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Fly ash derived calcium silicate hydrate as a highly
efficient and fast adsorbent for Cu(u) ions: role of
copolymer functionalizationt
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The environmental issues caused by heavy metal accumulation from polluted water are becoming serious
and threaten human health and the ecosystem. The adsorption technology represented by calcium silicate
hydrate has attracted much attention, but suffers from high manufacturing costs and poor stability
bottlenecks. Here, we have proposed a “trash-to-treasure” conversion strategy to prepare a thin sheet
calcium silicate hydrate material (ACSH) using solid waste fly ash as silicon source and a small amount of
Acumer2000 as modifier. The obtained materials showed fast adsorption rates, superior adsorption
capacities and remarkable long-term stability for Cu(i) removal. Under the conditions of 0.5 g L™*
adsorbent concentration and 100 mL Cu(i) solution with a concentration of 100 mg L™, ACSH can
adsorb 95.6% Cu(i) within 5 min. The adsorption isotherms conformed to Langmuir models and the
maximum adsorption capacity was 532 mg gfl, Using X-ray diffraction, scanning electron microscopy,
X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy, specific surface area and
pore structure analysis, it was found that the excellent adsorption performance could be attributed to
the ultrahigh surface area (356 m? g’l), abundant pores and multiple active sites induced by
Acumer2000 modification. Moreover, the encapsulation effect from carboxylate and long carbon chains
in Acumer2000 endowed modified samples with strong corrosion resistance to CO,, which effectively

inhibited the formation of by-product CaCOs and retained the remarkable adsorption performance for
Received 12th May 2022

Accepted 23rd July 2022 more than 100 days. Interestingly enough, the advantages of ACSH in economy and performance could

been maintained in ACSH based adsorptive membranes. This work is of great significance for solid waste
utilization as well as the preparation of high quality, cost-effective and long-term stability calcium silicate
hydrate materials.
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At present, the most common adsorption material is acti-
vated carbon.® Recently, new kinds of adsorbents such as silica,’

1 Introduction

Cu(u) ions, as one of the most popular heavy metal ions, can
reach water bodies through the electronics industry, mining
industry, cable industry, metal smelting, metal rinse processes,
corroded plumbing systems and so on. Cu(un) accumulation
from water has become a serious problem threatening human
health and the ecosystem." It has spawned many techniques for
water pollutant treatment, including adsorption, coagulation,
microbial treatment and advanced oxidation processes.>™
Among these techniques, adsorption has been considered
a promising approach because of its simplicity, energy saving
and low cost.®
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resins, metal organic frameworks® and layered double
hydroxides,'* have also been investigated. However, for the
heavy metal ion adsorption, the excellent performance of
calcium silicate hydrate material is superior to other materials,
resulting from its large specific surface area, high porosity and
controllable structure. Shao et al. prepared flowerlike calcium
silicate hydrate with a specific surface area of 77 m> g *,
showing higher adsorption capacity for metal ions Cu(u), Zn(u)
and Pb(u), than that of activated carbon with a specific surface
area of 921 m> g~ '."* Qi et al. analyzed the adsorption mecha-
nism of calcium silicate hydrate to cobalt ions and found that
ion exchange played an important role, accounting for about
76.7%, and the complexation of hydroxyl groups on the surface
of calcium silicate hydrate was weak."* So far a variety of calcium
silicate hydrate and calcium silicate hydrate based-composite
materials have been reported, such as ultra-thin calcium sili-
cate hydrate nanosheets, magnetic based composite, doped
calcium silicate hydrate materials, etc.,, which has been
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investigated as adsorbents not only for metal ions, but also for
drugs, phosphorus, proteins, etc.***¢

Co-precipitation is a simple method to fabricate calcium
silicate hydrate, with calcium salt or calcium hydroxide as
calcium source and sodium silicate or tetraethyl orthosilicate as
silicon source. The cost of silicon source accounts for a large
part of the material cost. In order to meet the requirement of
low cost in industrial scale application, a few researchers have
committed to the preparation of calcium silicate hydrate with
solid wastes which are rich in silicon. For instance, Qi et al.
prepared calcium silicate hydrate using fly ash desilication
liquid as raw material, and the adsorption capacity to Co(u)
reached 109.6-154.8 mg g > Fly ash is one of the most
productive solid wastes all over the world, obtained from coal
combustion in power plants, where the SiO, content could
exceed 40%. It endows the fly ash with great potential as a cheap
silicon source that can be extracted by alkali reaction. Accord-
ingly, the desilication liquid owns high alkalinity, in which high
levels of carbon dioxide (CO,) are unavoidable. So the formation
of by-product calcium carbonate (CaCO;) was hard to avoid in
the fabrication of calcium silicate hydrate using solid waste
desilication liquid."** Furthermore, the amount of CaCO;
would constantly increase through the reaction between atmo-
spheric CO, and calcium in adsorbent as long as calcium sili-
cate hydrate material is exposed to air. This reaction can
continue for several weeks until the adsorption properties of the
material are completely destroyed."” The drawback of calcium
silicate hydrate in long-term stability greatly hinders its large
scale application. Although there are many studies on calcium
silicate hydrate, the advances in preventing the corrosion of
calcium silicate hydrate by CO, are scarce.

