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ABSTRACT

Rice husk (RH) is one of the widespread agricultural waste materials in the world. At present,
most of the husks are either burned out or thrown away as waste, causing serious environmen-
tal pollution. This study prepared the hydroxyapatite-modified carbonized rice husk (HAP@
CRH) nanocomposites from rice husk (RH) with modifications, aiming to explore the feasibility
of preparing heavy metal ion sorbents. The preparation process affecting its adsorption proper-
ties on Cr(VI) ions was systematically investigated, which was optimized by carbonizing RH
at 600°C for 2.0 h to produce CRH and then depositing hydroxyapatite particles on the surface
of CRH with a Ca*/CRH ratio of 0.2 g/g. The physiochemical properties of samples were char-
acterized. After modifications to be HAP@CRH, the surface presented a honeycomb-like struc-
ture as its porosity increased. The Brunauer-Emmett-Teller specific surface area increased from
1.06 m?*/g (RH) to 193.64 m?*/g (CRH) and 183.91 m?*/g (HAP@CRH) respectively, the total pore vol-
ume increased from almost zero to 0.089 and 0.202 cm?/g, respectively. The results demonstrated
the effective adsorption property of HAP@CRH for Cr(VI) ions as the removal rate of 98.57% and
the adsorption amount of 5.91 mg/g were achieved within 24.0 h with adsorbent dosages of 5.0 g/L
for initial Cr(VI) concentration of 30 mg/L at 30°C and pH 2.0. This study is expected to promote
the utilization of wasted rice husk biomass and provide a new economic and feasible adsorption
material for wastewater treatment so as to achieve the purpose of treating waste with waste.
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1. Introduction

With the increasing consumption of mineral resources
on the earth, some resources have been nearly exhausted
and the environmental pollution is getting worse in the
meantime. As a result, researchers have turned their
attention to the development and utilization of renewable
resources, especially biomass [1]. In recent years, agri-
cultural and forestry biomass resources have attracted
lots of attentions in that they’re of large quantity, renewable
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with a short renewable cycle, biodegradable, and environ-
mentally friendly [2,3]. If agricultural and forestry waste
biomass can be rationally and comprehensively utilized,
it will not only ease the environmental problem but also
create certain economic value.

Rice husk (RH) is one of the universal agricultural
waste materials accountings for 20~22 wt.% of the rice
[4,5], and about 130~140 million tons of rice husks are pro-
duced annually in the world [6]. At present, most of the rice
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husks are either burned out or thrown away as waste [7].
The former will discharge harmful gases containing toxic
substances and suspended particles into the atmosphere,
which will lead to heavy haze, acid rain, and other serious
environmental pollution, and make people suffer serious
respiratory diseases as well [8,9]. If the rice husk was used
effectively, it will become a huge cheap renewable resource.
At present, some researchers focus on applying it to waste-
water treatment with advantages of local availability, high
chemical stability, and mechanical strength [9], and it can
be collected directly from the rice processing plant with-
out collection costs like other waste biomass. However,
the insufficient active functional groups and points on
the surface of natural rice husk limit the adsorption prop-
erty for heavy metal ions, for which the RH needs modi-
fications to widen its application. A series of studies have
shown that RH is a potential biological adsorbent with a
strong ability to remove various heavy metal pollutants
after chemical and physical modifications [10,11].

Hydroxyapatite (HAP, Ca,(PO,),(OH),) is a calcium
hydrogen phosphate compound with a chemical compo-
sition and structure similar to that of mammalian bones
[12]. It possesses good ions adsorption and exchange char-
acteristics as the Ca? and OH- on HAP can be exchanged
by other ions due to its special hexagonal crystal structure
[13]. And the metal ions in wastewater can be successfully
immobilized through interaction with the reaction sites
(e.g., -CaOH, -POH, -CaOH?*, and -PO,H") on the surface
of HAP to form composite phosphate [14,15]. As a kind of
environmental protection material, HAP-containing adsor-
bents can be safely used to remove the pollutants in water
[16]. However, HAP nanoparticles tend to aggregate into
larger particles (micrometers to millimeters range) in aque-
ous solutions because of the high surface energy caused
by van der Waals forces, thereby reducing aqueous dis-
persibility and inhibiting chemical reactivity [17,18] and
ultimately resulting in the weakening of its adsorption
property of contaminants. If the HAP nanoparticles were
loaded onto the rice husk, the reunion problem will be
solved and desirable adsorption properties will be pro-
duced. Moreover, the adsorption capacity of the synthetic
adsorbent to pollutants will be improved.

