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ABSTRACT

Mg-Al-CO, hydrotalcite-like compound (HTlc) was synthesized by coprecipitation method, and
HTlc was calcined under 500°C to obtain calcined Mg-Al-CO, hydrotalcite-like compound (CHTIc).
The samples were examined by X-ray diffraction and Fourier transform infrared spectroscopy.
Adsorption properties of chromium (VI) (Cr(VI)) and phosphorous (V) (P(V)) on CHTIc were
investigated. A series of experiments were performed to study the influence of various experimental
parameters, such as contact time, pH, initial concentration, and adsorbent dosage. Competitive
adsorption characteristics of Cr(VI) and P(V) on CHTlc were investigated and the adsorbent
regeneration experiment was carried out. Results indicate that the optimum adsorption could be
achieved with 1 g L adsorbent solution (20 mg L™ Cr(VI) and 20 mg L P(V)) at a pH of approx-
imately 5 in 8 h. Cr(VI) adsorption in co-existing solution system of the two anions is obviously
suppressed by P(V), while Cr(VI) had no significant influence on P(V) adsorption. The adsorbent
can be regenerated within 10%Na,CO, + 5%NaOH solution. After three regeneration cycles, the
adsorption removal rate of Cr(VI) and P(V) had not changed significantly.

Keywords: Hydrotalcite-like compounds; Chromium (VI); Phosphorous (V); Water treatment

1. Introduction mutagen [5,6]. Phosphorus is generally present in nature in
the form of phosphate, and the +5 state (phosphorus (V),
P(V)) for the element is its stable state. P(V) is an import-
ant factor of surface freshwater system, which can limit the
growth of plants. However, excess P(V) can cause serious
environmental problems in lakes and reservoirs, such as
eutrophication, algae blooming, and ecosystem damage [7].
There are many sources of P(V) in water such as mineral
processing, detergents, electronic industry, pigments, and
over use of P(V)-containing fertilizer [8]. Moreover, excess
P(V) can cause intense accumulation of algae, which may
lead to decrease of aquatic life [9]. These pollutants can
pollute soil, groundwater and other environmental system,
ultimately threatening human health. Therefore, removal
of Cr(VI) and P(V) from wastewater before discharging into
the environment is significantly important.

Chromium is a common pollutant in water and soil,
which typically occurs in two oxidation states in the
natural environment, water treatment processes and water
distribution systems: trivalent chromium (chromium-3,
Cr(Ill), Cr®), and hexavalent chromium (chromium-6,
Cr(VI), Cr*) [1]. Cr(VI) is generally present in surface and
ground water. Various industries such as electroplating,
metal cleaning, leather processing and mining discharge
Cr(VI)-containing wastewater with various concentra-
tions (5-220 mg L™) of Cr(VI) into the aquatic environment
[2]. Cr(VI) is toxic and can cause various types of harm
to people, such as skin allergies, hereditary gene deletion
and carcinogenic [3,4]. Due to its strong oxidizability and
high toxicity, Cr(VI) is always viewed as a carcinogen and
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Various methods were employed by researchers for
the removal of Cr(VI), such as chemical precipitation [10],
chemical reduction [11,12], membrane separation [13,14],
electrocoagulation [15,16], ion exchange [17,18], photo-
catalytic reduction [19,20], and adsorption [21-25]. For P(V)
removal, chemical precipitation [26], microfiltration [27,28],
crystallization [29-31] and adsorption [32-36] are extensively
used.

P(V) and Cr(VI) often appear together in wastewater,
such as wastewater from mineral processing. There are
simultaneous removal techniques for Cr(VI) and P(V), such
as hybrid anion exchange precipitation [37] and liquid-liquid
extraction [38]. Among these techniques, adsorption is one
of the most promising because of its efficiency, flexibility,
and low cost.

