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Abstract

In this work, calcium nitrate and sodium silicate were employed as the sources
of calcium and silicon, respectively, to synthesize sheet calcium silicate hydrate
(CSH) by simple chemical precipitation. The obtained sheet CSH exhibited fast
adsorption rate and large adsorption capacity, the maximum adsorption capacity
is 556.3 mg g~!, for Cu(Il) ions. The CSH after adsorption of Cu(II) ions (CSH-
Cu) was characterized by XRD, FTIR, SEM, N, adsorption and XPS, and which
could be converted into a catalyst for rhodamine B (RhB) degradation by a sim-
ple high-temperature activation process. The results showed that the catalyst give
the excellent reusability, and after four cycles of the catalyst, more than 90% of the
RhB could still be degraded within 240 min. The free radical trapping experiments
showed that all of the -OH, -O,” and h* generated on the surface of the catalyst
played an essential role in the degradation process, while h™ made the largest contri-
bution. Based on this, the degradation mechanism of RhB is also proposed.

Keywords Adsorption - Calcium silicate hydrate - Cu(II) ions - Degradation -
Reusability - Rhodamine B

Introduction

Urbanization, industrialization, rapid population growth and misuse of water resources
have led to severe water pollution. Fresh water is essential for almost all life on earth.
However, the textile, coating, electroplating and other industries produce large amounts
of effluent during industrial processes. For example: nickel, silver, chromium and cad-
mium are widely used in the electroplating industry for steel coating; in the painting
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industry, paint has mercury and lead; methylene blue (MB), acid orange 7 (AO7) and
rhodamine B (RhB) are three typical organic dyes in the textile industry.

Heavy metals can bioaccumulate and eventually enter the human body. At present,
there are many methods being used to treat heavy metal ions in water, among which
the adsorption is considered one of the most suitable and effective methods. Research-
ers have made great efforts to prepare adsorbents with excellent adsorption capacity.
However, there are significant challenges in the disposal of adsorbents after adsorp-
tion of heavy metal ions. Common disposal methods for waste sorbents include desorp-
tion, incineration and landfill, all of which can cause secondary pollution or consume
excessive energy [1]. In recent years, various researchers have been investigating how
to transform heavy metal ion adsorbents into valuable materials. They have obtained
excellent photocatalysts for hydrogen evolution in water electrolysis by convert-
ing waste adsorbates after the removal of heavy metal ions into corresponding metal
sulfides by in-situ sulfide treatment [2, 3].

CSH is the main product of Portland cement hydration and has several advantages.
The first is its abundance and low production costs. Second, it has great thermal sta-
bility and is suitable as a catalyst support [4]. In addition, it has a high ion exchange
capacity for the rapid removal of heavy metal ions and an elevated adsorption capacity
[5]. CSH also has a large number of hydroxyl groups on its surface [6], which contrib-
utes to remove heavy metals. Therefore, CSH can be used as a suitable adsorbent to
removing heavy metal ions. Copper-based catalysts have been the focus of numerous
studies due to their high abundance, low cost, strong solubility, low secondary contami-
nation, and significant reactivity to hydrogen peroxide. Both Cu?* and Cu* can react
with H,0, to produce reactive radicals. The reaction of Cu®* with H,0, converts Cu®*
to Cu*, and the reaction of Cut with H,0, converts Cu™ to Cu?*. Cu**/Cu™ is prone
to cyclic reactions, which can accelerate interfacial electron transfer and improve the
catalytic efficiency [7]. In addition, Cu ions can exhibit reactivity to H,O, over a wide
pH range, which allows H,0, to efficiently generate reactive radicals that can degrade
organic pollutants and achieve complete mineralization.

