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Enhanced removal of Cd(i) from aqueous solution
using CaCOz nanoparticle modified sewage sludge
biocharf

Wei-Qi Zuo,?® Chen Chen,®® Hao-Jie Cui*® and Ming-Lai Fu*®®

Nanostructured CaCO3z modified sewage sludge biochar (CMSSB) was successfully fabricated for efficient
removal of Cd(i) from aqueous solutions. X-ray diffraction (XRD) and scanning electron microscopy (SEM)
analyses indicated that the loaded CaCO3z mainly existed in the form of dispersive calcite nanoparticles, and
the loading of calcite nanoparticles had a slight effect on the morphology of the sewage sludge biochar
(SSB). The adsorption capacity of the obtained CMSSB for Cd(i) based on the Langmuir model is 36.5 mg
g~% which was nearly three times higher than that of the pristine SSB. The adsorption process can be
well described by the Elovich model, and the initial adsorption rate of the CMSSB is faster than that of
the SSB. The Cd(n) adsorption mechanism on the CMSSB involves ion-exchange and precipitation
reactions between heavy metal ions and calcite nanoparticles and biochar. The present results suggested
that the as-prepared CMSSB is an efficient and economic adsorbent for environmental heavy metal

rsc.li/rsc-advances remediation.

Introduction

Cadmium (Cd) contaminant in water and soils has attracted
much attention because it poses a serious threat to human
health."” Various remediation technologies have been used for
Cd(u) decontamination of polluted water and soils, including
but not limited to chemical precipitation, membrane filtration,
ion-exchange, adsorption, solidification, and electrochemical
methods.** Among these technologies, adsorption is the most
used method because of its flexibility in design and operation.
Economy, efficiency, and being green are three key factors to be
considered in polluted water and soil treatment. Thus, it is very
desirable to prepare a low-cost, high efficiency, and environ-
mentally friendly adsorbent for environmental applications.
On the other hand, the disposal and utilization of municipal
sewage sludge (SS) are a growing concern due to the rapid
increase in amounts of wastewater treatment plants in China.
In recent years, carbonization, a pyrolysis process that mostly
leaves a char product, has been explored extensively as an
alternative method for SS treatment and it is a promising
technology to recover nutrients from SS, kill pathogens and
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concentrate heavy metals simultaneously.®* Meanwhile, biochar,
including biochar produced from sewage sludge, has been
widely used to wastewater treatment and soil amendment.®™*°
The development of biochar technology provides opportunities
to satisfy the need of low-cost adsorbents for aqueous heavy
metals.” However, the adsorption capacities of the raw biochars
for heavy metals are usually lower due to their limited surface
functional groups and mineral components (CO,>~, PO,*").1>%
Therefore, modification of biochar with novel structures and
surface properties to enhance their capacity for heavy metal
removal have been attracted more and more attentions. Recently,
considerable research interest has been focused on preparation
of biochar-based nano-composites to removal organic and inor-
ganic pollutants by combination the advantages of biochar and
nanomaterials.’™® In this context, various nanoscale materials,
such as iron oxides, manganese oxides, ZnS, ZnO, carbon
nanotube, graphene, have been used to modify biochar for
enhancing their heavy metal adsorption performance.**** While
aiming at reliable preparation of low-cost, environmentally
friendly biochar-nanomaterial hybrids to achieve the effective
decontamination of heavy metal still remains a challenge.
Calcium carbonate (CaCOj), as one of the most abundant
materials in nature, has been explored for heavy metal ions
removal greatly. Especially, CaCO; played an important role in
specific adsorption of Cd(u) in paddy soils, and majority of Cd(u)
existed in the form of Cd-CaCO; at most flooding periods for
Cd(u) contaminated paddy soil.***® However, natural calcite has
only a very low efficiency on Cd(u) adsorption.?**® Therefore,
various nanostructured CaCOj;, including calcite, vaterite,
amorphous calcium carbonate, and their hybrids, have been
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fabricated to removal heavy metal ions with high adsorption
capacities.**® Regarding this, in this work, the biochar ob-
tained from sewage sludge was modified by nanostructured
calcite for the first time, and used for the Cd(i) removal. The
removal efficiency of Cd(u) and corresponding removal kinetics
for the as-obtained hybrids were investigated. The Cd(u)
adsorption mechanism on the nanostructured calcite modified
biochar was also discussed. This work will provided an alter-
nately low cost, efficient, and environmentally friendly adsor-
bent for Cd(u) decontamination of polluted water and soils.

