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Zn–Hap@CA porous
heterostructure for ultra-fast and ultra-high
adsorption efficacy: investigation towards the
remediation of chromium and lead†

Monika Mahmud, a Md. Sahadat Hossain, a Mashrafi Bin Mobarak, a

Md. Saiful Quddus, a Muhammad Shahriar Bashar, b Umme Sarmeen Akhtar,a

Shirin Akter Jahan,a Dipa Islamc and Samina Ahmed *ad

In the contemporary era, research into the structures involving emerging 2D materials, inorganic

components, and polymers has evolved at a tremendous pace for environmental protection and

sustainability. Herein, this study reports the design and fabrication of a GO@Zn–Hap@CA porous

heterostructured adsorbent using 2D graphene oxide (GO), inorganic zinc-doped hydroxyapatite (Zn–

Hap) and cellulose acetate (CA) via a crosslinking approach for the removal of Cr(VI) and Pb(II) ions. The

synthesized raw material and the developed heterostructured adsorbent were intensely characterized by

X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, X-ray photoelectron

spectroscopy (XPS), atomic force microscopy (AFM), field emission scanning electron microscopy (FE-

SEM), and N2 gas adsorption–desorption analysis. The fabricated GO@Zn–Hap@CA heterostructure

exhibited high roughness, high surface area and mesoporous texture and thereby has shown an

enhanced capture of Cr(VI) and Pb(II) ions. Importantly, it possessed an ultrahigh maximum adsorption

capacity of 384 mg g−1 and 400 mg g−1 for Cr(VI) and Pb(II) at pH ¼ 2 and pH ¼ 5, respectively.

Investigation of the adsorption isotherm and kinetics indicate that both Cr(VI) and Pb(II) adsorption fitted

well with the Freundlich isotherm model and pseudo-second-order kinetic model. While probing the

kinetics, the equilibrium was observed to reach at an ultrafast duration, for instance, 50 min for

chromium and 60 min for lead. A study on the effect of the co-existing ions revealed that the cations

and anions had a less significant effect on Cr(VI) and Pb(II) adsorption. Such results offer insights into the

intriguing potential of GO@Zn–Hap@CA for the elimination of hazardous pollutants from the aquatic

environment.
Environmental signicance

Toxic heavy metal pollution in the aqueous environment due to rapid industrialization has indicated a burning global concern. The continuous use and intake
of such polluted water can cause fatal health issues to the living beings. Herein, the study focuses on designing a porous structure via crosslinking strategy by
employing two-dimensional graphene oxide, Zn doped hydroxyapatite and cellulose acetate for the eradication of chromium and lead from aqueous media. The
engineered porous structure with high roughness and surface area facilitates efficient trapping of chromium and lead at ultrafast duration. The developed
composite membrane also discloses excellent reusable potency of up to three cycles thereby promoting environmental sustainability.
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1 Introduction

Designing structures with emerging materials for the decon-
tamination of wastewater has been extensively intensied
worldwide in the current industrial era. In industrial discharge,
heavy metal ions (HMIs), Cr(VI), and Pb(II) are hazardous to
aquatic life as well as human beings.1,2 Beyond doubt, both
Cr(VI) and Pb(II) lead to various persistent diseases, such as
anemia, cancer, renal failure, lung obstruction, and liver
damage.3,4 Hence, the World Health Organization (WHO) set
Environ. Sci.: Adv., 2022, 1, 827–848 | 827
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View Article Online
Cr(VI) as a class-I human carcinogen and announced the
maximum allowable limit of total Cr (Cr(III) + (VI)) to 50.0 mg L−1

in drinking water.5,6 Moreover, the United States Environment
Protection Agency (US-EPA) has specied the limit for Pb(II) as
15 mg L−1 and 100 mg L−1 in drinking water and water sup-
porting aquatic life, respectively.7

To date, numerous trending technologies such as reverse
osmosis, electrochemical treatment, and advanced oxidation
processes (AOPs) employed in water treatment8,9 are associated
with the generation of secondary pollutants, high capital, and
energy requirements.10,11 Nevertheless, adsorption is advanta-
geous owing to its efficacy, simplicity, and cost-effective-
ness.12–14 Intrinsically, the adsorption capacity of the adsorbent
exceedingly depends on the specic surface area (SSA), polarity,
porous structure, and surface functional groups attached to the
adsorbent surface.14 Currently, various adsorbents, including
inorganic materials,15 double-layered hydroxides,16 metal–
organic frameworks,17 2D carbon-based materials,18 and poly-
mers19 have drawn considerable attention.

Since 2004, the discovery of graphene20 has received priority
over other adsorbents in water treatment and sustainability by
using its functionalized derivative. Specically, graphene oxide
(GO), a perfect 2D substance, holds a honeycomb lattice
produced from the oxidation of inexpensive graphite.21 The
fundamental reason behind its priority is its two extraordinary
features: (i) large surface area (theoretically 2630 m2 g−1),22

which aids it in offering a suitable specic area for adsorption;
(ii) great extents of epoxy, hydroxyl, and carboxyl functional
groups on the basal planes and edges can easily t with metal
ions through the chelation mechanism or electrostatic inter-
action.23,24 Therefore, in this research, graphene oxide is chosen
for the adsorption of HMIs. Despite all of the unique properties
of GO, there is a striking problem in that the solid GO sorbent
tends to aggregate during adsorption due to p–p interactions
and hence retard the adsorption phenomenon.19,25,26 To solve
this problem, composites of GO with different synthetic poly-
mers as the support have been studied to fabricate mixedmatrix
membranes (MMMs).25 Unfortunately, unbounded GO in the
membrane creates electrostatic repulsion between negatively
charged GO akes, thereby causing instability in water.27 Hence,
GO membranes can also be stabilized through electrostatic
interaction using multivalent cationic metals, polymer and
crosslinking agents.28 Therefore, to design a stable adsorbent,
here GO is crosslinked with cellulose acetate (CA). The literature
has also reported different works on GO composite membranes,
for example, chitosan–GO,29 GO–cellulose,30 and GO–
polyethyleneamine.31

Hydroxyapatite Ca10(PO4)6(OH)2, with abundant hydroxyl
groups and minor water solubility, is recognized as a worthy
material in wastewater treatment.32,33 However, metal-doped
hydroxyapatite has been reported to have high efficiency in
water purication because of its small crystallite size and bulky
surface area.34,35 The structural exibility of Hap allows for ion
exchange in divergent crystallographic locations, but the core
structure of HAP is le unchanged.36 Hence, in this study, Zn-
doped Hap was selected for the adsorbent constituent and
was successfully synthesized to remove HMIs from an aqueous
828 | Environ. Sci.: Adv., 2022, 1, 827–848
solution. Several works, such as Sn–Hap35 for chromium and
Mg–Hap34 for lead removal, have been published.

Notably, cellulose acetate (CA), a bio-based polymer, is
regarded as a polymer matrix membrane due to its better lm-
forming ability, biocompatibility, and eco-friendliness.37

However, the CA lm alone has poor mechanical and thermal
properties. To overcome this weakness, CA is used with various
materials like carbon nanotubes (CNTs)38 and graphene oxide
(GO).39 As a consequence, CA is selected as a crosslinking
polymer for the fabrication of the adsorbent.