In this work, calcium nitrate and sodium silicate were used as sources of calcium
and silicon, respectively, and cetyltrimethylammonium bromide was used as a template
agent for the synthesis of CSH with a sheet structure. CSH was used to adsorb heavy
metal Cu(Il) ions from aqueous solutions. Subsequently, it was converted into an effi-
cient catalyst for the degradation of RhB by a simple thermal treatment. The effect of
different physical and chemical conditions on the degradation of RhB has been inves-
tigated and the reaction mechanism of RhB was degradation has been explored. The
waste adsorbent was converted into a catalyst by simple thermal treatment, which not
only solved the disposal problem of waste adsorbent, but also provided a catalyst for the
degradation of organic pollutants, transforming waste into treasure, which meets the
requirements of sustainable development.
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Experimental section
Materials

Cetyltrimethylammonium bromide (99.0%, China Huishi Biochemical Reagent
Factory), Ca(NO;),-4H,0 (99.0%, Tianjin Guangfu Fine Chemical Research Insti-
tute), Na,SiO;-9H,O (Xilong Chemical Plant), Cu(NO;),-3H,0 (99.5%, Tianjin
Fuchen Chemical Reagent Factory), Sodium diethyl dithiocarbamate (Shanghai
Reagent No.3 Factory), rhodamine B (99.0%, Guangzhou Chemical Reagent Fac-
tory), tert-butanol (Tianjin Huadong Reagent Factory), Ammonium oxalate (99.8%,
Tianjin Guangfu Technology Development Co. LTD), p-benzoquinone (Maclean),
ethylene diamine tetraacetic acid disodium (99.0%, Aladdin), NH;-H,O (25.0%),
HCI (36.0-38.0%), NaOH (96.0%) and H,0, (30.0%) were purchased from Beijing
Chemical Factory. All of the above reagents are analytically pure without additional
treatment. All solutions were prepared with deionized water.

Preparation of CSH

Calcium silicate hydrate was synthesized by a chemical precipitation method as
follows [8]. 1.4168 g Ca(NOs),-4H,0 was dissolved in 80 mL deionized water and
stirred for 1 h at room temperature to completely dissolve it. 0.0656 g cetyltrimeth-
ylammonium bromide (3%) was added to it. The water bath was heated to 45 °C and
stirred for 1 h to gradually form a white gel. Then 40 mL 0.15 M Na,SiO;-9H,0
was slowly dropped into the mixture, and stirred continuously at 45 °C for 5 h. The
mixture was then aged at room temperature for 24 h. After centrifugation at 8000 1/
min, the mixture was washed three times with deionized water and ethanol. Finally,
the samples were dried in a vacuum oven at 40 °C for 12 h and stored in a vacuum
desiccator for subsequent experiments.

Characterization

The phase composition of the powders was analyzed in the range of 10-70° using an
Empyrean X-ray diffractometer (XRD) with Cu K, radiation at a voltage of 40 kV
and a current of 40 mA. The chemical bonds of CSH were evaluated by a Nico-
let IS5 FT-IR spectrometer in the scan range of 400-4000 cm™!. The morphology
of the samples was observed with SU8020 cold field emission scanning electron
microscope (SEM), and the element distribution on the sample surface was tested
with Bruker energy spectrometer. The elemental composition and valence state of
the sample surface were evaluated with X-ray photoelectron spectroscopy (Thermo
ESCA LAB 250). N, adsorption—desorption tests were performed by a specific sur-
face area analyzer (Micromeritics AS 2010). The concentration of copper ions was
measured at a wavelength of 452 nm using a UV-1700 spectrophotometer, and the
absorbance of RhB was measured at a wavelength of 554 nm.
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Copper ion adsorption experiment

The adsorption of Cu(Il) ions by CSH under distinct conditions was investigated
by batch adsorption experiments. Cu(NO;),-3H,0 was used as the source of
heavy metal ions. The pH of the solution was adjusted using 0.1 mol L™! of HCI
and 0.1 mol L™! of NaOH solution. 3 mL of the suspension was taken at different
time intervals, filtered through a 0.22 pm filter, and then tested at a wavelength of
452 nm according to the method of Sun et al. [9]. All adsorption experiments were
performed in three parallel runs to observe the reproducibility of the results. The
calculation formulas for the removal rate and adsorption capacity (Q,) of Cu(II) ions
are as follows:

t

. C,-C
Removal efficiency(%) = c X 100% (1)

Q =—"—IxV @

Here, C,, and C, are concentrations of Cu(II) ions at initial time and at the time of
sampling (mg/L). V (L) is the solution volume and m (g) is the Mass of adsorbent.

