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ABSTRACT

In this work, hydroxyapatite/graphene oxide hybrid composites (HAP/GO) were prepared from
eggshell by solvothermal method, which was mainly used as adsorbents for Cr(VI) removal in
wastewater. The effect of graphene oxide (GO) on the structure and removal efficiency of HAP/

GO was discussed. The results showed that the Cr(VI) removal of HAP/GO

L0, €an reach more than

90% within 1 h, and the adsorption conforms to the first-order kinetics. It was found that the addi-
tion of GO changed the pore size distribution of HAP/GO and improved Cr(VI) removal. It can
be concluded that the swelling of GO in aqueous solution leads to an increase in the interaction
between the dissociated carboxyl groups and Cr(VI), thereby improving the adsorption efficiency.
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1. Introduction

Soil and groundwater are key components in the sus-
tainable management of the subsurface environment [1].
Chromium is a silver white hard metal, mainly in the form of
metal chromium, chromate. It is one of the most useful and
dangerous materials and has been widely used in metal and
chemical industries, such as steel, chemical, leather, textile
manufacturing and electroplating [2—4]. Chromium metal
ions have various valence states. Trivalent chromium is an
essential trace element for human body, which is closely
related to lipid metabolism, while hexavalent chromium
has strong mutagenicity and carcinogenicity. Hexavalent
chromium is an ingestive or inhalation toxicant, and its tox-
icity is 100 times higher than that of trivalent chromium [5].
It is a carcinogen released by the International Center for
Anticancer Research and the United States Toxicological
Organization [6]. It can convert haemoglobin into methae-
moglobin and disturb the oxidation, reduction and hydro-
lysis process in vivo [7]. Hexavalent chromium has a strong
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damage to the skin, skin contact with hexavalent chromium
will appear dermatitis and eczema and other allergic reac-
tions. The residual hexavalent chromium in the leather can
be absorbed through the skin and respiratory tract, caus-
ing damage to the stomach, liver and kidney functions, and
may also hurt the eyes, resulting in retinal haemorrhage,
optic atrophy and other adverse consequences [8].

According to relevant regulations, the hexavalent chro-
mium content in industrial effluent cannot exceed 0.5 mg/L.
Since 2008, the motor electronic equipment shall not contain
hexavalent chromium [9]. In the test of heavy metal ions in
related sewage [10]. As for the metal hexavalent chromium
content is not more than 0.1 mg/kg. The content of hexava-
lent chromium in leather cannot exceed 3 mg/kg [11-13].
It can also be seen from these provisions that hexava-
lent chromium is not uncommon in life and is used in
many industrial products.

In recent years, both domestic and foreign, for hexavalent
chromium emission standards are very strict. The reason for
this limitation is that hexavalent chromium is an extremely
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toxic substance [14-16]. If hexavalent chromium is contained
in water, the impact on human beings, livestock and crops
is great. Many methods have been developed for hexava-
lent chromium ion treatment, among which liquid-liquid
extraction method, chemical precipitation method, reverse
osmosis method and dialysis method are chromium removal
[17]. Adsorption method is an ideal method with high effi-
ciency and low cost for removing Cr(VI). In recent years, the
adsorption technology of toxic metal ions and the design and
synthesis of new adsorbents have attracted wide attention.
Several adsorbents for removing Cr(VI) were developed.
However, most studies on adsorbents are only based on
academic interest. In fact, biocompatibility will make this
material have practical application value [18].
Hydroxyapatite is a promising adsorbent material. It has
special crystal chemical characteristics, good ion exchange
performance, and can treat heavy metal ions and organic
polymer pollutants in industrial wastewater [19]. It has a
wide range of metal ions and good coordination with the
environment not cause secondary pollution [20]. However,
the adsorption capacity is limited. To improve the adsorp-
tion capacity of hydroxyapatite (HAP), it is necessary to
design composites based on HAP. Because of the hydro-
philic character, graphite oxide (GO) can be easily dispersed
in water and other polar solvents, and GO can also be used
as an adsorbent. Furthermore, the hydrophilic functional
groups make graphene oxide easy to hybridize with other
materials to form composites with a single layer structure
and excellent specific surface area, resulting in considerable
adsorption capacity [21]. The formation of hydroxyapatite/
graphene oxide hybrid composites (HAP/GO) composite is
expected to improve the adsorption capacity of Cr(VI).
Among kinds of synthesis of HAP, the calcium source
is usually calcium carbonate, which is expensive to apply
to wastewater treatment. Reducing the synthesis cost is
expected to broaden the application scope of HAP. In the
food industry, eggs are processed in a large amount, and
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Fig. 1. Synthesis and adsorption of HAP/GO.