The rapid stride in industrialization brought about a
major concern [19] and at present toxic chemical agents
discharged into water bodies from industries are a severe
threat to the survival of living organisms as well as the eco-
logical balance [20]. The anthropogenic discharge of toxic
agents containing heavy metal ions used in household
products, industries, agriculture, and industrial effluents
are the major sources of environmental contamination [21].
Heavy metal ions pollution has become an urgent prob-
lem to be solved all over the world. Various methods have
been applied to treat wastewater containing heavy metal
ions pollution. Each of these methods has advantages and
disadvantages, which in most cases due to spending of the
high cost and time are not economical [22]. The adsorption
process is one of the well-established and powerful tech-
niques to remove heavy metal ions from wastewater [23].
Compared with traditional adsorbents, biosorption has
more advantages. It is cost-effective and environmentally
friendly as a variety of adsorbents are available naturally

and these adsorbents can be modified to enhance their
adsorption properties of any type of pollutant [24].

The purpose of this study is to explore the feasibility
of preparing heavy metal ion adsorbents from RH biomass
with modifications and explore the modification methods
for better adsorption properties. RH was firstly modified
into carbonized rice husk (CRH), and then HAP nanopar-
ticles were deposited onto the surface of CRH via the
hydrothermal method to prepare hydroxyapatite-modified
carbonized rice husk (HAP@CRH) composites. The condi-
tions of the preparation process (carbonization tempera-
ture, carbonization time, and loading amount of HAP) were
assumed as factors affecting the adsorption property of the
product HAP@CRH and which were optimized to improve
the adsorption property. The physiochemical properties
including textural properties, surface morphology, specific
surface area, surface functional groups, and the electrical
changes of the HAP@CRH were characterized by Fourier-
transform infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), surface area, pore structure analysis, and scanning
electron microscopy (SEM) and zeta potential measure-
ments. In the meantime, the adsorption properties on Cr(VI)
ions affected by the preparation process were systematically
investigated with batch adsorption experiments. The study
is expected to promote the utilization of wasted rice husk
biomass and provide a new economic and feasible adsorp-
tion material for the treatment of wastewater with heavy
metal ions, so as to achieve the purpose of treating waste
with waste. It is of great significance for the wider appli-
cation of discarded rice husks in environmental protection
and the improvement of its resource utilization value.

2. Experimental
2.1. Materials and chemical reagents

Rice husks (RH) were obtained from a Rice Milling Plant
in Yichun City (Jiangxi Province, China). The rice husks were
crushed and sieved to particle sizes of 0.3~0.5 mm, and then
they were physically purified with distilled water (DI) to
remove dust impurities and dried at 105°C for 12 h before
they were stored for subsequent use.

The chemical reagents of analytical grade were pur-
chased from Xilong Technology Co., Ltd., (China), includ-
ing phosphoric acid (H,PO, 85.1%), hydrochloric acid
(HCI, 37.0%), sodium hydroxide (NaOH, 99.7%), calcium
chloride (CaCl,, 96.0%), diammonium hydrogen phosphate
((NH,),HPO,, 99.0%), ammonia (NH,/H,O, 26.0%), and
potassium dichromate (K,Cr,0,, 99.0%).
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2.2. Preparation of hydroxyapatite-modified carbonized rice husk

There are two stages for the synthesis of the hydroxy-
apatite-modified carbonized rice husk (HAP@CRH) [25].
The first stage is to obtain carbonized rice husk (CRH)
through a typical slow pyrolysis process [26]. The second
stage is to deposit HAP particles onto the surfaces of CRH
with different Ca*/CRH ratios to prepare hydroxyapatite-
modified carbonized rice husk (HAP@CRH) through
the co-precipitation method proposed in a previously
published article [26,27]. The preparation procedures of
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HAP@CRH are shown in Supplementary Fig. S1 schematic
representation and described as follows:

Firstly, approximately 50 g of RH which had been
rinsed with DI water and dried at 105°C was activated in
750 mL of H,PO, solution (150 g/L) at 50°C for 24 h. Then
the samples were carbonized in a programmable box muffle
furnace at various temperatures for a certain time in N,
atmosphere (15 mL/min) with a heating rate of 10°C/min.
After carbonization, the samples were cooled down in the
presence of N, flow. CRH was obtained after the samples
were cleaned thoroughly with HCI solution (100 g/L) and
deionized water, and dried at 105°C for 24 h.

Secondly, an amount of CRH was added to CaCl, solu-
tion (1 mol/L) and mixed adequately to produce a suspen-
sion solution, the pH of which was adjusted to 10 with
ammonium hydroxide (NH,-H,0). The same volume of
(NH,),HPO, solution (0.6 mol/L) was added dropwise into
the suspension solution with a peristaltic pump under vig-
orous stirring. The pH of the solution was adjusted to 10
with ammonium hydroxide (NH,-H,0), and then the mixed
suspension solution was stirred fiercely at 45°C for 1.0 h
and left to age for 48 h at 25°C. Finally, the precipitate was
isolated by centrifugation and washed with DI water, fol-
lowed by a drying process at 80°C. Afterward, the HAP@
CRH was obtained, and it was stored for subsequent use
after sieving to pass through 80 meshes.

