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Hydrothermal synthesis of a novel nanolayered tin
phosphate for removing Cr(im)¥

In this work, an outstanding nanolayered tin phosphate with 15.0 A interlayer spacing, Sn (HPO,4),-3H,0
(SnP—H™), has been synthesized by conventional hydrothermal method and first used in the adsorptive

removal of Cr(i) from aqueous solution. A number of factors such as contact time, initial concentration

of Cr(n), temperature, pH, and ionic strength on adsorption were investigated by batch tests. Moreover,

the isothermal adsorption characteristics and kinetic model of Cr(m) onto SnP-H* were studied. The
results showed that the adsorption of Cr() by ShP—H* was in accordance with the Langmuir adsorption
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isotherm model and the pseudo-second-order kinetic model. The adsorption capacity of Cr(i) onto

SnP—H* at temperature 40.0 °C and pH 3.0 could reach 81.1 mg g~*. And the distribution coefficient Kq
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1. Introduction

Many industrial production activities such as leather tanning,
electroplating, metal refining, metallurgy, and so on will
produce chromium-containing wastewater resulting in water
environment pollution.'”® Chromium is a transition metal that
has several oxidation states, but chromium trivalent and chro-
mium hexavalent are the most stable.> Cr(i) is an essential trace
element for the growth of many organisms.* However, Cr(vi) is
a highly toxic substance that can cause many diseases through
the skin, respiratory and digestive tracts.>*” Although trivalent
chromium is beneficial to the life activities of organisms, excess
chromium is toxic and harmful.>® The fact that chromium
changes rapidly from trivalent to hexavalent have been proved
by a group of researchers.” Therefore, chromium must be
removed as much as possible from industrial wastewater with
the complex matrix before discharging.'®** The methods of
removing chromium from aqueous solutions include precipi-
tation, ion exchange, reduction, electrochemical precipitation,
solvent extraction, membrane separation, adsorption, etc.'®
Among them, adsorption is an important method to treat
wastewater containing heavy metals with high efficiency, low
cost and simple operation.® However, due to being short of
appropriate adsorbents with excellent adsorption properties,
such as traditional adsorbent activated carbon, this method is
still limited in application.'® Organic ion exchangers such as ion
exchange resins have limited chemical, thermal and radiation
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was 23.0 g L™% Overall, experiments certified that SNnP—H™ was an excellent adsorbent that can
effectively remove Cr(in) from agqueous solution.

stability, which makes them unsuitable for the harsh waste-
water environment in practice. In recent years, many researches
on inorganic layered ion exchangers have been performed,
including layered double hydroxides,'” layered metal oxides,®
and layered metal sulfides.” These materials show potential
applications because of their simple preparation, excellent
chemical stability, rich composition and structure, and strong
ion exchange ability.>*>*

Considering the special structure of SnP-H" and the less
application of layered phosphate in trivalent chromium
removal technology, this paper mainly studied the effect of
conventional hydrothermal synthesis SnP-H" in the removal of
Cr(m) in aqueous solution. The effects of adsorption time, initial
concentration of Cr(m), temperature, pH, and ionic strength on
the adsorption of Cr(m) onto SnP-H" will be researched. Thus,
the effective conditions for the adsorption of Cr(ur) with a low
concentration on SnP-H' were obtained.

2. Experimental
2.1 Materials

The reagents used in this study were all of the analytical grade.
NaH,PO, (99.0%) and concentrated HCl (36.0-38.0%) were
supplied by Chengdu Kelong Chemical Co., Ltd., China.
SnCl,-5H,0 (99.99%) and Cr(NOs);-9H,O (99.0%) were
purchased from Aladdin Chemistry Co., Ltd., China.

2.2 Characterization

The SnP-H' was investigated by X-ray diffractometer (XRD,
Panalytical, EMPYREAN), high resolution transmission electron
microscopy (HRTEM, Tecnal G> F20), and thermal analysis
(METTLER TOLEDO, TGA-DSC2/1600), respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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XRD (Cu-target) pattern was collected with Ka1 radiation of
wavelength 1 = 1.540598 A and Ka2 radiation of wavelength 1 =
1.544426 A. Scan speed of 1 s per step and step size of 0.03°.
HRTEM image was obtained by Tecnal G2 F20 operated at 200
kv. TGA and DSC were carried out with a heating rate of
10 °C min ™.