many eggshells need to be processed every day. For example,
a factory that processes 100,000 tons of eggs annually pro-
duces about 13,000 tons of eggshells. On average, there are
dozens of tons per day. Not only are these eggshells ineffec-
tive, they also cost money to dispose of. The main compo-
nent of eggshells is calcium carbonate, which is as high as
96%. Therefore, choosing eggshells as calcium sources and
converting them into products for wastewater treatment is
expected to explore the commercial value of eggshells.

Inspired by this, eggshell was selected as calcium source
to prepare HAP/GO, as shown in Fig. 1. The formation of
HAP/GO composite is expected to improve the adsorption
capacity of Cr(VI). The adsorption of Cr(VI) on HAP/GO
was synthesized. The synthesis and adsorption of HAP/GO
are shown in Fig. 1.

2. Experimental section
2.1. Chemicals, materials and instruments

The eggshells are collected in the school cafeteria. After
cleaning, the inner membrane of the eggshells is carefully
peeled off. After drying at 60°C for 48 h, the eggshells are
ground into powder in a mill for use. Graphite (Aladdin, ana-
lytically pure), NaNO,, concentrated sulfuric acid, KMnO,,
H,O,, NH,H PO, anhydrous ethanol, dibenzoylhydrazine,
acetone, ethylenediaminetetraacetic acid (EDTA), phos-
phoric acid, K,CrO, are all National Pharmaceutical Factory,
analytically pure.

500 mL three-necking flask, 100 mL constant pressure
dropping funnel, 100°C mercury thermometer, sand core fun-
nel, electronic balance, 85-2 type constant temperature mag-
netic agitator (Shanghai Sile Instrument Co., Ltd., Shanghai),
DE-101S collector constant temperature heating magnetic
agitator (Henan Gongyi Yuhua Instrument Co., Ltd., Henan),
800B type centrifuge (Shanghai Anting Scientific Instrument
Factory, Shanghai), ultrasonic cleaning machine (Kunshan
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Ultrasonic Instruments Co., Ltd., Kunshan), 101-A type of
electrothermal blowing (Beijing Everlasting Light Medical
Instrument Factory, Beijing), ultraviolet-visible spectropho-
tometer (Shanghai Instrument Analysis Instrument Co.,
Ltd., Shanghai), SHZ-D (IIl) circulating water vacuum pump
(Henan Gongyi City Instrument Co., Ltd., Henan, China
(Guohua Electric Co., Ltd., China)), speed control multi-
purpose oscillator (Guohua Electric Co., Ltd., China).

2.2. Synthesis of materials
2.2.1. Synthesis of GO

There are some modifications to the method of prepar-
ing GO according to the literature [22]. The specific method
is as follows: 0.5 g graphite, 0.5 g NaNO, are added to a
three-necked flask, 23 mL concentrated H,SO, is slowly
added, ice bath (0°C + 5°C), magnetic stirring for 15 min,
while slowly adding 4 g KMnO,, 35°C * 5°C water bath,
stirring for 2 h, slowly adding 40 mL water, transferring to
90°C + 5°C oil bath, stirring for 1 h; adding 100 mL water,
3 mL H,O,, stirring for 1~2 min, stop the reaction and fil-
ter with sand while it is hot. After suction filtration, add
about 100 mL to disperse the precipitate in water centri-
fuge. After centrifugation, discard the supernatant, remove
the bottom precipitate, place it in a watch glass, and put
it in an oven 48 h, the temperature is controlled at 60°C.

2.2.2. Synthesis of HAP

25 mL of 0.1 g/mL NH,H,PO, was added to 0.3 g of
eggshell powder and placed in a polytetrachloroethylene
reactor, and reacted at 120°C for 24 h. After the reaction is
completed, the product is alternately filtered with distilled
water and absolute ethanol. Finally, it was dried in an oven
at 60°C for 24 h.