In this research, we aim to engineer a new heterostructure
containing these superior GO, Zn–Hap, and CA. Herein, the
heterostructure is developed in a membrane form to overcome
the aggregation of powder materials. A comprehensive study of
the new heterostructure was employed by XPS to focus on the
interaction and crosslinking within the materials. Importantly,
the surface roughness has been measured by AFM and the
surface area has been reported by performing N2 gas adoption
desorption analysis. Exclusively, the adsorption isotherms and
kinetic models were studied to understand the mechanism of
HMIs adsorption. Aside from this analysis, the effects of coex-
isting ions and the reusability of the heterostructure in different
cycles are profoundly taken into account. Concisely, the overall
goal of the research is to: (1) design a promising porous heter-
ostructure and elucidate the interaction between GO, Zn–Hap
and CA; (2) determine the adsorption parameters; (3) underline
the remediation mechanism of the Cr(VI) and Pb(II) ions from
aqueous solution.
2 Experimental
2.1 Materials

All chemicals utilized in this research include graphite powder
(C, 200 mesh, 99.9999%, Alfa Aesar), sulfuric acid (H2SO4, 95–
97%, Sigma Aldrich), potassium permanganate (KMnO4, 99.0%,
Sigma Aldrich), hydrogen peroxide (H2O2, 35%, Alfa Aesar),
phosphoric acid, (H3PO4, Sigma Aldrich), hydrochloric acid
(HCl, 38%, Sigma Aldrich), calcium hydroxide (Ca(OH)2, Sigma
Aldrich), zinc nitrate (Zn(NO3)2$6H2O, Fluka, 98%), EDTA
(Sigma Aldrich, 99.4%), ammonia (NH3) (Merck, Germany), and
cellulose acetate (Sigma Aldrich; Mn 50 000 GP). Each material
holds high purity, and was hence used without any prior
treatment.
2.2 Methods

2.2.1 Preparation of graphene oxide. In this work, modied
Hummer's method was followed to synthesize graphene oxide
(GO).40,41 Here, sulfuric acid (H2SO4) and phosphoric acid
(H3PO4) were mixed in a volume ratio of 9 : 1, and stirred for
quite a fewminutes. Next, 0.225 g of graphite powder was added
gradually, followed by the addition of 1.32 g of potassium
permanganate (KMnO4) into the solution mixture. Aer that,
the solution was le for 6 h stirring until the solution turned
into a dark greenish color. To remove excess KMnO4, hydrogen
peroxide (H2O2), 0.675 mL was added dropwise with stirring.
Since the reaction is exothermic, it was subjected to cooling
© 2022 The Author(s). Published by the Royal Society of Chemistry
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with the support of an ice bath. The nal solution was then
washed with hydrochloric acid (HCl) and deionized water
(DIW), and centrifuged at 5000 rpm. Lastly, the washed GO was
oven-dried at 40 �C for 24 h to form the powder GO.

2.2.2 Preparation of Zn doped hydroxyapatite. Zn–Hap was
synthesized by the sol–gel method. In that process, rstly,
calcium hydroxide was dissolved in 50 mL of distilled water,
followed by the mixing of zinc nitrate hexahydrate dissolved in
10 mL of distilled water. Meanwhile, the solution was contin-
uously stirred for about 1 h at room temperature. Aerward,
0.033 mol of EDTA was added to 50 mL of deionized water, and
deprotonated with the aid of conc. NH3. Here, the (Ca + Zn)/P
molar ratio at 1.67 was maintained. Then, it was stirred again
for an additional 1 h, and H3PO4 was added to the mixture
dropwise. Importantly, to maintain the pH at �11 in the solu-
tion, concentrated ammonia was added dropwise. The subse-
quent solution was stirred overnight at 70–80 �C until the
solvent was utterly evaporated. The ensuing gels were then
oven-dried at 110 �C for �10 h, followed by heating for 5 h at
900 �C in a furnace (heating rate was 1 �C min−1).

2.2.3 Preparation of the GO@Zn–Hap@CA hetero-
structure. Firstly, GO and Zn–Hap in acetone were mixed in
50 : 50 ratios. Then, the mixture was extensively mixed at
5000 rpm for 2 h using a homogenizer (HG-15D). Aerward, 5%
cellulose acetate was added and mixed at 5000 rpm for 1 h.
Finally, the resultant solution was cast on a Petri glass of 60 mm
in diameter. Then, the membranes were immerged in a water
bath for the solvent inversion process to get the hetero-
structured GO@Zn–Hap@CA. Similarly, 5% cellulose acetate
membrane was also prepared for comparison. Scheme 1
Scheme 1 Synthesis of GO (A); synthesis of Zn–Hap (B); preparation o
GO@Zn–Hap@CA (D).

© 2022 The Author(s). Published by the Royal Society of Chemistry
portrays the preparation of GO, Zn–HAP, and the fabrication of
the GO@Zn–Hap@CA composite membranes.

2.3 Instrumental characterization

2.3.1 XRD analysis. An X-ray diffractometer (PAN-
alyticalX'Pert PRO PW 3040) was used to determine the crys-
tallinity of the samples. The data were recorded by nonstop
scanning with 0.01 steps and 2q ¼ 5–80� using Cu Ka (l ¼
1.54060 Å) radiation. The Cu tube was operated at a voltage of 40
kV and current of 30 mA, and the chiller temperature was
maintained at 19–20 �C.

2.3.2 XPS analysis. An X-ray photoelectron spectrometer (K-
Alpha) was employed to evaluate the chemical composition of
the lms. The initial survey and core-level spectra were attainted
with the aid of an Al K-Alpha monochromatic X-ray source
(1486.69 eV) operated at 15 kV and 10 mA. The residual pressure
of the analysis chamber was kept below 10−8 torr. The core level
C 1s, O 1s, Ca 2p, P 2p, Zn 2p spectra, aer background
subtraction, were subjected to curve-resolving by applying
a Gaussian line shape, along with a Lorentzian broadening
function.

2.3.3 N2 adsorption isotherms at 196 �C. To determine the
textural characteristics of GO, Zn–Hap, CA membrane, and
GO@Zn–Hap@CA composite membranes, nitrogen adsorp-
tion–desorption isotherms were accomplished at 196 �C using
BET-201-A. The Brunauer–Emmett–Teller (BET) model42,43 was
used to estimate the specic surface area, while the data range
of P/P0 was taken between 0.05–0.35. Additionally, the Barrett–
Joyner–Halenda (BJH) model44 was used to evaluate the sample
pore size and pore volume.
f GO@Zn–Hap@CA composite membrane (C); digital photograph of

Environ. Sci.: Adv., 2022, 1, 827–848 | 829
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2.3.4 FT-IR spectroscopy. The samples functional groups
were identied using FT-IR comprising the attenuated total
reectance (ATR) facility (IR-Prestige 21, Shimadzu Corpora-
tion, Japan). The spectra were recorded in the 4000–400 cm−1

wavenumber range with the spectral resolution at 4 cm−1.

2.3.5 Morphological analysis. The synthesized sample and
developed composite morphology were examined by scanning
electron microscope, SEM (PHENOM PRO) and eld emission
scanning electron microscope, FESEM (JSM-7610F) at an
accelerating voltage of 5.0 kV. Samples are sputter-coated with
platinum before testing.

The topography and surface roughness of CA and GO@Zn–
Hap@CA composite membrane were attained by atomic force
microscopy (Flex AFM, C3000, Nanosurf, Switzerland) without
any preparation of samples. The sample of the surface area (5 �
5 mm) was placed on a holder. The sample was subjected to an
oscillating cantilever tip sinusoidally with 350 kHz resonating
frequency. The mean surface roughness of the membrane was
calculated by the following equation:45

Ra ¼ 1

LxLy

ðlx
0

ðly
0

jf ðx; yÞjdxdy (1)

Here, f(x, y) is the surface relative to the center of the plane, and
Lx and Ly represent the surface dimensions in the x and y
directions, respectively. Consequently, the root means square
(Rq) values were derived from the AFM images, which were
calculated from the average of the values measured in random
Rq values using the following equation.45

Rq ¼
"�

1

L

�ðlx
ly

ðlx
ly

Z2ðx; yÞdxdy
#1=2

(2)

Here, lx and ly are the evaluation length, and Z is the prole
height functions.

2.3.6 Batch adsorption analysis. The experiments were
carried out at different parameters, such as pH value,2–8 contact
time (5–100 min), adsorbent dosage (0.05–1 g L−1), and initial
Cr(VI) and Pb(II) ion concentration (30–500 mg L−1). For the
adsorption test, the required amounts of the potassium
dichromate and lead nitrate were taken to prepare a 1000 ppm
stock solution. Then, the concentrations (30–500 mg L−1) of the
volume (75 mL) of each metal ion were prepared. Aer that, the
pH value of the sample solution was attuned with the aid of
NaOH andHCl. Subsequently, the GO@Zn–Hap@CA composite
membrane was added to the solution at a specic dosage.
Throughout the study, the shaking speed was set to 220 rpm.
The concentration of the Cr(VI) ion and Pb(II) ion was analyzed
by atomic absorption spectrometer, AAS (Analytic Jena, NOVAA
350) using an acetylene-air ame.