In this work, fly ash-derived calcium silicate hydrate with
high purity and excellent adsorption performance was synthe-
sized with an effective modifier—Acumer2000. Previous studies
have proved that modifying the surface of calcium silicate
hydrate with functional groups, such as sulthydryl group and
amino group, could effectively improve the capacity and
adsorption rate by complexation effect.”®*® However, the
synthesis strategies usually need a lot of organic solvents, which
may result in cytotoxicity for subsequent applications.
Acumer2000 is a water-soluble dispersant composed of strong
acid (sulfonic group) and weak acid (carboxyl group) groups,
which have strong attraction with Ca(u). During the nucleation
and the growth of calcium silicate hydrate, Acumer2000 could
bridge onto the surface of calcium silicate hydrate through
chelate effect. On one hand, the functional groups can improve
the surface complexation during the process of adsorption. On
the other hand, the functional groups, especially the carboxyl
groups, can effectively inhibit the generation of CaCO; by
encapsulating Ca atoms and interfering with the normal lattice
arrangement.”>** Overall, the application of Acumer2000 in the
synthesis of calcium silicate hydrate is expected to improve the
adsorption performance by inhibiting the formation of CaCOj;
and enhancing the surface complexation. No relevant studies
have been reported so far.

In this work, the impact of Acumer2000 for calcium silicate
hydrate was elucidated by X-ray diffraction (XRD), Fourier
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infrared spectrophotometer (FTIR), scanning electron micros-
copy (SEM), X-ray photoelectron spectroscopy (XPS) and N,
adsorption-desorption test. Using Cu(un) as adsorbate, the
adsorption capacity and stability of modified calcium silicate
hydrate on pollutants were studied and the adsorption mech-
anism deduced from the above results was also discussed. We
anticipate this “trash-to-treasure” conversion strategy to enrich
the understanding and pathway of cost-effective and high-
quality adsorbent fabrication.

Moreover, the potential of modified calcium silicate hydrate
in the field of membrane was also explored. In previous
studies,"™® most of calcium silicate hydrates achieved strong
adsorption performance in the state of dispersed powder,
suffering from the difficulty of recovery and the potential threat
of secondary pollution. It can be solved by assembling adsor-
bent to porous membrane, with the advantages of fast adsorp-
tion rate, easy recovery and industrial amplification. While, it
has very high requirements for the force between pollutant and
adsorbent, which challenges the performance of adsorbent. The
application of calcium silicate hydrate in adsorption membrane
area has not been reported. In our work, a simple and universal
method was used to prepare the calcium silicate hydrate based
adsorption film, of which the adsorption efficiency for Cu(u)
uptake from water were investigated. We expect this attempt
can broaden the materials range in the membrane field.

2 Material and methods
2.1 Material

Sodium hydroxide (NaOH), calcium hydroxide (Ca(OH),),
copper chloride dishydrate (CuCl,-2H,0), ethanol, hydro-
chloric acid are all analytical grade, purchased from Sinopharm
Chemical Reagent Co., Ltd. Acumer2000 solution (Mw = 4500,
solid content 43%, density 1.21 g mL ™', pH = 4) was purchased
from Rohm & Hass company. The raw fly ash was obtained as
waste from a power plant in Jiaxing city, Zhejiang province,
China. All chemicals have been used without further purifica-
tion. The water used in this work is deionized water.

2.2 Calcium silicate hydrate preparation

Silicon component in fly ash was extracted by high-temperature
alkali activation method: 5 g fly ash and 8 g NaOH were mixed
and grinded, then heated at 600 °C for 2 h. When cooled to
room temperature, appropriate amount of deionized water was
added into the mixture and stirred for 1 h. After standing
overnight, fly ash slags (named as desilication fly ash) were
filtered out and obtain desilication solution (SiO, = 6 mg
mL ™).

100 mL desilication solution mixed with 0.1 g Acumer2000
heated up to 60 °C, and 1.5 wt% Ca(OH), suspension was added
drop by drop until the mole ratio of Ca : Si was about 1. Then,
the temperature was increased to 80 °C and maintained for 2 h.
Finally, the products were obtained by filtering, washing with
distilled water and ethanol in turn, and drying in a vacuum oven
at 60 °C for 12 h, which were denoted as ACSH. In addition,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sample was prepared in the absence of Acumer2000, denoted as
CSH.