2.2.3. Synthesis of hybrid material HAP/GO

0.05 g graphene oxide (GO) was dispersed in 25 mL
of 0.1 g/mL NH,H,PO,, and 0.3 g eggshell powder was
added and placed in a polytetrachloroethylene reactor at
120°C for 24 h, respectively. After the reaction was com-
pleted, the product was filtered alternately with distilled
water and anhydrous ethanol, and finally dried in an oven
at 60°C for 24 h.

2.3. Characterization

The HAP and hybrid materials GO/HAP were character-
ized by X-ray diffraction (XRD), infrared and SEM.D/max-
IIC X-ray diffractometer (Shimadzu Corporation, Japan).
Single-frequency infrared spectrophotometer (PerkinElmer,
USA) EPMA-8705QH2 scanning electron microscope
(Shimadzu Corporation, Japan).

2.4. Determination of Cr(VI) concentration

0.2 g of diphenylcarbazide was weighed, dissolved in
50 mL of acetone, and transferred into a 100 mL volumet-
ric flask. Add 1% of EDTA 2.5 mL to the above solution,

evenly mixed and stored in a brown bottle refrigerator.
Mixing agent: respectively configure 1:1 sulfuric acid and
1:1 phosphoric acid, and then mix the two in equal volume.
The reference experiment procedure is the same as the
“Water and Wastewater Monitoring and Analysis Method”
of the National Environmental Protection Agency. Several
50 mL colorimetric tubes were added with 100 mg/L Cr(VI)
standard solution of 0.00, 0.20, 0.50, 1.00, 2.00, 4.00, 6.00,
8.00, and 10.00 mL, respectively. The tubes were diluted
with water to the standard line and shaken evenly with
1 mL mixed acid. Then 2 mL chromogenic agent was
added and shaken evenly with a plug. Place 10 min colo-
rimetric dish, at 540 wavelength, with water as reference,
determination of absorbance A.

2.5. Comparison of the adsorption properties of HAP and
HAP/GO hybrid materials for Cr(VI)

Prepare Cr(VI) solutions with concentrations of 4.0, 3.5,
3.0, 2.5, 2.0, 1.5, 1.0, and 0.5 mg/L, respectively. Take two
4 mL portions for each group of different concentrations;
divide into two groups, one group is added with 0.01 g of
hydroxyapatite, and the other group is added with 0.01 g of
graphene oxide and hydroxyapatite hybrid material. Then,
the sixteen groups of solution were placed in oscillation for
an hour, centrifuged, each group of solution 2 mL super-
natant, diluted to 25 mL with water, and then added 1 mL
mixed acid, and then added 2 mL display agent. Finally,
standing for 10 min, with water as the reference, the absor-
bance was measured and recorded at 540 nm.

2.6. Discussion on isothermal adsorption mode

Add 50 mL of Cr(VI) with a concentration of 3.0 mg/L to
two 100 mL Erlenmeyer flasks, then add 0.2 g HAP material
and HAP/GO hybrid material, magnetically stir, take out
4 mL centrifugation every 10 min After centrifugation,
take out 2 mL of the supernatant, dilute to a constant vol-
ume of 25 mL, add 1 mL of mixed acid, and then add 2 mL
of color reagent, close the plug and shake to measure its
absorbance. During the whole process, the temperature of
the solution is controlled at 19°C. Process the experimental
data and explore its isotherm adsorption mode.

2.7. Relationship between HAP/GO adsorption of Cr(VI)
ion and time

Put 0.01 g of graphene oxide and hydroxyapatite
hybrid material into the reagent bottle, and then add 4 mL
of 3 mg/L Cr(VI) solution. Prepare six parts of the above
solution and place them in a shaker to oscillate at the
same time. A reagent bottle was taken out every 10 min,
and the supernatant was taken out and centrifuged. Then,
2 mL of the supernatant after centrifugation was taken and
put into a colorimetric dish for further use. When the six
test bottles were taken out, the six colorimetric dishes were
put into 2 mL liquid, and the distilled water was added to
the six test bottles to dilute 25 mL, then 1 mL mixed acid
was added, and 2 mL chromogenic agent was added.
Finally, standing for 10 min, with water as the reference, the
absorbance was measured and recorded.
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3. Result and discussion
3.1. Characterization