2.3. Characterization methods

The thermogravimetric analysis/derivative thermograv-
imetry (TG/DTG) analysis of the raw RH was conducted
through a thermal analyzer (NETZSCH STA F5 Jupiter,
Germany) under the N, atmosphere with the temperature
range of room temperature to 800°C (10°C/min). The infra-
red spectra of the samples were recorded by means of the
FT-IR spectrometer (Nicolet iS10 FT-IR, Thermo Nicolet
Corporation, USA) over wavenumbers of 400—4,000 cm™.
The XRD patterns of samples were recorded via X-ray dif-
fraction (XRD, Bruker D8 Advance, Germany) with Cu Ka
radiation (A = 1.5406 A) over a diffraction angle (20) range
of 10°-80° with a scan speed of 4°/min at 40 kV and 20 mA.
The surface morphologies of the samples were observed by
taking SEM images with the assistance of scanning electron
microscopy (SEM, SU8020 SEM Systems, Hitachi, Japan).
The surface characteristics of the samples were demon-
strated through a surface area and porosimetry analyzer
(V-Sorb 2800, Gold APP Instruments Corporation, China),
while the N, vapor adsorption-desorption isotherms were
recorded at 77 K following degasification at 150°C for 6 h.
The specific surface area, pore-size distributions, micro-
pore volume, micropore surface area, and total pore vol-
umes were calculated by analyzing the isotherm through
the corresponding method. The zeta potential of sam-
ples at different pH was measured with a zeta potential
analyzer (Zetasizer Nano Z590, Thermo Fisher, USA).

2.4. Batch adsorption experiments

All adsorption experiments were done in batches in
a thermostatic water bath oscillator at 170 rpm and 30°C.
A predetermined amount of K,Cr,O, was added into

deionized water to obtain the Cr(VI) ions simulated waste-
water with a certain concentration in the presence of hydro-
chloric acid.

In each experiment, 200 mL of test solution was added
into a 500 mL conical flask, and then its pH was adjusted
to 2.0 by using 0.01 M HCI or 0.01 M NaOH solutions. The
flask was shaken in an electricity-driven thermostatic water
bath oscillator, and then 1.0 g of absorbent samples were
added to the solution. Mixed samples were taken at inter-
vals over the adsorption reaction, and then immediately fil-
tered through a 0.22 pm PTFE membrane syringe filter. The
concentrations of residual Cr(VI) ions in the filtrate were
determined by an AAS novAA 400 hydrogen flame atomic
absorption spectrometer (Analytik Jena AG, Germany).
All experiments were conducted 3 times to examine
their reproducibility and to calculate their mean value.

2.5. Data processing

The adsorption removal rate (R, %) of Cr(VI) ions is
calculated by using Eq. (1):

R:CO_Ce

x100 1)

0

where C; and C, are the initial concentration of Cr(VI) ions
and the Cr(VI) ions concentration at equilibrium (mg/L)
respectively.

3. Results and discussion
3.1. Characterizations of materials
3.1.1. TG-DTG analysis

The decomposition of RH heated at 300°C~800°C for
CRH biochar preparation was evaluated by TG-DTG analy-
sis, illustrating the evolution of non-condensable gases and
residual solid components (i.e., biochar) [28]. The TG-DTG
curves are displayed in Fig. 1.

As shown in Fig. 1, the weight loss of RH occurs over
a wide range of temperatures, especially at 180°C~500°C.
Three obvious peaks of weight loss could be seen in the
DTG curve. The peak at 81.6°C is a result of the drying and
evaporation of light contents such as free water [29]. The
decomposition peaks at 278.5°C and 337.1°C are attributed
to the decompositions of hemicelluloses and cellulose
respectively [30], which are close to the values reported
for pure hemicelluloses (268°C) and cellulose (355°C) [31].
Thus, the partial cellulose components of samples were
thermally changed at 300°C~500°C. Whereas all the raw
biopolymers, hemicelluloses, and cellulose of samples that
were processed under the temperature over 500°C were
completely decomposed.

3.1.2. Specific surface area and pore structure analysis

The conditions of the preparation process play crucial
roles in governing the physical and chemical properties of
biochar [32]. The effect of the preparation process on the
physical and chemical structure was investigated through
characterization analysis, which provides evidence for its
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Fig. 1. TG-DTG curves of rice husk.