2.3.7 Isotherm and kinetics study. The isotherm study is
imperative for designing the science of adsorption phenom-
enon as the adsorption isotherm profoundly illustrates how the
adsorbent surface and the pollutants interact. In this study, the
Langmuir, Freundlich, Temkin and Dubinin–Radushkevich
(Dub–Rad) isotherm models have been applied to explore the
purging potency of the heavy metal ions. Linear and non-linear
830 | Environ. Sci.: Adv., 2022, 1, 827–848
Langmuir isotherms are represented by the following eqn (3)
and (4) respectively.46

Ce

qe
¼ 1

KLqm
þ Ce

qm
(3)

qe ¼ qmkLCe

1þ KLCe

(4)

Here, qe (mg g−1) is the experimental adsorption capacity, Ce

(mg L−1) is the equilibrium concentration of HMIs in solution,
qm (mg g−1) is the maximum adsorption capacity, and KL (L
mg−1) denotes the Langmuir constant that represents the
binding power (i.e., adsorptive strength) between the adsorbent
and adsorbates.

Linear and non-linear Freundlich isotherms are addressed
by the following eqn (5) and (6), respectively.47

ln qe ¼ ln Kf þ 1

n
ln Ce (5)

qe ¼ Kf Ce
1/n (6)

Here, Kf (mg g−1) is the Freundlich isotherm constant and is
associated to the relative adsorption capacity of the adsorbent,
and n is a constant signifying the adsorption intensity.

The linear and non-linear D–R isotherms are represented by
the following eqn (7) and (8) respectively.48

ln Qe ¼ ln Qm − KDR˛2 (7)

Qe ¼ Qm ekDR3
2

(8)

Here, Qm (mg g−1) means the D–R maximum adsorption
capacity, KDR (mol2/Kj2) denotes the mean adsorption energy
and 32 (J mol−1) is the Polanyi potential. The e is estimated using
the equation below:

˛ ¼ RT ln(1 + 1/Ce) (9)

where R, T, and Ce characterize the gas constant (8.31 J mol−1

k−1), absolute temperature and equilibrium concentration of
the adsorbate, respectively.

Linear and non-linear Temkin isotherms are represented by
the following eqn (10) and (11) respectively.49

qe ¼ A ln KT + A ln Ce (10)

qe ¼ A ln(KTCe) (11)

A ¼ RT

b
(12)

Here, A (unitless) is correlated to the Temkin isotherm constant;
b (J mol−1) denotes the heat of adsorption; KT (L g−1) presents
the Temkin equilibrium binding constant; and R and T are the
gas constant (8.31 J mol−1 K−1) and temperature, respectively.

The kinetics of adsorption of Cr(VI) and Pb(II) on GO@Zn–
Hap@CA were assessed with the pseudo-rst order, pseudo-
second order, and Elovich model by tting the experimental
data. The linear and non-linear pseudo-rst-order Lagergren
© 2022 The Author(s). Published by the Royal Society of Chemistry
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equations are given by the following eqn (13) and (14)
respectively.50

logðqe � qtÞ ¼ log qe
k1

2:203
t (13)

qt ¼ qe(1−e−k1t) (14)

Here, k1 is the pseudo-rst-order rate constant (min−1), and qe
and qt are the amounts of HMIs ions adsorbed (mg g−1) at
equilibrium and at time t (minutes), respectively.

The linear and non-linear pseudo-second-order models can
be expressed as eqn (15) and (16) respectively:51

1

qt
¼ 1

k2qe2
þ 1

qe
(15)

qt ¼ qe
2k2t

1þ qek2 t
(16)

where k2 (g mg−1 min−1) is the rate constant of the pseudo-
second order adsorption, qe (mg g−1) is the amounts of HMIs
ions adsorbed at equilibrium, and qt (mg g−1) describes the
adsorption capacity at time t.

The linear and non-linear forms of the Elovich kinetics
model are represented by the following eqn (17) and (18)
respectively.52

qt ¼ 1

b
lnðabÞ þ 1

b
lnðtÞ (17)

qt ¼ 1

b
lnð1þ abtÞ (18)

where, qt (mg g−1) denes the adsorption capacity at time t,
a (mg g−1 min−1) denotes the rate of chemisorption at zero
coverage, and ß (g mg−1) denes the maximum coverage of the
surface of the adsorbate.

2.3.8 Regeneration study. Regeneration of the exhausted
GO@Zn–Hap@CAwas carried out using NaOH (0.1M and 0.5M)
and HCl (0.1 M and 0.5 M) to remove the adsorbed Cr(VI) Pb(II),
respectively. The GO@Zn–Hap@CA aer Cr(VI) and Pb(II)
adsorption was collected for treatment with NaOH and HCl at
220 rpm for 30 minutes, followed by careful washing with DI
water to achieve neutral pH. A reusability study for multi-cycle
Cr(VI) and Pb(II) adsorption was investigated with the newly
regenerated GO@Zn–Hap@CA in freshly prepared Cr(VI) and
Pb(II) solutions at the optimized parameter. Aer adsorption, the
used GO@Zn–Hap@CA composite membrane was taken out
from the solution, and the corresponding concentration was
measured by AAS. Meanwhile, the exhausted GO@Zn–Hap@CA
was regenerated using the same protocol for the next cycle. Three
successive adsorption–desorption cycles were examined with the
regenerated GO@Zn–Hap@CA composite membrane.
3 Results and discussion
3.1 XRD and FTIR analysis

Fig. 1a displays the XRD patterns of Zn–Hap, GO, CA and
GO@Zn–Hap@CA membranes. The XRD spectra of the Zn-
© 2022 The Author(s). Published by the Royal Society of Chemistry
doped Hap resemble the unique phase of hexagonal hydroxy-
apatite (Space group P63/standard card ICDD-PDF number 9-
432).53 Here, the main apatite phase, 2q ¼ 31.87� (211 plane),
conrmed the synthesis of Zn–Hap.54 The diffraction pattern of
GO exhibits a peak at 2q ¼ 10.3� of plane (001) and interlayer
distance, d ¼ 0.86 nm, which arises mainly due to the oxidation
of graphite.41 The characteristic peaks of CA at 2q ¼ 15.06� and
17.34� could be assigned to a semi-crystalline structure, while
the peak at 2q ¼ 22.2� refers to the amorphous phase.55 In
GO@Zn–Hap@CA, all of the dominating peaks of GO and Zn–
Hap are observed. However, the spectra of amorphous CA were
suppressed by the well-crystallized phase of Zn–Hap and GO.

FTIR spectroscopy was further employed to interpret the
functionality of the as-prepared GO, Zn–Hap, CA and GO@Zn-
Hao@CA. In the spectrum of GO in Fig. 1b, the appearance of
a major peak at 3400 cm−1 conrms the symmetric stretching
vibration of –OH of the surface carbocyclic ring.54 Other various
oxygenated bond vibrational features at 1729 cm−1 and 1053
cm−1 could be attributed to the C]O and C–O (alkoxy)
stretching vibrations, respectively,55 verifying the richness of the
oxygenated group. In Zn–Hap, the spectrum bands at 562–564
cm−1 were ascribed to the O–P–O bending mode (n4). Mean-
while, those within the 1036 and 1048 cm−1 regions are linked
to the asymmetric stretching mode of PO4

3− (n3).53,56 Normally,
the adsorbed water molecules in Zn–Hap are dened by the
vibrational bands from 3000–3800 cm−1. In the CA spectrum,
the peaks at 1760 cm−1, 1242 cm −1, and 1400 cm−1 are ascribed
to the –COO–, CO, and CH bonds, respectively. Moreover, the
peak at 1053 cm−1 is assigned to the deformation vibrations of
the CH and OH groups, and the features at 903 cm−1 are
ascribed to the deformation vibrations of the –COC–, –CCO–
and –CCH groups.1 In the spectrum of GO@Zn-Hao@CA, major
peaks appeared at 1739 cm−1, 1221 cm−1, 1032 cm−1, and 573
cm−1, which correspond to the –COO–, C–O (epoxy), C–O
(alkoxy), and O–P–O bonds, respectively. Here, a slight shiing
in the peak position is observed compared to those of the
characteristics peaks of Zn–Hap, GO, and CA. These might be
because of the H-bonding interaction of CA, GO and Zn–Hap
within the functional sites of GO@Zn-Hao@CA. Therefore, the
FTIR results disclose the crosslinking interaction of CA with GO
and Zn–Hap by peak shiing.
3.2 XPS analysis

XPS was performed to observe the elemental compositions and
oxidation states of the as-prepared Zn–Hap, GO, CA and
GO@Zn–Hap@CAmembranes. As shown in Fig. 2, the C, O, Ca,
P, and Zn elements were found on the survey XPS spectra of
GO@Zn–Hap@CA, indicating that the composite was fully
developed.