Hydrotalcite-like compound material (HTlc) is a kind
of layered compound composed of positively charged layers
of metal sheets and negatively charged anions. The general
chemical formula is M{* M* (OH),]""A"; -nH,O, where M* is
a divalent cation, M* is a trivalent cation, x(= M*/M?* + M%)
is the layer charge density, A" is an interlayer anion, and  is
the number of interlayer water molecules. HTlc has special
layered structure, large specific surface area, and adjustable
anions between the layers. The anion exchange and memory
effect of HTlc material are the main properties that enable
this material to remove toxic anionic species from aqueous
systems as a potential adsorbent [39-41]. HTlc affinities for
anions generally follow the order of the Hofmeister series
[42]. In other words, the affinity increases with the decrease
of ionic radius and increase of charge. For monovalent
inorganic anions, the affinity decreases in the order of
OH" > F > Cl" > Br- > NO; > I'. In addition, the affinity of
HTlc for multivalent inorganic anions is generally greater
than for monovalent inorganic anions. COZ", which is gen-
erally the interlaminate anion, is preferentially adsorbed
and inhibits further ion exchange [43]. The interlayer COZ
anion can be removed by calcining at a certain tempera-
ture [44]. At a certain temperature, HTlc can exist in the
form of bimetallic oxide after calcination (CHTIlc). CHTIc
can absorb water and anions to restore its original layered
structure when placed in the air or in a solution containing
certain anions, which is called the memory effect [45,46].
The adsorption capacity of CHTlc for removal of hazardous
anions from contaminated water is better than HTIc because
the calcination of HTIc containing CO? as interlayer anion
causes the formation of M**M*O solid solution capable of
recovering the HTlc layered structure during the treatment
of anions from aqueous solution. When CHTIc recover its
original structure, anions compete to occupy the sites previ-
ously occupied by CO? in the lamellar structure, and there
are some parameters influence this process. When CHTlIc
is used to remove fluoride from an aqueous solution, the
adsorption process is influenced by pH, adsorbent concen-
tration and temperature of aqueous solution. Various anions
compete to be adsorbed onto CHTlIc in the order PO} > Cl
- = 507 > Br- > NO; when fluoride aqueous solution con-
tains other anions. The Z/r (charge/radius) values of the
anions vary in the order PO} (3/3.40) > SO?~ (2/2.40) > CI-
(1/1.81) > Br (1/1.95) > NOj; (1/2.81), that is, CHTIc may have a
greater affinity for anions with higher charge densities [47].
For removal of Cr(VI) and phosphate by CHTIc, phosphate

showed a stronger affinity for CHTlc compared with that
manifested by Cr(VI), and the factors influencing this
affinity include contact time, solution pH, and initial anion
concentrations [48]. Moreover, HTlc is easy to synthesize,
inexpensive and reusable. Thus, HTIc is considered to be
one of the most promising inorganic functional materials
[49]. Because of these features, CHTIc is used in this paper
as an adsorbent to remove Cr(VI) and P(V) from aqueous
solution and further be used in wastewater treatment.

This paper aims to study the adsorption of Cr(VI) and
P(V) under different conditions, which may provide guid-
ance for practical engineering applications. Aqueous solution
was prepared to simulate wastewater, and CHTlc was used
as adsorbent. In order to effectively utilize CHTlIc, several
factors were analyzed separately, such as time, pH, initial
concentration and adsorbent dosage. Moreover, the mutual
influence between Cr(VI) and P(V) and the regenerative
properties were studied. Finally, recycling of the materials
was considered to further reduce operation costs.

2. Experimental
2.1. Sample preparation and characterization

The CHTIc used in this experiment was prepared by
a liquid-phase co-precipitation method. Solution A was
prepared by dissolving 25.6 g Mg(NO,),-6H,O and 18.75 g
AI(NO,),9H,0 in deionized water. NaOH (20 g) was dissolved
in deionized water to make solution B.

Solution A and solution B were added to a Na,CO, solu-
tion at a rate of 1 drop per second under constant stirring,
and the pH of mixed solution was maintained at approxi-
mately 11 with HNO, and NaOH. The mixture was stirred
for 30 min after adding solution A and solution B. Then the
mixture was placed in a constant 65°C water bath for 18 h.
The final precipitate was filtered, washed thoroughly, and
dried at 80°C for 12 h to obtain Mg-Al-CO, HTlc. Calcined
Mg-Al-CO, HTlc was obtained by calcining the Mg-Al-CO,
HTlc at 500°C for 5 h.

X-ray diffraction (XRD) and Fourier transform infrared
(FTIR) spectroscopy were used to examine the CHTIc sam-
ples. XRD patterns were obtained in a Rigaku D/Max-2500
diffractometer (Rigaku, Tokyo, Japan) with CuKa radia-
tion (voltage 40 kV, current 30 mA, scan rate 8°min™, scan-
ning range from 5° to 65°). FTIR spectra of KBr pellets were
recorded on a Thermo-Nicolet Nexus 670 FTIR spectrometer
(Thermo Nicolet, Madison, WI, USA) (wavenumber range
from 400 to 4,000 cm™).