Table 1

Specific surface area and pore structure parameters of rice
husk (RH), carbonized rice husk (CRH), and hydroxyapatite-
modified carbonized rice husk (HAP@CRH) samples

Samples RH CRH HAPeCRH
BET surface area (m?/g) 1.06 193.64 183.91
Langmuir surface area (m?/g) 152  257.63 246.24
Microporous surface area (m?*/g) 0.06 113.45 83.81

Total pore volume (cm®/g) 0.008 0.089 0.202
Micropore volume (cm®/g) 0.000 0.053 0.039
Average pore-size (nm) 27.97 240 15.14
Average mesopore size (nm) 25.43 6.36 5.64

effect on the adsorption property of the material. The spe-
cific surface area and pore structure analysis can reflect the
influence of preparation conditions on the physical struc-
ture of materials through specific test data. Therefore, the
specific surface area and pore structure of the modified
material under different conditions were analyzed in detail.
Supplementary Fig. 52 serves as good examples to show the
N, adsorption—desorption isotherm and pore-size distribu-
tion curves of RH, CRH prepared by carbonization at 600°C
for 2.0 h, and HAP@CRH prepared with a Ca*/CRH ratio of
0.2 g/g. And Table 1 illustrates the specific surface area, pore
volumes, and average pore-size of those samples, while the
specific surface area of raw RH, CRH, and HAP@CRH pre-
pared under different conditions are shown in Fig. 2.
According to supplementary Fig. S2, the N, adsorption-
desorption isotherms of the RH belong to a type-1I with a
H, type hysteresis loop, indicating the mesoporous structure
of the adsorbents. It presents typical type-IV sorption iso-
therms with type H, hysteresis loops in samples CRH and
HAP@CRH. Large hysteresis areas in the isotherms were
clearly observed for all samples, suggesting a wide distribu-
tion of pore-size [33]. The pore structure analysis also reveals
that the material has a wide pore diameter distribution.
Compared with RH, the isotherm of the CRH sample steep-
ened at low P/P,, indicating that the volume of micropores

and mesopores increased [34]. However, the isotherm of the
HAP@CRH sample steepened over the range of P/P, of 0.80—
0.99, which meant that the volume of macropore increased.
The results are consistent with Table 1.

As can be seen in Table 1, the Brunauer—-Emmett-Teller
(BET) and Langmuir specific surface area increased from
1.06 m?/g and 1.52 m?%g to 193.64 m?g and 257.63 m%g
respectively after carbonizing RH to CRH. In particular, the
micropore area increased from almost zero to 113.45 m%/g.
While RH was carbonized to CRH, there was a signifi-
cant decrease in the average pore-size and average meso-
pore size, especially the micropore area and volume. This
was because the organic components in the raw rice husk
decomposed into volatile gas under the condition of high
temperature and no oxygen, and then the remaining car-
bon atoms crossed link to form amorphous sheets of car-
bon, resulting in the appearance of a large number of pores
with different diameters on the surface and inside of the
carbon. The specific surface area and pore area were slightly
reduced after further modification to produce HAP@
CRH, while the total pore volume increased from 0.089 to
0.202 cm®/g. The reason for such phenomenon might be that
the hydroxyapatite synthesized with larger pore diameters
and a smaller specific surface area as well as the original
pore channels of CRH were covered with hydroxyapatite.

The adsorption occurs mainly on the internal and
external surfaces of adsorbents. Hence, the specific surface
area and pore structure of adsorbents are important fac-
tors affecting the adsorption properties [26]. As shown in
Fig. 2, the specific surface area of the CRH was affected by
the carbonization temperature and time of the preparation
process, while the specific surface of the HAP@CRH was
affected by the ratio of Ca?" to CRH. This is probably due to
that under low carbonization temperature, the tar produced
will cause internal blockage and incomplete volatilization
which leads to the formation of a large number of micro-
pores in the material. With the increase of temperature,
the micropores increase or collapse to form large pores,
giving rise to a sharp increase in the specific surface area.
If the pyrolysis treatment time is too long, the pore struc-
ture will be sintered and result in poor pore structure [35].
As the specific surface area of hydroxyapatite is relatively
small, the specific surface area of the HAP@CRH decreases
gradually with the load amount of HAP increasing.

3.1.3. Scanning electron microscope analysis

The surface morphology of rice husk samples at differ-
ent modification stages has been observed via SEM. The
SEM microphotographs of RH, CRH prepared at 600°C for
2.0 h, and HAP@CRH prepared with a Ca*/CRH ratio of
0.2 g/g are provided below as examples in Fig. 3.

Judging from the changes of surface texture shown in
SEM micrographs, the developments of surface morphol-
ogy and pore structure have been significantly affected by
the treatments. The images of the untreated raw rice husk
present a fairly smooth structure with little pore struc-
ture. Whereas images of the CRH show its surface became
rougher with small pores and small fragments of irreg-
ular shapes, and the cracks on the surface of the CRH
samples were caused by the pyrolysis of organic matter.
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Fig. 2. Effect of preparation process parameters on the Langmuir and BET specific surface area of carbonized rice husk and

hydroxyapatite-modified carbonized rice husk samples.