2.3 Preparation of SnP-H"

The synthesis method is similar to the microwave hydrothermal
synthesis of SnP-H".?* 5 mL of 1 M SnCl, in 1 M HCI and 20 mL
of 3 M NaH,PO, were mixed fully in 100 mL Teflon-lined
stainless steel autoclave. The pH was adjusted to 0.4 with
concentrated hydrochloric acid and then reacted at 195.0 °C
hydrothermal for 48 hours. The product after cooling was
washed 4 times with 1 M HCI and deionized water, respectively.
The final samples were obtained after centrifugation and dried
at 60 °C for 5 hours.

2.4 Adsorption experiments

Certain amounts of Cr(NO;);-9H,0 were dissolved in deionized
water to prepare a series of solutions of different concentrations
(10.0, 20.0, 30.0, 40.0, 50.0 mg L~ 1), Afterward, batch adsorption
experiments were performed by contacting 10 mg of SnP-H"
with aqueous solutions of different initial concentrations of
Cr(m) (40 mL) in sealed 150 mL triangular flasks, which deter-
mined the effect of contact time on adsorption capacity.
Subsequent experiments confirmed the adsorption capacity of
SnP-H' in a low concentration of Cr(m) at different tempera-
tures (25.0, 30.0, 35.0, 40.0, 45.0 °C) and pH (1.0, 1.5, 2.0, 2.5,
3.0, 3.7). All the above adsorption operations were conducted in
a thermostatic oscillator with a speed of 140 rpm. The content
of Cr(m) in the supernatant after centrifugation was measured
by atomic absorption spectrometry (AAS). The measurements of
the chromium concentration in the studied were performed
using flame atomic absorption spectrophotometer (SHIMADZU,
AA-6880). A hollow cathode lamp (Shimadzu (Shanghai) Global
Laboratory Consumables Co., Ltd) was used for the measure-
ment of chromium concentration with a lamp current of 10 mA.
The wavelength of 357.9 nm and slit width of 0.7 nm were
selected for the measurement. Moreover, the values of acetylene
and air flow, the basic spectrometer parameters, were 2.8 and 15
L min~ " respectively. The limit of Cr detection was at the level of
0.13 mg L.

The adsorption capacity (g, mg g~ ) of Cr(m) on SnP-H" at
equilibrium and the amount adsorbed per unit mass of the
SnP-H" at time ¢ (g, mg g~ '), as well as the distribution coef-
ficient (K4, L g~ ') were respectively calculated by the following

eqn (1)—(3):
(Co—C)xV

q: = o )]

_ (Co — Ce) x V
e = — (2)
Ky = [(Co—C)+C]xV 3)
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where C, (mg L") is the initial concentration of Cr(m); C, (mg
LY and C. (mg L") are the concentration of Cr(u) at time ¢ and
adsorption equilibrium; V(L) is the volume of the solution; m (g)
is the amount of SnP-H" used in the experiment. Ky (L g7") is
the ratio of the amount of Cr(m) adsorbed by one gram of
adsorbent to the amount of Cr(m) remaining in the solution.
When the Ky of a certain adsorbent is greater than or equal to
10.0 L g7, it is regarded as a superior adsorbent.'
The removal efficiency (R) is expressed as:

C)— C

R= © % 100% (4)

2.5 Desorption experiments

The samples used in desorption experiments was prepared by
using a solution of 20 mg L™" of Cr(m) at pH 3.0 in contact with
10 mg of sorbent, at 25 °C for 40 min. The samples were then
filtered and placed in an oven at 60 °C for 2 h. Then 8 mg dried
sample was contacted with 20 mL HCI (1 or 3 M), HNO; (1 or 3
M) and H,SO, (1 or 3 M) solutions respectively in a closed
150 mL conical flask. The conical flask shaked at 25 °C for 24 h.
After the desorption experiments, the samples were filtered and
the content of Cr(m) in the liquid was analyzed. The desorption
efficiency, Rqes (%) was calculated as follows:

Caes X V
Rdes = R (5)
qeMdes
where Cycs (mg L") is the concentration of Cr(ir) and mges (g) is

the amount of sample in the desorption experiments.