In addition, 100 mg ACSH was dispersed in ethanol solution,
then the suspension was filtered through the polypropylene
substrate to form membrane with radius of 2 cm. The
membrane was named as ACSH-M. CSH-M was prepared in the
same operation but with CSH powder.

2.3 Characterization

The composition of raw fly ash and desilication fly ash were
determined by X-ray fluorescence spectrometer (XRF, Axios,
Holland). Inductively coupled plasma mass spectrometer (ICP,
725 ICP-OES, Agilent) was used to determine the ion concen-
tration in desilication solution. XRD patterns were obtained on
a Bruker Advance D8 diffractometer (Germany) using a filtered
Cu Ku. radiate source (A = 1.54178 A), scanned from 20 to 50°
with 1°/min. Field emission scanning electron microscopy
(FESEM, Magellan 400) equipped with an energy-dispersive X-
ray spectrometer (EDS) were used to investigate the
morphology and composition of the sample. The specific
surface area of catalysts was investigated by N, adsorption at 77
K, using the multipoint Brunauer-Emmett-Teller (BET) method
(Micromeritics ASAP2020). Prior to the measurements, the
samples were dehydrated in vacuum at 120 °C for 24 h. The pore
size distributions, average pore width and volume of pores were
calculated from adsorption branches of the isotherms by the
Barrett-Joyner-Halenda (BJH) method. Mid-IR spectra of
samples were recorded on a FTIR Spectrometer (Bruker
EQUINOX55) using the conventional KBr pellet method. The
elemental and chemical valence information on the surface of
material was determined by XPS (Thermo Scientific K-Alpha)
using X-ray source Al Ko radiation (hv = 1486.6 eV) and all
binding energies were calibrated to the neutral C 1s peak at
284.8 eV.

2.4 Batch adsorption experiments

A series of adsorption experiments on Cu(u) were carried out at
20 °C with the synthesized powder samples as adsorbents,
including the adsorption capacity under different time and pH
and the adsorption isotherms. Aqueous solutions containing
heavy metal Cu(u) ions were prepared by dissolving appropriate
amount of CuCl,-2H,0 in deionized water to prepare 100-
1000 mg L~ Cu(u) solution.

The adsorption capacity on samples under different time
were obtained by dispersing 50 mg sample into 100 mL aqueous
solution (100 mg L™, initial pH = 6). The suspensions were in
a shaking table (250 rpm) for a certain time. In the experiment,
samples were taken at regular intervals, and the clear liquid was
filtered by needle filter, and the concentration of copper ion in
the clear liquid was analyzed by HACH2800 water quality
analyzer. Tests were conducted in triplicate and the average
value was used for calculation. Adsorption capacity (g, mg g~ ")
and residue percentage (7, %) were calculated according to the
following equations (eqn (1) and (2)), respectively:

g=(Co— O x Vm! 1)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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n = (CICy) x 100% )

where C, (mg L") and C (mg L") are the initial Cu(u)
concentration and the concentration of residual Cu(u) in solu-
tion, respectively. V (L) and m (g) are the volume of the solution
and the mass of the adsorbent in the adsorption experiment,
respectively.

To examine the influence of initial pH, experiments were
performed in Cu(u) solution of 300 mg L™ . The initial pH of the
solution varied from 2.0 + 0.3 to 6.0 £ 0.3, adjusted with 0.1 M
HCI or 0.1 M NaOH. The sorbent dosage was 0.5 g L™". For the
adsorption isotherms studies, the initial concentration of Cu(u)
solution varied from 100 to 1000 mg L™ and the initial pH were
adjusted to pH = 5.0 & 0.3. The sorbent dosage was 0.5 g L™,
too. While all other operation were the same as that in the
previous experiment.

In addition, 20 mg L~ " Cu(n) solution was passed through
adsorption membrane at a flow rate of 3 mL min *. The
concentration of copper ions in the filtrate was investigate by
HACH2800 water quality analyzer. Copper ion removal rate (R,
%) were calculated according to eqn (3).

R = [(Cy — C)/Cy] x 100% (3)

3 Results and discussion

3.1 Component characterization of fly ash and desilication
solution

Table S1t presents XRF results of raw fly ash and desilication fly
ash. It can be seen that the main components of raw fly ash are
SiO, and Al,O;, containing trace Fe, Ca, Mg and other compo-
nents. It is well known that the components of fly ash will be
changed because of the variance in raw materials and
combustion methods. All experiments in our study were per-
formed using the same batch of fly ash. Through high-
temperature alkali melting reaction (eqn (4)), a certain
amount of silicon element was removed into water to form
desilication solution. ICP results (in Table S2}) of the desilica-
tion solution shows that 38.3% silicon in raw fly ash have been
leached and used for further samples synthesis. The other
silicon might exist in a refractory state, or be wrapped into the
fly ash particles, hardly reacted with alkali. The desilication
solution also contained a great deal of Na arising from alkali,
most of which are not involved in the reaction (eqn (4)) but
dissolve into the solution. The desilication solution had a high
alkalinity and would readily absorb CO, from the air. And as
shown in Table S1,t desilication fly ash comprised of significant
amount of various metals, and after alkali melting reaction
these metals were likely to be exposed on the surface. Desili-
cation fly ash can be viewed as a potential source for cost-
effective catalysts or catalyst supports to removal pollution
from water, which will be one of the research directions for our
team in future.

