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Most porous materials with high specific surface area and diverse internal structures possess good adsorption ability. In this
work, a tremella-like mesoporous calcium silicate hydrate (CSH) with high adsorption capacity was successfully prepared via a
facile hydrothermal method. The adsorption effect and adsorption mechanism of the as-prepared calcium silicate hydrate (AP-
CSH) towards formaldehyde from water were investigated systematically. Results indicate that AP-CSH has high Ca/Si ratio
(1.95), large specific surface area (122.83 m’ gfl) and exhibits excellent adsorption capacity. The results of batch adsorption
experiments show that AP-CSH can remove formaldehyde from water rapidly and effectively with the maximum removal
efficiency of 98.94%. The adsorption process agrees well with the pseudo-second-order and Freundlich isotherm model.
Furthermore, regeneration can be achieved by simply immersing AP-CSH in absolute ethanol and the removal efficiency can still
reach about 99.50% after five cycles. The adsorption mechanism was also studied by experimental analyses and molecular
dynamics simulation. Both experimental results and theoretical simulation support that formaldehyde adsorption over AP-CSH

belongs to chemical adsorption.
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1 Introduction

Adsorption, with advantages of high efficiency and low
operation cost, plays a critical role in the removal of hazards
in the environment. Most porous materials with high specific
surface area and diverse internal pore structures, such as
activated carbon [1], diatomite [2], zeolite [3] and metal
organic frameworks (MOFs) [4], have been widely used in
the field of adsorption. Porous adsorbents involve both or-
ganic and inorganic specimens. Organic porous materials
have excellent selective adsorption but the manufacturing
process is usually complex. For instance, MOFs, as typical
organic adsorbents, have excellent selective adsorption per-
formance for some substance with the adjustable chemical
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composition and pore size [5]. However, the syntheses of
MOFs are complicated and expensive, which limit the
practical applications. Compared with most organic coun-
terparts, inorganic adsorbents exhibit extraordinary perfor-
mance in removing contaminants due to their resistance to
heat- and solvent-induced swelling. Besides, with regard to
cost, chemical composition and physical structure, inorganic
adsorbents exhibit more commercial value for a wide range
of practical applications. Nevertheless, inorganic adsorbents
share the disadvantages of poor regeneration performance
and insufficient adsorption efficiency. Therefore, the devel-
opment of efficient inorganic adsorbents for pollutants is still
challenging.

As a new inorganic adsorbent, calcium silicate with mul-
tiple structures (e.g., honeycomb, lamellar, rod-shape) has
been applied in the removal of pollutants from water. Niu-
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niavaite et al. [6] reported that calcium silicate with micro-
structure of honeycomb had been applied in the efficient
removal of inorganic heavy metal ions, such as Cu2+, Cr3+,
C02+, from wastewater. Zhou et al. [7] studied the adsorption
of chloride ions using calcium silicate with different che-
mical compositions and found that high Ca/Si ratio could
improve the adsorption capacity stemming from the in-
tensified interaction between Ca’" and CI. Generally, con-
ventional calcium silicates based on calcium carbonate and
silica as raw materials, which are prepared by sintering at
high temperature, could not provide satisfactory adsorption
performance due to their dense structure [8]. It is noteworthy
that the specimens prepared via hydrothermal method show
larger specific surface area, more uniform pore size, higher
adsorption ability and better regeneration performance than
those of traditional calcium silicate [9]. Moreover, the ap-
plication of porous calcium silicate in the removal of organic
contaminants (e.g., formaldehyde) from the aqueous solution
and the corresponding mechanism are not well understood.