3. Results and discussion
3.1 Characterization

The XRD pattern is shown in Fig. 1. The main peak of the
synthesized phosphate is at 15.1 A. This is consistent with the
report in the previous article,” which proves that we synthe-
sized a nanolayered tin phosphate with 15.0 A interlayer
spacing. The HRTEM in Fig. 2(a)-(c) displays that lattice fringes
with a plane spacing of 0.375, 0.751 and 0.292 nm respectively.
An identical conclusion is obtained in the XRD pattern. As we
can see from Fig. 3, the weight loss of SnP-H" reaches 11.4% at
225.6 °C, that is, about 2.2 moles of water molecules are
released.® Besides, we observe that the peak at 3.4 A in the XRD
pattern belongs to anhydrous tin phosphate. Thus, we think the
synthesized sample should be a mixture of anhydrous tin
phosphate and SnP-H'.

3.2 Effect of contact time

Fig. 4 shows that the influence of contact time on adsorption of
Cr(m) different concentrations on SnP-H'. The adsorption on
SnP-H" reached adsorption equilibrium at an initial concen-
tration of 10.0 mg L™" after 10 minutes. The highest removal
efficiency of Cr(u) was 96.9%. As for the initial concentrations
of Cr(m) from 20.0 to 50.0 mg L', the removal efficiency was
stable after 40 minutes. Moreover, it was observed that all the

RSC Adv, 2021, 11, 3202-3208 | 3203
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Fig. 1 XRD pattern of SnP-H*.

curves rose rapidly in the first 10 minutes, which indicates that
the adsorption rate increased rapidly at this stage. This is due to
a higher interlayer spacing of SnP-H', which makes it easier for
hydrated protons with larger diameters to exchange with Cr**.°
The adsorption capacity of the adsorbent for Cr(m) with various
initial concentrations of Cr(m) (20.0-50.0 mg L™ ') increased
slowly after 10 minutes until the adsorption was steady. With
the increase over time, the number of switching bits available in
SnP-H" decreases, resulting in a slow increase in removal
efficiency.

3.3 Effect of initial concentration of Cr(m)

The effect of initial concentration of Cr(m) (10.0-50.0 mg L")
on adsorption is presented in Fig. 5 and S1.t The removal effi-
ciency was 96.9% with the initial concentration of Cr(m) at
10.0 mg L', and then decreasing to 34.5% when the concen-
tration was 50.0 mg L', In the case of the same quality of
adsorbent, the adsorption capacity increases with the initial
concentration of Cr(m). Higher concentrations of Cr(u1) provide
an important driving force for overcoming mass resistance
between the water phase and the solid phase, causing an
enhancement of the adsorption process.*

5.0mm

Fig. 2 TEM image (a)—(c) of SnP—H* at high magnification.
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Fig. 4 Effect of contact time on the adsorption of different initial Cr(in)
concentration onto SnP—H* at 25.0 °C.

3.4 Effect of temperature

It is known that an increasing temperature will increase the
diffusion rate of adsorbate molecules on the outer boundary

5.0,0m 20:05im”
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Fig. 5 Effect of initial concentration on the adsorption of Cr(i) onto
SnP-H" at 25.0 °C.
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Fig. 6 Effect of temperature on the adsorption of Cr(i) onto the SnP—
H* (adsorption conditions: initial concentration = 20.0 mg L7,
contact time = 40 min, pH = 3.7).

layer. Changing the temperature will result in a change in the
equilibrium capacity of a specific adsorbent.** Fig. 6 shows that
temperature obviously affected the adsorption of Cr(u) on SnP-
H'. The removal efficiency of SnP-H" increased slowly from 25.0
to 40.0 °C, reaching the maximum removal efficiency of 81.0%
at 40.0 °C. Then it decreased as the temperature increased
(40.0-45.0 °C). The increase of removal efficiency indicates that
the adsorption process has endothermic properties.** The
decrease in removal efficiency with the increases of tempera-
ture, which may because of the weakening of the adsorption
force between the adsorbent and Cr(m).**

3.5 Effect of pH

The pH of solution is regarded as an important factor affecting
the adsorption of heavy metals because it can affect the speci-
ation of metal ions and the surface properties of adsorbents.*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of pH on the adsorption of Cr(m) onto SnP-H*
(adsorption conditions: temperature = 40.0 °C, initial concentration =
20.0 mg L™, contact time = 40 min).
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Fig. 8 Effect of pH on the adsorption of Cr(m) onto SnP-H*
(adsorption conditions: temperature = 40.0 °C, initial concentration =
20.0 mg L% SnP—H" dosage was 0.25 g L%, contact time = 40 min,
pH = 3.0, and NaCl concentration ranged from 0.01 to 0.05 M).

