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Abstract In this study, a sponge-like nanocomposite ceramic was made of clay, bovine bone nano-

powder, and human hair; to remove Ni(II) and Co(II) ions from synthetic and industrial wastew-

aters. The structure of sponge-like nanocomposite ceramic was investigated with XRD (Hexagonal

structural type of hydroxyapatite) and functional groups were identified using FT-IR (Hydroxyl @

3573 cm�1 and Phosphate @ 1045 cm�1). The specific surface and morphology of the ceramic-based

on BET (172.46 m2g�1) and FE-SEM (Nano-hydroxyapatite: 100 nm), respectively showed that the

use of human hair creates good porosity. The process was optimized at pH 6, temperature 40 ℃,

adsorbent mass 17 g, initial concentration iofns 233 mg L�1, and retention time 178 min. Kinetic

models, thermodynamic parameters and, isotherm models were applied to describe the adsorption

equilibrium data. The Ni(II) and Co(II) adsorption efficiency, from industrial wastewaters, were

more than 95%. The adsorbents could be regenerated and reused for up to 60 consecutive cycles.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Heavy metals are released into the environment as a result of a

variety of industrial activities. Toxic ions can adversely affect
the health of all living organisms (Akbarzadeh et al., 2020).
Therefore, removing or reducing the concentration of heavy

metal ions from the wastewater is an important issue, as the
rules of the World Health Organization (WHO) emphasize
that industrial effluents must be treated before entering the

environment and the level of pollution must be reduced to
the specified allowable amount (Cui et al., 2018).

Given the importance of removing heavy metals, research-

ers around the world are trying to find ways to effectively
remove these compounds. The main techniques in this regard
include ion exchange, chemical precipitation, membrane filtra-
tion, and adsorption or biosorption. Biosorption is less costly

because biosorbents are generally made from different waste
(Yu et al., 2021); also the operating conditions in this process
have a wide range of pH, temperature and concentration,

unlike techniques such as adsorption with activated carbon,
precipitation, reverse osmosis or dialysis (Hernández-
Cocoletzi et al., 2020).
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Hydroxyapatite is a biocrystal and main inorganic compo-
nent of bone with the chemical formula Ca10ðPO4Þ6ðOHÞ2
(Guo et al., 2019).

Hydroxyapatite is widely used today. Faksawat et al.
(Faksawat et al., 2021) synthesized ceramics from a mixture

of hydroxyapatite and natural clay with 3D printing technol-
ogy for medical applications. Kundu et al. (Kundu et al.,
2021) synthesized nanofibers using hydroxyapatite/clay to pro-
duce 3D scaffolds for use in tissue engineering. Ebadzadeh

et al. (Ebadzadeh et al., 2011) mixed a 10 mm thick layer of
clay, hydroxyapatite and alumina, after a pressure of
255 MPa, placed at 1350 ℃ for 2 h, the product was a porous

membrane. Various studies show that hydroxyapatite has a
high adsorption capacity for the adsorption of heavy metal
ions due to its excellent ion exchange property. Hydroxyap-

atite has buffering properties and also has low solubility in
water and has high stability during oxidation. It is effective
in the treatment of industrial effluents to remove heavy metal
ions such as lead, zinc, nickel, cobalt, copper, cadmium, and

lead with an adsorption capacity of 254.90 mgg�1 (Zou
et al., 2019). Ersan et al. (Ersan et al., 2015) synthesized porous

ceramics with clay and hydroxyapatite to adsorb tetracycline
from the aqueous medium, this ceramic had a high adsorption
capacity. RoyChoudhury et al. (Roychoudhury et al., 2019)

used a hydroxyapatite/clay membrane to remove lead ions
from industrial wastewater in a pressurized system within a cir-
cular modulus. Googerdchian et al. (Googerdchian et al.,

2018) examined four effective operational parameters includ-
ing bovine bone ball milling time, the initial concentration
ion, pH, and dosage, in the lead adsorption from aqueous
solutions by nanohydroxyapatite, their results at pH 3 showed

the highest removal efficiency with maximum sorption capac-
ity of 200 mg g�1. According to dissolution of Hydroxyapatite
at low pH value of 3 and formation of hydroxypyromorphite

reported the main adsorption mechanism is dissolution-
precipitation (Shen et al., 2016). Zeng et al. (Zeng et al.,
2019) connected sodium, silicate and carbonate ions to

hydroxyapatite with the sonochemistry coprecipitation and
built an ion exchange adsorbent for remove lead and cadmium
ions; this adsorbent confirmed its stability in four replications

of the adsorption and desorption process while maintaining its
properties. Hamad et al. (Hamad et al., 2020) to take advan-
tage of the attractive properties of cellulose acetate and
hydroxyapatite, used the electrospinning technique to the syn-

thesis of an adsorbent with high stability for the removal of
lead and iron.