After further synthesis of HAP@CRH, a honeycomb-like
structure appeared as the surface porosity increased.
The results of SEM analysis are consistent with the data
of the specific surface area and pore structure analysis.

3.1.4. FT-IR analysis

The adsorption properties of an adsorbent can be
enhanced by modifying the structure and surface chemis-
try [36]. FI-IR was used to analyze the chemical structure of
the samples affected by the modification process by check-
ing the major differences in the chemical groups. The infra-
red spectra of the samples RH, CRH, and HAP@CRH are
shown in Fig. 4.

The infrared spectrogram demonstrates that the struc-
ture and characteristics of functional groups of each mate-
rial changed obviously after modification in its previous
stage. The peaks at 3,435 and 1,638 cm™ shown in all sam-
ples due to the stretching and bending vibration of the
hydroxyl group (O-H) in adsorbed water by the material
[37]. The peak at 798 cm™ was connected with the stretch-
ing vibrations of Si-O groups [38], and the peak at 467 cm™
was caused by the bending vibration of the Si-O-Si group,
which were typically observed in the three samples with the
presence of silica in RH [39]. The peak near at 1,097 cm™ cor-
responded to the Si-O-Si stretching vibration of silica [38],
while it was covered in HAP@CRH by other peaks.

There are abundant peaks in the RH samples. The peak
at 1,638 cm™ may belong to the carbonyl group or qui-
none [40]. The peak at 2,923 cm™ was a result of the anti-
symmetric stretching vibration of C-H bond in methylene
(—CH,); the peak at 1,510 cm™ was due to the vibrates of
the amido group of plant proteins; the peak at 1,457 cm™
was attributed to the skeletal vibration of C=C; the peak at
1,420 cm™ was related to the stretching vibration of C-N;
the peak at 1,378 cm™ was owing to the bending vibration
of C-H; the peak at 1,162 cm™ belonged to the asymmetric
vibration of C-O-C; the peak at 1,158 cm™ resulted from
the bending vibration of a single bond C—OH; and the peak
at 899 cm™ was caused by the rocking vibration of —-CH,

[41,42]. After the carbonization of RH, these absorption
peaks disappeared and the absorption strength of CRH
weakened at the peak of 1,638 cm™, which was possible
because the organic materials such as cellulose and polysac-
charides contained in rice husks were broken down in the
process of dehydrogenation, deoxidation, and dihydrox-
ylation [43]. The vibration peak at 669 cm™ appeared due
to the bending vibration of the carboxyl group which was
observed in all three samples. The intense peaks at 1,092
and 1,035 cm™ corresponded to the asymmetrical stretch-
ing vibration of the phosphate (PO}") groups in the crystal
lattice of HAP, and the peaks at 633, 602, and 565 cm™ were
relevant to asymmetric bending vibration of phosphate
(POY) groups [44,45]. Meanwhile, the peak at 962 cm™ was
attributed to the symmetric stretching mode of the PO
ions [46]. The small peak at 878 cm™ detected was due to
the presence of HPO? [15]. The above data indicate that
hydroxyapatite was successfully synthesized and loaded
on the carbonized rice husk.

3.1.5. XRD analysis

The crystal phases of the main compositions of the three
samples were analyzed via XRD [47]. As the results shown
in Fig. 5, the diffraction peaks of CRH and HAP@CRH sam-
ples changed obviously after modification, suggesting that
the structure of the main composition of the two samples
changed significantly.

The diffraction peaks at 20 = 15.32°, 22.31°, and 34.52°
observed in RH samples are ascribed to the cellulose [43].
There should have been a characteristic peak around 22° as
an amount of silica (SiO,) in the rice husk, yet it was con-
cealed [48]. The obvious broad reflection band between 22°
and 25° was the overlapping peak of the diffraction peaks
of carbon (002) crystal surface and silica (5iO,) in rice husk
[46]. The peak demonstrated a wide range of deformation
and presented as a dispersion peak (amorphous carbon),
which was due to the increase of carbon disorder degree
(low degree of crystallization) with the thermal degrada-
tion of organic matter in rice husk [49]. The other weak
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Fig. 3. SEM images of (a) rice husk, (b) carbonized rice husk, and (c) hydroxyapatite-modified carbonized rice husk samples.

band (not obvious in the figure) reflected at 44.52° was
correspondent to the (100) plane of carbon (JCPDS: 00-011-
0646), which indicated the formation of a turbostratic
structure of amorphous carbon [50]. According to the XRD

patterns in Fig. 5, the HAP@CRH presented diffraction
characteristic peaks at 22.94°, 25.88°, 28.28°, 29.08°, 31.77°,
32.19°, 32.98°, 34.06°, 39.86°, 42.44°, 43.80°, 46.89°, 48.31°,
49.47°, 53.14° and 64.26°, which were attributed to the (111),
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and (c) hydroxyapatite-modified carbonized rice husk samples.