Reusability experiment

CSH dissolves under acidic conditions [10], so CSH after adsorption of Cu(Il)
ions cannot be re-adsorbed by desorption. To solve this issue, we proposed a sim-
ple method to convert CSH-Cu into a catalyst for degrading RhB by simple thermal
treatment. The CSH-Cu was heated to 300 °C for 2 h to obtain catalysts CSH-Cu
(300 °C), which was cooled to room temperature and stored for backup. The ther-
mally activated CSH-Cu (300 °C) was used for the degradation of RhB.

Catalytic degradation experiment of RhB by CSH-Cu(300°C)

The degradation of RhB by CSH-Cu (300 °C) and H,0, was investigated under dif-
ferent conditions. The catalyst powder was removed by taking 3 mL of the solu-
tion at different intervals under magnetic stirring and centrifuged at 3000 r/min for
3 min. The supernatant was tested with UV—vis spectrophotometer at 554 nm wave-
length to evaluate the degradation performance of RhB by CSH-Cu (300 °C). Three
parallel experiments were performed for all degradation experiments.
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Results and discussion
Characterization of CSH

Fig. la shows the X-ray diffraction pattern of the synthesized CSH. The diffrac-
tion peaks at 20 =29.3°, 32.0° and 50.0° are consistent with the standard JCPDS
card 33-0306, indicating that the synthesized product is CSH [11]. At the same
time, in the XRD pattern, it can be found that there are minor diffraction peaks
at 20=16.8° and 55.3°, which are Na,SiO; and Ca(NOs),, respectively. This may
be due to the fact that Na,SiO; and Ca(NO;), have not been fully reacted, and
still have some residues. Fig. 1b is the FT-IR spectra of the synthesized CSH.
According to the literature [12, 13], it is known that the absorption peaks in
CSH can be assigned as follows: the absorption peaks at 3450 and 1641 cm™!
correspond to v(O-H) and 8(O-H), respectively, which are the stretching vibra-
tion peak of bound water in CSH and the bending vibration peak of -OH group
bound in water. The absorption peaks at 1400—1500 and 873 cm™! are the asym-
metric stretching and out-of-plane bending vibrational peaks of CO,>~, caused
by the sample exposure to air. The absorption peaks at 971, 664 and 454 cm™!
are assigned to v(Si-0)Q? stretching vibration, v(Si—O-Si) symmetrical stretch-
ing vibration and 8(Si—O-Si) bending vibration. The FT-IR spectra again prove
that the synthesized sample is CSH, and the [SiO,]*" tetrahedral structure in CSH
existed in the form of Q2.

The morphology of CSH can be observed by SEM images, as shown in Fig. 2a,
the synthesized CSH consists of many interdigitated sheets forming a flower-like
morphology. Fig. 2b shows the element mapping of CSH. Figures show that the
CSH is composed of three elements, namely Ca, Si and O, which are uniformly
dispersed.
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Fig.1 a XRD pattern and b FTIR spectra of CSH
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Fig.2 a SEM images and b EDX-mapping images of CSH

Adsorption experiments of copper ions
Batch adsorption experiment

The effect of different conditions on the adsorption of Cu(Il) ions was investi-
gated. It can be seen from Fig. S1 that with the increase of adsorbent concentra-
tion, the removal efficiency of Cu(Il) ions increased. This is due to an increase in
the concentration of adsorbates, the number of active sites available for adsorp-
tion, and thus the removal efficiency. As shown in Fig. S2, when the initial con-
centration of Cu(Il) ions was 200 mg/L, the amount of Cu(Il) ions adsorbed
within 20 min was 556.3 +2.4 mg/g. There are only a limited number of adsorp-
tion sites that adsorbates can provide. When the initial concentration of Cu(Il)
ions increases, CSH is not sufficient to provide sufficient adsorption sites, and
the adsorption capacity has reached saturation. At the same time, there will be
Cu(Il) ions adsorbed on the surface of CSH, which hinders the adsorption. When
the pH value increases from 4 to 7 (Fig. S3), both the adsorption capacity and
the removal rate gradually increase, which were related to the hydroxyl groups
on the surface of the adsorbent CSH. The pH of the solution should not be too
high, otherwise Cu®* ions will react with OH™ to form Cu(OH), precipitation.
Fig. S4 shows the effect of temperature on adsorption. The adsorption capacity
and removal efficiency gradually increase with increasing temperature, indicat-
ing that the adsorption process is endothermic. As the temperature increases, the
molecular motion and collision probability increases, which leads to an increase
in the adsorption rate.
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Fig.3 a XRD pattern and b FTIR spectra of CSH before and after adsorption of Cu(II) ions