Experimental section
Preparation of sewage sludge biochar (SSB)

Sewage sludge samples with a moisture content of 82.31% were
used in this study and supplied by a wastewater treatment plant
in Xiamen, Fujian province, China. Before the pyrolysis, the
sewage sludge was homogeneously agitated and then kept in
a polyethylene plastic bucket in refrigerator at 4 °C. The bucket
was airtight to protect the sample from oxidation. The wet
sewage sludge was dried at 105 °C for at least 24 h in an oven,
then the dried sewage sludge was packed in a vertical tube and
pyrolysed at 500 °C (higher yield and fix carbon content®”*®) to
form sewage sludge biochar under a nitrogen gas atmosphere.

Calcite modified sewage sludge biochar (CMSSB)

Calcite was prepared by a modified Cai's method.** Briefly, 10
mL of 0.1 M CacCl, solution was quickly mixed with 90 mL of
aqueous solution, which contained 0.01 mol of NaOH,
0.005 mol of dimethyl carbonate, 0.004 mol of poly(acrylic acid),
and 2.0 g of SSB. The reaction solution was kept under stirring
for about 2.5 min at room temperature. The precipitates were
separated rapidly by centrifugation and washed using distilled
water and anhydrous acetone, respectively. The samples with
different CaCO5/SSB ratio (wt/wt) were prepared by adjusting
the amount of SSB. The CMSSB sample with 5 wt% CaCO;
shows the best adsorption capacity for Cd(u) (Fig. S17), and was
used for experiments in this study.

Characterizations

XRD was carried out using a Bruker D8 ADVANCE X-ray
diffractometer equipped with monochromated Cu Ko radia-
tion (A = 0.1541 nm) at a tube voltage of 40 kv and a tube
current of 30 mA. SEM images were obtained with a Hitachi S-
4800 emission scanning electron microscope. A Micrometrics
ASAP 2020M + C system was used to measure the surface areas
and micropore size distributions of the materials. N, isothermal
adsorption and desorption experiments were performed at
relative pressures (P/P,) from 10~° to 0.9944 and from 0.9944 to
0.047, respectively. Pore size distribution was constructed by
analyzing desorption data points using the BJH method. All
Fourier transform infrared (FT-IR) spectra were obtained with
a Thermo Scientific Nicolet iS10 spectrophotometer using
pellets with KBr powder. Samples were scanned 15 times
between 4000 and 400 cm ™' at a resolution of 4 cm™'. The
thermal degradation of samples was studied with a thermo-
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gravimetric analysis (TG, Netzsch TG 209 F3) from 40 to
800 °C with an N, flow rate of 30 mL min~ " and a heating rate of

10 °C min .

Adsorption experiments

Cadmium (Cd) adsorption capacities of SSB and CMSSB mate-
rials were evaluated by measuring the time-dependent concen-
trations of Cd(u) and total Cd(u) in a batch system. To examine
the effect of initial Cd(u) concentration on the Cd(u) adsorption
by the SSB and CMSSB materials, 0.015 g L™ " of SSB or CMSSB
were contacted with 0, 0.5, 0.9, 3.7, 5.3, 7.0, 8.5,and 10.0 mg L ™"
of Cd(u) solution (150 mL) at initial pH 6.0. The suspensions
were agitated on a shaker at 250 rpm and 25 °C for 24 h, after
which the suspensions were intermittently filtered through
a 0.22 pm syringe filter. For the kinetic adsorption study, 0.015 g
of SSB or CMSSB materials were mixed with 8.4 mg L™" of Cd()
solution (150 mL) at initial pH 7.0. At time zero and at selected
time intervals thereafter, 5 mL of the suspensions were taken
and filtered through a 0.22 um syringe filter. In the experiment
examining the pH edge, 0.015 g of CMSSB samples was mixed
with 2.0 mg L™" of Cd(u) solution (150 mL) at initial pHs of 4.5,
5.5, 6.5, 7.5, and 8.5. The suspensions were agitated on a shaker
at 250 rpm and 25 °C for 24 h, after which 5 mL of the solutions
were intermittently sampled and filtered through a 0.22 pm
syringe filter. The residual Cd(u) concentration was measured
by ICP-OES. Batch experiments were conducted in three repli-
cate and the results reported are mean values of the experi-
mental data.