In addition to organic origin, mineral origin such as natural

zeolite, calcium silicate powders and natural clay are used to
remove heavy metal ions. Porosity is very important in these
adsorbents, as Padilla-Ortega et al. (Padilla-Ortega et al.,

2013) reported that the bentonite, sepiolite and vermiculite

clays had a specific surface area of 41.7, 194 and 15.2 m2g�1,
Table 1 Physicochemical properties of natural clay.

CEC�(meq /100 g) CE��(lS) pH Ca2þ(meq /100 g)

28.36 750 8.3 18.31

* CEC: Cation exchange capacity

** CE: Electrical conductivity
respectively and pore volume of 0.063, 0.30 and 0.049

cm3g�1, respectively. Mouiya et al. (Mouiya et al., 2019) made

a ceramic membrane of clay to treat industrial effluent, they
used banana peel powder to create porosity. Hubadillah
et al. (Hubadillah et al., 2020) synthesized a bioceramic mem-

brane with a hollow fiber structure based on hydroxyapatite
and completely removed heavy metal ions from textile efflu-
ents; their results showed that by increasing the sintering tem-

perature from 900 to 1200 ℃, the porosity decreases and the
highest porosity was obtained at 900 ℃. The adsorbents such
as nanohydroxyapatite to remove heavy metal ions is highly

effective, but it is difficult to separate these adsorbents from
the treated wastewater. Natural clays offer a special low sur-
face area for adsorption, they have a low adsorption kinetics
of heavy metal ions, and they are difficult to regenerate (Liu

et al., 2021). In conventional adsorption systems, the adsor-
bents on a micro or nano-meter scale are in contact with the
wastewater, and after the adsorption process, filtration must

be performed to separate the adsorbent from the Treated
wastewater. This sponge-like ceramic is much easier to use
and does not require the cost of separating the adsorbent from

the treated wastewater fluid. In this study, the aim is to synthe-
size a porous ceramic based on clay and hydroxyapatite
nanoparticles so that the nanoparticles are dispersed inside

the ceramic. Also in this study, porosity in sponge-like ceram-
ics is created by using free waste (hair from the hairdresser),
the wastewater easily penetrates into the micro-channels and
heavy metal ions are adsorbed in the active sites.

2. Experiment

2.1. Material

Natural clay was prepared from Lalejin city, Hamadan pro-

vince, Iran (The physicochemical properties of natural clay are
presented in Table 1). Bovine bones were prepared and cleaned
of meat, to remove the adipose tissue, the bones were immersed

in boiling water at 120 ℃ for 3 h, the boiling was repeated 4
times, then the bones were crushed using a 5 kg hammer to size
of 5mm.Human hair at 10mm longwas collected from the hair-

dresser and washed twice with water at 50 ℃ and then dried at
room temperature for 2 day.Hydrochloric acid 37%,Nitric acid
65%, sodium hydroxide, NiN2O6:6H2O and, CoN2O6:6H2O
were purchased from Sigma-Aldrich company. Two samples

of industrial wastewater containing nickel and cobalt ions,
respectively, were collected from the zinc ingot factory.

2.2. Preparation of sponge-like nanocomposite ceramics

The crushed bovine bones were placed in a planetary ball mill
(Fara Pajouhesh, Isfahan FP2, Iran) at 600 rpm for 2 h. The
Mg2þ(meq /100 g) Naþ(meq /100 g) Kþ(meq /100 g)

9.14 0.62 0.81



Fig. 1 Schematic of the adsorption process (a), Fixed bed

column for installation of nanocomposite ceramics and tank

equipped with a pump for Ni(II) wastewater circulation (b),

Photographed image of sponge-like nanocomposite ceramics (c).
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bovine bone powder (10–120 g), 250 g of natural clay, 50 g of
human hair and, 200 g distilled water mixed in a steel con-
tainer, using a high-powered laboratory mechanical stirrer

for 30 min for uniform mixing. The mixture of ceramic com-
pounds was transferred to a mold with dimensions of
20 mm� 20 mm� 4 mm using a Plexiglas stencil (Fig. S1).

Then composite ceramics dried at room temperature for
Table 2 Values of independent variables at different levels of CCD

Independent variable Symbol Levels

�2

pH X1 3

Mass of adsorbent (g) X2 4.5

Temperature (℃) X3 25

Initial ion concentration ðmgL�1Þ X4 5

Retention time ðminÞ X5 10

Response

Nickel removal efficiency RNi (%)

Cobalt removal efficiency RCo (%)
4 day (The mass of the ceramics was measured and recorded
for 10 days, after 4 days no changes in the mass were observed,
so 4 days were chosen to dry the ceramics). Human hair in the

ceramic structure prevented the ceramic from cracking and
breaking during the initial drying stage. The ceramics were cal-
cined in an electric furnace at 850 ℃ for 12 h. Also, the rate of

temperature rise is one of the important parameters in the for-
mation of the uniform structure of nano-hydroxyapatite.
Therefore, in this process, the rate of temperature increase

was selected based on the results of previous researches of 5
℃ min�1 (Cui et al., 2018; Khadijah et al., 2020). Human hair
burns and disappears in the building of ceramic substrates at
high temperatures, creating a spongy structure in its void.
2.3. Batch adsorption studies