In the XPS survey spectra of the GO and CA, the percentage of
C 1s was recorded at 61.8% and 62.3%, respectively. In sharp
contrast, the carbon content in the GO@Zn–Hap@CA
composite was signicantly increased to 79.41%, verifying the
addition of carbon-containing GO and CA.

The core level C 1s spectra of GO (Fig. 3a) were tted into
peaks at 284.8 eV, 286.9 eV and 288.7 eV, which corresponded to
Environ. Sci.: Adv., 2022, 1, 827–848 | 831
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Fig. 1 (a) XRD pattern of Zn–Hap, GO, CA, and GO@Zn–Hap@CA; (b) FTIR analysis of GO, Zn–Hap, CA, and GO@Zn–Hap@CA.

Fig. 2 XPS survey spectrum of the cellulose acetate (CA) membrane,
graphene oxide (GO), Zn–Hap and GO@Zn–Hap@CA.
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the C–C/C]C, O–C–O and O–C]O bonds.57 Furthermore, The
C 1s of CA (Fig. 3b) were deconvoluted into ve peaks centered
at 285.1 eV, 285.6 eV, 286.8 eV, and 287.8 eV assigned to C–C, C–
H, O–C–O, and O–C]O, respectively.58 However, in GO@Zn–
Hap@CA (Fig. 3c), the assigned positions of the C–C/C–H, C–
OH, C–O, and O–C]O functional groups were shied and
found at binding energies of 284.7 eV, 285.7 eV, 287 eV, and
289.3 eV, respectively.

Additionally, the relative intensity of C–C was observed to
increase, whereas the intensities of O–C]O and C–O decreased
compared to GO and CA. This nding reveals the strong inter-
action of the carboxyl and carbonyl groups from GO and CA in
the developed GO@Zn–Hap@CA.

Fig. 3d exhibits the deconvoluted O 1s spectra at 532.7 eV,
530.9 eV and 535 eV of GO, which belong to the C–O, C]O, and
O–H groups.44 For the O 1s spectra (Fig. 3e) of CA, the surface
functional O–C, O]C, and O–H groups depict peaks at 531.5 eV,
530 eV, and 532 eV, while Zn–Hap shows a broad peak at
532.5 eV (Fig. 3f). Nevertheless, due to the interaction of the
832 | Environ. Sci.: Adv., 2022, 1, 827–848
functional group in GO@Zn–Hap@CA, the C–O/O–H and O–C
groups experienced peaks at 532.9 eV and 531.3 eV (Fig. 3g),
respectively. The XPS peaks of Ca 2p in Zn–Hap appeared for the
2p3/2 and 2p1/2 electronic states of Ca(II) at 348.0 eV and 351.5 eV
(Fig. 3h), respectively.47 However, the spin–orbit for 2p3/2 and
2p1/2 observed a decrease in intensity and a blue shi at the
peak positions of 347.7 eV and 351.2 eV in GO@Zn–Hap@CA
(Fig. 3i), respectively. The binding energy of P 2p was detected at
133 eV both in Zn–Hap and GO@Zn–Hap@CA (Fig. 3j and k).

The XPS of Zn–HAp reveals that the Zn 2p spectrum (Fig. 3l)
exhibits two peaks at 1022.2 eV and 1045 eV, conrming the Zn
doping. Conferring to the research conducted by Zhang et al.,59

these two peaks can be attributed to the 2p3/2 and 2p1/2 elec-
tronic states of Zn(II). However, only a peak at 1022.4 eV was
observed in GO@Zn–Hap@CA (Fig. 3m).

These overall shiing of the peak intensity of the functional
groups verify the crosslinking interaction via intramolecular
and intermolecular H-bond within the molecules of the
GO@Zn–Hap@CA.

3.3 Morphological analysis

Fig. 4a–c illustrates the SEM micrograph of Zn–Hap (a), GO (b),
and CA (c). Zn–Hap displays spherical shapes, but in agglom-
erated order.53 GO exhibits layered, crinkled and fairly wrinkled
patterns.40 The top view of the CA lm portrays a smooth
texture, where the cross-section shows the porous structure.58

The high-magnication FE-SEM image of GO@Zn–Hap@CA
is shown in Fig. 4d. Spherical-sized Zn–Hap and GO layers are
found on the top surface of the composite. Remarkably, the
porous heterostructure is conrmed by the cross-section of the
GO@Zn–Hap@CA (Fig. 4e), which clearly shows the pores
within the heterostructure.

The surface topology and roughness of the CAmembrane and
GO@Zn–Hap@CA membranes were investigated by AFM. Fig. 4g
demonstrates the 3Dmorphology of the CA membrane with high
roughness and smooth areas owing to the spatial arrangement in
the crystalline and amorphous zones. Here, the well-ordered
crystalline alignment indicates high roughness areas with an
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS deconvoluted C 1s spectra of GO (a), CA (b) and GO@Zn–Hap@CA (c); O 1s spectra of GO (d), CA (e), Zn–Hap (f), GO@Zn–Hap@CA
(g); Ca 2p spectra of Zn–Hap (h) and GO@Zn–Hap@CA (i); P 2p spectra of Zn–Hap (j) and GO@ Zn–Hap@CA (k); Zn 2p spectra of Zn–Hap (l) and
GO@ Zn–Hap@CA (m).
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average roughness (Ra) of about 68.8 nm and root mean square
roughness (Rq) of about 111.11 nm. However, it was noticed that
(Fig. 4i) the average roughness (Ra) was increased in GO@Zn–
Hap@CA in comparison with the CA lm from 68.8 to 137.6 nm.
Additionally, a marked increment of the root mean square
roughness (Rq) was observed from 111.11 nm in the CA lm to
194.03 nm in the GO@Zn–Hap@CA composite. The increased Rq
© 2022 The Author(s). Published by the Royal Society of Chemistry
indicates the successful incorporation of Zn–Hap and GO. The
peaks of roughness in GO@Zn–Hap@CA are considered as
a hook to interlock guest molecules in aqueous environments.55,60
3.4 BET specic surface area measurements

The surface area and porosity play a signicant role in deter-
mining the adsorbent performance.61,62 Nitrogen gas adsorption–
Environ. Sci.: Adv., 2022, 1, 827–848 | 833
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Fig. 4 SEM image of Zn–Hap (a), GO (b), CA membrane (c), and the CA membrane cross section (inset); FESEM image of the GO@Zn–Hap@CA
membrane (d), FESEM image of the GO@Zn–Hap@CA membrane cross-section (e); AFM of the CA membrane 2D image (f) and 3D image (g);
AFM of the GO@Zn–Hap@CA membrane 2D image (h) and 3D image (i).
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desorption isotherms of the Zn–Hap, GO, CA and GO@Zn–
Hap@CA composite membrane are shown in Fig. 5a. Table 1
summarizes the obtained BET surface area, pore-volume, and
pore size diameter of the materials. The type of isotherms and
pores were dened according to the IUPAC (International Union
of Pure and Applied Chemistry) classication. According to
IUPAC, the pore within the porous materials is signied as
micropores (<2 nm in diameter), mesopores (2–50 nm), and
macropores (>50 nm).18 The results indicated that the Zn–Hap
and GO exhibit Type IV isotherm with a H4 type hysteresis loop,
whereas CA and GO@Zn–Hap@CA show isotherms of Type III
with a H3 type hysteresis loop (P/P0. range of 0.4 to 0.99).