Fig.4 SEM image of CSH-Cu

Adsorption mechanism

The XRD pattern of CSH-Cu is shown in Fig. 3a, and there is no new obvious
crystal diffraction peak on the surface, indicating that Cu(II) ions are amorphous
on the surface of CSH. The FT-IR spectrum (Fig. 3b) does not change signifi-
cantly before and after adsorption. The SEM image of CSH-Cu is shown in Fig. 4.
The obvious aggregation of CSH occurs after adsorbing Cu(II) ions. The mor-
phology of the CSH changes from sheet to granular morphology. Figs. S5a and
b show that the N, sorption desorption isotherms of CSH and CSH-Cu, respec-
tively. CSH has a large specific surface area (632.2 m?>g~"), which is favorable
for the adsorption of metal ions. After adsorbing Cu(Il) ions, the specific surface
area of CSH-Cu becomes 244.9 m>.g~!. The decrease in specific surface area was
attributed to the apparent agglomeration of CSH during the adsorption process.
According to the BJH method, the average pore sizes of CSH and CSH-Cu are
3.826 nm and 3.829 nm, respectively, without significant change.

The elemental binding state after the adsorption of Cu(lIl) ions on the surface
of the adsorbent CSH can be studied by XPS. Fig. 5a shows the XPS spectra of
CSH before and after Cu(II) ions adsorbing. Compared to CSH, the XPS spectra
of CSH-Cu changes significantly. The peak of Cu 2p appears, while the peaks of
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Fig.5 XPS spectra of a survey scan and b high resolution scan of Cu 2p of CSH-Cu

Ca 2p and Ca 2s gradually decreased, which again proves the loading of Cu(II)
ions and the leaching of Ca(Il) ions.

To further investigate the binding state of heavy metal Cu(Il) ions on the
adsorbent surface, a further XPS scanning was performed on CSH-Cu, and the
high-resolution XPS spectrum of Cu 2p is shown in Fig. 5b. The two signal peaks
at the binding energies of 934.7 eV and 954.9 eV correspond to Cu 2p;,, and Cu
2p,,- The binding energies of the peak signal of the shaking satellite for Cu 2p5,
and Cu 2p,,, are approximately 942.7 eV and 962.6 eV, respectively. The decon-
volution peaks of Cu 2p;,, and Cu 2p,,, at 934.7 eV and 954.9 eV, respectively,
are the same as those of Cu(OH),, indicating the presence of Cu(OH),. During
the adsorption process, part of the Cu®* is associated with the leached OH™ and
combines to form Cu(OH), precipitates. The deconvolution peaks of Cu 2p;,, and
Cu 2p,, at 935.6 eV and 956.1 eV [14], respectively, indicate the presence of
Cu(NO;), on the surface of the adsorbent, since part of the Cu®* is adsorbed on
the CSH surface as Cu(NO;),. The binding energies of Cu® and Cu* signals in the
Cu 2p XPS spectra are generally less than 933 eV [15], which are not observed
in the spectra.

In low pH solutions, CSH is unstable and will release Ca*" and OH". According
to the study [16], CSH first released Ca’* and OH™, and then adsorbed fluoride. This
unstable chemistry is considered as a drawback of CSH applications in various fields
[17]. During the experiment (the initial pH was 5), not only the adsorption amount
of Cu(II) ions by CSH was recorded, but also the pH value and Ca** concentration
of the solution after adsorption (Fig. S6). The pH of the solution increases after the
adsorption reaction. With the increase of the initial concentration of Cu(Il) ions, the
pH value of the solution decreased rapidly to 6.92 +0.03, and the adsorption capac-
ity also reached equilibrium. The leaching of Ca®" was detected in the adsorbed
solution, with concentrations in the lower range of 20-30 mg/L, and no contamina-
tion to the environment. These results show that CSH releases Ca®* and OH™ in the
process of adsorbing Cu(II) ions. Cu** will combine with OH™ released from CSH
to form Cu(OH),.
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Based on the above analysis, it can be assumed that CSH removes Cu(Il) ions
in two ways. One way is to adsorb Cu(Il) ions on the surface of CSH by physical
adsorption. The other way is that Cu(Il) ions combines with the OH™ released by
CSH to form Cu(OH),.