Adsorption experiments are performed on a fixed bed column
with a circulation flow. Fig. 1 a shows a schematic of the

adsorption process. According to Fig. 1 b the Fixed bed col-
umn with a square cross section was made of glass with a
height of 25 cm and sides with 1 cm� 6 cm. Sponge-like
nanocomposite ceramics (Fig. 1 c) were installed inside this

column. The cooler pump (Model Alborz 220 V, Electrogen
Co. Iran) was installed under the column to circulate the fluid.
In each batch adsorption process, 10 L of wastewater entered

the column. The effective factors in the adsorption process
included: pH, adsorbent dose, temperature, initial ion concen-
tration and retention time. The experiments were designed

based on central composite design (CCD) in the standard
response surface method (RSM). Table 2 shows the ranges
as well as the coded and uncoded levels of the variables consid-

ered in this study. Design-Expert software suggested an exper-
iments pattern with 50 runs, Table S1 shows runs and the
result of each batch process. In each batch process, the heavy
metal ions removal efficiency and adsorption capacity were

calculated by Eq. (1) and (2), respectively:

R% ¼ C0 � Ct

C0

� 100 ð1Þ
Q ¼ ðC0 � CtÞV
M

ð2Þ

where C0 is Ni(II) or Co(II) initially concentrations mg L�1
� �

,

Ct is Ni(II) or Co(II) concentrations mg L�1
� �

at a given time,

R% is removal efficiency, V is the volume of wastewater (L),
.

�1 0 +1 +2

4.5 6 7.5 9

9 13.5 18 22.5

32.5 40 47.5 55

128.75 252.5 376.25 500

67.5 125 182.5 240
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M is mass of adsorbent (g) and Q is a dsorption capacity

mg g�1ð Þ.

2.4. Measurement and methods

FT-IR spectra (C88731 spectrophotometer, Perkin Elmer Co.,

Germany) in the range of 400–4000 cm�1 was used to identify
adsorbent functional groups. The morphology of sponge-like
nanocomposite ceramics was investigated using field emission
scanning electron microscopes (FE-SEM, TE-SCAN, Czech).

The structure of sponge-like ceramic adsorbents was analyzed
using X-ray diffraction (Philips PW3040). The pore structure is
an important factor in the adsorption of heavy metal ions on the

adsorbent, so BET and the pore structure of nanocomposite cera-
micwere calculated by BET analysis (Costech Sorptometer 1042).
The concentration of metal ions was measured using atomic

absorption (Varian Atomic Adsorption 240 spectrometer).

2.5. Mechanical strength and chemical resistance tests

Mechanical strength was calculated based on three-point bend-
ing tests method, using a manual hydraulic press device (Per-
kin Elmer Co., Germany). The sponge-like ceramic was
placed on two steel rods with a diameter of 3 mm (The distance

between the two bars was 10 cm.) and the pressure was applied
from above on the center of the sponge-like ceramic at a load-

ing rate of 1 mmmin�1. The pressure that caused the ceramic to
break was recorded (Beni and Esmaeili, 2020). To evaluate the
chemical resistance, the sponge-like nanocomposite ceramics
were placed in an acidic (HNO3, pH 1) or alkaline (NaOH,

pH 13) solution and the weight loss of the ceramic was calcu-
lated per hour (Shameli and Ameri, 2017; Torabi and Ameri,
2016) by Eq. (3):

Weight loss %ð Þ ¼ W1 �Wt

W1

� 100 ð3Þ

where W1 (g) is mass of sponge-like nanocomposite ceramics

after 1 h and Wt (g) is mass of sponge-like nanocomposite
ceramics after t hour.

2.6. Development of regression model equation

According to experimental results and its predicted (Table S1),
the quadratic model was selected for response, that this model
proposed by the software. This model with significant terms

was expressed by Eq. (4) and Eq. (5) for removal of Ni(II)
and Co(II), respectively:

RNið%Þ ¼ þ75:19þ 2:77X1 þ 6:69X2 þ 3:86X3 � 3:22X4

þ 20:08X5 � 4:89X2
1 � 1:86X2

2 � 2:63X2
3

� 2:86X2
4 � 7:43X2

5 ð4Þ

RCoð%Þ ¼ þ63:38þ 2:33X1 þ 5:64X2 þ 3:25X3 � 2:71X4

þ 16:93X5 � 4:12X2
1 � 1:57X2

2 � 2:22X2
3

� 2:41X2
4 � 6:27X2

5 ð5Þ
A positive sign against each term of the Eq. (4) and Eq. (5)

indicates a synergistic effect and the negative sign indicates a
synergistic effect on the response surface ðRÞ.
The actual responses versus predicted responses in Fig. S2 a

shown approximately a linear relationship with partial varia-
tion. The normal plot of residuals in Fig. S2 b is similar to a

straight line indicating that the errors are evenly distributed
and therefore support the least squares fit. According to
Fig. S2 c-d, the residuals versus the predicted response and

the residuals versus the experimental run exhibit the residuals
has been distributed above and below the x-axis with unusual

structure and no obvious pattern. Also, the R2 values for

model equations were 0.981, the adjusted R2 and predicted

R2 were 0.968 and 0.931, respectively with difference less than

0.2. The analysis of variance (ANOVA) helps to check the
accuracy and validity of the proposed model. According to
Table S2 and Table S3, based on ANOVA, the models for