The XRD characterization of HAP and HAP/GO is
shown in Fig. 2a. The characteristic diffraction peaks of
HAP are consistent with those reported in the literature,
indicating that HAP was successfully synthesized from
eggshells. The characteristic diffraction peaks of HAP are
completely retained in HAP/GO, indicating that the basic
crystal structure of HAP may still be retained in the hybrid
material. However, the characteristic diffraction peaks
of HAP and HAP/GO are different at small angles. HAP/
GO has a slight difference between 10% and 20%, indi-
cating that the addition of GO has a certain effect on the
structure.

The infrared characterization of HAP/GO is shown in
Fig. 2b. In the infrared spectrum of HAP, the characteris-
tic vibration peaks at 3,570 and 634 cm™ are the charac-
teristic absorption peaks of -OH, and the characteristic
absorption peaks of PO} at 1,095; 963 and 603 cm™ are
the characteristic absorption peaks of PO}~ Therefore, it is
further proved that the basic structure of HAP is retained
in HAP/GO. However, HAP/GO is significantly different
between 4,000 and 3,000 cmm™!, which further confirms that
the addition of GO has a certain influence on the struc-
ture. And, the higher the content of GO, the red shift of
the characteristic peaks in this area to a great extent. It is
worth noting that GO has a characteristic absorption peak
at 1,703 cm™, which belongs to the -COOH of GO, but the
characteristic peak here is difficult to observe in HAP/GO.
It is inferred that the reason may be due to the -COOH
and —COOH in GO. The -COOH in HAP has an effect.

The surface condition of HAP and hybrid material
HAP/GO observed by scanning electron microscope (SEM)
is shown in Fig. 3. The shape characteristics of HAP and
HAP/GO are completely different, which shows that the
hybrid materials HAP and GO are not only a blend of
two materials, but a new material. In HAP/GO with GO
content of 10%, the basic lamellar structure of HAP was
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still visible, but it was almost clustered together to form
closely packed flower clusters. HAP/GO with 20% GO
content is also the flower cluster structure, but it obvi-
ously loses the characteristic long sheet or long fibrous
structure of HAP, like some closely packed scales, which
is different from HAP structure. This indicated that when
the GO content was too high, GO would aggregate in the
hybrid. Therefore, HAP/GO,, was selected for subsequent
experiments.

3.2. Comparison of adsorption performance between
HAP and HAP/GO

The adsorption capacity of HAP and HAP/GO for differ-
ent concentrations of Cr(VI) were compared. The removal
rate of Cr(VI) is shown in Fig. 4 which shows that the
removal rate of HAP and HAP/GO is very high in a short
period of time, but it can be seen that the adsorption capac-
ity of HAP/GO is higher than that of HAP regardless of the
concentration (Fig. 5). It can be seen that when the initial
concentration of Cr(VI) is 0.5 and 3.0 mg/L, the adsorption
rate of HAP and HAP/GO for Cr(VI) differs the most. This
indicates that HAP/GO has better adsorption performance
than HAP, especially when the concentration is 0.5 and
3.0 mg/L. Therefore, compared with HAP, HAP/GO can be
used as a better adsorbent to treat chromium-containing
wastewater. Therefore, the concentration of 3.0 mg/L was
selected for the experiment.

Fig. 4b shows the adsorption capacity of HAP and
hybrid material HAP/GO on Cr(VI) at different times at
a temperature of 19°C. Observing Fig. 6, it can be found
from Fig. 5 that the adsorption rate of chromium ions
increases with the increase of time when it is measured
every within 1 h. The longer the adsorption time was,
the greater the difference between the adsorption rate
of GO/HAP hybrid materials and that of HAP was. It
can be seen that at the same concentration of chromium-
containing wastewater, the longer the adsorption time,
the greater the adsorption advantage of GO/HAP
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Fig. 2. (a) XRD patterns of eggshell, GO, HAP and HAP/GO, (b) infrared patterns of eggshell, GO, HAP and HAP/GO.
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material relative to HAP. In addition to the low cost of than those reported in other literature. The adsorp-
synthesis, the adsorption performance for Cr(VI) is bet- tion performance of the material reported in this study
ter than other reported adsorbents, as shown in Table 1. is also better than that of Cr(VI) reported in other
As shown in Table 1, the materials we use are cheaper literatures.
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Fig. 4. (a) Comparison of the adsorption performance of HAP and HAP/GO on different concentrations of chromium-contain-
ing wastewater. The amount of HAP is 0.01 g; the amount of GO/HAP is 0.01 g and (b) the adsorption capacity of the hybrid
material HAP/GO with different concentrations of chromium-containing wastewater.