(002), (102), (201), (211), (112), (202), (130), (302), (113),
(222), (132), (213), (004) and (323) planes of hydroxyapatite
(HAP) crystal respectively (JCPDS No. 09-0432) [51]. XRD
analysis reveals that the HAP was successfully synthesized
and loaded onto the CRH, which was consistent with the
results of FT-IR analysis.

3.1.6. Zeta potential

The potential on the surface of the adsorbent reflects
the ability of materials to remove anionic, cationic, or
molecular pollutants, which is an important parameter
affecting adsorption applications [52]. In this study, the
potential changes on the HAP@CRH surface relative to
CRH were investigated through zeta potential analysis as
references for adsorption property studies of HAP@CRH.
Zeta potentials of CRH and HAP@CRH at various pH are
displayed in Fig. 6.

As shown in Fig. 6, the potentials decreased with the
increase of pH, and the zero charge points (PZC) of CRH
and HAP@CRH were determined to pH 2.9 and pH 3.7,
respectively. The zeta potential of HAP@CRH was higher
than that of CRH at pH 2.0-4.5 and was slightly lower than
that of CRH at pH 4.5-10.0. As pH increased from pH,,.
to 10.0, the functional groups of HAP@CRH underwent
deprotonation, resulting in a decrease from 0 to -27.8 mV
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Fig. 6. Zeta potentials of (a) carbonized rice husk and
(b) hydroxyapatite-modified carbonized rice husk in the pH
range of 2-10.

of its zeta potential. The negative charges could cause oxy-
genated functional groups of basic characteristics such
as lactone or hydroxyl groups to be chemisorbed at the
surface of the pores [53].

It will lead to a high affinity with positive species on
the HAP@CRH composite adsorbent over the wide pH
range (3.7-10.0) [54]. Whereas, the Cr(VI) ions exist in the
different forms of HCrO,, Cr,02, Cr,O%, and Cr,0O} in
an acidic environment [55]. Hence, the adsorption capac-
ity of HAP@CRH to Cr(VI) ions might be increased owing
to the electrostatic attraction between Cr(VI) ions and
the positively charged surface at low pH.

3.2. Adsorption properties

The adsorption actions of heavy metal ions on mate-
rials can be classified into physical adsorption, chemical
adsorption, and ion exchange adsorption [56]. The physical
adsorption is mainly affected by the specific surface area
and pore structure of the adsorbent, chemical adsorption
is mainly affected by the types and numbers of functional
groups on the surface, and ion exchange adsorption is
mainly affected by the number and balance of exchange-
able ions on the surface of the adsorbent. The characteri-
zation results indicate that the preparation process has a
great influence on the material structure during the pro-
cess of processing RH into HAP@CRH, which will also
seriously affect the adsorption property of the material.
Therefore, the preparation process has been optimized after
comparing the effects of various modification parameters
on the adsorption efficiency of Cr(VI) ions. Meanwhile,
the adsorption mechanism was explored by analyzing
the influence of the changes of the physical and chemical
structure on the adsorption properties of the products.

3.2.1. Effect of carbonization temperature of CRH

The surface structure is a crucial factor determining
the adsorption property as the adsorption reaction occurs
mainly at the surface of solid adsorbents [57]. However,



C. Zou et al. / Desalination and Water Treatment 271 (2022) 192-205 199

the characterizations showed that the carbonization tem-
perature is a significant factor affecting the morphology of
CRH. Hence, adsorption experiments had been conducted
to explore the adsorption property of adsorbent to Cr(VI)
ions affected by the carbonization temperature. The exper-
iments were conducted as follows: the Cr(VI) ions solu-
tion with an initial concentration of 30 mg/L was treated
with CRH (carbonizing time of 2.0 h) dosages of 5.0 g/L at
30°C, pH = 2.0, within a contact time of 24 h. Fig. 7 shows
the carbonization temperature affecting both the removal
rate (R) and residual concentration (C,) of Cr(VI) ions.

In Fig. 7, the adsorption effect of CRH on Cr(VI) ions
increased with the carbonization temperature increas-
ing from 300°C to 600°C, while the adsorption effect
decreased when the temperature exceeded 600°C. There
are several reasons accounting for this phenomenon: first,
the organic components in biomass raw materials decom-
posed and volatilized under high temperature and oxy-
gen limit; second, large numbers of pores with different
diameters appeared on the surface and inside of the
remaining solid components, providing lots of adsorption
sites for Cr(VI) ions. In addition, raw biopolymers hemi-
celluloses and cellulose of samples were decomposed to
form new organic functional groups which then chelated
with Cr(VI) ions. When the carbonization temperature
is too high, some functional groups will be destroyed so
that the adsorption of metal ions will be reduced [58].
Meanwhile, the surface structure collapsed and the holes
will be blocked, hindering the transport and diffusion of
heavy metal particles. This coheres with the specific sur-
face area and pore structure analysis mentioned above.
Based on the adsorption experiment effect and analysis,
the carbonization temperature is optimized to 600°C.