Results and discussion

The XRD patterns of the SSB, CMSSB, and calcite samples are
shown in Fig. 1. The XRD pattern of SBB revealed the presence
of several mineral phases, and quartz (Q), with a strong char-
acteristic peak at 26 = 26.6°, was the most recognizable crys-
tallographic structure in the samples. A weak characteristic
peak of calcite (CaCO;3) was observed, indicating that little
calcite contained in the SSB samples. In contrast, the intensity
of characteristic peak of calcite increased slightly for the CMSSB
samples, suggesting that calcite were successfully deposited on
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Fig. 1 XRD patterns of calcite, SSB and as-synthesized CMSSB
samples (I: illite; P: salt phosphate; Q: quartz; C: calcite).
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the surface of the SSB samples. The slight change could be
attributed to the small quantity and high dispersion of CaCO;
nanoparticles on the surface of SSB.

The SEM images of SSB and CMSSB samples show that the
loading of calcite has slightly effect on the morphology of SSB
(Fig. 2), and no obvious calcite nanoparticle aggregates occurred
in CMSSB (Fig. S21). These results indicate that the SSB
enhanced the dispersion of CaCO; nanoparticles and the
precipitated calcite mainly existed in the form of nanoparticle on
the SSB surface. The Energy dispersive X-ray spectrometry (EDX)
spectrum of the SSB and CMSSB samples confirm the increase of
Ca element after calcite loading, further validating the formation
of calcite nanoparticles on the surface of SSB. The EDX elemental
mapping was utilized to further verify the elemental composition
of the SSB and CMSSB, as well as the nanoscale spatial unifor-
mity of the element distribution. The Ca element is homoge-
neously distributed in the CMSSB samples (Fig. S31), suggesting
that loaded calcite is homogeneously distributed on the surface
of SSB samples.

The properties of SSB and CMSSB samples are listed in Table
1. Clearly, the Brunauer-Emmett-Teller (BET) surface area of
the SSB (28.2 m? g ') is higher than that of the CMSSB sample
(25.6 m* g 1), but pore size of the SSB (3.1) is lower than that of
the CMSSB sample (3.4), In addition, the Ca relative content of
the CMSSB (8.8, wt%) was slightly higher than that of the SSB
sample (5.8, wt%). The TG analysis presented that the content
of CaCO; nanoparticles in the CMSSB samples is about 5.6 wt%
(Fig. S47), which is close to the given CaCO;/SSB ratio (wt/wt).

The maximum Cd(u) adsorption capacities of the SSB and
CMSSB materials were investigated using the equilibrium
adsorption isotherms by varying the initial Cd(u) concentrations
from 0.05 to 10 mg L' at pH 6.0. As illustrated in Fig. 3, the
amount of Cd(u) adsorbed by the SSB firstly increased with
increasing Cd(u) concentrations from 0.05 to 4 mg L™, and then
became to decrease with further increasing Cd(n) concentration
over 4 mg L™ " (Fig. 3). A similar phenomenon for Cd(i) adsorp-
tion on the biochar derived from municipal sewage sludge has
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Fig.2 SEMimages and EDX spectra of the SSB (a and c) and CMSSB (b
and d) samples.
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Table 1 Selected characterization of the SSB and CMSSB samples

Relative content of

elements
Adsorbent  BET (m®g~')  Pore size (nm) Ca (Wt%) Cd (Wwt%)
SSB 28.2 3.1 5.8 1.7
CMSSB 25.6 3.4 8.8 1.1
30 4
[}
25 o n
—~ 20
> ° °
£ 154 °
o [ ]
o °
7 = CMSSB
e SSB
5 Langmuir
Freundlich
0 T T L} T T
0 2 4 6 8 10