Taking into account the synthesis conditions of SnP-H" and the
pH of the solution with the initial concentration of Cr(m) at
20.0 mg L' is 3.7. And owing to most of acidic chromium-
containing wastewater, the pH range we measured in the
experiments were from 1.0 to 3.7. Fig. 7 displays that pH had
a signification influence on the adsorption capacity of the SnP-
H'. As we can see, the adsorption ability of the SnP-H'
increased gradually in the pH range of 1.0-3.0, but then
decreased when the pH continued to rise. At a pH of 3.0, the
maximum removal efficiency of the adsorbent was 85.2%. And
the distribution coefficient Kq was 23.0 g L™ " much greater than
10.0 g L™" at this moment. Under the condition of lower pH,
excessive protons compete with Cr(m) for adsorption sites that
may result in a reduced adsorption ratio. As pH increases, the
number of protons in the solution decreases, making metal ions

RSC Adv, 2021, 11, 3202-3208 | 3205
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Fig. 9 Cr(n) desorption efficiency after 24 h washing of the SnP—H*
with several eluents.

ob
Y\C\\ ?"faob( \(\ffaob‘

0.6

0.4+

C/a (gL
(=)

02

0.0 I I I I L I L I 1 L
0 5 100 15 20 25 30 35 40 45 50 55

C.(mg'L™"

Fig. 10 Isotherm plot for Cr(n) adsorption by SnP—H™" at the fitting of
Langmuir isotherm model (adsorption conditions: temperature =
25.0 °C, contact time = 40 min).

Table1 Langmuirand Freundlich constants for the adsorption of Cr(in)
on SnP-H* at 25.0 °C*

Model Constants Cr(u)
Langmuir model Gmca (Mg g ) 105.3
K, (Lmg™) 0.1088
R 0.9892
Freundlich model n 2.97
K; (mg—(rﬁl]/n Ll/n g—l) 25.12
R 0.8568

“ Where gp, a1 (mg g ') is the theoretical maximum adsorption capacity
of SnP-H".

more likely to be adsorbed.** When the pH is higher than 3, the
amount of CrOH>*, Cr(OH)**, Cr,(OH),", and Cr;(OH),>"
formed by hydrolysis of Cr** will increase.’” The diameter of Cr-

3206 | RSC Adv, 2021, 11, 3202-3208
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Table 2 Comparison of the adsorption capacity of SnP—H™ for Cr(i)
with different forms of adsorbent

Adsorption capacity

Adsorbent (mgg™) References
Ferrihydrite 53.14 45
Cus-PPP-SH 52.30 46
Na-Bent 6.44 47
Polyacrylamide-montmorillonite 59.74 48
Nitrolite 2.39 49
Ettringite 58.80 50
8-PTO 92.00 51
Boehmite nanoplates 19.85 52
SnP-H' 105.30 This study
12 10mg L
20mg-L"!
30mg-L!
1.0 40mg-L"!
50mg-L!
0.8 |-
g
=06
0.4
02
0.0 1 1 1 1 1 1
0 10 20 30 40 50 60
t/min

Fig. 11 The fitting plots of the pseudo-second-order kinetic model for
Cr(m) adsorption on SnP—H™.

hydroxyl ion is larger than that of Cr**. Thus, the exchange
between Cr’* and hydrated proton may become difficult,
leading to a weakened removal efficiency of SnP-H".

3.6 Effect of ionic strength

Chrome-containing industrial wastewater often contains plenty
of salt, and sodium chloride in tannery wastewater has been
identified as one of the main pollutants.*® Fig. 8 shows the effect
of sodium chloride concentration on adsorption of Cr(ur) onto
the SnP-H". As the concentration of sodium chloride increased
from 0 to 0.05 M, the equilibrium adsorption capacity decreased
significantly. The presence of Na' may cause steric hindrance to
Cr(m) with a large radius, leading to a decrease in the adsorp-
tion capacity of Cr(m) on the SnP-H'.* The stronger ionic
strength results in the preemption of more active sites by Na',
thus reducing the equilibrium adsorption capacity of Cr(ur) on
the SnP-H".