2.2. Adsorption experiments

Cr(VI) and P(V) solution were prepared, respectively,
with dissolving K,Cr,0, and KH,PO, in deionized water.
The pH value of samples during the experiment was adjusted
with 0.2 mol L™ HNO, and 0.2 mol L™* NaOH. A 30.0°C + 0.2°C
constant temperature shaker was used in experiments at a
rotational speed of 150 rpm.

Water samples were filtered for analysis of the concentra-
tions of residual Cr(VI) and P(V) solution. The concentration
of Cr(VI) before and after sorption processes was determined
by diphenyl carbazide method, with spectrophotometer
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(721 model spectrophotometer, Shanghai Third Analytical
Instrument Factory, Shanghai, China) at a wavelength of
540 nm. And the concentration of P(V) before and after sorp-
tion processes was identified by molybdate blue method,
colorimetric reading of a spectrophotometer (721 model
spectrophotometer, Shanghai Third Analytical Instrument
Factory, Shanghai, China) at a wavelength of 700 nm.

The adsorption capacity g, (mg g™) at specific time t was
determined by Eq. (1):

(C,-C)V

1
1,000W M

q:=

The removal rate R, (%) at specific time t was calculated
by the following Eq. (2):

— U_Cf)v o,

0

where C; (mg L™) is the initial Cr(VI) or P(V) concentration,
C, (mg L™) is the Cr(VI) or P(V) concentration at specific
time t, V (L) is the solution volume, and W (mg) is the
adsorbent mass.

The equilibrium adsorption capacity g, (mg g™) and the
equilibrium removal rate R, (%) could be calculated by Egs. (1)
and (2), respectively, where C, at equilibrium was replaced
by C, (equilibrium Cr(VI) or P(V) concentration, mg L™).

2.2.1. Effect of adsorption time

A Cr(VI) and P(V) mixed sample (200 mL) was prepared
in which both Cr(VI) and P(V) had initial concentration of
20 mg L™ Then, 0.1 g CHTIc was added, and the mixture
was stirred in a thermostatic shaker. The concentrations of
Cr(VI) and P(V) were measured at specific times (0.25, 0.5, 1,
1.5,2,3,4,5,6,8and 11 h).

2.2.2. Effect of pH in experiments

Five identical mixed samples (5 x 200 mL) containing
Cr(VI) (20 mg L) and P(V) (20 mg L) were prepared. The
pH of the five samples was, respectively, adjusted to 3, 5,7, 9,
and 11 with 0.2 mol L™ HNO, and 0.2 mol L™" NaOH. Then,
adsorbent (5 x 0.1 g) was added to the samples. The samples
were placed in a thermostatic shaker for 8 h. Then, the pH,
Cr(VI) concentration, and P(V) concentration were measured.

2.2.3. Effect of initial Cr(VI) and P(V) concentration in
experiments

Five samples (5 x 200 mL) containing the same Cr(VI)
concentration (20 mg L) but different P(V) concentrations
(0, 5, 10, 20, 30, and 40 mg L) were prepared. Then, added
CHTIc (5 x 0.1 g) to every sample, and the mixed solu-
tion samples were placed in a thermostatic shaker for 8 h.
The concentration of Cr(VI) in every sample was measured.

The other group of five samples (5 x 200 mL) containing
the same P(V) concentration (20 mg L™) but various Cr(VI)
concentrations (0, 5, 10, 20, 30, and 40 mg L) were prepared.
Added CHTIc (5 x 0.1 g) to every sample, the mixed solution

samples were placed in thermostatic shaker for 8 h. The
concentration of P(V) in every sample was measured.

2.2.4. Effect of dosage in experiments

Identical samples (6 x 200 mL) containing Cr(VI)
(20 mg L™) and P(V) (20 mg L) were prepared, and the pH
value of samples was adjusted between 5 and 6. Then dif-
ferent amounts of CHTlc were added, respectively, to six
samples, to final CHTIc concentrations of 0.5, 0.6, 0.7, 0.8,
0.9, and 1.0 g L. The six samples were placed in a ther-
mostatic shaker for 8 h. The concentrations of Cr(VI) and
P(V) in every sample solution were measured.