Si02(s) + ZNHOH(S) - Na25i03(5) + HzO(g) - Na28i03(aq) (4)

RSC Adv, 2022, 12, 22843-22852 | 22845
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3.2 Characterization of sample

XRD patterns of CSH and ACSH were presented in Fig. 1a. For
sample ACSH, characteristic diffraction peaks appeared at
29.5°,32.1°, 34.1° and 43.3°, corresponding to (111), (200), (015)
and (009) of calcium silicate hydrate (JCPDS 29-0329), respec-
tively. The peaks widened seriously, implying poor crystallinity
due to lower synthesized temperature. For CSH, a series of
sharp diffraction peaks appeared at 23.1°, 29.4°, 36.0°, 39.4°
and 43.2°, corresponding to CaCO; (JCPDS 47-1743). The
formation of calcium silicate hydrate was usually accompanied
by CaCOj; as a by-product. Similar results have been reported in
other literatures.'"'> Because of these sharp and strong peaks
for CaCOs;, the peaks with poor crystallinity for calcium silicate

(a) #%  *JCPDS 47-1743 CaCO,
—_ # JCPDS 29-0329
= Ca,Si,0,(OH),
& |CSH

‘R

=

Y

N

=

L]

L | L 1 1 | 1 | 1
20 25 30 35 40 45
2Theta (deg.)
((b) po  CSH  AcsH A

' @ -
Il o (w&
‘o S i
8% o & "m @ 13; '
Intratayer Ca ’ - ( @
“oe0® © * - » 8
» ® e

Interlayer Ca” _:\ . 000

) ' W

\_ Si Ca -COO-

A€

Acumer 2000

{{CHz'?H}x{CHz'qH}\}n
R

SOy
Na*

coo
Na*

Acumer (c)

Transmittance(a.u.)

(d)

1000 2000 3000 1250

1350 1720

Wavelength (cm'])

Fig. 1
(c—e) FTIR spectra of CSH and ACSH.

22846 | RSC Adv, 2022, 12, 22843-22852

1770

(a) XRD patterns, (b) schematic illustration of nanostructure and

View Article Online

Paper

hydrate were hard to observe. XRD results confirm that calcium
silicate hydrate with poor crystallinity can be obtained using fly
ash as raw material and the formation of impurity CaCO; is
unavoidable in the absence of Acumer2000. While, the intro-
duction of Acumer2000 can greatly inhibit the generation of
CaCOj;. The purity of samples can be improved accordingly.

Copolymer Acumer2000 is made up by sulfonic group,
carboxyl group and water-compatible carbon chains (see in
Fig. 1b). Although the inhibition mechanism to CaCO; has not
been fully understood, it is believed that the encapsulation to
Ca(u) from carboxylate plays an important role. As illustrated in
Fig. 1b, the CSH has a layer-stacked structure composed of
intralayer Ca and wollastonite type Si chains.”**® When the
molar Ca/Si ratio is 1, there are some distorted interlayer Ca
atoms between layers,” which prefer to react with CO, in
desilication solution and form by-product CaCO;."”” While, in
the presence of Acumer2000, the carboxyl groups can recognize
and chelate to Ca(u) ions, and its carbon chains with sulfonic
groups can give rise to steric and electrostatic repulsion. Both
intralayer Ca and interlayer Ca are in high dispersion and
encapsulate state, which effectively inhibit the generation of
CaCO;. Similar inhibitition mechanism were reported in Alen-
dronic Acid and MLn systems.”>** More interestingly, without
the intervention of copolymer, CSH nuclei would grow into layer
structure with a large size. Under the help of Acumer2000, the
chelation of carboxylate with Ca(u) ions as well as the repulsion
between crystal nuclei arising from sulfonic groups and the
long carbon chains would slow down the nucleation and crystal
growth rate, which can induce the layer structure of ACSH with
much small size but high dispersancy.