The obtained BET surface area of the GO and Zn–Hap are 66
m2 g−1 and 5 m2 g−1, respectively. However, the BET surface
area of the GO@Zn–Hap@CA composite was found to be 39 m2
834 | Environ. Sci.: Adv., 2022, 1, 827–848
g−1, which is lower than that of GO, but considerably higher
than those of Zn–Hap and CA (10 m2 g−1). It is possible that CA
was wrapped on GO, and resulted in the decrease in surface area
of GO@Zn–Hap@CA compared to GO. Signicantly, in the
GO@Zn–Hap@CA composite membrane, the average pore
diameter is reduced because the large pores of CA are lled with
GO and Zn–Hap (Fig. 5b). Indeed, the obtained high surface
area is exponentially benecial for the adsorption of more heavy
metals, and the mesoporous texture facilitates the diffusion of
HMIs within the pores.

3.5.1 Effect of pH and adsorbent dosage. Since the solution
pH extensively governs the speciation of the heavy metal ion
species, and controls the protonation and deprotonation of the
surface-active sites of the adsorbents, it is regarded as a crucial
parameter in the adsorption of ionic pollutants. Fig. 6a displays
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) N2 adsorption desorption isotherms, (b) BJH adsorption pore size distribution for GO, Zn–Hap, CA membrane and GO@Zn–Hap@CA.

Table 1 BET surface area, pore volume, and average pore size
diameter of the as-synthesized GO, Zn–Hap, CA membrane and
GO@Zn–Hap@CA nanocomposite membrane

Materials
Specic area, BET
(m2 g−1)

Pore volume
BJH (cm3 g−1)

Average pore size
diameter (nm)

GO 66 0.0634 3.8
Zn–Hap 5 0.0104 8.25
Cellulose acetate 10 0.0157 5.48
GO@Zn–Hap@CA 39 0.0144 4.52

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
06

/2
02

6 
20

:4
4:

51
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the effect of pH on the Cr(VI) and Pb(II) adsorption. Another
important parameter which affects the adsorption process is the
point of zero charge (pHpzc). Generally, at that point, the surface
charges of the adsorbent are zero. Moreover, it is well known
that the adsorbent surface is positively charged to pH < pHpzc

and negatively charged to pH > pHpzc. From Fig. 6b, it is
observed that the point of zero charge of the GO@Zn–Hap@CA
composite membrane is 4.2.

Notably, chromium is found in the chromic acid (H2CrO4),
hydrogen chromate (HCrO4

−), chromate (CrO4
2−), and dichro-

mate (Cr2O7
2−) forms in aqueous solution. However, at pH < 1,

H2CrO4 exists. Furthermore, at pH values between 1 to 6.5,
HCrO4

− exists, while at pH > 6.5, CrO4
2− forms.63

The following equations64 represent the speciation of chro-
mium at different pH values:

HCrO4
− 4 CrO4

2− + H+, pKa ¼ 5.9 (19)

H2CrO4 4 HCrO4
− + H+, pKa ¼ −0.26 (20)

Cr2O7
2− + H2O 4 2HCrO4

−, pKa ¼ 2.2 (21)

The as-prepared GO@Zn–Hap@CA holds alkoxyl, carboxyl,
hydroxyl, and phosphate groups, which are easily protonated in
© 2022 The Author(s). Published by the Royal Society of Chemistry
an acidic environment. Therefore, adsorption of HCrO4
−

occurred via the electrostatic force of attraction between the
positively charged GO@Zn–Hap@CA and the negatively
charged HCrO4

−. Nevertheless, with the gradual climb of solu-
tion pH, adsorption decreases owing to the inrm protonation,
as well as electrostatic repulsion between the GO@Zn–Hap@CA
composite surfaces and the negatively-charged pollutants.
Meanwhile, precipitation of chromiummetal occurs at pH > 6.0.
Those results verify that the adsorption capacity of Cr(VI) by
GO@Zn–Hap@CA is exceedingly reliant on the solution pH.
Furthermore, the utmost adsorption capacity could be obtained
at pH ¼ 2.0. Thus, for the subsequent study, pH ¼ 2.0 was
selected as the optimum pH for Cr(VI) adsorption. Additionally,
at pH¼ 2 (below pHpzc¼ 4.2), the adsorbent surface is positively
charged and fosters the adsorption of anionic chromate ions.

In the case of Pb(II) ions, at acidic pH, hydrogen ions in
solution compete with the Pb(II) ions for adsorption sites. This
results in the trivial adsorption capacity for Pb(II) ions.65 With
the increment of pH value, the carboxyl groups in the composite
are converted to carboxylate anions.65 Hence, the electrostatic
attraction between the Pb(II) ions and GO@Zn–Hap@CA is
improved, which facilitates the adsorption of Pb(II) ions.
Moreover, the rising pH value initiates a high concentration of
OH− ions in solution, which tends to coordinate with Pb(II) ions
to form a Pb(OH)2 precipitate. With increasing pH beyond pH¼
6, PbOH+, Pb2OH

3+, Pb(OH)2, Pb(OH)42− and Pb(OH)3− are
found in the solution, while a white precipitate of Pb(OH)2 is
formed at pH 8.0.66

Therefore, according to the investigated results, pH 5.0 was
veried as the optimum pH value for the adsorption of Pb(II)
ions to avoid precipitation. Moreover, at pH ¼ 5 (above pHpzc ¼
4.2), the adsorbent surface possesses negative charges that
increase the electrostatic attraction and strong adsorption of
positive metal ions.
Environ. Sci.: Adv., 2022, 1, 827–848 | 835
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Fig. 6 (a) Effect of pH on Cr(VI) and Pb(II) adsorption (initial metal concentration 100 ppm, dose 0.05 g; contact time:100 minutes); (b) point of
zero charge graph of GO@Zn–Hap@CA; (c) effect of dose on Cr(IV) adsorption; (d) effect of dose on Pb(II) adsorption (pH 2 ¼ Cr(VI) and pH 5 ¼
Pb(II), initial metal concentration of 100 ppm, contact time of 100 minutes).
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The effect of the adsorbent dosage for Cr(VI) and Pb(II)
removal in a xed pollutant concentration (100 mg L−1) was
investigated, and the results are displayed in Fig. 6c and d.
Here, it was found that for Cr(VI) and Pb(II), the percentage of
removal increases from 37% to 73% and 40% to 72%, respec-
tively, upon increasing the adsorbent dosage from 0.01 g to
0.1 g. For adsorbent dosages from 0.01 to 0.05 mg mL−1, the
removal efficiency increases, which implies that more active
sites become available for adsorption of HMIs with the
increasing amount of adsorbent. However, upon extending the
dosages beyond 0.05 g, the removal percentage remains the
same, which indicates the existence of more adsorbent than the
xed concentration of HMIs.67,68

3.5.2 Initial concentration effect and adsorption isotherm
study. The inuence of the initial Cr(VI) and Pb(II) concentration
was explored on GO@Zn–Hap@CA Fig. 7(a and b), Zn–Hap
(Fig. S1 and S2†), GO (Fig. S3 and S4†), and CA (Fig. S5 and S6†).
Here, Cr(VI) and Pb(II) are adsorbed favorably on the GO@Zn–
Hap@CA surface at pH 2 and pH 5, respectively. From Fig. 7(a
and b), it is observed that the adsorption capacity of GO@Zn–
Hap@CA is quickly enhanced by increasing the initial concen-
tration of Cr(VI) and Pb(II) from 30 to 500 mg L−1, suggesting
that there are sufficient adsorption sites on the adsorbent.