2.3. Recycle method

A sample solution (200 mL) containing Cr(VI) (20 mg L)
and P(V) (20 mg L") was prepared. CHTIc (0.2 g) was added
to the sample solution. Then, the mixed solution sample was
placed in a thermostatic shaker for 8 h. CHTIlc-500 (contain-
ing Cr(VI) and P(V)) was obtained after the mixed solution
was filtered and dried. The CHTIc-500 (containing Cr(VI)
and P(V)) was added to 200 mL Na,CO, (10%) and NaOH
(5%) mixed solution and stirred for 8 h. Then, the mixture
was filtrated and dried. Regenerated CHTIlc was obtained
by calcining the precipitate at 500°C for 5 h.

Regenerated CHTIc-500 (containing Cr(VI) and P(V))
was used as adsorbent, and the experiment was repeated
three times under the same conditions.

3. Results and discussion
3.1. Sample characterization

The XRD patterns of Mg-Al-CO, HTlc and CHTIlc-500
are shown in Fig. 1. The HTlc XRD patterns demonstrated
the characteristic peaks of hydrotalcite-like compounds
(e.g., 003, 006, and 009) [50]. The strong X-ray reflection
proved a high degree of crystallinity and a layered structure
in the samples. The diffraction peaks disappeared after cal-
cining at 500°C, indicating that the hydrotalcite-like structure
had collapsed and that the stacking of the layers became
disordered [34]. The broad peaks shown in the figure were
caused by the formation of Mg—Al mixed oxides.

The peak shape is sharp and symmetric, which proves
that the obtained hydrotalcite has high crystallinity and good
regularity. In the CHTIc-500 pattern, the characteristic hydro-
talcite diffraction peaks have disappeared, indicating that
the original layered structure was destroyed and converted
to double metal oxide.

The FTIR spectra of Mg-Al-CO, HTlc and CHTlc-500
are shown in Fig. 2. The band at 3,434 cm™ corresponds to
the stretching vibration of O-H bonds in metal hydroxides
and water molecules. The band at 1,627 cm™ is attributed to
the bending vibration of water molecules between the layers.
In addition the band at 1,360 cm™ corresponds to the char-
acteristic vibration of CO” [51]. The bands at 400-1,000 cm™
are produced by infrared adsorption of interlayer anions
and metal-hydrogen bonds. As seen by comparing the
infrared spectra of HTlc and CHTIc-500, the bands at 1,627
and 1,360 cm™ decreased significantly, which proves that
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Fig. 1. XRD spectra of HTlc and CHTIc-500.
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Fig. 2. FTIR spectra of HTlc and CHTlc-500.

most CO§’ and water molecules between HTlc laminates
were lost after calcination. The results also demonstrated that
COZ was not completely removed after calcining at 500°C
and that there was a strong affinity between CO2~ and HTlc.

3.2. Effect of time factor

To determine the equilibration time, the time required
for Cr(VI) and P(V) to be adsorbed by CHTIc-500 was inves-
tigated. The relationship between adsorption time and the
amount of Cr(VI) and P(V) adsorbed by CHTIlc-500 is shown
in Fig. 3. The amounts of Cr(VI) and P(V) adsorbed on
CHTIc-500 both initially increased with time and steadily
reached equilibrium. The adsorption of P(V) is faster than
that of Cr(VI) and gradually increased with time. By approx-
imately 5 h, the adsorption of P(V) reached equilibrium,
and the equilibrium amount of P(V) adsorbed on CHTIlc-500
was 40 mg g'. The amount of Cr(V) adsorbed on CHTlc-
500 increased slowly from 0 to 5 h. Then increased quickly
after 5 h, and reached equilibrium at approximately 8 h
with a total amount adsorbed of 18.12 mg g™. Considering
that equilibrium was reached in less than 8 h, the equilibra-
tion time for subsequent experiments was set to 8 h. The
amount of P(V) adsorbed onto CHTlc-500 is more than that

40 o —© @ ®

w0l * P(V)
| —a— Cr(VI)

t(h)

Fig. 3. Effect of time on Cr(VI) and P(V) adsorption by CHTIlc-500.

of Cr(VI), and P(V) reached equilibrium faster than Cr(VI).
This difference may be because Cr(VI) and P(V) compete
for the same adsorption sites, and the affinity of P(V) on
CHTlc-500 is greater than that of Cr(VI).