Due to poor crystallinity of calcium silicate hydrate, it is
difficult to obtain comprehensive information through XRD
analysis. Therefore, FTIR was conducted. As shown in Fig. 1c,
both CSH and ACSH presented characteristic peaks of calcium
silicate hydrate at 451 cm™",674 cm™ " and 1061 cm ™', which are
attributed to Si-O-Si bending vibration, Si-O asymmetric
stretching vibration and Si-O-Si asymmetric stretching vibra-
tion, respectively. It demonstrates that calcium silicate hydrate
existed in CSH and ACSH. While, the peak at 972 cm™ " in CSH
was red shifted to 964 cm ™' in ACSH, indicating that Si-O-Ca in
calcium silicate hydrate was affected by the modification of
Acumer2000.>**¢ Meanwhile, weak signals of sulfonic acid
group and carboxylic acid group could be detected in ACSH
shown in Fig. 1d and e. However, compared with Acumer2000,
the peak of sulfonic acid group in ACSH blue shifted from
1223 cm™ " to 1262 cm ™, and that of carboxylic acid group blue
shifted from 1714 ecm ' to 1750 cm ' It confirmed that
Acumer2000 bridged onto the surface of calcium silicate
hydrate through interaction with Si-O-Ca. In addition, the peak
at 1448 cm™ ! assigned to C-O antisymmetric stretching vibra-
tion was also observed in ACSH, which was due to the influence
of CO, in air during the test. For CSH, the peak at 1448 cm™ "
was significantly enhanced, and the out-of-plane deformation
vibration peak attributed to CO;>~ appeared at 874 cm ™, which
was far beyond the influence of CO, in air, reflecting the exis-
tence of CaCO; materials in CSH.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Low amount of Acumer2000 in ACSH (<4 wt%) leads to weak
signal observed in FTIR spectrum. In order to further analyze
the influence of Acumer2000, XPS was used to characterize the
samples and the results are presented in Fig. 2. Fig. 2a
demonstrates that the surfaces of ACSH and CSH were
composed of Ca, Si, O and C. For ACSH, the characteristic peak
attributed to S 2p also was observed in the range of 150-175 eV,
arising from the sulfonic acid group of Acumer2000. The high
resolution XPS spectrum and fitting parameters for Ca 2p are
shown in Fig. 2b and Table S3.f For CSH, the peaks of Ca 2p3,
and Ca 2p,, in calcium silicate hydrate were located at 347.1 eV
and 350.7 eV, respectively, while that in CaCO; were located at
346.7 eV and 350.3 eV, respectively.?”*® According to the calcu-
lation of integral area, the mole ratio of Ca atoms in CaCO; and
calcium silicate hydrate was 3 : 7. For ACSH, the peaks of Ca
2ps;, and Ca 2p,, were located at 346.8 eV and 350.4 eV,
respectively. The shift to low binding energy indicated the
increase of electron cloud density, which was likely that the
sulfonate groups and carboxylic groups in Acumer2000 bonded
on the surface of ACSH and reduced the binding energy of
calcium atom. Similar phenomena have been reported in other
systems.**** The peaks at 284.8 eV, 286.6 eV and 288.5 eV in
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Fig. 2 XPS spectra of (a) survey spectrum, (b) Ca 2p high-resolution
spectrum and (c) C 1s high-resolution spectrum for samples.
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Fig. 2c belonged to C-C, C-R and C=C derived from polluted
carbon in the test. For CSH, a characteristic peak of CO3>~
appeared at 289.3 eV, which belonged with CaCO; in sample.
That peak did not appear in ASCH, but a new peak appeared at
288.8 eV, which was attributed to the carboxylic acid group.
Combined with XRD and FTIR data, it indicated that both
calcium silicate hydrate and CaCO; existed in CSH, further
confirming that the purity of ACSH was higher than that of CSH.

Fig. S11 shows SEM and EDS results of samples. Fig. Slat
indicated that there were two kinds of materials with different
morphologies in CSH. Combing with EDS results (Fig. S1b and
ct) and above XRD, FTIR and XPS analysis, the block material
(region 1 in Fig. S1at) with a size of about 2 pm and dense
surface, containing a lot of calcium and trace silicon, was
CaCO;. The flake material (region 2 in Fig. Slaf) mainly
composed of calcium, silicon and oxygen, was calcium silicate
hydrate. Obviously, CSH sample was made up by flake calcium
silicate hydrate and a small amount of block CaCO;. And there
were many slit holes formed by flake stacking. Based on the
results from Fig. S1d-f,7 the morphology and composition
distribution of ACSH were more uniform. It mainly comprised
lamellar calcium silicate hydrate particles. Because of the
intervention of Acumer2000, the size and thickness of the ACSH
sheets were smaller in contrast to that of CSH, but the dis-
persancy was higher. Similarly, a large number of slit holes also
appeared in ACSH due to the stacking of lamellar. While, the
size of these slits was smaller and the number was more
abundant than that of CSH.