3.2.2. Effect of carbonization time of CRH

The carbonization time was verified to have a great
influence on the structure of the material according to char-
acterizations, and the influence on the adsorption prop-
erty of the products has been further explored through
adsorption experiments. The experiments were conducted
as follows: the Cr(VI) ions solution with an initial concen-
tration of 30 mg/L was treated with CRH (carbonizing at
600°C) dosages of 5.0 g/L at 30°C, pH = 2.0, within a con-
tact time of 24 h. The carbonization time affects both the
removal rate (R) and residual concentration (C)) of Cr(VI)
ions is shown in Fig. 8.

As can be seen in Fig. 8, the CRH prepared for 2.0 h pres-
ents the best adsorption performance to Cr(VI) ions, while
a short or prolonged preparation time would weaken the
adsorption performance. This may be because the organic
components have not completely evaporated to form the
pore structure when the carbonization process conducted
in high-temperature conditions doesn’t last long enough.
However, if the carbonization pyrolysis time is too long,
the pore structure originally generated will be sintered
and result in poor pore structure [55]. All of those lead to a
decrease in the specific surface area and further reduce the
adsorption sites, then affecting the adsorption efficiency.
On the basis of the adsorption experiment effect and anal-
ysis, the carbonization time is optimized to 2.0 h.

100F 37
V.
- R
95-\ ——ce °
15
"1 o
?90‘ _4('D
< a
* g5l v 13
12
80-/
. 14
v
75300 400 500 600 700 800 °

Carbonization temperature (°C)

Fig. 7. Effect of carbonization temperature on the adsorption
removal rate (R) and residual concentration (C) of Cr(VI) ions
adsorbed by carbonized rice husk (Cr(VI) ions solution with
an initial concentration of 30 mg/L treated with CRH dos-
ages of 5.0 g/L at 30°C, pH = 2.0, within a contact time of 24 h,
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Fig. 8. Effect of carbonization time on the adsorption removal
rate (R) and residual concentration (C)) of Cr(VI) ions adsorbed
by carbonized rice husk (Cr(VI) ions solution with an initial con-
centration of 30 mg/L treated with CRH dosages of 5.0 g/L at
30°C, pH = 2.0, within a contact time of 24 h, respectively).

3.2.3. Effect of loading amount of HPA

HAP with a large specific surface area and high microp-
orosity can offer more interactive sites for the reaction and
has special effects on heavy metal ions such as adsorption,
ion exchange, precipitation, and surface complexation [59].
The purpose of the modification is to increase adsorption
sites and active functional groups of CRH so as to expand
its application potential in the adsorption of heavy metal
ions by depositing HAP on it. However, if the load is too
much, the holes in the carbonized rice husk will be blocked,
the comparative area will be reduced, which then leads to
a decrease of the effective adsorption sites. Therefore, the
reasonable load amount of HAP on CRH (ratio of Ca* to
CRH, CRH carbonized at 600°C for 2.0 h) was further
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optimized based on the preparation process optimization of
rice husk biochar. It was carried out by exploring the effect
of HAP load on the adsorption performance of products
through adsorption experiments with HAP@CRH prepared
at different Ca*/CRH ratios as the experimental subject.
It was conducted as follows: the Cr(VI) ions with an initial
concentration of 30 mg/L were treated with an adsorbent
dosage of 5.0 g/L at 30°C, pH = 2.0, within a contact time of
24 h. The effects of the Ca**/CRH ratio on both the removal
rate (R) and residual concentration (C) of Cr(VI) ions are
shown in Fig. 9.

As shown in Fig. 9, the removal rate of Cr(VI) ions
increased and the residual ions concentration decreased after
hydroxyapatite loading. However, the results also reveal
that the adsorption removal effect gradually decreased with
the increase of the HAP loading amount. This is because
of although the ion exchange capacity increased with HAP
loading, the original pores and surface of rice husk car-
bon were blocked and covered. Excessive HAP loading
reduced the adsorption efficiency of HAP@CRH on Cr(VI)
ions as a whole. Therefore, the preparation parameters of
HAP@CRH with the best adsorption effect on Cr(VI) ions
were optimized to a Ca?"/CRH ratio of 0.2 g/g.

3.2.4. Comparison of adsorption properties of
the three materials

On the basis of the investigation into the changes of the
physical and chemical structure of the material at each mod-
ification step affecting the adsorption properties of Cr(VI)
ions, the adsorption property of RH, CRH, and HAP&CRH
was further compared through adsorption experiments.
The experiments were conducted as follows: the Cr(VI) ions
with initial concentrations range of 10-70 mg/L were treated
with adsorbent dosages of 5.0 g/L at 30°C, pH = 2.0, within
a contact time of 24 h. The effects of the adsorbent type on
both the removal rate (R) and residual concentration (C,) of
Cr(VI) ions are shown in Fig. 10.