An adsorption isothermal investigation was performed by
linear and non-linear isothermal models, where the best suited
model was determined by the regression co-efficient (R2) value.
836 | Environ. Sci.: Adv., 2022, 1, 827–848
Here, for the GO@Zn–Hap@CA composite, the regression
coefficient (R2) in the linear Langmuir and linear Freundlich
isotherm are well-tted compared to other linear isotherms for
both Cr(VI) and Pb(II). However, the R2 value in the linear
Freundlich isotherm is close to �1 compared to the linear
Langmuir isotherm, indicating that the linear Freundlich
isotherm is better tted for Cr(VI) and Pb(II) adsorption. Fig. 7c
and d shows the liner tting Freundlich isotherm of Zn–Hap,
GO, CA and GO@Zn–Hap@CA for Cr(VI) and Pb(II) adsorption.
The plots of all other linear isotherms, including Langmuir,
Temkin and Dubinin–Radushkevich (Dub–Rad) models, are
provided in Fig S7 and S8.† The value of the parameters of the
linear isotherms are shown in Table 2. Notably, the linear
Langmuir adsorption capacities of Cr(VI) onto Zn–Hap, GO, CA,
and GO@Zn–Hap@CA were 78 mg g−1, 87 mg g−1, 113 mg g−1,
and 384 mg g−1 at room temperature. For Pb(II), the linear
Langmuir adsorption capacity onto Zn–Hap, GO, CA, and
GO@Zn–Hap@CA were 86 mg g−1, 96 mg g−1, 120 mg g−1, and
400 mg g−1 at room temperature. Comparing with Zn–Hap, GO,
and CA, the fabricated GO@Zn–Hap@CA showed signicant
increment in adsorption capacity for both Cr(VI) and Pb(II) due
to the presence of abundant functional groups. Markedly,
although GO had a higher surface area than GO@Zn–Hap@CA,
GO behaved differently in aqueous solution.

GO sheets tend to restack, which may have reduced the
abundancy of functional groups for adsorbing metal ions in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of the initial Cr(VI) (a) and Pb(II) (b) concentrations on the adsorption capacity and removal efficiency. Linear fitting of the Freundlich
isotherm for Cr(IV) (c) and Pb(II) (d). Non-linear fitting of the Freundlich isotherm for Cr(VI) (e) and Pb(II) (f) of Zn–Hap, GO, CA and GO@Zn–
Hap@CA; (pH 2 ¼ Cr(VI) and pH 5 ¼ Pb(II),dose 0.05 g; contact time: 100 minutes).

Table 2 Linear isotherm rate constant and regression coefficient value for different models

Isotherms Parameter

Chromium Lead

Zn–Hap GO CA membrane GO@Zn–Hap@CA Zn–Hap GO CA membrane GO@Zn–Hap@CA

Langmuir qmax (mg g−1) 78 87 113 384 86 96 120 400
KL (L mg−1) 97 119 140 3908 191 437 84 3358
R2 0.9655 0.9513 0.9801 0.9683 0.9766 0.9982 0.9559 0.9572

Frendlich KF (mg g−1) 11.5 5.4 4.03 21.5 13.3 6.9 2.2 22.8
n 3.2 2.19 1.55 1.88 3.3 2.1 1.55 2
R2 0.9864 0.9489 0.9848 0.9800 0.9889 0.8914 0.9848 0.9975

D–R Qm (mg g−1) 81 63 60 240 67 68 99 240
KDR (mol2 Kj−2) 1 � 10−6 6 � 10−6 1 � 10−6 4 � 10−7 5 � 10−7 5 � 10−6 4 � 10−6 4 � 10−7

R2 0.9237 0.9491 0.9873 0.8829 0.8903 0.9525 0.9942 0.8849
Temkin A (unitless) 10 14 19 53 15 20 10 73

KT (L mg−1) 1.7 2.2 5.8 1.4 2.5 2.01 8.48 1.7
b (kJ mol−1) 217 158 117 42 148 108 207 30
R2 0.9386 0.937 0.941 0.8742 0.8954 0.9393 0.9957 0.8577

© 2022 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2022, 1, 827–848 | 837
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comparison with the composite. The results have revealed that
for Cr(VI) and Pb(II), the maximum adsorption capacity of
GO@Zn–Hap@CA is 384 mg g−1 and 400 mg g−1 at room
temperature, respectively. This indicates that GO@Zn–Hap@CA
has enough adsorption sites, and consequently can reach
saturation at a higher Cr(VI) and Pb(II) concentration.

Moreover, in the case of the non-linear isotherm, only the
non-linear Freundlich isotherm is well tted for the composite
compared to the other studied isotherms. Fig. 7e and f show the
non-linear Freundlich isotherms for Cr(VI) and Pb(II) adsorption
on GO, Zn–Hap, CA and GO@Zn–HAP@CA, respectively. The
values of the parameters of the non-linear isotherms are
provided in Table S1.† Importantly, for both linear and non-
linear Freundlich isotherms, the maximum adsorption
Fig. 8 Effect of contact time on the adsorption of Cr(VI) (a) and Pb(II) (b) o
kinetic model for Cr(VI) (c) and Pb(II) (d). Linear fitting of the pseudo seco

838 | Environ. Sci.: Adv., 2022, 1, 827–848
capacity (Kf) of the GO@Zn–HAP@CA composite is higher than
that for Zn–hap, GO and CA, which highlights the increment of
adsorption sites in the designed GO@Zn–Hap@CA composite.
Thus, the results support the multilayer coverage by the metal
ions because of the porosity of the GO@Zn–Hap@CA. More-
over, the n value (1.88 for Cr(VI) and 2 for Pb(II)) in the linear
Freundlich isotherm is greater than 1, demonstrating the
favorable adsorption phenomenon.

3.5.3 Effects of the contact time and adsorption kinetics
study. The effect of the contact time on the Cr(VI) and Pb(II)
adsorption is shown in Fig. 8a and b (Cr(VI) concentration: 30–
100 mg L−1 at pH 2.0, Pb(II) concentration: 30–100 mg L−1 at pH
5.0). It was observed that the adsorption capacity increased
rapidly within the rst 30 minutes. Aerward, it continued to
nto GO@Zn–HAP@CA. Non-linear fitting of the pseudo second order
nd order kinetic model for Cr(VI) (e) and Pb(II) (f).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of the equilibrium time with other adsorbents of various studies in the literature

Adsorbent Adsorbate Equilibrium time Adsorption condition Ref.

CA–PCL/CS core–shell
nanobrous adsorbent

Chromium 240 minutes Metal ion concentration of
200 ppm, adsorbent dosage
of 1 g L−1, and pH ¼ 3

69

rGO/PEI-KOH Chromium 24 hours Metal ion concentration
of100 ppm, adsorbent
dosage 1 mg mL−1, pH ¼ 2

70

Fe3O4@n-HAp Chromium 70 minutes Metal ion concentration of
100 ppm, adsorbent dosage
of 0.1 g

71

HAP/Clin/NH2 Chromium 120 minutes Metal ion concentration of
50 ppm, adsorbent dosage of
0.05 g, pH ¼ 7

72

GO@Zn–Hap@CA Chromium 50 minutes Initial metal concentration
¼ 100 ppm dosage ¼ 0.05 g,
pH ¼ 2

This study

20 wt% HAp/Chitosan
nanocomposite

Lead 210 minutes Metal ion concentration of
2000 ppm, adsorbent dosage
of 0.1 g, pH ¼ 4

73

Modied CA Lead 90 minutes Initial metal concentration
¼ 10 mg L−1, pH ranged
from 4.5 to 5.0, dosage ¼ 0.5
g L−1

74

MGO@TNs Lead 3 hours Initial concentration ¼
100 ppm, pH ¼ 5.0

75

Glutathione-
functionalizedNiFe2O4/
graphene oxide

Lead 90 minutes Initial concentration ¼
10 ppm dosage ¼ 10 mg, pH
¼ 5

76

GO@Zn–Hap@CA Lead 60 minutes Initial metal concentration
¼ 100 ppm dosage ¼ 0.05 g,
pH ¼ 5

This study
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increase slowly and reached equilibrium at about 50 minutes
for Cr(VI) and 60 minutes for Pb(II). In comparison to other
adsorbents reported in various studies in the literature, our
designed composite exhibits removal of HMIs in a short period
of time. Table 3 represents the equilibrium time of different
adsorbents published by other research groups for chromium
and lead adsorption. Briey, most of the adsorbents reached
equilibrium aer 60 minutes, which exceeds our equilibrium
time for the particular adsorption conditions. Hence, our
prepared GO@Zn–Hap@CA composite adsorbent is regarded as
holding an ultrafast removal capacity in comparison to other
adsorbents reported in different studies in the literature.