RNi and RCo were highly significant with F-value 76.10 and
76.07, respectively; p-value < 0.0001 also, all of the factors
(X1, X2, X3, X4 and X5) were significant. Therefore, these mod-

els are acceptable for the predicted results and optimization of
the factors affecting the removal efficiency of Ni(II) and Co
(II).

3. Results

3.1. Mechanical properties

Human hair was added to the clay to create micro-channels
(50 g of human hair to 450 g clay). The addition of hair also

protected the sponge-like ceramic from disintegrating during
the drying phase in the environment. Fig. 2a show the mechan-
ical strengths of sintered sponge-like ceramics as functions of

bone powder mass. The strength of sponge-like ceramics was
based on the breaking stress of ceramics in the range of 1.44
to 3.5 bar. Sponge-like ceramics made of clay without bone

powder had the highest mechanical strength because the clay
particles were placed uniformly next to each other, but with
the addition of bone powder, the clay particles were not uni-

formly placed next to each other, but nano-hydroxyapatite
particles were placed between the clay particles. Beni et al.
(Beni and Esmaeili, 2019) used nano-rubber in clay ceramic,
their results showed a breaking pressure was 1.55–1.90 bar.

Therefore, adding 100 g of bone powder to 450 g of clay and
50 g of human hair showed acceptable mechanical strength
(Break pressure 2.4 bar).

3.2. Chemical resistance

The stability of sponge-like ceramics in acidic and alkaline

solution was investigated. Fig. 2 b shows the mass reduction
of the ceramic, which was immersed in an acidic solution
and a base in two separate experiments and its weight was

measured at different times. The synthesized sponge-like
nanocomposite ceramics showed 0.5% and 3.73% weight loss
after immersion in the NaOH solution (pH 13) and HNO3

solution (pH 1) respectively, after 24 h. In the concentrated

NaOH solution, the mass loss is negligible, but in the acidic
solution weak resistance was observed and the sponge-like
ceramic was corroded. According to Mouiya et al. (Mouiya

et al., 2018), the results show that the nano-hydroxyapatite
in ceramic tissue dissolves in acidic solution.



Fig. 2 Effect of bone powder mass (added to 450 g of clay and 50 g of hair) on the mechanical strength of sponge-like nanocomposite

ceramics (a), Weight loss of the sintered sponge-like nanocomposite ceramic in nitric acid (pH 1) and sodium hydroxide (pH 13) solutions

as a function of time at ambient temperature (b), FT-IR spectra of sponge-like nanocomposite (c), X-ray diffraction profiles of clay

ceramic, hydroxyapatite and, sponge-like nanocomposite ceramic (d). The FE-SEM image of sponge-like nanocomposite ceramics (e-f),

BET and the pore structure of nanocomposite ceramic (g).
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Fig. 3 Schematic of water permeability test in sponge-like

nanocomposite ceramic adsorbent (a), The relationship between

the water level in the column and the average mass flow rate from

the sponge-like nanocomposite ceramic (b).
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3.3. Characterization of sponge-like nanocomposite ceramics

According to Fig. 2 c was presented the FT-IR spectrum of
sponge-like nanocomposite ceramic containing hydroxyapatite
with a heat treatment of 750 ℃ before adsorption process. The

characteristic signals belonging to the hydroxyl �OHð Þ and

phosphate PO4ð Þ�3
functional groups can be identified at

3573 and 1045 cm�1, respectively. XRD pattern of clay cera-

mic, hydroxyapatite and, sponge-like nanocomposite ceramic
was shown in Fig. 2 d. It can be seen that the prepared hydrox-
yapatite belongs to the hexagonal structural type of hydroxya-

patite with space group P63=m. Based on BET analysis (Fig. 2
g), the average surface area of the sponge-like nanocomposite

ceramic obtained was 172.46 m2g�1 and total pore volume was

913.73 cm3g�1. In order to study the morphology of hydroxya-
patite nanoparticles and porosity of sponge-like nanocompos-

ite ceramics, the FE-SEM micrographs were presented in
Fig. 2 e-f. Hydroxyapatite nanoparticles were observed in clay
ceramics around porous spaces with an average diameter of

100 nm.

