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a b s t r a c t
Herein, fluosilicic acid, a by-product generated from the wet process of phosphoric acid, is suc-
cessfully used to synthesize silica substrate. Then three novel adsorbents calcium silicate hydrates 
(CSH), Al modified CSH (Al-CSH) and F modified CSH (F-CSH) are synthesized from this silica 
substrate and used as adsorbents to remove Cr(III). Consequently, the largest surface area and abun-
dant pore structure render Al-CSH the best performance for Cr(III) removal. The combination of 
characterization (X-ray diffraction, Brunauer–Emmett–Teller, scanning electron microscopy, X-ray 
photoelectron spectroscopy, and UV–Vis] and kinetic experiments reveal the adsorption of Al-CSH 
proceeds through an ion-exchange mechanism, which follows pseudo-second-order kinetics and 
Langmuir adsorption model. Moreover, the obtained Cr-bearing Al-CSH could be converted into 
an efficient photocatalyst by annealing at 300°C/Air, which shows excellent degradation efficiency 
of 94% for methylene blue during five cycles. This work proposes a route “waste → adsorbent → 
catalyst”, which is significant for waste utilization and water purification.

Keywords:  Modified calcium silicate hydrate; Chromium (III) adsorption; Reaction kinetics; 
Mechanism; Photocatalyst

1. Introduction

The extensive application of leather tanning, metallurgy 
and electroplating process has caused serious chromium 
contamination [1]. Cr features at non-biodegradable and 
will be accumulated in biological tissues, at the same time, 
various diseases and disorders will be caused by its terato-
genic and carcinogenic properties [2,3], therefore removal 
of Cr(III) from wastewater is imperative [4]. At present, a 
couple of methods have been used to remove Cr(III) from 
wastewater including chemical precipitation [5], adsorption 
[6], ion exchange with synthetic resins [7], electrolysis [1], 
etc. Adsorption is generally regarded as the most effective 

technology with advantages of low cost and easy handle 
processes [8,9].

In recent years, calcium silicate hydrates (CSH), a new 
kind of eco-friendly material [10] with a special crystal 
structure and high-efficiency adsorption capacity for heavy 
metal ions, is widely concerned. Shao et al [11] used the com-
bined activator of sodium silicate and sodium hydroxide to 
synthesis the CSH to remove Cu2+, the optimal adsorption 
capacity is greater than 100 mg/g. Baldermann et al [12] 
synthesized the CSH by a sol–gel process and explored 
the immobilization mechanism. Zhang et al [13] used the 
phosphate-rich product HAP/CSH as a composite adsor-
bent to remove Pb(II) from aqueous solution, the adsorp-
tion capacities of Pb(II) HAP/CSH could reach 946.7 mg/g. 
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Lihua et al [14] used post-grafting with calcium nitrate 
tetrahydrate and sodium metasilicate nonahydrate to syn-
thesis MCS-SH, which exhibited excellent performance as 
adsorption material for Cd2+, Cu2+, Pb2+, and Cr3+. However, 
most of the reported CSH are synthesized from Na2SiO3 
[15,16] or tetraethyl orthosilicate [17]. Nevertheless, chem-
ical reagent-derived CSH fails to meet the requirement of 
low cost, easy access, and convenient application for indus-
try scale [18].

Herein, our research team proposes to prepare cal-
cium silicate from fluosilicic acid, which is a by-product 
of wet-process phosphoric acid and has a huge output in 
China. Generally, at least 0.05t of fluosilicic acid (100% 
H2SiF6) by-product is produced for every one ton of 
wet-process phosphoric acid (100% P2O5) or procalcium 
(100% P2O5) produced in the phosphorus chemical industry 
[19]. In 2016, the world’s output of phosphate fertilizer was 
44.5 million tons, equivalent to about 2,235,000 tons of flu-
osilicic acid [20]. Most importantly, fluosilicic acid contains 
a large amount of silicon, which has considerable economic 
feasibility if it is used as a silicon source for CSH synthesis. 
At present, there are few studies on new ways of utilizing 
silicon source in fluosilicic acid. Hence, a novel method of 
synthesizing the CSH from fluosilicic acid is explored in this 
work. At the same time, the CSH has a crystal structure and 
the ionic radius similarity to that of hydroxyapatite, which 
means that the Ca2+ in the lattice can be exchanged by certain 
cations (Pb2+, Cd2+, Zn2+, Hg2+, etc.), and the SiO3

2– in struc-
ture can be exchanged by certain anions such as F–, HCO3

–, 
etc. [21]. NaF and Al2O3 are also applied to modify the CSH 
to change its performance in the removal of Cr. However, 
CSH is usually easily soluble in low-pH aqueous solutions 
[18], which makes it infeasible to desorb the heavy metal 
ions bearing CSH for re-adsorption. To solve this problem, 
the Cr bearing CSH is transferred into photocatalyst by 
calcined for recycling.