The kinetics of adsorption of Cr(VI) and Pb(II) onto
GO@Zn–Hap@CA were evaluated with both linear and non-
linear pseudo-rst order, pseudo-second order, and Elovich
models by tting the batch adsorption data. By evaluating the
regression coefficient (R2), it is suggested that the pseudo
second order kinetic model of both linear and non-linear
isotherms is best suited with the experimental data in
comparison to the other kinetic models. The nonlinear and
linear ttings of the pseudo second order kinetic model for
Cr(VI) and Pb(II) are displayed in Fig. 8c–f. The other studied
kinetics models are presented in Fig. S9–S12.† Furthermore, the
calculated adsorption capacity (qm cal) for both Cr(VI) and Pb(II)
in the linear and non-linear pseudo-second order kinetic
models is closer to that obtained in the experimental data.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Thus, the result indicated that the pseudo-second-order model
is well-tuned with the experimental data for both Cr(VI) and
Pb(II) adsorption. All of the linear kinetics parameters are
recorded in Table 4, and the non-linear kinetics parameters are
in Table S2.†

3.5.4 Adsorption mechanism. In the composite, there may
occur intramolecular and intermolecular H-bonding interac-
tions among the COOH–, OH– of CA, COOH–, OH– functional
groups of GO and OH– and PO42− of Zn–Hap. In this study, FT-
IR was applied to better understand the adsorption mechanism
of Cr(VI) and Pb(II) on GO@Zn–Hap@CA. The composite
exhibits peaks at 3261.8 cm−1, 1587.8 cm−1, 1412.6 cm−1, and
1021.2 cm−1. The discrepancy of the identied functional
groups directs the mechanism of adsorption.4 Fig. 9a shows the
FT-IR spectra of GO@Zn–Hap@CA before and aer treating
with Cr(VI) solutions at pH ¼ 2 and Pb(II) solutions at pH ¼ 5.
The functional peaks of GO@Zn–Hap@CA show a range of
degrees of red and blue shis, signifying that the functional
sites are involved in the adsorption process. Specically, when
the adsorption process proceeds, the metal ions in the solution
chelate with the carboxyl and hydroxyl groups of the GO and CA
polymer via partly ionic and partly coordinate bonds.77,78 Addi-
tionally, HCrO4− can attach to the GO@Zn–Hap@CA hetero-
structure through hydrogen bond.

XPS analysis was used to further elucidate the adsorption
mechanism of Cr(VI) and Pb(II) on GO@Zn–Hap@CA. Fig. 9b
Environ. Sci.: Adv., 2022, 1, 827–848 | 839
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Table 4 Different linear kinetic model parameters for Cr(VI) and Pb(II) adsorption

Kinetic model and parameter Chromium Lead

Concentration 30 ppm 50 ppm 100 ppm 30 ppm 50 ppm 100 ppm
Experimental qe (mg g−1) 43.8 72 136.5 43.8 67.5 124.5
Pseudo rst order (PFO)
qecal (mg g−1) 2.06 5.19 4.09 2.05 3.76 5.59
K1 (min−1) −0.00013 0.000141 −1.27 � 10−4 −0.00016 −0.00012 −1.56 � 10−4

R2 0.7053 0.867 0.8705 0.8096 0.8598 0.9565

Pseudo second order (PSO)
K2 (g mg−1 min−1) 0.011076 0.00112 0.003433 0.01676 0.003237 0.00186
qe cal (mg g−1) 44.84 80.6 138.8 44.4 70.4 129.8
R2 0.9993 0.9946 0.9998 0.9999 0.9993 0.9991

Elovich kinetic model
a (mg g−1 min−1) 0.207 0.0623 0.093006 0.37669 0.0981 0.0769
b (g mg−1) 4.8544 � 1011 1917.5 9.34255 � 1040 2.08606 � 1015 1.54274 � 1012 1.06042 � 1031

R2 0.745 0.9541 0.9473 0.907 0.913 0.9742

Fig. 9 (a) FTIR analysis after adsorption of Cr(VI) and Pb(II) on GO@Zn–Hap@CA; XPS survey spectrum of Cr(VI) and Pb(II) adsorbed GO@Zn–
Hap@CA (b); XPS deconvoluted Cr 2p spectra (c) and Pb 4f spectra (d).
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demonstrates the survey spectrum of the Cr(VI) and Pb(II) loaded
GO@Zn–Hap@CA composite. Aer Cr(VI) adsorption, in
contrast with the XPS spectrum of GO@Zn–Hap@CA (Fig. 2),
a new peak of binding energy (B.E) 577 eV arises in the
GO@Zn–Hap@CA-Cr(VI) spectrum (Fig. 9b), which veries the
presence of chromium. The Cr 2p spectrum (Fig. 9c) is decon-
voluted into peaks at 576.86 eV and 586.41 eV, which resembles
840 | Environ. Sci.: Adv., 2022, 1, 827–848
the Cr 2p3/2 and Cr 2p1/2 states of Cr(III), while the peaks at
581.78 eV correspond to the Cr 2p3/2 state of Cr(VI).79 In the
composite, there exists abundant amounts of carboxyl groups
from GO and CA, and hydroxyl groups from Zn–Hap, GO and
CA. The excessive amount of –C]O, –OH groups can be readily
protonated in the acidic environment that contributes to the
reduction of Cr(VI) to Cr(III), which is less toxic than Cr(VI).70 The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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following mentioned redox reactions are suggested to have
involvement in the reduction of Cr(VI) to Cr(III).80

R-CH2-OH + Cr(VI) / R-(C]O) H + Cr(III) (22)

R-(C]O) H + Cr(VI) / R-COOH + Cr(III) (23)

Moreover, in the presence of a p-electron donor, the six-
member aromatic ring of GO, more Cr(VI) was profoundly
reduced to Cr(III) in the acidic media. Therefore, the intensity of
signal for Cr(VI) was found to be lower than Cr(III). The succes-
sive reduction of Cr(VI) to Cr(III) occurred by the following
reactions:79

HCrO4
− + 7H+ + 3e− / Cr3+ + 4H2O (24)

Cr2O7
2− + 14H+ + 6e− / 2Cr3+ + 7H2O (25)

In similar context, aer Pb(II) adsorption (Fig. 9b), the
characteristic peaks are detected for Pb 4d, Pb 4f, Pb 5d, at
binding energies of 434 eV, 140 eV and 18 eV, respectively which
conrms the adsorption of Pb(II) onto the GO@Zn–Hap@CA
surface. Moreover, the high-resolution deconvoluted spectra at
138.9 eV and 143.5 eV in Fig. 9d are linked to the Pb 4f7/2 and Pb
4f5/2 states of Pb(II) adsorbed on the composite surface.81,82

Noticeably, aer adsorption of HMIs, all other deconvoluted
spectra of C1s, O 1s, Ca 2p, P 2p, and Zn 2s (Fig. S13 and S14†) of
the HMIs loaded-composite show a slight shiing in the
Fig. 10 Schematic representation of the mechanism of interaction with

© 2022 The Author(s). Published by the Royal Society of Chemistry
binding energy compared to the composite before adsorption.
Hence, the involvement of these groups in the adsorption
phenomenon is veried.

Moreover, FESEM-EDX analysis of chromium (Fig. S15a†)
and lead (Fig. S15b†) adsorbed on GO@Zn–Hap@CA discloses
the presence of chromium and lead elements in the hetero-
structure. Fig. 10 illustrates the mechanism of adsorption of
metal ions on GO@Zn–Hap@CA. Briey, it is suggested that
three types of features (including electrostatic, H-bond, and
chelate formation) between the metal ions and adsorbate
govern the removal of Cr(VI) and Pb(II) from aqueous media.

3.5.5 Effects of Co-existing ions. Real wastewater typically
contains a variety of cations and anions that affect the adsorp-
tion performance of the target metal ions. The inuence of co-
existing negative ions (anions: SO4

2, Cl−, NO3
−, HCrO4

−) and
positive ions (cations: Cd2+, Cu2+, Mn2+, Pb2+) has been exam-
ined for their effects on Cr(VI) and Pb(II) adsorption by GO@Zn–
Hap@CA. The concentrations of Cr(VI) and Pb(II) solutions were
kept at 100 mg L−1. Here, other co-existing ions weremixed with
varying concentrations of both anions and cations from
a concentration range of 10–30 mg L−1 at pH¼ 2.0 for Cr(VI) and
pH ¼ 5 for Pb(II).