3.7 Desorption experiments

The desorption of Cr(ur) from SnP-H" using different kinds and
concentrations of acid solutions was studied. The results of
desorption efficiency could obtained by Fig. 9. When the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Kinetics parameters adsorption of Cr(i) on SnP—H* at 25 °C
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Experiment Pseudo-first-order kinetics Pseudo-second-order kinetics

—1 —1 R § —1 2 —1 s 1 —1 2
Co (mg L) ge (Mg g™) K (min™) Gecal (Mg g") R K, (g mg™ min™) Gecal (Mg g™") R
10.0 50.2 0.062 3.0 0.9619 0.079 50.3 0.9999
20.0 79.0 0.056 12.7 0.7159 0.015 79.4 0.9993
30.0 82.0 0.067 17.3 0.7432 0.011 83.3 0.9980
40.0 84.0 0.082 37.0 0.9998 0.008 85.5 0.9984
50.0 89.2 0.069 19.1 0.7815 0.008 90.9 0.9977
concentration of acid solution was 1 M, the desorption effi- i 11 % 8

. L . . n(¢ge —q) = —In

ciency of sulfuric acid (6.3%) was the highest, followed by nitric (¢ — 1) no e T 8)
acid (4.8%) and hydrochloric acid (2.2%). The concentration of
acid solution increased from 1 to 3 M, and the desorption effi- t_t + 1 (9)
ciency was improved to different degrees which nitric acid 4 qe Kage

increased the most. In addition, the desorption efficiency of
Cr(m) ranked as: HNO; (15.5%) > H,SO, (6.5%) > HCI (4.8%).
The above results indicate that the desorption of Cr(m) from
SnP-H' is not complete which means better retention of Cr(m)
by the SnP-H" phase.

3.8 Adsorption isotherm

The adsorption isotherm is a curve plotted by g. and different
initial concentrations of adsorbate (C.).* Langmuir® and
Freundlich*! isotherm models are respectively expressed by the
following eqn (6) and (7):

C_C 1 ©
qe dm  Kig.
1
lg qe = Elg C. + lg K; (7)

where ¢, (mg g™ ") is the maximum adsorption capacity of SnP-
H', K;, (L mg ™ ')is the Langmuir constant, K; (mg~ """ 1,1/7 g~ 1)
is the Freundlich constant, and 7 is a constant related to sorp-
tion intensity.

The adsorption of Cr(m) on SnP-H" was studied by Langmuir
and Freundlich isotherms and the results are shown in Fig. 10
and S2,T respectively. The isotherm parameters calculated by
Langmuir and Freundlich model were listed in Table 1.
Evidently, the correlation coefficient of the Langmuir model (R
= 0.9892) was higher than that of the Freundlich model (R*> =
0.8568). Thus the Langmuir model was fitted better. This result
confirms that the adsorption on SnP-H' is monolayer
adsorption.*”**

According to the Langmuir model, the maximum adsorption
capacity of Cr(m) on SnP-H" was 105.3 mg g~ '. Compared with
the maximum adsorption capacity of Cr(m) on other adsorbents
in literatures, SnP-H' has excellent adsorption efficiency (see
Table 2).

3.9 Adsorption kinetics

The adsorption kinetics of Cr(m) with different concentrations
on SnP-H" were described by pseudo-first order* (eqn (8)) and
pseudo-second order** model (eqn (9)):

© 2021 The Author(s). Published by the Royal Society of Chemistry

where K; (min~ ') and K, (g mg " min~ ") are pseudo-first order
and pseudo-second order rate constants.

Fig. S31 and 11 show the pseudo-first order and pseudo-
second order curves, respectively. Kinetics parameters adsorp-
tion of Cr(u) on SnP-H" are listed in Table 3. The above date
illustrates that the correlation coefficient of pseudo-second
order (R*> = 0.9977) is higher than that of the pseudo-first-
order model (R* = 0.7159). Hence the adsorption of Cr(m) on
SnP-H' is more consistent with the quasi-second-order model.
Therefore, the adsorption is more in line with the pseudo-
second-order model. In addition, the theoretical maximum
adsorption capacity of SnP-H" calculated by the pseudo-second
order kinetic model basically conformed to the experimental
value, indicating that the adsorption of Cr(m) on SnP-H' is
chemical adsorption.**

4. Conclusions

In this study, the adsorption capacity of low concentration Cr(ur)
on the SnP-H" under different conditions was investigated. It is
illustrated that the maximum adsorption capacity of Cr(u) with
initial concentration at 20.0 mg L' was 81.1 mg g ' at
temperature 40.0 °C and pH 3.0 through batch experiments.
The adsorption of Cr(m) on SnP-H' accords with Langmuir
isotherm model and pseudo-second order kinetic model. In
general, SnP-H" has the potential for practical application of
Cr(m) adsorption in aqueous solution.
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