3.4. Water permeability in sponge-like nanocomposite ceramic

An innovative method was used to investigate the distilled
water permeability inside sponge-like nanocomposite ceramics.
According to Fig. 3 a in this method a piece of sponge-like

ceramic was installed at the bottom of a column 20 cm high
and 4 cm in diameter. Fig. 3 b shows the relationship between
the water level in the column and the average mass flow rate.
The results showed that the physical structure of ceramic is

very porous, similar to sponge. Water can seep into the
sponge-like ceramic and drain from the other surface of the
sponge-like ceramic. The sponge-like structure was created

due to the use of human hair in the manufacture of nanocom-
posite ceramics.

3.5. Adsorption test

3.5.1. Effect of solution pH

The pH is an important factor in the adsorption of heavy
metal ions on the adsorbent based on clay (Sáez et al., 2020),
because pH affects the degree of ionization, the solubility of
heavy metal ions changes with pH, also effective in developing

the opposite electric charge in the adsorbent surface functional
groups (Vahdat et al., 2019). At low pH (pH less than 4), large

amounts of Hþ ions surround the adsorbent surface and com-
pete with Ni(II) ions for adsorption on adsorbent active sites
(Beni, 2021). Hubadillah et al. (Hubadillah et al., 2020) synthe-

sized a bio-ceramic based on hydroxyapatite using from waste
cow bone to textile wastewater treatment; they reported that at
a pH 7.3 bio-ceramic surfaces it has a negative charge and is

more suitable for absorbing positive ions; while, Googerdchian
et al. (Googerdchian et al., 2018) showed that the mechanism
of Pb(II) adsorption on nano-hydroxyapatite is dissolution-

precipitation and, at low pH 3 the dissolution of hydroxyap-
atite increases significantly and formed hydroxypyromorphite,
Pb10ðPO4Þ6ðOHÞ2. Effect of solution pH on the Ni(II) and Co

(II) removal efficiency (R %) presented in Fig. 4 a, where the
mass of clay nanocomposite ceramic, temperature, initial con-
centration and retention time were fixed at 13.5 g, 40 ℃, 252.5
mgL�1, and 125 min, respectively. The results show that by

increasing the pH from 3 to 6, the adsorption efficiency
increased, and then, after pH 6, the removal efficiency
decreases. Similar to our results, Pb(II), Cr(VI), Ni(II), and

Cd(II) from aqueous solution adsorbed at a pH 6 on calcined
clay (Zeng et al., 2019), therefore, at high pH, hydroxyl groups
have high efficiency (Gu et al., 2020) and also the stability of
sponge-like nanocomposite ceramic improves the adsorption

process.

3.5.2. Effect of temperature

According to the results presented in Fig. 4 b, the removal of

Ni(II) and Co(II) ions increased with increasing temperature
from 25 to 45 ℃. Therefore, at high temperatures, active sites
are better available to wastewater by opening the pores of

sponge-like nanocomposite ceramics (Saja et al., 2020).
Mnasri-Ghnimi et al. (Mnasri-Ghnimi and Frini-Srasra, 2019)
reported that increasing the removal efficiency at high temper-

atures suggests that at high temperatures a large number of
heavy metal ions obtain sufficient energy to interact with active
adsorbent sites (Mnasri-Ghnimi and Frini-Srasra, 2019).

Although the physical strength test at different temperatures



Fig. 4 Effect of pH (a) and temperature (b) on Ni(II) and Co(II)

removal efficiency.
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showed that the sponge-like nanocomposite ceramic is stable,
but the removal efficiency of Ni(II) and Co(II) ions at temper-
atures above 47 ℃ has decreased, indicating that as the ion is

adsorbed, a number of adsorbed ions are separated from the
adsorbent surface.

3.5.3. Effect of adsorbent mass and initial concentration

The absorbent dose plays a role in making the process eco-
nomical (Soliman and Moustafa, 2020). Where dose is the
sum of the sponge-like nanocomposite ceramic substrates mass

relative to the total volume of the wastewater. As the adsor-
bent mass increases, the removal efficiency of heavy metal ions
increases (Mnasri-Ghnimi and Frini-Srasra, 2019). The pres-

ence of more than the optimal amount of adsorbent causes
the active sites of adsorbent to remain unoccupied and the
adsorption capacity is reduced (Dias Filho and Do Carmo,

2006). According to Fig. 5 a-b, in the fixed condition (pH 6,

temperature 40 ℃, initial concentration 252.5 mgL�1 and
retention time 125 min), with increasing the adsorbent mass
from 4.5 to 13.5 g, the removal efficiency of Ni(II) and Co
(II) ions with a steep slope has increased and then the slope
of the removal efficiency is fixed. The adsorption capacity

curve shows that by adding more than 9–13.5 g of adsorbent
mass, the adsorption capacity is sharply reduced.

The initial concentration is one of the effective parameters

in the adsorption process. According to Fig. 5 c-d, with
increasing the concentration of Ni(II) and Co(II) ions from 5

to 180 mgg�1, the removal efficiency increased; also, with

increasing the concentration from 180 to 500 mgg�1, the

removal efficiency decreased. Therefore, the removal efficiency
of heavy metal ions at any concentration corresponds to active
sites that are readily available (Gu et al., 2020). However,

increasing the initial concentration of heavy metal ions
increases the adsorption capacity. Similar to the results of this
study, Es-sahbany et al. (Es-Sahbany et al., 2019) reported that
natural clay has the ability to adsorb Ni(II) ions at concentra-

tions of 180 to 200 with a removal efficiency of about 75%.