3.3. Effect of pH

Solution pH is an important factor affecting adsorption
because it controls the surface change of adsorbent and the
speciation of ions. Fig. 4 shows the adsorption of P(V) and
Cr(VI) on CHTIc-500 at different initial pH values with a
constant ionic density. When the solution pH increased from
3 to 5, the adsorption capacity of Cr(VI) and P(V) increased.
Both Cr(VI) and P(V) reached maximum adsorption when
the pH was approximately 5. As the pH varied from 7 to
11, the adsorption of Cr(VI) and P(V) clearly decreased.
Therefore, a pH of approximately 5 was considered to be
favorable for the adsorption process.

According to previous research, when the pH of a solution
is less than 5, a large amount eluted metal ions can be detected
in solution [52]. Although the released AI*" experiences a
flocculation effect, the performance of CHTIc-500 under such

12
40+ ° e
: 3
® _—
35 ; 4 41
* — ¢
30| %
e T
25 » 410 &
< // E
T ¢ =]
220} =R H
£ i B Cr(Vl) =
e 15F F/// -\ —— Equilibrium pH 19 =
10
\!\i ls
5F T
.
0}
1 1 1 1 1 1 1 1 1 7
2 3 4 5 6 7 8 9 0 M 12
pH

Fig. 4. Effect of initial pH value on Cr(VI) and P(V) adsorption
by CHTlc-500.
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conditions is instable, which may explain why the adsorption
capacity of Cr(VI) and P(V) at pH less than 5 was low.

Similarly, a peralkaline environment is not conducive to
CHTlc-500 adsorption. With increasing pH, the excess OH"
in solution competes with the adsorbate for adsorption sites,
and the OH" attached to the CHTIc-500 surface exerts an
electrostatic repulsion effect on other ions.

The results could be due to the excess OH-, which can
compete with Cr(VI) and P(V) for sites on the lamellar struc-
ture during the adsorption process. In addition, a higher pH
can promote the formation of negative ions, which would
inhibit the adsorption of ions [53].

Additionally, when the initial pH increased from 7 to 11,
the amount of adsorbed Cr(VI) and P(V) decreased:

HCrO, < CrO> +H* pK=59 ®)

H,PO, <> HPO? +H' pK=72 (4)

It can be inferred from Eqs. (3) and (4) that more
adsorption will need to occur to adsorb the same amount
of contaminants when the anions in solution are converted
from monovalent to divalent ions, which means that CHTlc-
500 adsorbs 2 mol H,PO; or HCrO; equals to adsorb 1 mol
HPO? or CrO?". Thus, when the pH was high, the adsorption
of Cr(VI) and P(V) was reduced.

Fig. 4 shows that the Cr(VI) adsorption process is more
apt to be affected by pH than the adsorption of P(V). P(V)
was able to interact with CHTlc much more easily than
Cr(VI) did, because the affinity between P(V) and CHTlIc
is stronger than that between CHTlc and Cr(VI).

CHTIc has some buffering effect on the pH of the solution
[54,55]. In Fig. 4, when the initial pH of the mixture ranges
from 3 to 11, the balanced mixture pH generally increased
in the range from 9 to 12. After Cr(VI) and P are adsorbed
on CHTIc-500, the solution becomes alkaline, which is
related to the reaction mechanism by which inorganic anions
X" rebuild their original layered structure [56].

mMg, AlLO  +xX™ +(m+n+meHzO—>
RS 2

[MgHAlX (OH)J (X)X xnH,0 + mxOH" )

m

Eq. (5) shows that OH is released during the process of
CHTIc-500 adsorption of Cr(VI) and P(V), thus increasing
acidity of the system. Considering this process, CHTIlc-500
may also be applied for neutralization of certain inorganic
acid wastewater, thus reducing the cost of pH adjustment
treatments.

3.4. Competition between Cr(VI) and P(V) in adsorption system

In Fig. 5, the Cr(VI) curve represents how the initial P(V)
concentration (increased from 0 to 40 mg L) impacts the
adsorption of Cr(VI), and the P(V) curve shows how the initial
Cr(VI) concentration (increased from 0 to 40 mg L™) impacts
the adsorption of P(V). As the curves show, the change in
the Cr(VI) concentration had little effect on P(V) adsorp-
tion, and the removal rate of P(V) remains above 99%.
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Fig. 5. Mutual effects of Cr(VI) and P(V) with different initial
concentration.