This work consists of four aspects: (1) testing the effect 
of Cr concentration, adsorbent dose, temperature and pH 
on the removal efficiency, (2) exploring possible adsorption 
mechanisms via characterization [X-ray diffraction (XRD), 
X-ray photoelectron spectroscopy (XPS), scanning electron 
microscopy (SEM), EDS, Brunauer–Emmett–Teller (BET)] of 
Al-CSH, (3) performing adsorption isotherms, kinetics anal-
ysis, and thermodynamic studies and (4) recycle experiment 
about the Al-CSH adsorbent containing Cr as photocata-
lyst for methylene blue degradation. This work provides a 
novel strategy for waste utilization and water purification 
through the route of “waste → adsorbent → catalyst”, which 
shows great economic value.

2. Materials and methods

2.1. Materials

Fluosilicic acid (AR), ammonia water (AR) are purchased 
from Chengdu Jinshan Chemical Reagent Co., Ltd. (China). 
Calcium hydroxide (AR), chromic nitrate (AR), nitric acid 
(AR), Urea (AR) and alumina (AR) are purchased from 
Chengdu Kelong Chemical Co., Ltd. (China). Sodium flu-
oride (AR) is purchased from Chengdu Shudu Equipment 
Manufacturing Co., Ltd. (China). Deionized water is 

produced by the Aquapro water making machine (ABZ1-
1001-P, Aquapro, China) in the laboratory. Stock solutions 
of Cr(III) of 400 mg/L are prepared by dissolving a certain 
amount of chromic nitrate into deionized water.

2.2. Preparation of silica

The silica is synthesized from the mixture of fluosi-
licic acid and ammonia by a co-precipitation method, and 
the mole ratio of fluosilicic acid and ammonia is set as 1:6. 
Firstly, fluosilicic acid and ammonia are diluted with equal 
volume of deionized water, then the diluted fluosilicic acid 
is stirred at 150–200 r/min, aqueous ammonia is continu-
ously added to the stirring fluosilicic acid solution at a speed 
of 0.3–0.4 ml/s. Then, the mixture is filtered and washed to 
pH = 7 with deionized water and dried at 105°C for 5 h in 
an oven.

2.3. Preparation of CSH and modified CSH

For the CSH, the molar ratio of calcium and silica is 
0.7/1 [22]. The modified CSH is composed of silica/calcium 
hydroxide/dopant (sodium fluoride, alumina) as a molar 
ratio of 1/0.7/0.05. Then the subsequent synthesis process 
is similar to the hydrothermal method as reported in the 
literature [21] (CJ-0.5, Weihai Xinyuan Chemical Co., Ltd., 
China).

2.4. Material characterization

A pH meter (PHS-3C, INESA) is employed for measur-
ing pH values of the aqueous phase. The chemical com-
positions are analyzed by an X-ray powder diffractome-
ter (XRD) (CX-2700, Dandong HaoYuan Instrument Co., 
Ltd., China) with Cu Kα radiation in a scanning range of 
10°–90° (2θ). The surface areas and total pore volumes of 
the three adsorbents are measured by using N2 adsorption/
desorption isotherms performed at 77 K with a BET spe-
cific surface tester (ASAP 2020 PLUS HD 88, Micromeritics, 
America) and the BET method. SEM images are recorded 
using an SEM (JSM-IT100, JEOL Ltd., Japan) for observing 
surface morphology and identifying the elements of the 
samples. X-ray photoelectron spectroscopy (XPS, XSAM 
800, Kratos, England) Al-CSH before and after adsorption 
are also performed to investigate the possible adsorption 
mechanism, and all binding energies (BEs) are referenced 
to the C1s hydrocarbon peak at 284.8 eV.

2.5. Analysis

The residual concentration of Cr(III) is detected by the 
spectrophotometric method (GB7466-87) with an ultravio-
let spectrophotometer (UV-1100, Shanghai shine Instrument 
Co., Ltd., China). The linear equation of the standard curve 
(Y = 1.5834X–0.0008, the correlation coefficient of 0.9997) is 
obtained in the experiment to determine unknown concen-
trations. The metal ions contents in the heavy metal mix-
ture are examined by using the inductively coupled plasma 
spectrometer (ICP-AES, ARCOS, Germany).

The capacity of adsorbent can be calculated by Eq. (1) and 
the removal efficiency is defined by Eq. (2):
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where q is the amount of Cr(III) adsorbed per unit mass of 
adsorbent (mg/g), Ct is the residual Cr(III) concentration of in 
the simulated solution (mg/L), C0 is the initial Cr(III) concen-
tration (mg/L), m is the mass of adsorbent (mg) and V is the 
volume of the simulated solution (L).