Pore structure and surface area are important factors for the
adsorption performance. Therefore, N, adsorption and
desorption test was conducted. The isotherm of CSH and ACSH
(Fig. 3a) could be classified as a type-IV with H3 hysteresis loop,
meaning the existence of slit-shaped pores, which was consis-
tent with SEM observation.®® For ACSH sample, the broad
hysteresis loop in the relative pressures from 0.4 to 1.0 respec-
ted that there were a few macropores and plenty of mesopores.
The pore size distribution (Fig. 3b) proved that most of the
mesopores for ACSH existed in with diameter from 2 to 10 nm.
While for CSH, the pore size was concentrated at about 19 nm.
Calculated from the adsorption branch of the isotherm with
BJH method, average diameter (Dgjy) and cumulative pore
volume (V) were determined with the pore size in the range of
2-50 nm, which was benefit for the adsorption of Cu(u). The
specific surface area (Sggr), Dgju and Vigyy were shown in the
inset of Fig. 3a. Obviously, Acumer2000 brought a high meso-
porosity and the small pores for ACSH, displaying the number
of mesopores in sample ACSH was extremely high, which
contributed greatly to the specific surface area of 356 m> g~ ' In
addition, the hysteresis loop of ACSH on the nitrogen
adsorption/desorption isotherms was more pronounced than
that of CSH, implying that the surface of ACSH had a stronger
force on adsorbents.?*** A large specific surface area, abundant
pores and an effective interaction with the adsorbate consti-
tuted an ideal condition for Cu(u) adsorption, which was ex-
pected to exhibit excellent performance.
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and the average pore width and volume of pores determined by the BJH method using adsorption isotherms.

3.3 Adsorption performance and mechanism

Based on the above analysis, ACSH has high purity, small size,
rich mesopores, large specific surface area and strong adsorp-
tion force, owning obvious characteristics for adsorption. In
order to confirm its superiority, Cu(u) was taken as target
pollutant. The experiment was performed at 20 °C for 2 h, the
initial concentration of Cu(u) was 100 mg L™, the pH was 6 +
0.3 and the dosage of adsorbent was 0.5 g L~ '. Fig. 4a and
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of pollutants with different adsorption time. For ACSH, the
adsorption capacity was as high as 191.1 mg g~ at 5 min, and
only 4.4% Cu(u) was left in the solution. With the increase of
time, the performance was maintained without Cu(u) desorp-
tion. For CSH, the sorption capacity was 74.2 mg g~ " at 5 min,
when 62.9% Cu(u) remained in the solution. With the increase
of time, the sorption capacity increased gradually, reaching

Fig.4 Cu(i) residue percentage and sorption capacity varied with different adsorption time of (a) ACSH and (b) CSH; (c) Cu(i) sorption capacity at
5 and 30 min for fresh samples and aged samples; Sorption capacity of (d) ACSH varied with different pH and (e) different samples; (f) Linearized
fitting curves of Langmuir model for isothermal adsorption of ACSH and CSH.
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135.4 mg g " at 2 h, and still 32.3% Cu(u) failed to adsorb.
Fig. 4c shows the sorption capacities for aged CSH and ACSH
samples. By exposed in air for 100 days, the sorption capacity of
ACSH kept as high as that of fresh sample. However, aged CSH
completely lost adsorption ability in this condition, likely due to
the formation of CaCOs; in large quantities during aging period.
Overall, the modified calcium silicate hydrate not only had
a high sorption capacity but also displayed a long-term stability.

The pH effect on ACSH sorption capacity was investigated
(Fig. 4d). The experimental data was performed at 20 °C for 2 h,
the initial concentration of Cu(i) was 300 mg L™* and the
dosage of adsorbent was 0.5 g L™". Due to the appearance of
white turbidity caused by Cu(OH), precipitation when pH > 6,
the range of pH was 2-6 in this experiment. In general, the
adsorption capacity of ACSH for Cu(u) increased gradually with
the raise of pH. There were a certain amount of hydroxyl groups,
sulfonic groups and carboxylic acid groups on surface of ACSH.
When the pH was 2-4, active groups reacted with hydrogen ions
under acidic conditions. Adsorbent was difficult to coordinate
with metal ions and the adsorption performance mainly
depended on the high specific surface area of ACSH. The
adsorption capacity was relatively low. When the range of pH
was 5-6, the functional groups on the surface of ACSH were
deprotonated and the coordination effect increased. Accord-
ingly, the sorption capacity increased significantly. In summary,
the high sorption capacity of ACSH for Cu(u) stems from the
synergistic effect of abundant surface active groups and high
specific surface area.

Fig. 4e presents the sorption capacities of ACSH and
commercial activated carbon. The experimental data was per-
formed at 20 °C for 2 h, the initial concentration of Cu(u) was
300 and 500 mg L', without adjusting pH, and the dosage of
adsorbent was 0.5 g L™ ". The specific surface area of commercial
activated carbon was 658 m> g~ ', much higher than that of
ACSH (356 m*> g~'). In the 300 mg L™ Cu(m) solution, the
sorption capacity of activated carbon was only 42 mg g, which
was 14.3% of that of ACSH. When the initial concentration of
Cu(u) solution was raised to 500 mg L™, the sorption capacity of
ACSH was further increased to 374 mg g ', which was 11.7
times as large as that of activated carbon.