The removal rate of Cr(VI) was high when the concentration
of P(V) increased from 0 to 10 mg L. However, when the
concentration of P(V) increased from 10 to 20 mg L7, the
removal rate of Cr(VI) decreased significantly from 98.17%
to 43.14%. As the concentration of P(V) increased from 20
to 40 mg L7, the removal rate of Cr(VI) continued decreas-
ing but decreased at a lower rate. Such phenomena suggest
that Cr(VI) and P(V) compete for adsorption sites on CHTlc-
500, with a certain CHTIc-500, P(V) is more apt to occupy
adsorption sites because of its stronger affinity. In the first
group, the P(V) concentration was 20 mg L, but the Cr(VI)
concentration varied from 0 to 40 mg L™!. During the adsorp-
tion process, it was difficult for Cr(VI) to compete with
P(V) for adsorption sites on CHTIc-500. Thus, the effect of
Cr(VI) for the adsorption of P(V) on CHTIlc-500 was small.
In the other group, the Cr(VI) concentration was 20 mg L™
but the P(V) concentration varied from 0 to 40 mg L. When
the P(V) concentration varied from 0 to 10 mg L7, there
were enough adsorption sites on CHTlc-500 for both Cr(VI)
and P(V), so the impact of P(V) on Cr(VI) was small. For a
certain amount of CHTlc-500, when the P(V) concentration
increased, Cr(VI) and P(V) competed for adsorption sites on
CHTlc-500. P(V) is more apt to occupy adsorption sites, so
the amount of Cr(V) adsorbed on CHTIlc-500 became less;
thus, the removal rate of Cr(VI) decreased. Consequently,
there was less CHTIc-500 surface area available for Cr(VI),
and the Cr(VI) adsorption capacity decreased [57]. There
are two main reasons that explain the adsorption capacity
difference between Cr(VI) and P(V). The first reason is that
the ionic radius of phosphate is smaller than that of chro-
mate, so it is easier for phosphate ion to occupy adsorption
sites between CHTlc-500 laminates. Moreover, the configu-
ration and electrical properties of the structures composed
of Cr(VI) and P(V) differ from each other.

3.5. Effect of adsorbent dosage

Because Cr(VI) and P(V) occupy the same adsorption
sites on CHTIc-500, increasing the adsorbent dosage means
more adsorption sites are available for both Cr(VI) and P(V).
Table 1 lists the adsorption equilibrium concentrations of
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Table 1
Effect of CHTIlc-500 dosage on Cr(VI) and P(V) adsorption

Dosage Cr(VI) equilibrium P(V) equilibrium
(gL™M concentration (mg L) concentration (mg L7)
0.5 11.372 0.003

0.6 4.754 0

0.7 2.267 0

0.8 0.106 0

0.9 0.068 0

1.0 0 0

Cr(VI) and P(V) under different CHT1c-500 dosage. The ini-
tial concentrations of Cr(VI) and P(V) were 20 mg L, and
when the CHTIc-500 dosage was 0.5 g L7, the equilibrium
removal rates of Cr(VI) and P(V) were 43.14% and 99.99%.
When the CHTIc-500 dosage increased to 0.6 g L7, the
equilibrium removal rates of Cr(VI) and P(V) were 76.23%
and 100%. Upon increasing the CHTIc-500 dosage, the Cr(VI)
removal rate increased rapidly. When the dosage reached
1.0 g L7, both Cr(VI) and P(V) had been fully processed. A
possible explanation for this finding was that the number of
adsorption sites for Cr(VI) and P(V) on CHTIc-500 increased
as CHTIc-500 dosage increased. Cr(VI) and P(V) compete
for adsorption sites on CHTIc-500 when the concentration
of CHTIc-500 is not sufficient. P(V) is more apt to occupy
adsorption sites than Cr(VI), so the removal rate of P(V) is
larger than that of Cr(VI). When the dosage of CHTIc-500 is
sufficient, there are enough adsorption sites for Cr(VI) and
P(V), both Cr(VI) and P(V) can be fully removed. In other
words, although P(V) influences the adsorption process of
Cr(VI), when the concentration of CHTIlc-500 is sufficient,
both Cr(VI) and P(V) can be fully processed.