2.6. Reusability experiment

CSH features at easy soluble in low-pH aqueous solu-
tions [18], which makes it difficult to regenerate. To solve 
this problem, a facile strategy to convert the Cr-bearing 
Al-CSH into an effective photocatalyst by a simple heating 
process is proposed in this work. By simple annealing treat-
ment at 300°C/air for 2 h, Cr-bearing Al-CSH is successfully 
converted into an efficient photocatalyst for methylene blue 
(MB) degradation.

The photocatalytic activity of samples is evaluated via 
the photocatalytic degradation of MB. A 300 W simulated 
solar Xe lamp (NAI-GHY-DSGGH, Shanghai Nai Precision 
Instrument Co., Ltd., China) is employed as the visible light 
irradiation source. The photocatalytic degradation of MB 
is conducted in a 30 ml quartz tube, the distance between 
the light and MB solution surface is kept at 5 cm, and the 
reaction temperature is kept at room temperature. The 
output light intensity of the lamp is 120 V, 11A. For each 
test, 12 mg catalyst powder is added into 10 mL of 20 mg/L 
MB solution. Before light irradiation, the suspensions are 
firstly ultrasonically dispersed in dark for 2 min and then 
magnetically stirred in dark for 5 min to reach adsorption- 
desorption equilibrium. After photocatalytic degradation, 
the reaction suspension is centrifuged at 11,500 rpm for 
5 min to remove the catalyst powder. Then, 5 mL superna-
tants are extracted and analyzed at 664 nm on the UV–vis 
spectrophotometer to evaluated corresponding MB degra-
dation efficiencies.

3. Results and discussion

3.1. XRD analysis

Fig. 1 shows the XRD patterns of these adsorbents before 
adsorption. All adsorbents show the predominant charac-
teristic peaks of Ca1.5SiO3.5·xH2O (PDF card 33-0306) at 2θ of 
29.36° and 32.05°, which indicates that these adsorbents are 
CSH-based adsorbents. As shown in Fig. 1a, the peaks locate 
at 15.73°, 25.32°, 26.92°, 30.04°, 32.86°, 35.7°, 40.04°, 42.17°, 
50.05°, and 54.97° are the characteristic diffraction of tober-
morite (PDF card 45-1480, Ca5Si6(O, OH, F)18·5H2O), which 
means the predominant composition of CSH is tobermorite. 
After modification with F, the diffraction peaks are mainly 
observed at 2θ of 28.27°, 32.76°, 47.00°, 55.76°, 68.67° and 
75.85°, which can be inferred that the main composition of 
F-CSH is fluorite (PDF card 35-0826, CaF2, Fig. 1b). During 
the process of modification, partial sites of silicate ions are 

occupied by fluoride ions in the hydrothermal reaction pro-
cess and these fluoride ions react with Ca2+ to form the cubic 
packed CaF2. After modification with Al, the composition 
of adsorbent is mainly aluminum tobermorite and the dif-
fraction peaks are mainly observed at 2θ of 29.81°, 31.77°, 
49.27°, and 54.76° (PDF card 19-0052 Ca5Si5Al(OH)O17·5H2O 
Fig. 1c), and the partial characteristic peaks of Ca5Si6(O, OH, 
F)18·5H2O located at 2θ of 15.73°, 25.32°, and 26.92° disap-
pear. This is probably due to the fact that Al reacted with 
OH to produce Al–OH amorphous complex group.

XRD patterns of these adsorbents after adsorption of 
Cr are shown in Fig. 2. Obviously, several new peaks are 
emerged by comparing the XRD patterns adsorbents before 
adsorption of Cr, which indicates the crystal structure of 
adsorbents has been changed after adsorption. The char-
acteristic peaks locate at 2θ of 16.01°, 25.80°, 37.30° and 
45.33° (Fig. 2a) indicate the formation of CaCr2O4, which 
shows the interaction between chromium and calcium. 
From the XRD patterns of Al-CSH after adsorption, it can be 
clearly found that the characteristic peaks of Ca5Si5Al (OH)
O17·5H2O Fig. 1c at 2θ of 49.27° and 54.76° disappear, while 
the characteristic peaks of Cr2O5 appear at 7.15° and 28.25°. 
This phenomenon indicates that the crystal morphology of 
Al-CSH changes after Cr adsorption.

3.2. N2 adsorption−desorption analysis

Textural properties of adsorbents before and after Cr 
adsorption, including BET-surface area, pore-volume, and 
the pore diameter, is measured by N2 adsorption−desorp-
tion technique and the results are listed in Table 1. For the 
adsorbents before adsorption, Al-CSH possesses the max-
imum specific surface area and pore volume which may 
be due to the exchange of Ca and Al in the calcium silicate 
during the modification, while the atomic radius of Al is 
slightly smaller than that of Ca, after the replacement of 
Ca by Al, there are more bonding voids in the material and 
thereby enhances the porosity in the structure of calcium 

 
Fig. 1. XRD patterns of adsorbents before adsorption: (a) CSH, 
(b) F-CSH, and (c) Al-CSH.
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silicate adsorbent. These excellent features combined 
together contribute to Al-CSH the best performance for Cr 
adsorption. The chromium ions enter into the interlayer of 
CSH and occupy the original pore channels [23,24], which 
makes the original large pore segmentation generate more 
pores, thus reducing the pore diameter and increasing 
the specific surface area, which caused the specific sur-
face area of all adsorbents increased and pore diameter 
decreased after Cr adsorption by comparing with the 
adsorbents before adsorption (Table 1).