In order to explore the adsorption mechanism of ACSH, the
sorption capacities and process were evaluated by adsorption
isotherm. Langmuir (eqn (5)) model and Freundlich (eqn (6))
model, which are most commonly used to analyze the adsorp-
tion process, were adopted:

G Gy ] 5
qe Gmax qmaxKL
1
In ¢ = p In C. +In K¢ (6)

where C. (mg L") is equilibrium concentration, g. (mg g~ ") is
equilibrium adsorption capacity, gmax (mg g~ ') is saturated
adsorption capacity, Kz (mg g ') is Freundlich adsorption
constant, n is adsorption strength, Ky, (L mg™") is Langmuir
adsorption constant.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. S21 and 4f shows the adsorption isotherm and fitting
curve of different models. The experiment was performed at
20 °C for 4 h, the initial concentration of Cu(u) varied from 100
to 1000 mg L, the initial pH was adjusted to 5.0 & 0.3 and the
dosage of adsorbent was 0.5 g L™'. Related parameters are
provided in Table 1. Obviously, the correlation coefficients R* of
Langmuir isothermal model was higher than that of Freundlich
model for both ACSH and CSH, meaning Cu(u) adsorption
process was carried out on the homogeneous surface and the
adsorption was monolayer adsorption. In Langmuir model, the
maximum adsorption capacities of ACSH and CSH were
526.3 mg g ' and 294.1 mg g ', respectively, close to the
experimental value 532 mg g~ ' and 278 mg g~ . For ACSH, the
high sorption capacity was due to rich pore structure, high
specific surface area and resistance to corrosion of CO,, which
significantly improved the number of active adsorption sites,
the purity of materials and their bonding ability to pollutants.
In addition, the K;, for ACSH adsorbent was only 0.0826, indi-
cating that the adsorption process was highly favorable. Table
S4t presents the adsorption performances for Cu(um) using
different adsorbents reported previously. In contrast to these
results, ACSH showed strong competitiveness for heavy metal
adsorption.

The saturated adsorbent precipitations during this work
were filtered by vacuum, washed and dried to obtain CSH-Cu
and ACSH-Cu samples, which were analyzed by XRD and XPS.
Fig. 5a presents XRD pattern. The phase compositions of the
samples after adsorption were obviously different from that
before adsorption, as shown in Fig. 1a. After Cu(u) adsorption,
no diffraction peak of calcium silicate hydrate was observed for
ACSH-Cu but new characteristic peaks were observed at 16.2°,
31.6°, 32.2° and 39.4°. They were attributed to copper salt
(JCPDS 77-0116). The peaks were strong and the width was
narrow, indicating a relatively good crystallinity. Therefore, the
characteristic diffraction peaks of calcium silicate hydrate with
poor crystallinity were difficult to observe. Similar phenomena
have been reported in other literatures related to calcium sili-
cate hydrate.** For CSH-Cu, the diffraction peaks attributed to
copper salt widened, resulting from a smaller adsorption
capacity to Cu(u) and negative condition for the nucleation and
growth of copper salt. And for CSH-Cu, the characteristic peak
(29.4°) corresponding to CaCO; material (JCPDS 47-1743) still
existed.

Fig. 5b shows the XPS spectra of samples after adsorption.
Compared with Fig. 2a and 5b demonstrated that there were Cu
and Cl elements on the surface of CSH-Cu and ACSH-Cu
samples, besides the original Ca, Si, O and C elements. The

Table 1 Fitting parameters of Langmuir and Freundlich adsorption
models for Cu(n)

Freundlich Langmuir
Sample Kg n R? K, Imax R?
ACSH 209 6.78 0.8767 0.0826 526.3 0.9974
CSH 54 3.81 0.8892 0.0200 294.1 0.9954
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signal of Ca atom decreased significantly, which confirmed that
ion exchange was still an important way in the adsorption
process for CSH and ACSH. Because CSH contained a certain
amount of CaCOj3, which was difficult to participate in the ion
exchange and kept in sample CSH-Cu. Compared with CSH-Cu,
the signal of Ca atoms in ACSH-Cu samples was much weaker.
These results are consistent with the XRD data in Fig. 5a. Fig. 5¢
presents the Cu 2p3, spectrum of the samples. The peak located
at 933.0 eV was attributed to Cu—OH and the satellite peak was
located at 941.6 eV. For CSH-Cu, the peak located at 935.2 eV
belonged to Cu-Cl, and the satellite peak was located at
943.8 eV. The separation between the main peak and the
satellite peak was 8.6 eV. While, for ACSH-Cu, the peak located
at 935.2 eV moved to a higher binding energy, which was
944.0 eV. The separation increased to 8.8 eV. The satellite peak
depends on the hybridized degree between 3d orbital of copper
atom and 2p orbital of O atom. According to theoretical calcu-
lation,*® the increase of separation meant the functional groups
on the surface of ACSH working like electron donor for Cu(u),
which would induce the strong intervention between surface of
modified calcium silicate hydrate and copper atom. It is
consistent with the results of Fig. 3a. Similar phenomena have
been reported in other literatures.***”