3.6. Materials recycling

Consideration of CHTIc-500 regeneration performance
is important for this material to be used in practical appli-
cations. As COZ" had strong affinity for CHTIc; thus, a solu-
tion of 10% NaCO, + 5% NaOH was selected for desorption.
The results showed that the desorption solution was able to
displace Cr(VI) and P(V) from CHTIc-500 laminates. After
three desorption cycles, the P(V) desorption rate was no less
than 80%, and that of Cr(VI) was no less than 90%. In addition,
the desorbed CHTIc-500 could be reused by calcining at 500°C.

The regeneration was repeated four times, and the results
are shown in Fig. 6. When CHTIc-500 was regenerated for
the first time, the removal rates of P(V) and Cr(VI) were
100% and 99.64%, respectively. After three regeneration
cycles, the adsorption capacity of CHTlc-500 did not change
substantially. The removal rate of P(V) was 99.63% and the
removal rate of Cr(VI) was 94.65%. This finding demonstrated
CHTLc-500 was reusable and had good regeneration per-
formance. In addition, the removal rate of P(V) was larger
than that of Cr(VI) when adsorbed with regenerated CHTlc-
500, which demonstrated that P(V) was more apt to occupy
adsorption sites than Cr(VI).

When CHTlc-500 was regenerated for the fourth time, the
removal rate of P(V) was 94.38%, but that of Cr(VI) dropped to
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9
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Fig. 6. Recoverability of CHTIc-500.

33.41%. Although CHTlc-500 can be regenerated, the incom-
plete desorption of Cr(VI) and P(V) due to the chemical
adsorption of CHTIc-500 led to unremoved residual Cr(VI)
and P(V) in the crystal. Unremoved Cr(VI) and P(V) still occu-
pied some adsorption sites of the adsorbent after calcination
at a high temperature. Besides, after several high-tempera-
ture calcinations, some CHTlc-500 was converted into spinel
form (MgAlO,) and led to the loss of adsorption capacity
[58]. Generally, this good reusability and stability indicate
the strong possibility of applying CHTIlc-500 in Cr(VI) and
P(V) treatment.

4. Conclusions

In this study, CHTIc-500 was synthesized and used as
an adsorbent for the removal of Cr(VI) and P(V), CHTlc-500
showed good performance in adsorption. During the exper-
imental process, the maximum adsorption occurs at 8 h and
at a pH approximately 5. In competitive adsorption experi-
ments, P(V) was more apt to be adsorbed on CHTlc-500 than
Cr(VI). The existence of Cr(VI) did not significantly affected
P(V) adsorption on CHTlc-500. When the concentration of
Cr(VI) was 20 mg L7, the dosage of CHTIc-500 was 0.1 g,
and P(V) concentration was below 10 mg L, both Cr(VI)
and P(V) could be removed at high removal rates. When the
concentration of P(V) was in the range of 10 to 40 mg L™,
P(V) obviously degraded Cr(VI) adsorption on CHTlc-500.
The dosage of CHTIlc-500 was important for the adsorption
of Cr(VI) and P(V). When the amount of CHTIc-500 was inad-
equate, Cr(VI) and P(V) competed in the adsorption process
and P(V) showed a stronger affinity to CHTIc-500. With the
increase of CHTI1c-500 dosage, the removal rate of both Cr(VI)
and P(V) improved. In a mixture containing both Cr(VI) and
P(V) at a concentration of 20 mg L, when the adsorbent
dosage was 1.0 g L™, Cr(VI) and P(V) could be completely
removed. CHTIc-500 showed good regeneration perfor-
mance during desorption in a solution of 10% NaCO, + 5%
NaOH and calcining at 500°C. With an increase in regener-
ation time, the removal efficiency of CHTIc-500 decreased
slightly but still remained high. After three regeneration
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cycles, the removal rates of P(V) and Cr(VI) were still 99.63%
and 94.65%, which means the adsorbing material is effective
and can be used more than once. The performance and reus-
ability of CHTlc-500 indicate the potential for this material to
be used in Cr(VI) and P(V) removal.
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Symbols

g, — Adsorption capacity at specific time t, mg g™

g, — Equilibrium adsorption capacity, mg g™

R, — Removal rate at specific time ¢, %

R, — Equilibrium removal rate, %

C, — Initial Cr(VI) or P(V) concentration, mg L™

C, — Equilibrium Cr(VI) or P(V) concentration, mg L™
C, — Cr(VI)or P(V) concentration at specific time t, mg L™
V' — Solution volume, L

W — Adsorbent mass, mg
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