3.3. Scanning electron microscopy

SEM images of the adsorbents before and after adsorp-
tion are shown in Fig. 3. It is obvious that all adsorbents 
before adsorption possess a rough surface [25] (Figs. 3a, c, 
and e), which is beneficial for capturing Cr ions. However, 
Al-CSH has more flourishing pores and better mesh struc-
ture compared with the CSH and F-CSH. The Al-CSH has 
the largest specific surface area and average pore volume, 
which confirms the results of Table 1. After adsorption, 
Cr ions enter into the pores of the adsorbent and thus the 
morphology of the adsorbents change significantly from a 
coral-like shape to a full coating (Figs. 3b, d, and f). It is 

consistent with the morphology changes in XRD patterns 
(Figs. 1 and 2).

3.4. Adsorption kinetics

To explore the adsorption properties of these adsorbents 
and fully understand the dynamic interaction of Cr(III) 
with adsorbents, adsorption kinetic experiments are car-
ried out at 25°C with an adsorbent dosage of 1.25 g/L. The 
extent of Cr(III) removal by the three adsorbents is found to 
increase with the increase in contact time. Chemisorption 
and the external surface adsorption can be used to explain 
the fast adsorption during the initial stage in Fig. 4. It is 
observed that a large number of vacant sites are avail-
able initially for the absorption of Cr(III) metal ion, so the 
adsorption of Cr(III) is fast. But with the passage of time, 
the remaining vacant sites are occupied by the Cr(III) [26]. As 
shown in Fig. 4, the adsorption equilibrium time of Al-CSH 
and CSH is 60 and 90 min respectively, while the F-CSH 
has a time of 150 min to reach the adsorption equilibrium. 
Thus, we can conclude that Al-CSH adsorbent exhibits 
the best adsorption capacity, which is contributed by its 
excellent textual properties.

3.5. Dynamic adsorption

Because of the extensive applicability of Eqs. (3) and (4) 
[27], these two equations are selected to study the dynamic 
adsorption of the three adsorbents for Cr.

Pseudo-first-order equation:

ln lnq q q k te t e−( ) = − 1  (3)

Pseudo-second-order equation:

t
q k q

t
qt e e

= +
1

2
2

 (4)

where, qe (mg/g) is the amount of equilibrate adsorption 
capacity, qt (mg/g) is the amount of metal ion adsorption 
capacity at a certain time t (min). The k1 (min–1) and k2 
(g mg–1 min–1) are the constants of the pseudo-first-order and 
pseudo-second-order equations, respectively. The experi-
mental values and simulation results of the pseudo-first-or-
der model and pseudo-second-order model are shown 
in Figs. 5 and 6, and the kinetic parameters are shown in 
Table 2. It is apparent from Table 2 that the values of cor-
relation coefficients (R2) of the pseudo-first-order model are 
lower than the pseudo-second-order model which indicates 
that the pseudo-second-order model is better obeyed than 
pseudo-first-order model [28]. Consequently, the adsorption 
process appears to follow pseudo-second-order reaction 
kinetics, suggesting that the process is mainly controlled by 
chemisorption [29,30].

The adsorption process typically involves the diffusion 
of solute molecules into the pores to bind with the adsorp-
tion sites, and an intraparticle diffusion model is used to 
further describe the adsorption process in our work. The 
Fig. 7 indicates the Cr(III) adsorption process can be divided 
into three stages (shown in linear terms). The diffusion of 

 
Fig. 2. XRD patterns of different adsorbents after adsorption: 
(a) CSH, (b) F-CSH, and (c) Al-CSH.

Table 1
Textural properties of adsorbents before and after Cr adsorption

Adsorbent SBET (m2/g) Pore volume 
(cm3/g)

Pore diameter 
(nm)

CSH
before 122.13 0.695 24.52
after 207.91 0.766 20.29

Al-CSH
before 172.33 0.980 24.23
after 208.71 0.691 18.40

F-CSH
before 94.77 0.511 20.76
after 161.14 0.564 19.61
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Fig. 3. (a and b) SEM images of three adsorbents before (a, c and e) and after (b, d, and f) adsorption, (c and d) unmodified adsorbent, 
(e) Al-CSH and (f) F-CSH.

 
Fig. 4. Adsorption of Cr(III) ions by different adsorbents (solu-
tion pH = 3, adsorbent dosage = 1.25g/L, initial concentration of 
Cr(III) = 400 mg/L and temperature = 298 K). (a) CSH, (b) Al-CSH, 
and (c) F-CSH.