Reusability experiment

CSH is unstable under acidic conditions and can release Ca** and OH™ during
adsorption, so desorption and resorption methods for CSH are infeasible. Therefore,
we recovered CSH-Cu (adsorption conditions: 10 mg CSH, 100 mg/L Cu(NO;),
solution, adsorption time 30 min, adsorption capacity 408.7+2.0 mg/g). After
washing with deionized water, the samples were dried in a vacuum oven at 40 °C for
12 h. CSH-Cu was activated at high temperature to convert it into photocatalyst for
RhB degradation.

Degradation of RhB by CSH-Cu

Five control experiments were conducted to verify the degradation properties of
RhB by different reaction systems. As shown in Fig. S7, when the reaction sys-
tem was: (1) only H,0,, (2) only CSH, (3) both CSH and H,0, simultaneously, the
removal rate of RhB under these three reaction systems was approximately zero.
When only CSH-Cu was present in the reaction system, the removal rate of RhB was
17.9 £0.3% within 180 min, which was likely due to the adsorption of RhB by CSH-
Cu. When both CSH-Cu and H,0, were present in the reaction system, at the same
time the removal rate of RhB was as high as 92.3+0.1% within 180 min, which
indicated that CSH-Cu could catalyze H,0, to generate -OH and -O,~, which was
beneficial to the degradation of RhB.

The activation temperature of CSH-Cu had an effect on the degradation of RhB.
As shown in Fig. S8, with the increase in activation temperature, the removal effi-
ciency of RhB gradually increased. When the activation temperature was greater
than 300 °C, the removal efficiency gradually decreased. This may be due to the
increase in the activation temperature, the removal of interlayer water from CSH and
the change of the chain structure of CSH [18], which increases the specific surface
area of CSH. As a result, there are more active sites on the catalyst surface, which
facilitates to the degradation of RhB. However, with further increase in tempera-
ture, the CSH sheets were overlapped, reducing the specific surface area and thus
the performance. Therefore, CSH-Cu with an activation temperature of 300 °C was
selected for subsequent experiments.

The H,O, content is one of the key parameters that influence the degradation
performance of RhB. Fig. SO is the degradation curve of RhB with different con-
tents of H,0,. The H,0, content was increased and the catalytic efficiency of RhB
was significantly improved. This was because the higher the H,0, content, the more
reactive oxygen radicals could be produced and therefore the faster the rate of RhB
degradation.

The effect of catalyst dosage on RhB degradation is particularly obvious (Fig.
S10). The removal of RhB by CSH-Cu(300 °C) manifested in two aspects, namely
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the adsorption and catalytic degradation of RhB by CSH-Cu(300 °C). When the
amount of catalyst increased, the active sites on the surface of CSH-Cu (300 °C)
increased which could not only adsorb more RhB, but also generate more active spe-
cies for RhB degradation.

Fig. S11 shows the effect of the initial concentration of RhB on the degradation
rate. The degradation rate was inversely proportional to the initial concentration of
the pollutant. There were three main reasons for this. First, the initial concentra-
tion of pollutants increased, and the number of dye molecules produced increased.
However, the concentration of the catalyst was fixed and the amount of RhB that
could be adsorbed was limited. Second, the active sites on the catalyst surface were
certain, and only a quantitative amount of active substances could be generated to
degrade RhB within a certain time. In addition, there was competitive adsorption
between RhB and H,0, at the active site of the catalyst surface, and a large initial
concentration of the dye will hinder the adsorption and catalytic decomposition of
H,0, at the catalyst surface [19, 20].