3.5.4. Effect of retention time and kinetic models

To determine the equilibrium adsorption time, the change

retention time was in the range of 10 to 240 min and the effec-
tive parameters in the adsorption were considered constant

(pH 6, temperature 40 ℃, initial concentration 252.5 mgL�1

and adsorbent mass 13.5 min).
According to Fig. 6 a-b, more than 50% of ions removed at

60 min. As increasing the retention time, the removal efficiency
increases and, accordingly, the adsorption capacity also
increases (El-Nagar et al., 2020). The Ni(II) and Co(II)
removal efficiency during start process to 120 min increased

from 5 to 73% and 62%, respectively. The adsorption rate
decreased as the adsorption process approached equilibrium
(at 120 to 180 min) (Vahdat et al., 2019). Removal efficiency

remained constant from 180 to 220 min ; therefore, adsorption
entered the equilibrium stage after 180 min (Zhang et al.,
2020). Googerdchian et al. (Googerdchian et al., 2018) reported

a Pb(II) adsorption capacity of 200 mgg�1 in the adsorption
process using hydroxyapatite nanoparticles at 60 min. This

study showed that at a retention time of 60 min with an adsor-

bent mass of 9 g, the adsorption capacity is about 200 mgg�1,

while if the retention time is 240 min, the adsorption capacity

will be approximately 300 mgg�1.

The pseudo first-order, second-order and, intraparticle dif-
fusion models were used to fit the kinetic data according to Eq.

(6), (7) and, (8) respectively.

logðqe � qtÞ ¼ log qe � ð k1
2:303

Þt ð6Þ

1

qe � qt
¼ 1

qe
þ k2t ð7Þ

qe ¼ k3t
0:5 þ C ð8Þ

where qe and qtðmgg�1Þ are the adsorption capacity at equilib-
rium and t times ðminÞ, respectively. The k1 in the pseudo first-

order model ðmin�1Þ, k2 in the second-order model

ðmgðgminÞ�1Þ and, k3 in the intraparticle diffusion model

ðmgg�1min
�0:5Þ are the rate constants.

The kinetic rate constants obtained from the kinetic models
are given in Table 3. The kinetic data of Ni(II) and Co(II)
adsorption with nanocomposite ceramic fitted well using



Fig. 5 Effect of adsorbent mass on adsorption capacity of sponge-like nanocomposite ceramic and removal efficiency: Ni(II) wastewater

(a) and Co(II) wastewater (b). Effect of initial ion concentration on adsorption capacity of Sponge-like nanocomposite ceramic and

removal efficiency: Ni(II) wastewater (c) and Co(II) wastewater (d).
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pseudo first-order kinetic model (R2 > 0:96) also, the data of

the intraparticle diffusion model with R2 > 0:95 showed that
the adsorption proceeds with intraparticle diffusion (diffusion

within microchannels) instead of surface adsorption.

4. Process optimization and modeling

In the industrial effluent treatment process, one of the main
objectives was to find the optimal adsorption process parame-
ters for economic feasibility with relatively high performance

and adsorption capacity of sponge-like nanocomposite ceram-
ics. However, optimizing the process response is difficult
because the process is influenced by various factors. Therefore,
optimal process performance was applied using Design-Expert

software version 11.0.3 (STAT-EASE, Inc., Minneapolis,
USA). The software suggested 100 solutions, as shown ramp
in Fig. 7, first solution with 0.998 of desirability was selected.

Therefore, the optimal conditions were selected as follows: pH
6, mass of sponge-like nanocomposite ceramic 17 g, tempera-

ture 45 ℃, initial concentration 233.5 mgL�1 and, retention

time 180 min.
4.1. Thermodynamic parameters

Gibbs free energy ðDGÞ, enthalpy ðDHÞ, and entropy ðDSÞ as
thermodynamic parameters are calculated from the following
equations:

DG ¼ �RT lnKd ð9Þ

Kd ¼ lim
time!1

Ces

Cel

ð10Þ

Kd ¼ Ces

Cel

¼ C0 � Ce

C0

ð11Þ

lnKd ¼ DS
R

� DH
RT

ð12Þ

where Cel and Ces ðmgL�1Þ are the values of equilibrium con-
centration at liquid and solid phase, respectively. T is an abso-

lute temperature ðKÞ, R is the gas constant ð8:314Jmol�1K�1Þ,
and Kd is the distribution coefficient. According to thermody-
namic parameter in Table 4, the negative of DG indicates the
feasibility and spontaneity of Ni(II) and Co(II) adsorption.