Table 1

Comparison of the Cr(VI) adsorption of various adsorbent materials

Adsorbent Adsorption rate References
Goethite 78.5% [23]
Functionalized polyimide fibers 60.44%-89.29% [24]
Nanoporous anodized alumina (AAO) 82% [25]
Cynodon dactylon plant-mediated amino-grouped

. . 60.6% [26]
silica-layered magnetic nanoadsorbent
HAP/GO More than 90% This work

3.3. Isothermal adsorption models Table 2

In order to describe the adsorption process more scien-
tifically, Freundlich model and Langmuir model [27] were
selected for adsorption. The Freundlich equation is:

Q=KChr )

where K, and 1/n represent Freundlich adsorption capac-
ity coefficient and adsorption intensity coefficient, respec-
tively. Fig. 5a shows the linear relationship between InQ, and
InC, in this model.

The Langmuir adsorption isotherm model has been suc-
cessfully applied to many wastewater adsorption processes
[28]. Expressed as an equation:

— QUKLCE

Q.= 1+K,C,

@

where Q : the equilibrium adsorption capacity of hexavalent
chromium ions on the adsorbent (mg/g); C: the concentra-
tion of Cr(VI) in the solution when the adsorption reaches
equilibrium (mg/L); Q,: the maximum adsorption capacity
of the adsorbent (mg/g); K,: Langmuir adsorption constant
(L/mg), which is related to the free energy of the adsorption

The simulation equations of different isothermal adsorption
modes of HAP and HAP/GO

Adsorption Degree Fit curve
mode of fitting
HAP . 0.98468 Y =0.71919X + 0.45149
Freundlich
GO/HAP 0.98795 Y =0.56672X + 0.56908
HAP L . 0.94025  Y=0.38968X +0.32036
GO/HAP 8T 09834 Y =0.5045X +0.14788

process. Fig. 5a shows the linear relationship between
(C/Q,) and C,.

The simulation equations and fitting coefficients of the
two isothermal adsorption modes are shown in Table 2. It can
be seen from Fig. 4 that both HAP and HAP/GO are more
in line with the Freundlich isotherm adsorption model.

3.4. Adsorption kinetics study

According to the measured Cr(VI) concentration, the
adsorption performance can be calculated and evalu-
ated according to the following formula. The calculation



182
(a) 0.5-
0.0-
g 0.5
-1.0_
-1.54
4 3 2 -1 0

H. Wu et al. / Desalination and Water Treatment 281 (2023) 176-185

(b) s > EaE .

7 e HAP/GO
0.6

O 041

\")

U ® o .
o) /

S

0.0

00 02 04 06 08 10 12
Cc(mg/L)

Fig. 5. (a) Freundlich adsorption isotherm simulation of Cr(VI) by HAP and HAP/GO and (b) Langmuir adsorption isotherm

simulation of Cr(VI) by HAP and HAP/GO.

08
(a)
-1.04
_1_2_
-~
(@4
'= .14
o
N’
=
= .16
o HAP/GO
181 \
'2.0 T T T T 1 T

Time(min)

HAP .

(b) s -

0.0

00 02 04 06 08 10 12
C (mg/L)

Fig. 6. (a) First-order kinetic simulation of Cr(VI) absorption by HAP and HAP/GO hybrid materials and (b) the second-order
kinetic simulation of Cr(VI) adsorption by HAP and HAP/GO hybrid materials.

formula for the adsorption capacity (Q,) of HAP and hybrid
material HAP/GO is as follows:

0. :{("")}v ©

m

where ¢, and ¢, are the initial concentration of potassium
dichromate solution and the concentration after adsorption
equilibrium, respectively, in mg/L, m is the mass of HAP
and hybrid material HAP/GO, in g; V is the volume of the
solution to be adsorbed, in L. In order to evaluate the kinetic
characteristics of the adsorption process, the adsorbed Cr(VI)
at different reaction times can be calculated according to
the following formula:

0 _{(%‘Ct)}v @

m

where ¢, is the concentration of the Cr(VI) solution at the
time when it is adsorbed, and the unit is mg/L. The adsorp-
tion performance of HAP and hybrid material HAP/GO can
also be expressed by its adsorption rate A for Cr(VI):

4-L57)  1000, )
C.

i

In order to understand the adsorption kinetics of Cr(VI)
by HAP and HAP/GO more accurately, the adsorption rate
equation can be used to regress the experimental data,
among which the first-order rate equation and the sec-
ond-order rate equation are used to study the adsorption The
more commonly used method of the mechanism of action
between agent and adsorbate [29].

The first order adsorption rate equation based on the
amount of solid adsorption:
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Kt
2.303

log(Q,-Q,)=logQ, - 6)

The two-stage adsorption rate equation based on the
amount of solid adsorption:

__ 1 t
= (K2Q32) + ) 7)

+
Q

Fig. 6 shows the first-order kinetics and the second-or-
der kinetics simulation respectively. Comparing the fitting
coefficients in the two tables, we can see that the adsorption
of Cr(VI) by HAP conforms to the second-order kinetics,
and the adsorption of Cr(VI) by the hybrid material HAP/
GO conforms to the first-order kinetics. The kinetic fitting
equation and fitting coefficient are shown in Table 3 It can

be seen that the adsorption of Cr(VI) by HAP and HAP/
GO is more in line with the second-order kinetics [30].

3.5. Stability and reusability of HAP/GO

In order to evaluate the reusability and stability of HAP/
GO, the adsorbent efficiency and XRD patterns of HAP/
GO were examined. Fig. 7 shows the continuous multi-
cycle Cr(VI) adsorption using HAP/GO. After 5 cycles of
non-regeneration treatment, the Cr(VI) adsorption efficiency

Table 3

183

remained almost unchanged, indicating that HAP/GO can
be used as a stable and reusable adsorbent. The decrease
in Cr(VI) adsorption may be due to the loss and aggrega-
tion of HAP/GO in each cycle, and the adsorption of Cr(VI)
on the surface of HAP/GO. The reused HAP/GO was also

1004 [ Adsorption rate

80

604

404

204

Adsorption efficiency(%)

0 L) L) T
1 2 3 4 5

cycle

Fig. 7. Adsorption performance of HAP/GO in 5 reuse cycles
had the same reaction conditions. HAP amount is 0.01 g,
Cr(VI) concentration: 1.0 mg/L.

Fitting equation of adsorption kinetics of Cr(VI) on HAP and HAP hybrid materials

Kinetic equations Materials Degree of fitting Fit curve
Firstorder d , HAP 0.9872 Y = -0.00823X — 0.72954

1rst-order namics

y GO/HAP 0.9996 Y =-0.0201X — 0.68436

Second-order d . HAP 0.9989 Y =0.80153X +2.18129

ccond-order dynamics GOJ/HAP 0.9992 Y =0.70201X +2.89566
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Fig. 8. XRD (a) and FT-IR (b) of the materials before and after reaction.
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characterized by XRD and Fourier-transform infrared spec-
troscopy (FT-IR). As shown in Fig. 8a and b, the HAP/GO
used has almost the same XRD pattern and FT-IR spec-
trum as fresh HAP/GO, indicating that HAP/GO is a stable
and durable adsorbent.

4. Conclusions

In this topic, graphene oxide, HAP and hybrid material
HAP/GO were synthesized. By controlling the amount of
adsorbent, Cr(VI) concentration and adsorption time, the
adsorption mechanism of HAP and hybrid material HAP/
GO on Cr(VI) was explored. Concluded as follow: First, the
adsorption capacity of the hybrid material HAP/GO for
Cr(VI) is stronger than the adsorption capacity of the same
amount of HAP. The adsorption of Cr(VI)) by hybrid mate-
rial HAP/GO accords with the kinetic process and can be
described by the second-order kinetic equation; Secondly,
the adsorption behavior of the hybrid material HAP/GO
for Cr(VI) conforms to the Freundlich model isothermal
model.
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