As shown in Fig. S12a, it is obvious that the accelerated removal efficiency is due
to the increased temperature and faster molecular movement, which allow for more
active substances and promotes the degradation of RhB. The degradation of RhB
at different temperatures followed pseudo-first-order reaction kinetics (Fig. S12b).
According to Lente’s method [21, 22], the least squares fitting was performed to the
pseudo-first-order kinetic exponential curve:

A = Xsxexp(-kt) + E 3)

Here A is the concentration of RhB dye taken from the relative concentration C/
Cy, k is the pseudo-first-order rate constant (min~"), X is the amplitude of the pro-
cess, E is the endpoint. Using Prof. Gabor Lente at http://lenteg.ttk.pte.hu/KinetFit.
html provides the Excel file to calculate the relevant data. Table 1 lists the pseudo-
first-order rate constants at different temperatures. In addition, the standard devia-
tion of parameter k and the linear correlation coefficient R? are also listed in the
table.

The initial pH of the solution plays a key role in the catalytic reaction. Fig. S13a
shows the degradation process at different initial pH. The higher initial pH of the
solution is, the more effective the degradation of RhB is. This could be attrib-
uted to that the oxidation of H,0, to HO, - or - O,~ by Cu** was more favorable
at higher pH, and the amount of more active deprotonated hydrogen peroxide
(HO,") increased significantly [23], which accelerated the degradation rate of RhB.

Table 1 The pseudo-first-order kinetic constants (k) of the degradation of RhB at different temperatures.
(0.1 g/L catalyst and 50 pL H,0,)

Temperature 293.15K 303.15K 313.15K 323.15K 333.15K
k (min~") 0.0336 0.0288 0.0349 0.0863 0.1623
Standard deviation 0.0135 0.0070 0.0053 0.0067 0.0042
R? 0.9762 0.9934 0.9963 0.9957 0.9991
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Meanwhile, the dissociation of Cu?* at different pH was recorded (Fig. S13b). When
the pH was 2.5, the dissolution rate of total copper ions was the highest, which was
0.384+0.001 mmol/L. At a pH of 10.5, the dissolution rate of the total copper ions
was 0.026 +£0.004 mmol/L and the copper ions hardly leach. Since excess Cu(Il)
ions could act as a radical scavenger and reduce the concentration of active species
[24], it was again demonstrated that the degradation of RhB was favored at higher
pH.

Reusability and stability of CSH-Cu (300 °C)

Figs. S14a—c show the sample color, XRD, FT-IR of the catalyst before and after the
reaction. The color of the catalyst changed from green before the reaction to purple,
which was the color of RhB after CSH-Cu (300 °C) adsorbed a part of RhB. The
XRD pattern and FT-IR pattern show no obvious change in CSH-Cu (300 °C) before
and after the surface reaction.

The catalyst powder after each experiment was centrifuged, washed with deion-
ized water, dried in an ordinary oven, and then the experiment was repeated to test
the reusability of CSH-Cu (300 °C). It can be seen from Fig. S14d that the removal
efficiency of RhB by CSH-Cu (300 °C) decreases with the increase in the number of
repetitions. After four cycles of experiments, the removal efficiency of RhB dropped
to 78.3 £0.4% within 150 min. This could be explained by the fact that in each deg-
radation experiment, CSH-Cu (300 °C) adsorbed a part of RhB and its intermediates
in the degradation process, which could not be removed by simple washing. Since it
will occupy the active sites of CSH-Cu (300 °C) and hinder the generation of active
substances, the removal performance of RhB will be reduced. However, with the
extension of time, more than 90% of RhB could still be removed within 240 min,
and CSH-Cu (300 °C) has excellent reusability.

Reaction mechanism of RhB degradation

In order to understand the dominant active species during RhB degradation, differ-
ent types of radical scavengers were added to the reaction system during degrada-
tion (Fig. S15). In this experiment, tert-butanol (IPA), p-benzoquinone (BQ) and
ammonium oxalate (AO) were selected as quenchers for -OH, -O,” and h*. The
removal rate of RhB could reach 97.7+0.1% without adding quencher, and after
adding IPA, BQ and AO, the removal efficiency of RhB decreased to 68.7+0.2%,
65.9+0.02% and 31.7+0.09%, respectively. This phenomenon indicated that -OH,
‘0,” and h™ played a joint role in the degradation of RhB, and their contribution
order was: h* >-0,”>-OH. RhB was barely degraded after EDTA was added to the
reaction system. This was because EDTA formed a stable complex with Cu®*, which
prevented the reaction, and therefore Cu?* was extremely critical for the degradation
of RhB.