 
Fig. 5. Linearized pseudo-first-order kinetic plots for Cr(III) 
adsorption by different adsorbents. (a) CSH, (b) Al-CSH, and (c) 
F-CSH.
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Cr(III) ions from the aqueous solution to the external surface 
of the adsorbent is represented by the first steep slope. The 
second slope is the diffusion of the Cr(III) ions into the pores 
of the adsorbent, which is the rate-determining step [31]. 
When the Cr(III) ions diffuse into the pores of the adsorbent, 
some chromium complexes are formed, and the objects nar-
row the pore channels, thus causing the rate of the second 
segment to decrease. The third slope is the equilibrium pro-
cess in which Cr(III) ions are adsorbed on the adsorption 
sites in the inner surface of the pores, and intra-particle 
diffusion begins to slow down because of the decrease in 
chromium concentration in the bulk of the solution as the 
adsorption process proceed.

For physical adsorption, small pore size is favorable for 
capturing more ions. For chemisorption, a large surface area 
can provide more active sites for adsorption. Comparing the 
three adsorbents, the Al-CSH shows the largest BET surface 
area, relatively small pore diameter and a relatively large 
amount of Cr(III) adsorption, so the subsequent optimum 
conditions for removing Cr(III) are studied by using Al-CSH.

3.6. Effect of initial pH

Generally, the pH value will influence the adsorption 
performance [32]. Considering the hydrolysis of metal ions 

and the dissolution of the adsorbent, the pH of the waste-
water ranges from 2.2 to 3.6 is selected in our experiments. 
From Fig. 8, it can be clearly observed that the amount of 
adsorption always increases by increasing the pH value 
from 2.2 to 3.6. The function of pH can be explained by 
Eqs. (5) and (6) with electrostatic attraction and redox 
mechanism [32,33].

2 7 14 63
7
2Cr H O Cr O H e2 2

+ − + −+ ↔ + +  (5)

2 7 7 33
4Cr H O HCrO H e2

+ − + −+ ↔ + +  (6)

The concentration of H+ in the solution is reflected by 
pH value. This means that the pH value decreases with the 
increase of H+ concentration. Consequently, the process Cr3+ 
transforms into Cr2O7

2− or HCrO4
− is accelerated by decreas-

ing the concentration of H+. Thus, in this case, Cr2O7
2− and 

HCrO4
− are more easily to be adsorbed by changing the pH 

value [32,34]. On the other hand, the increase of adsorp-
tion capacity of Cr(III) with increasing pH is due to the fact 
that the concentration of negative charge on the surface 
of Al-CSH is increased which adsorbed the cationic ions 
more efficiently [35].

 
Fig. 6. Linearized pseudo-second-order kinetic plots for Cr(III) 
adsorption by different adsorbents. (a) CSH, (b) Al-CSH, and 
(c) F-CSH.

 
Fig. 7. Intra-particle diffusion model.

Table 2
Kinetic parameters for Cr(III) adsorption by different adsorbents

Adsorbent qe (mg/g)exp
a Pseudo-first-order kinetics Pseudo-second-order kinetics

qe (mg/g)cal1
b k1 (min–1) R1

2 qe (mg/g)cal2 k2 (min–1) R2
2

CSH 61.7 41.99 0.0051 0.6663 56.34 0.000516 0.9871
Al-CSH 104.5 11.03 0.0067 0.3691 101.01 0.005475 0.9965
F-CSH 40.5 35.93 0.0131 0.4667 41.70 0.000453 0.9282

a qe(mg/g)exp, experimental values obtained from Fig. 4; b qe (mg/g)cal, theoretical values calculated by Eq. (4).
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3.7. Effect of adsorbent dose

Fig. 9 shows the effect of adsorbent dose on the Cr(III) 
removal efficiency and absolute adsorption capacity. It can 
be clearly observed that both the Cr(III) removal efficiency 
and absolute adsorption capacity increase by increas-
ing adsorbent dose from 0 to 2.5 g/L. This is an expected 
result because more adsorption sites for Cr adsorption are 
offered by increasing the adsorbent dose. However, when 
the adsorbent dose further increases from 2.5 to 3 g/L, 
the Cr(III) removal efficiency keeps almost unchanged at 
100% and the absolute adsorption amount decreases from 
160 to 135 mg/g as shown in Fig. 9, which might be due to 
the aggregation of Al-CSH particles causing a decrease in 
adsorbent total surface area and increased the diffusional 
path [36].

