endothermic and non-spontaneous. It can be concluded 
that the NCFN could be utilized as an effective adsorbent 
for the elimination of Cr(VI) and Pb(II) metal from aque-
ous solution.
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