From the experiment, it is evidently observed in Fig. 11a that
cations (Cd2+, Cu2+, Mn2+, Pb2+) did not interfere with Cr(VI)
adsorption on GO@Zn–Hap@CA at pH ¼ 2. This is because of
the fact that at lower pH, the adsorption surface is positively
charged. This implies that there was repulsion between the
Cr(VI) and Pb(II).

Environ. Sci.: Adv., 2022, 1, 827–848 | 841
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Fig. 11 (a) Effect of co-existing ions on Cr(VI) removal by GO@Zn–Hap@CA. (b) Effect of co-existing ions on Pb(II) removal by GO@Zn–Hap@CA.
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positively charged cations on the adsorbent surface, thus facil-
itating the adsorption of the negatively charged chromate.
Moreover, SO4

2−, Cl−, and NO3
− are low affinity ligands,83 which

implies less adsorption, and thus less competition with Cr(VI)
ions at their lower concentration. Hence, adsorption of Cr(VI) by
GO@Zn–Hap@CA is slightly decreased (from 73% to 71% for
Cl−, from 73% to 71% for NO3

−, and from 73% to 65% for
SO4

2−) at 30 ppm co-existing ions. Thus, the results signify the
promising potency of the adsorbent.

In the case of Pb(II) (Fig. 11b), the percentage removal of
Pb(II) was not changed when the concentration of the co-
existing cations (Cd2+, Cu2+, Mn2+) was increased up to
20 ppm. However, the concentration was decreased slightly
(from 72% to 65% for Cu2+, 72% to 68% for Cd2+, 72% 70% for
Mn2+) when it increased to 30 ppm. This may be because of the
competition for the active sites on the adsorbent. Mainly, the
characteristic covalent index (X2

mr, where Xm denes the elec-
tronegativity and r denotes the ionic radius) governs the selec-
tive adsorption of Pb(II) by GO@Zn–Hap@CA. The larger the
842 | Environ. Sci.: Adv., 2022, 1, 827–848
value of X2
mr, the more the metal ions favorably interact with

the active functional sites.84 Notably, the covalent index is
decreased in the following order: Pb (6.41) > Cu (2.98) > Cd
(2.71) > Mn(II) (1.97),85 indicating that Pb(II) has an intense
attraction to the functional sites of the adsorbent when
compared to Cu, Cd, and Mn. In the case of the coexisting
anionic species (SO42, Cl−, NO3− HCrO4

−) at pH ¼ 5, the
adsorbent surface is negatively charged, which generates
repulsion between the negatively charged surface and anions.
This situation promotes the easy adsorption of positive Pb(II)
metal ions. These results recommended that Pb(II) could be
successfully removed using GO@Zn–Hap@CA, despite the
existence of inferring ions.

3.5.6 Regeneration and reuse of GO@Zn–Hap@CA. The
recyclability of adsorbents is an important aspect, particularly
with regard to energy consumption, economic efficiency and
environmental sustainability. Hence, an experiment was carried
out on multi-cycle to evaluate the potency of GO@Zn–Hap@CA
with regard to the repetitive adsorption of Cr(VI) and Pb(II).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Removal efficiency of Cr(VI) ions of each cycle after desorption with NaOH. (b) Removal efficiency of Pb(II) ions of each cycle after
desorption with HCl.

Table 5 The maximum adsorption capacity of Cr(VI) and Pb(II)
compared with other reported work

Adsorbate Adsorbent Qmax Ref.

Chromium RGO/Hat hybrid composite 45.2 86
Chitosan graed GO
nanocomposite

292.8 87

Chitosan/GO 310.4 88
Sr-Hap 443 89
RGO-PEI-KOH 398.9 31
GO@Zn–Hap@CA 384 This study

Lead GO from waste dry cell battery 55.8 90
GO/alginate hydrogel 118.6 4
Nanohydroxyapatite 192.3 91
Mg–Hap 218 34
EDTA functionalized magnetic GO 268.4 92
GO@Zn–Hap@CA 400 This study
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GO@Zn–Hap@CA was regenerated using 30 mL of different
concentrations of (0.1 M and 0.5 M) NaOH and (0.1 M and 0.5
M) HCl for Cr(VI) and Pb(II), respectively. Here, a low concen-
tration of solvent was used, as an extremely higher concentra-
tion may destroy the structure of the exhausted adsorbent. To
inspect the competence of the regenerated adsorbents,
GO@Zn–Hap@CA was washed with deionized water and air
dried. Next, the regenerated adsorbents were used for the
adsorption of Cr(VI) and Pb(II) at 100 mg L−1 for 100 minutes.

Fig. 12 illustrates that the removal% of HMIs is more when
a high concentration solvent is used for desorption. It is plau-
sible that the amount of hydrogen ions and hydroxyl ions is
responsible for the desorption effectiveness via ion exchange
process with positively charged and negatively charged metal
ions. Herein, the Cr(VI) removal (%) was decreased from 73% to
69% from the rst cycle to the third cycle when 0.5 M NaOH was
used. Pb(II) removal (%) was decreased from 72% to 70% from
the rst cycle to the third cycle when 0.5 M HCl was used. This
decrease in adsorption efficiency is possibly because of the
partial desorption, as well as irreversible chelate formation, of
Cr(VI) and Pb(II) onto the GO@Zn–Hap@CA surface. Therefore,
© 2022 The Author(s). Published by the Royal Society of Chemistry
it is evident that the GO@Zn–Hap@CA could be reused for the
removal of Cr(VI) and Pb(II) from polluted water for up to three
consecutive cycles. Table 5 shows the comparison of different
Environ. Sci.: Adv., 2022, 1, 827–848 | 843
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GO, doped hap-based adsorbents for chromium and lead
removal with the new developed adsorbent. It is clearly evident
from Table 5 that the GO@Zn–Hap@CA exhibits high adsorp-
tion capacity (qmax), and therefore endows extreme potentials
for the removal of the Cr(VI) and Pb(II) ions from aqueous media.

4 Conclusions

In summary, GO@Zn–Hap@CA was successfully fabricated in the
form of a well-built structure. The crosslinking interaction via
intramolecular and intermolecular H-bonds within the molecules
of the GO@Zn–Hap@CA heterostructure was conrmed by FT-IR
and XPS. A remarkable average roughness (Ra) of about 137 nm
and root mean square roughness (Rq) of about 194 nm are
credited for the favorable decrease of Cr(VI) and Pb(II) ions from
aqueous solution. Notably, the high surface area andmesoporous
texture of about 4.52 nm also enhanced the removal of Cr(VI) and
Pb(II) ions. Batch adsorption experiments conrmed that
GO@Zn–Hap@CA possesses a high linear Langmuir adsorption
capacity, 384 mg g−1 for Cr(VI) at pH¼ 2 and 400 mg g−1 for Pb(II)
at pH ¼ 5. Moreover, rapid removal of Cr(VI) and Pb(II) was
observed within 50 minutes and 60 minutes, respectively. The
adsorption process was tted well to the linear and non-linear
pseudo-second-order models and linear Freundlich model.
Signicantly, the mechanism of adsorption by XPS indicates the
adsorption of lead and chromium to the functional sites, and
affirms the reduction of toxic chromium(VI) to the less toxic Cr(III).
Effects of the co-existing ions reveal that up to 20 ppm concen-
tration of co-existing ions had no impact on the adsorption
potency. In addition, aer three adsorption–desorption cycles, the
GO@Zn–Hap@CA exhibits 69% and 70% removal efficiency of
Cr(VI) and Pb(II), respectively, signifying its excellent recyclability.
This work offers a new heterostructured adsorbent to eliminate
the potentially hazardous heavy metals from wastewater.
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P. Krawczyk, Graphene material preparation through
thermal treatment of graphite oxide electrochemically
synthesized in aqueous sulfuric acid, RSC Adv., 2017, 7(32),
19904–19911.

45 A. M. Pandele, A. Constantinescu, I. C. Radu, F. Miculescu,
S. Ioan Voicu and L. T. Ciocan, Synthesis and
characterization of pla-micro-structured hydroxyapatite
composite lms, Materials, 2020, 13(2), 274.

46 I. Langmuir, The adsorption of gases on plane surfaces of
glass, mica and platinum, J. Am. Chem. Soc., 1918, 40(9),
1361–1403.
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