As is indicated in Fig. 10, the removal efficiency of
adsorption Cr(VI) ions with HAP@CRH was higher than
that of CRH, while both were significantly higher than that
of RH. It suggests that the adsorption property has been
improved after modifications. The adsorption performance
of Cr(VI) by HAP@CRH was also compared with other
modified rice husk materials, and the result was listed in
supplementary Table S1. The comparison results indicated
that the HAP@CRH material obtained with these modifica-
tions shows better adsorption capacity for Cr(VI) ion. The
contributing factors are as follows: as shown in Table 1,
the specific surface area and the total pore volume of
HAP@CRH and CRH were increased after modification,
producing more adsorption sites on the surface [57]. The
increase of the pore-size of CRH was beneficial for the dif-
fusion of Cr(VI) ions into pores, promoting the utilization
of adsorption sites on the pore surface significantly. SEM
results also showed that the surface of HAP@CRH and
CRH were rough with rich pores. The Cr(VI) ions exist in
the forms of HCrO,, Cr,0Z, Cr,0%, and Cr,0} in acidic
environments [58]. The zeta potential of HAP@CRH was
higher than that of CRH at pH 2.0, indicating there were
more positively charged metal-binding sites and showing
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Fig. 9. Effect of Ca*/CRH ration on the adsorption removal
rate (R) and residual concentration (C)) of Cr(VI) ions adsorbed
by hydroxyapatite-modified carbonized rice husk (Cr(VI)
ions with an initial concentration of 30 mg/L treated with an
adsorbent dosage of 5.0 g/L at 30°C, pH = 2.0, within a contact
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Fig. 10. the removal rate (R) and residual concentration (C)
of Cr(VI) ions adsorbed by (a) rice husk, (b) carbonized
rice husk, and (c) hydroxyapatite-modified carbonized rice
husk samples (Cr(VI) ions with initial concentrations range
of 10-70 mg/L treated with adsorbent dosages of 5.0 g/L at
30°C, pH = 2.0, within a contact time of 24 h, respectively).

stronger electrostatic attraction and/or by the binding of
Cr(VI) in the anions form with acidic functional groups.
Moreover, the number of protons available on the sur-
face of the HAP@CRH increased and resultantly, promot-
ing attraction between Cr(VI) in the anions form and the
adsorbent whose adsorption capacity has been enhanced
[60]. The Cr(VI) ions in solution were exchanged with
lots of hydroxide and phosphate ions on the surface of
HAP@CRH in the adsorption process, and they could be
successfully immobilized through interaction with the
reaction sites (e.g., -CaOH, -POH, -CaOH?* and -PO,H")
on the surface of HAP to form composite phosphate [61].
Thus, the adsorption effect of CRH on heavy metal ions
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can be improved after it was modified to be HAP@CRH.
In addition, the FT-IR study clearly delineates the func-
tional groups such as -NH,, -COOH, and —-OH on the
surface of the adsorbent, which will interact with Cr(VI)
ions to promote the adsorption of Cr(VI) process [62].

4. Conclusion

The hydroxyapatite-modified carbonized rice husk was
prepared in this study and the preparation process was
optimized based on characterization analysis and adsorp-
tion experiments. Meanwhile, this study found that to
obtain HAP@CRH with effective adsorption performance,
the raw rice husk should be carbonized and pyrolyzed for
2.0 h at 600°C to produce CRH, and then hydroxyapatite
particles should be deposited on the surface of CRH with a
Ca?"/CRH ratio of 0.2 g/g.

With the pyrolysis of organic matter during carbon-
ization, the surface became rougher with small pores and
small fragments of irregular shapes, and cracks were cre-
ated on the surface of the carbonized samples. After fur-
ther synthesis of HAP@CRH, the surface presented a
honeycomb-like structure as its porosity increased. The
BET specific surface area increased from 1.06 m?*/g (RH) to
193.64 m?*/g (CRH) and 183.91 m%*g (HAP@CRH) respec-
tively, while the total pore volume increased from almost
zero to 0.089 and 0.202 cm®/g, respectively.

The CRH showed a remarkably higher adsorption effect
on the Cr(VI) ions than that of RH, and the adsorption prop-
erty was further enhanced as CRH modified to be HAP@
CRH after depositing hydroxyapatite particles onto the
surfaces of CRH. The Cr(VI) ions solution with an initial
concentration of 30 mg/L was treated with adsorbent dos-
ages of 5.0 g/L at 30°C, pH = 2.0, within a contact time of
24 h. The residual concentration and removal rate of Cr(VI)
ions were determined as 0.43 mg/L and 98.57% respectively.
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