3.8. Adsorption isotherms

Adsorption isotherm can be used to evaluate the adsorp-
tion capacities of adsorbents and to describe the interac-
tion between adsorbates and adsorbents [25]. To better 
understand the mechanism of Cr(III) removal, four typical 
adsorption isotherm models, Langmuir Eq. (7), Freundlich 
Eq. (9), TemkinEq. (10), and DR Eq. (11) models are used 
to analyze the equilibrium data. Their linear Eq. (7) are 
expressed as follows [29,37]:

Langmuir: 
C
q K q

C
q

e

e L m

e

m

= +
1  (7)

where Ce (mg/L) is the equilibrium concentrations of Cr(III) 
in the liquid phase, qe (mg/g) is the equilibrium concentra-
tions of Cr(III) in the adsorbents, qm (mg/g) is the maximum 
adsorption amount, and KL (L/mg) is the Langmuir coeffi-
cient related to surface adsorption energy [37]. Meanwhile, 

a dimensionless constant (RL) is expressed in Eq. (8), which 
is used to find out the applicability of the Langmuir model.

R
K CL
L

=
+
1

1 0

 (8)

where, C0 is the initial concentration of Cr(III), and KL is 
Langmuir constant. Irreversible equilibrium when RL = 0, 
favorable equilibrium when 0 < RL < 1, linear case when RL = 1 
or unfavorable equilibrium when RL > 1 [25]. The value of 
RL is greater than zero and less than unity which indicated 
the favorable adsorption of Cr(III) onto Al-CSH [28].

Freundlich: ln ln lnq K
n

Ce F e= +
1  (9)

where KF is the Freundlich parameter related to the adsorp-
tion amount, and n is the Freundlich parameter related to 
the intensity of adsorption, the larger the value of n, the 
better the adsorption performance. The value of n > 1 for 
Cr(III) indicated the favorable adsorption by Al-CSH at 
different concentrations [38].

Temkin: q B A B Ce e= +ln ln  (10)

where A and B are Temkin constants, B = RT/Z, R is the 
gas constant with a value of 8.314 J/(mol K), T(K) is the 
absolute temperature, and Z (J/mol) is the Temkin isotherm 
adsorption heat.

DR: ln lnq q be m= − ε2  (11)

where ε = RTln(1 + Ce
–1), ε is the Polany potential energy, b is 

the activity coefficient related to adsorption, moreover, the 
constant b gives the mean free energy E (kJ/mol), which is 
an important parameter to determine the adsorption mech-
anism, and can be computed using Eq. (12), It is generally 

 
Fig. 8. Relationship between absolute adsorption capacity vs. 
pH value of wastewater. (Adsorption time: 60 min; adsor-
bent dosage: 1.5 g/L; initial concentration of Cr(III): 400 mg/L; 
temperature: 298 K).

 
Fig. 9. Cr(III) removal efficiency and absolute adsorption 
amount vs. adsorbent dose. (Adsorption time = 60 min, solution 
pH = 3.18, initial concentration of Cr(III) = 400 mg/L and tem-
perature = 298K).
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considered that E < 8 kJ/mol represents physical adsorption, 
and the adsorption mechanism can be explained by ion-ex-
change when E varies from 8 to 16 kJ/mol.

E b= −2 0 5.  (12)

The parameters obtained from the linearization are shown 
in Table 3, Cr(III) adsorption equilibrium isotherms onto the 
Al-CSH are depicted in Fig. 10. As listed in Table 3, The RL 
value calculated is 2.46 × 10–4, suggests the adsorption pro-
cess is favorable at operating conditions. The adsorption of 
Cr(III) by Al-CSH agreed with the Langmuir model best, 
suggesting that the adsorption process is proceeded through 
monolayer adsorption [25]. Moreover, this result can also be 
demonstrated by the 1/n value from Table.3. The energy E 
value calculated by the DR model is 14.37 kJ/mol, which 
shows the adsorption process follows the ion-exchange 
mechanism.

3.9. Thermodynamic studies

Investigating the thermodynamics of Cr(III) adsorption 
will allow for a better understanding of the driving force 
behind the adsorption characteristics, adsorption process 
and mechanisms. As shown in Fig. 11, the adsorptive capac-
ity of the adsorbents decreases with the increases in reaction 
temperature. Thermodynamic parameters are calculated by 
the Eq. (13).

lnK S
R

H
RTd =

∆ °
−
∆ °  (13)

where ΔH°, ΔS°, and T are the enthalpy, entropy, and tem-
perature in Kelvin, respectively. Kd is the partition coeffi-
cient of adsorption, and its value is calculated according 
to Kd = qe/Ce [32]. The values of ΔH°, ΔS° are obtained from 
the slope and intercept of lnKd vs. 1/T (R2 = 0.9403, Fig. 12), 
R is the gas constant.