Fig. 6 Effect of retention time on adsorption capacity of sponge-

like nanocomposite ceramic and removal efficiency: Ni(II)

wastewater (a) and Co(II) wastewater (b).
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The positive of DH proves the endothermic interaction and,

the positive value of DS confirms the increased randomness
of the solid/liquid interface during the adsorption process.

4.2. Adsorption isotherms

Adsorption isotherm is a valuable curve that describes the phe-
nomenon governing the retention or mobility of a substance
from an aqueous medium to a solid phase at constant temper-
Table 3 Summary of sorption data evaluated by different kinetic m

Wastewater

sample
qmaxðmgg�1Þ Pseudo first – order model Pseu

qeðmgg�1Þ K1ðmin�1Þ R2 qeðm

Ni(II) 129.54 160.92 0.019 0.962 38.9

Co(II) 100.84 133.32 0.018 0.967 89.4
ature (Ajiboye et al., 2021). Equilibrium adsorption data were
fitted based on different adsorption isotherm models, include:
Langmuir, Freundlich and Dubinin-Radushkevich (D-R) iso-

therm models. In the Langmuir isotherm model assuming that
all active sites are the same and adsorption is performed in a
single layer in this system (Karimi et al., 2019); In the Frien-

dlich isotherm model, adsorption is considered in several layers
of the adsorbent surface. This model can be used for the
adsorption process at the heterogeneous surface (Al-Ghouti

and Da’ana, 2020) and D-R isotherm can be used to detect
the physical adsorption of metal ions from chemical adsorp-
tion (Esmaeili and Beni, 2014). Based on the calculations of
the parameters and constants of the isotherm models (Table 5),

the data fit well with the Langmuir model (R2 > 0:98). Also,
the adsorption capacity obtained from the Langmuir model

is closer to the actual adsorption capacity of the sponge-like
nanocomposite adsorbent than Freundlich isotherm model.
According to Table 4 the results of data fitting with the D-R

model, the free adsorption energy was calculated to be less

than 8kJmol�1, so the adsorption process of Ni(II) and Co
(II) on the nanocomposite surface indicate a physical ion

exchange.

4.3. Adsorption mechanism

The sponge-like nanocomposite ceramic substrates synthesized
in this study were prepared from two main components (natu-
ral clay base and hydroxyapatite additive component). There-
fore, this soil-bone adsorbent has surface and structural

properties of natural clay and hydroxyapatite. So that there
are many functional groups in this adsorbent and show com-
plex adsorption mechanisms relative to heavy metal ions

(Zhang et al., 2021b). The montmorillonite clays used in this
study have a permanent negative charge on the surface that
balances the negative charge by exchangeable cations

(Tajuddin et al., 2020). Adsorbable exchangeable cations are
replaced by Ni(II) and Co(II) heavy metal ions. According
to Fig. 2 c, which shows the FTIR spectrum before and after
the adsorption process, ion exchange between the cation ions

of the heavy metals Ni(II) and Co(II) takes place in functional

groups such as ð�OHÞ and PO4ð Þ�3
which is represented by

hydroxyapatite. Therefore, ion exchange is one of the main
mechanisms in this process.

5. Application for the treatment of industrial wastewater

The characteristics of industrial effluent are presented in

Table 6 and concentration of other metal ions in wastewater
samples are presented in Table 7. It should be noted that
due to the low concentration of other heavy metal ions, these

ions have no effect on the adsorption process because their

concentration is less than 0.5 mgL�1. Due to the process opti-
odels.

do second – order model Intraparticle diffusion model

gg�1Þ K2(mg g�1

min�1)

R2 K3(mg g�1

min�0:5)

C R2

1 0.0009 0.659 9.725 5.21 0.957

4 0.0007 0.752 8.507 16.60 0.956



Fig. 7 Desirability ramp for the numerical optimization of affecting factors on the process response.

Table 4 Thermodynamic parameters for metal adsorption onto the sponge-like nanocomposite ceramic.

Wastewater sample Kd DH(kJmol�1) DS(kJmol�1) DG (kJmol�1) R2

30 ℃ 40 ℃ 50 ℃ 30 ℃ 40 ℃ 50 ℃

Ni(II) 4.61 11.41 11.87 67.514 0.235 �3.85 �6.34 �6.65 0.991

Co(II) 2.26 3.45 3.49 34.16 0.113 �2.05 �3.22 �3.36 0.952

Table 5 Isotherm parameters for metal adsorption onto the sponge-like nanocomposite ceramic.