Cd(ll) concentration (mg L'1)

Fig. 3 Adsorption isotherms of Cd(1) on SSB and CMSSB samples
(dose of adsorbents, 0.1 g L™, initial solution pH 6.0).

also been observed in ref. 37 and 39. By comparison, the sorption
amount of Cd(u) continuously increased with increasing the
concentration of Cd(n) from 0.05 to 10 mg L™ " for CMSSB.
Moreover, both the SSB and CMSSB materials are able to reduce
the equilibrium Cd(u) concentration to trace levels in the low
concentration region (<1 mg L™%'). At higher initial Cd(u)
concentrations (>1 mg L"), however, these two materials show
different adsorption behaviours, with Cd(u) adsorption capacity
of CMSSB being much higher than that of SSB samples. Both
Freundlich and Langmuir models are employed to further
analyze the Cd(u) adsorption data for CMSSB materials. The
equations were as follows:

Qc = K¢ X Ccl/n [1)
Qc=b X Onl(1 +b x Cp) (2)

where Q. is the amount adsorbed per unit weight of sorbent at
equilibrium (mg g™ '); C. is the equilibrium concentration (mg
L"), K¢ is the Freundlich adsorption constant related to the Cd(m)
adsorption capacity of the adsorbent (mg g~ %) (L mg™")*"), and
1/n is the adsorption intensity, which indicates the favorability of
adsorption. In addition, Qy, is the sorption capacity (mg g~ ') and
b is the affinity coefficient (L mg ™). According to the value of
regression coefficients (R*), the Langmuir isotherm model
describes well the adsorption behavior of Cd(i) on the CMSSB (R
= 0.996), indicating that the monolayer adsorption was involved
in the Cd(u) removal process by CMSSB.** The maximum Cd(u)
adsorption capacity based on the Langmuir model is 36.5 mg g~
for CMSSB, which is nearly three times higher than that of

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Adsorption kinetics of Cd(i) onto SSB and CMSSB materials:
adsorbent dose, 0.1 g L™%; Cd(i) concentration, 8.4 mg L™; initial pH
7.0.

pristine SSB. Therefore, a small amount of calcite nanoparticles
(calcite/SSB = 5 wt%) modification has greatly enhanced the
adsorption capacity of Cd(i1) compared to the raw sewage sludge
biochar.

The time needed for Cd(u) removal using adsorbents is of
considerable importance for the possible practical application.
The time-dependent Cd(u) adsorption kinetics by the SSB and
CMSSB materials are presented Fig. 4. It is apparent that most
of Cd(u) could be rapidly adsorbed onto the SSB and CMSSB
(Fig. 4). Over 80% of the Cd(u) adsorption capacity was reached
within 10 min, and then Cd(u) adsorption increased steadily to
reach equilibrium in about 24 h. This slow adsorption rate
following initially rapid adsorption of heavy metals on CaCO;
has also been observed previously.*** In order to investigate the
mechanism of adsorption and potential rate-controlling steps,
the pseudo-first-order, pseudo-second-order, and Elovich
equation kinetic models have been employed to fit the experi-
mental data, and the kinetic parameters for Cd(u) adsorption
are listed in Table S1.1 Compared with R* values, kinetics data
for the adsorption of Cd(u) from aqueous solution were in best
agreement with the Elovich equation. The validity of the Elovich
equation suggests that Cd(u) adsorption on the SSB and CMSSB
materials is a chemical adsorption on highly heterogeneous
adsorbents and chemisorption mechanism is likely rate-
controlling in the processes. The « value of CMSSB is much
higher than that of SSB (see Table S1t), and the 8 shows the
opposite trend, indicating that the initial adsorption rate of
CMSSB is faster than that of SSB materials. Thus, the rate of
Cd(n) chemisorption on SSB can be increased with the presence
of calcite nanoparticles (CMSSB).