The Gibbs free energy of specific adsorption is calculated 
from the well-known Eq. (14):

∆ ° = ∆ ° − ∆ °G H T S  (14)

The thermodynamic parameters for the adsorption of 
Cr(III) ions on adsorbent are given in Table 4, which shows 
that the adsorption isotherm at 286 K which is higher than 
the other isotherms. Whereas, the adsorption isotherm at 
T = 310 K is the lowest. The results indicate that the adsorp-
tion of Cr(III) on Al-CSH is favored at low temperatures. 
The negative value of enthalpy change, ΔH°, indicates that 
the adsorption of Cr(III) is an exothermic process [39]. The 
positive value of ΔS° designates the affinity of Al-CSH for 
Cr(III) and the increases disorder at the solid/liquid inter-
face during the adsorption process [28] and also attributes 
to enhancement in the degree of freedom during the adsorp-
tion of Cr(III) metal ion from aqueous solution [26,35]. 
Adsorption of cations (in this case, may indicate that the 
number of ions displaces from the solid surface is greater 
than the number of adsorbed ions, which means that three 
divalent Ca ions can be exchanged for two Cr(III) ions [40]). 
The negative values of ΔG° indicate that Cr(III) sorption is 
spontaneous in all cases.

3.10. Possible mechanism about adsorption

According to the Langmuir isotherm, we have indicated 
the adsorption process of Al-CSH for Cr belongs to mono-
layer adsorption. From the EDS results (Figs. 13d and e), it 
can be clearly observed the content of Cr on the surface of 
the Al-CSH significantly increases from 0% (wt.%) to 11.63% 
(wt.%), while the content of Ca decreases from 22.94% 
(wt.%) to 1.91% (wt.%) after adsorption. This suggests the 
adsorption process of Al-CSH for Cr proceeds through an 
ion-exchange mechanism, during which Ca is replaced by 
Cr. From the XPS results shown in Fig. 13, the peak inten-
sity of calcium at 374.2 and 350.7 eV decreases and obvious 
chromium peaks at 576.6, 577.6, 586.9 and 598.56 eV appear, 
which indicates that the calcium is replaced by chromium 
on the surface of adsorbent after adsorption. The chromium 
adsorbed on the surface of the adsorbent is mainly present 
in the form of Cr2O3 (2P3/2, 576.63 eV [41], 2P3/2, 587.1 eV [42]), 
CrOX (2P3/2, 576.6 eV [43]), Cr(OH)3 (2P3/2, 577.4 eV [44], 2P1/2 
586.8 eV [45]), Cr(NO3)3 (2P3/2, 577.3 eV [46], 2P1/2 587 eV 
[45]). From the XPS spectra shown in Fig. 13, the binding 
energy of O shifts to a lower energy level, while the binding 
energy of Si shifts to a higher energy level, indicating the 
formation of the interaction between Cr, Si and O. Based on 
the above results, the adsorption mechanism of Cr(III) ions 
by ion exchange in monolayer can be obtained in this work 
(Fig. 14). The Al-CSH works as the crystal seed [47] to pro-
mote the replacement of Cr for Ca on the adsorbent, and fur-
ther crystallize the deformable apatite crystals in our tested 
pH range with the existence of silicate.

3.11. Process verification

To further verify the efficiency of Al-CSH, the test is 
carried out in a waste solution which contains 410 mg/L 
chromium (III) with an initial pH of 3.18 under the room 

Table 3
Best fit parameters obtained from fitting the adsorption of Cr(III) 
to Al-CSH

Model Linear form Parameters obtained 
from linearization

Langmuir
C
q K q

C
q

e

e L m

e

m

= +
1

R2 0.9992
qm (mg/g) 160.26
KL (L/mg) 13.56
RL 2.46 × 10–4

Freundlich ln ln lnq K
n

Ce F e= +
1

R2 0.9926
KF (mg/g) 152.82
n–1 0.16389

Temkin q B A B Ce e= +ln ln
R2 0.9869
Z (J/mol) 115.63

DR ln lnq q be m= − ε2
R2 0.9919
qm (mg/g) 158.09
E (kJ/mol) 14.37
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temperature. To our delight, the concentration of Cr(III) in 
the wastewater is reduced to 0.97 mg/L after adsorption, 
which meets the discharge standard in China (GB 8978-1996, 
1.5 mg/L). Furthermore, Al-CSH is applied to the treatment 
of multi-metal mixed wastewater (mainly containing Cr, 
Cu and Ni). The concentration of Cr, Cu and Ni in waste-
water decreased from 140.2, 150.6, 145.1 to 0.08, 0.08, and 
0.07 mg/L respectively, which shows the universal ability of 
Al-CSH for the removal of heavy metal ions in sewage. The 
removal efficiency of Al-CSH to Cr3+, Cu2+ and Ni2+ is Cr3+ 
99.943% < Cu2+ 99.947% < Ni2+ 99.951%, respectively. This is 

due to the adsorption process of Al-CSH is an ion exchange 
process, the calcium ions in the adsorbent exchange with the 
heavy metal ions in the water, so the divalent metal ion is 
more easily exchanged, and the activity of Ni2+ is stronger 
than that of Cu2+, so the removal rate of Ni2+ is the highest. 
Meanwhile, a general comparison of various well-studied 
adsorbents is listed in Table 5. Obviously, the Al-CSH can 
exceed or at least be comparable to most of the present hot 
adsorbents in terms of adsorption capacity and equilibrium 
time, which endows it with a strong potential industry 
application perspective.