Combining the XRD and XPS analysis for the samples before
and after adsorption with the results of adsorption isotherm
fitting, although the adsorption mechanism for ACSH is not yet
fully understood, we believe that the synergistic effect of ion

22850 | RSC Adv, 2022, 12, 22843-22852

exchange and surface complexation is an important factor for
the remarkable performance. As illustrated in Fig. 5d, ACSH
modified by Acumer2000 is composed of a large number of
ultra-thin calcium silicate hydrate sheets without impurities,
which can form aggregates with plenty of slit channels and
pores, providing the possibility of physical adsorption between
ACSH and Cu(u) and benefiting the further ion exchange
between Ca(u) on the thin sheet and Cu(n) in the surrounding
solution. Furthermore, the surface of ACSH contains multiple
sites for Cu(u), such as hydroxyl groups, carboxyl groups and
sulfonic groups, exhibiting excellent chelating ability. Through
strong complexation, electrostatic interaction, ion exchange or
a combination of the above, high sorption capacity could ach-
ieve in short time. Finally, due to the corrosion resistance of
ACSH to CO,, the excellent adsorption performance can remain
at a high level for a long time.

3.4 Performance of adsorption membrane

ACSH powder material synthesized based on fly ash desilication
liquid has significant adsorption advantages. In order to
investigate its practical application potential, this work
prepared calcium silicate hydrate based adsorption film (CSH-
M and ACSH-M) by a simple filtration technology and tested
the performance of adsorption films using the device shown in
Fig. 6a. A peristaltic pump was used to push Cu(u) solution

through the adsorption membrane at a flow rate of 3 mL min ™.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Photograph and (b) schematic illustration of the experi-
mental setup, (c) Cu(i) removal performance of ACSH-M and CSH-M.

Considering that the concentration of metal ions in actual waste
water is low, 20 mg L' Cu(u) solution was taken. As shown in
Fig. 6b, part of Cu(u) in the solution will interact with active sites
on the surface of adsorbents while the others will pass through
filtration membrane in the process of experiment. The removal
rates of Cu(u) can be calculated by eqn (3) and results are shown
in Fig. 6c. When flux was 30 mL, the removal rates for CSH-M
and ACSH-M maintained at ~94% and ~95%, respectively.
When flux increased to 120 mL, the removal rate of ACSH-M
membrane decreased slightly, but was as high as 94%.
However, the performance of CSH-M decreased to ~87%. In
general, ACSH-M had better adsorption efficiency and stability,
showing potential for practical application. In comparison to
previously reported work listed in Table S5,7 both the water flux
and rejection of Cu(u) obtained by ACSH-M were higher. Most
importantly, the fabrication of the membrane materials re-
ported previously either required complex CVD treatment, or
high-temperature hydrothermal processes, or a large number of
organic reagents, which are not conducive for large-scale
production. Compared with the above materials, the modified
calcium silicate hydrate in our work, which was synthesized
using solid waste fly ash as silicon source and a small amount of
Acumer2000 as modifier by a simple co-precipitation process
without other organic solvent, exhibited remarkable economic
advantages.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

In summary, we have proposed a “trash-to-treasure” strategy to
develop a modified calcium silicate hydrate materials from fly
ash for highly efficient Cu(u) removal applications. The ob-
tained ACSH samples not only owned a high purity but also
possessed ideal structure for adsorption, resulting from the
modifier Acumer2000's inhibitition to by-product CaCO; and
modulation to micromorphology. Through strong complexa-
tion, electrostatic interaction, ion exchange mechanism, ACSH
achieved 95.6% Cu(u) removal rate within 5 min, under the
conditions of 0.5 g L™* adsorbent concentration and 100 mL
Cu(u) solution with concentration of 100 mg L™ '. The adsorp-
tion isotherms conformed to Langmuir models and the
maximum adsorption capacity was 532 mg g~ '. Moreover, the
excellent performance could be maintained for 100 days, dis-
playing excellent long-term stability. When applied to the
membrane adsorption process, the adsorbent still showed
a high removal rate of Cu(u) under a high water flux, ensuring
the promising application potential. Our work solves the
bottleneck problems in cost and stability of calcium silicate
hydrate, explores a new area for fly ash utilization and is of great
significance for practical applications. In this study, about 60%
silicon in fly ash have not been developed, and much desilica-
tion fly ash has been produced during the experiment. Future
research needs to develop treatment methods with higher
silicon-lift rates in order to fully exploit the silicon resources in
fly ash. At the same time, the study on application of desilica-
tion fly ash would be carried out.
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