The initial solution pH is one of the most important
parameters affecting heavy metal sorption process on CaCO;
and biochar surfaces.*>*° To explore the effect of solution pH on
the adsorption of Cd(u) onto CMSSB, the sorption studies were
carried out at pH values adjusted from 4.5 to 8.5. As presented
in Fig. 5, the removal efficiency of Cd(u) by CMSSB depends
mainly on the pH of the aqueous solutions, and the Cd(u)
adsorption increases with increased solution pH, which can
also be observed on the single component CaCO; and biochar
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Fig. 5 Effect of the initial solution pH on Cd(i) removal by CMSSB:
adsorbent dose, 0.1 g L™%; initial Cd(i) concentration, 2.0 mg L™,

samples.***” When the pH is low (pH < 5.5), the adsorption
capacities of Cd(u) were low due to the dissolution of calcite and
the electrostatic repulsion.**> A remarkable release of Ca(u) has
been detected in the single calcite or CMSSB suspension at pH
5.0 (Fig. S5f). Meanwhile, the species of surface functional
groups on biochar-calcite were protonized with positively
charged surface, resulting in competition between H' and Cd(m)
or Ca(un) and Cd(u) for occupancy of the binding sites.”” With
increasing pH values (pH > 5.5), more calcite nanoparticles could
exist in the solutions, causing a greater ion-exchange reaction
between Cd(u) and Ca(n) at the surface of CMSSB. In addition, the
surface charges of biochar-calcite became more negative, further
promoting the Cd(u) sequestration and eventually resulting in
high Cd(u) removal efficiency."

Many researchers have investigated heavy metal cation
adsorption mechanisms on calcite and SSB materials, and the ion
exchange, electrostatic attraction, surface complexation, physical
sorption, and precipitation have been suggested by several
researchers.®>*~* To explore the Cd(u) removal mechanism, the
calcite, SSB, original and Cd(u)}-loaded CMSSB samples were
scanned by FT-IR, respectively. After Cd(u) adsorption on CMSSB,
the band intensities at 1427 and 879 cm ™!, which corresponded to
calcite, clearly decreased (Fig. 6a). The degrease of the two peaks
was attributed to ion exchange or surface precipitation of metal-
(hydro)carbonates. Meanwhile, other adsorption band intensities
did not change remarkably after Cd(u) adsorption (Fig. 6a). These
results indicate that calcite play a key role in Cd(u) adsorption. A

——CMSSB
—— CMSSB-Cd(ll)

Transmittance (%)

—ss8

—— Calcite
~———CMSSB

—— CMSSB-Cd(ll)

4000 3600 3200 2800 2400 2000 1600 1200 800 4 0 2 3 P 0 P 70

Wavenumber (cm’) Two theta (degree)

Fig. 6 (a) FT-IR spectra of calcite, SSB, original and Cd(i)-loaded
CMSSB; (b) XRD patterns of the original and Cd(i)-loaded CMSSB.
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precipitation transformation has been proposed for heavy metal
adsorption on CaCO; materials.**>*** To further confirm the
contribution of the chemical precipitation for Cd(u) sorption, the
original and Cd(u)-loaded CMSSB were analyzed by XRD. As shown
in Fig. 6b, the characterization diffraction peaks in the XRD
pattern of Cd(u)-loaded CMSSB is similar to that of the initial
CMSSB, suggesting that no significant crystal structure precipi-
tates were formed during the Cd(u) sorption on CMSSB. In
contrast, the intensity of phosphate decreased after Cd(u)
adsorption, indicating that Cd(u) precipitates with phosphate was
also involved in Cd(u) adsorption reaction. Based on the ICP and
FT-IR analysis (Fig. 4), it was concluded that Cd(u) mainly adsor-
bed on calcite nanoparticles in CMSSB. Meanwhile, the SEM-EDX
elemental mapping of Cd(u) loaded CMSSB samples shown a close
association of Cd with Ca (Fig. S6t), further suggesting that Cd(u)
adsorption or precipitation occurred on the surface of calcite
nanoparticles.

Conclusions

The nanostructured calcite modified sewage sludge biochar
materials have been successfully prepared through a simple
precipitate method. The loaded calcite nanoparticles signifi-
cantly improve the adsorption performance of the biochars for
Cd(u). The substantially lower cost and higher efficiency of this
adsorbent, become the main advantages of this composite.
These preliminary results demonstrate that nanostructured
calcite modified biochars will have a great potential application
for heavy metal decontamination of polluted water.
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