 

  

Fig. 10. Adsorption isotherm of Cr(III) ions onto Al-CSH. (a) Adsorption isotherm (adsorption time = 120 min, solution pH = 3.18, 
adsorbent dosage = 2 g/L and temperature = 288 K), (b) Langmuir model, (c) Freundlich model, (d) Temkin model, and (e) R model.
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Fig. 11. Absolute adsorption capacity vs. reaction temperature. 
(Adsorption time = 60 min, solution pH = 3.18, initial concentra-
tion of Cr(III) = 400 mg/L and adsorbent dosage = 1.5 g/L).

 
Fig. 12. Effect of temperature on the distribution coefficients of 
Cr(III) on Al-CSH.

Table.4
Mean values of thermodynamic parameters of Cr(III) adsorption

ΔH° ΔS° ΔG° (kJ/mol)

kJ/mol J/(mol K) 286 K 291 K 295 K 300 K 305 K 310 K

–4.24 7.47 –6.37 –6.41 –6.44 –6.47 –6.52 –6.55

Fig. 13. XPS spectra of O 1s, Ca 2P, O 2P and Si 2P for Al-CSH before and after Cr adsorption, (a) after adsorption, (b) before adsorp-
tion, (c) XPS survey of Al-CSH before and after adsorption; EDS results of Al-CSH before and after adsorption, (d) before adsorption, 
and (e) after adsorption.
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3.12. Reuse of the chromium-saturated Al-CSH composites as a 
photocatalyst

As the CSH hydrate adsorbs heavy metal ions through 
the release of OH− and Ca2+, it is difficult to recycle the CSH 
hydrate composites to re-adsorption of heavy metal ions 
[18]. In recent years, many researchers have doped the pho-
tocatalyst with heavy metal ions to increase the band gap 
[52]. The chromium enrichment, increase of micro-pore area 
and specific surface area of Al-CSH after adsorption lays a 
foundation for its reuse. Based on these, a method by which 
the Al-CSH bearing Cr(III) ions can be converted as a pho-
tocatalyst via a simple calcination process for the removal of 
organic dyes (e.g., methylene blue, MB) is presented in this 
work. After the Al-CSH loaded with Cr is heated at 300°C/
air (Al-CSH-Cr), its photocatalytic activity is noted to be 
significantly improved, which is believed to be the result 
of the surface-coated Cr phase. The degradation efficiency 
of Al-CSH-Cr toward MB is approximately 94% after irra-
diation for 100 min. Moreover, the recycle photodegrada-
tion experiments are performed (Fig. 15), showing a very 
small change compared to the first cycle. In addition, to 
better evaluate the photocatalytic performance of the cat-
alyst in this work, a comparison to recently reported pho-
tocatalysts for MB degradation is listed in Table 6. Overall, 

the MB photodegradation performance of the Al-CSH-Cr is 
comparable to many well-studied catalysts and is superior to 
similar catalysts with CSH hydrate as the support (CSH-Cu). 
Our results demonstrate excellent reusability of the Al-CSH 
after the adsorption of Cr(III) as the photocatalyst.

4. Conclusions

In summary, fluorosilicic acid, a by-product of the 
wet-process of phosphoric acid is successfully applied 
to synthesize the Al-CSH adsorbent for Cr removal. The 
adsorption capacity of Al-CSH can reach to 160 mg/g. 
The adsorption of Cr(III) fits with the Langmuir isotherm 
best and follows the pseudo-second-order kinetic model. 
Moreover, the adsorption process proceeded through a 
cation exchange adsorption mechanism. Additionally, 
the adsorbent has shown an excellent universality for the 
removal of heavy metal ions, including Ni, Cu and Cr. Most 
importantly, the Al-CSH adsorbent containing Cr(III) ions 
after adsorption could be converted into an efficient pho-
tocatalyst for MB degradation, and the degradation effi-
ciency could up to 94% under the simulated sunlight within 
100 min. The route of the “waste → adsorbent → catalyst” 
proposed in this work illuminates a promising direction for 

 
Fig. 14. Schematic diagram of adsorption mechanism.

Table 5
Comparison of variously reported adsorbents with Al-CSH for Cr(III) adsorption at ambient temperature (10°C−30°C)

Adsorbent type Adsorption capacity  
(mg/g)

Equilibrium  
time (min)

Ref.

Apricot shells activated carbons 143.63 300–480 [48]
Wood activated carbons 158.03 300–480 [48]
Walnut shells activated carbons 105.22 300–480 [48]
Complex copper sulfide 52.3 120 [49]
Porous hydroxyapatite 96.9 NA [50]
SDGPMA–SP–COOH 36.63 240 [51]
Al-CSH 160 60 This work
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waste utilization and water purification, which shows great 
significance for industrial application.
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