Wastewater sample Langmuir Freundlich Dubinin–Radushkevich

qmaxðmgg�1Þ bðLmg�1Þ R2 KFðmgg�1Þ n R2 qDRðmmolg�1Þ bDRðmol2J�2Þ EðkJmol�1Þ R2

Ni(II) 277.78 0.0498 0.998 25.749 1.982 0.918 205.82 0.00002 0.158 0.928

Co(II) 357.14 0.0054 0.983 4.086 1.267 0.937 196.88 0.0001 0.071 0.923
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mization in the treatment of synthetic wastewater, this opti-
mized system was used to treat industrial wastewaters. In both

effluent samples, the pH was in the range of 6 and there was no
need to use acid or alkali to adjust the pH. The results showed
that sponge-like nanocomposite ceramics can adsorb heavy

metal ions more than 95%. The turbidity did not increase dur-
Table 6 Analysis of two samples of industrial wastewater containin

Wastewater sample Before

Concentration

ðmgL�1Þ
Turbidity (NTU)

Ni(II) 82.45 178

Co(II) 43.45 182
ing the process, so sponge-like ceramics have high mechanical
strength and the hydroxyapatite particles inside the ceramic

are well fixed. Due to the permeability of water in the ceramic
sponge-like structure, the fluid flows by gravity, so this process
is economically suitable for use in industry. Table 8 offers a

comparison between different adsorbents.
g Ni(II) and Co(II) ions, before and after the adsorption process.

After

pH Concentration

ðmgL�1Þ
Turbidity (NTU) pH

6.31 2.24 165 6.17

6.24 1.55 171 6.21



Table 7 Concentration of other metal ions in wastewater

samples.

Metal ions Concentration ðmgL�1Þ
Cu(II) 0.0122

Zn(II) 0.0112

Fe(III) 0.0051

Mg(II) 0.0116

Fig. 8 Heavy metal ion removal efficiency after successive
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6. Regeneration of sponge-like nanocomposite ceramic

substrates

One of the main concerns of using different adsorbents is the
regeneration of the adsorbent for reuse and thus reducing
the disposal of solid waste. Based on the industrial wastewater

treatment, the sponge-like nanocomposite ceramic substrates
were regenerated after each cycle of the adsorption process
(treatment of 10 L of industrial wastewater) by immersing
them in hydrochloric acid 37% for 30 min at room tempera-
Table 8 Comparison of heavy metal ion adsorption results using d

Adsorbent Ions pH Adsorbent Dose

(mgL�1)

Adsorp

(mgg�1

Natural clay Ni

(II)

7 63.33 2.4

Natural clay Cd

(II)

5.6 50 1.19

Natural clay Cu

(II)

Co

(II)

Ni

(II)

Pb

(II)

8.5

8

8

8.5

84,838,383 6.25

7.01

5.92

6.83

Fe3O4@ coal fly ash

porous ceramic

Cu

(II)

5.6 – 13.82

Calcined clay Pb

(II)

Cr

(VI)

Cd

(II)

6 60 32.8

20.3

28.2

Waste brick slag Se

(IV)

7 50 58

Plateau laterite ceramic As

(II)

Cr

(II)

Pb

(II)

Cu

(II)

Cd

(II)

Hg

(II)

677,899 10,000 2.84

2.38

2.27

2.30

1.99

1.90

Sponge-like

nanocomposite ceramic

Ni

(II)

Co

(II)

6 17,000 150,110
ture and then rinsing with water (Yadav et al., 2019). Adsorp-
tion experiments were repeated for 70 consecutive cycles.
According to Fig. 8, the results showed that 60 cycles, the

sponge-like nanocomposite ceramic substrates can remove Ni
(II) and Co(II) heavy metal ions from industrial wastewater
without reducing the removal efficiency.
ifferent adsorbents.

tion Capacity

)

Retention

Time (min)

Temperature

(℃)

Ref.

80 25 (Es-Sahbany

et al., 2019)

60 Room

Temperature

(Es-sahbany

et al., 2021a)

85,848,583 Room

Temperature

(Es-sahbany

et al., 2021b)

120 41.8 (Zhang et al.

(2021a)

200 Room

Temperature

(Khalfa et al.,

2021)

60 Room

Temperature

(Wu et al., 2021)

960 25 (Zhu et al., 2021)

178 40 In this study

regenerations of the adsorbent.
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7. Conclusion

The results presented in this study show that clay nanocom-
posite ceramic with a sponge-like physical structure can be

used in industrial applications because it has high removal effi-
ciency and free materials are used in its synthesis. The advan-
tage of this adsorption process at the pH 6 is that the effluent

leaves the adsorption stage without the need for any acid-base
neutralization process. Based on the findings of this study, dif-
ferent adsorbents can be dispersed at the nanoparticle scale in
a substrate such as clay ceramic and provide the necessary

space for the effluent to pass through the substrate by creating
many microchannels, with this technique, nano-
hydroxyapatite adsorbent was synthesized in one step with

clay ceramics at 850℃. Using human hair, which is a worthless
waste, is a good choice to create a microchannel. The sponge-
like nanocomposite ceramic with and light weight showed high

resistance to mechanical and chemical stresses. The adsorption
process using adsorbent substrates is basically slow but the
results showed that a large volume of effluent was treated. This

process was spontaneous and endothermic, so the adsorption
efficiency improved with increasing temperature. The results
of adsorbent regeneration showed that sponge-like nanocom-
posite ceramic substrates can be used for up to 60 consecutive

cycles without reducing the removal efficiency of heavy metal
ions.
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