Based on the above experiments, we proposed a mechanism for the degradation of
RhB by CSH-Cu (300 °C): First, when irradiated with light, E, with energy higher than
CSH-Cu (300 °C) will generate h™, which can oxidize H,O or OH™ generate -OH [25,
26]. Secondly, CSH-Cu (300 °C) will release Cu”*, and the free Cu®* in the solution
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can decompose H,0, to generate -OOH. -OOH deprotonation produces strong oxida-
tive radicals -O,” and Cu®* are reduced to Cu™ at the same time. Cu™ can decompose
H,0, to produce -OH. Since -O,” is the precursor of most reactive oxygen species
[27], -O,~ can also react with H,O, to generate -OH [28]. Finally, -OH, -O,~ and h* act
together to convert RhB to CO, and H,O. The main reaction formulas are as follows:

CSH - Cu(300°C) + hv — h* + e~ )
Cu** + H,0, - Cu" + -HO, + H* 5)
Cu* + H,0, —» Cu’* + -OH + OH~ (6)

‘HO, - -0, + H* (7)
H,0, + -0, - :OH + O, + OH™ (8)
.OH/-0,” /h* + RhB — CO, + H,0 )

Fig. S16a shows the UV-vis absorption spectrum of degraded 10 mg/L RhB. As
the illumination time is extended, the maximum absorption peak of RhB gradually
decreases and finally drops to approximately zero. This indicates that in the process
of degradation, the structure of RhB is destroyed and degraded into other substances.
As can be seen from Fig. S16a, the absorption curve distribution of RhB decreases
relatively uniformly with the reaction time progress. When the reaction time reaches
120 min, the maximum absorption peak of the RhB solution is around zero, indicating
that RhB has been completely degraded. It can also be seen from the figure that the
absorption peak did not shift during the first 30 min, which may be due to the com-
bined effect of deethylation [29] and hydroxylation [30] during the degradation of RhB.
Deethylation causes a blue shift of the absorption peak, while hydroxylation causes
a red shift of the absorption peak, and the two effects cancel each other out, so the
position of the absorption peak does not change substantially. When the reaction time
increased, the maximum absorption peak of the RhB solution is slightly blue-shifted,
which is due to the deethylation of the RhB molecule. Fig. S16b shows the UV-Vis
absorption spectra before and after the degradation of 10 mg/L. RhB. The inset shows
the color change of RhB before and after the reaction, with the solution becoming
colorless after the reaction. Figure shows that the UV-Vis absorption spectrum of RhB
before degradation produces peaks at 258, 354 and 554 nm. However, no distinct peaks
are observed after degradation, confirming RhB mineralization.

Conclusion
The sheet calcium silicate hydrate (CSH) was prepared with calcium nitrate and

sodium silicate as the raw materials by simple chemical precipitation. CSH showed
excellent performance in adsorbing Cu(Il) ions. SEM photos revealed that after
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adsorbing Cu(Il) ions, these sheet CSH occurred aggregation clearly and resulted
in a formation of the granular morphology. Therefore, the specific surface area
decreased from 632.2 m? g~! to 244.9 m* g~!. XPS results showed that Cu adsorbed
on the CSH was mainly present as Cu(I). Activated CSH-Cu at high temperature
was an excellent catalyst for the degradation of the organic dye RhB. It was shown
that the degradation efficiency of RhB depended on the activation temperature of the
catalyst, the concentration of H,0,, the concentration of CSH, the initial concentra-
tion of RhB, the temperature and the initial pH value of the solution. This catalyst
is able to degrade RhB over a wide range of pH values. The free radical trapping
experiment showed that «OH, «O,~ and H" played a common role in the degrada-
tion of RhB, and the contribution order was h* >-0,”>-OH. At the same time, the
presence of Cu(Il) ions plays a key role in the degradation. The catalyst has superior
reusability and can still remove more than 90% of RhB within 240 min after four
cycles of the experiment. Based on the changes in the UV—vis absorption spectra
during RhB degradation, it can be inferred that both deethylation and hydroxyla-
tion play a role in RhB degradation. This paper is of significant implications for the
treatment of waste adsorbents and wastewater. CSH has great promise in wastewater
purification.
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