Formaldehyde has been regarded as a highly toxic volatile
organic pollutant with high chemical reactivity, and has also
been classified as the human carcinogen by International
Agency for Research on Cancer (IARC) [10]. In addition, as
an unexpected by-product, formaldehyde can be generated
from numerous industries including pharmaceutical industry
[11], papermaking [12], resin preparation [13], food pro-
cessing [14], and fermentation engineering [15]. Compared
with its volatile gaseous state, formaldehyde in aqueous so-
lution can be more likely to accumulate, resulting in the
formation of high concentration hazards. Therefore, the re-
moval of formaldehyde in aqueous solution should be an
urgent and difficult issue in the field of environmental pro-
tection. Recently, Pésztory et al. [16] studied the for-
maldehyde adsorption-desorption process on poplar bark and
found that the adsorption for formaldehyde was a reversible
physical process, and the adsorption capacity could reach
0.9 mg gfl. Zvulunov et al. [17] designed and prepared a
multi-functional and self-regenerated composite material to
remove formaldehyde from water; the adsorption process
was in good agreement with the Langmuir model and the
corresponding maximum adsorption capacity was 62 mg gfl.
It is expected that, most relevant adsorbents can be further
improved with respect to adsorption capacity in the removal
of formaldehyde from aqueous solution.

Herein, we prepared a tremella-like mesoporous calcium
silicate hydrate (CSH) via a facile hydrothermal method
under alkaline condition. The microstructure and the for-
maldehyde adsorption properties of the as-prepared calcium
silicate hydrate (AP-CSH) were investigated. Combined
with the physical properties analyses, molecular dynamics
simulation and quantum chemical calculation were also
employed to further study the adsorption mechanism for
formaldehyde on AP-CSH.
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2 Experimental

2.1 Materials and solutions

Powder calcium hydroxide (Ca(OH),) was obtained com-
mercially from Fuchen Chemical Reagents Co., Ltd, Tianjin,
China; soluble sodium silicate (Na,SiO;) was purchased
from Bailingwei Technology Co., Ltd, Beijing, China.
Acetamide, glacial acetic acid and acetylacetone were ob-
tained from Komeo Chemical Reagent Co., Ltd, Tianjin,
China. The formaldehyde solutions with preset concentra-
tions were prepared by diluting concentrated solution
(37 wt%, analytical reagent, Damao Chemical Reagent
Works, Tianjin, China) with deionized water, and were
stored in sealed bottles at 4°C. The concentrations of for-
maldehyde solution employed in this work were varied from
50 to 400 mgL~'. Analytically pure CSH was purchased
from Macklin Biochemical Technology Co., Ltd, Shanghai,
China, and was characterized for comparison with AP-CSH.

2.2 Preparation of AP-CSH

AP-CSH was synthesized by the reaction between Na,SiO;
and Ca(OH), via hydrothermal method in the alkaline en-
vironment, and the corresponding preparation route is pre-
sented in Figure 1. Initially, proper amount of Na,SiO; was
dissolved in deionized water followed by the addition of
Ca(OH), under vigorous stirring with a Ca/Si molar ratio of
1/1. Then, the obtained slurry was continuously stirred at
70°C for 4 h, in which the liquid/solid ratio (w/w) was
constrained in 30/1. The slurry was transferred into a hy-
drothermal reactor to complete the reaction at 120°C under
1.5 MPa for 2 h at a pH of 12. After being naturally cooled to
the ambient temperature (about 28°C), the resultant was
vacuum dried, sieved through 900# mesh, to give product in
a state of white powder.

2.3 Characterization of CSH

The morphologies of samples were captured by the scanning
electron microscopy (SEM, FEG 250, Quanta FEI) operated
at an accelerating voltage of 10.0kV, and the element
composition was analyzed by the attached energy-dispersive
spectrometer (EDS). The X-ray diffraction (XRD) analyses
were performed with PANalytical X’Pert Powder instrument
using monochromatic Cu Ka radiation (4=0.154 nm). The
samples were analyzed in the 26 angle ranging from 5° to 90°
with a step size of 0.1° (26). Nitrogen adsorption-desorption
isotherms were obtained by a SSA-6000 aperture specific
surface area analyzer (Biaode Electronic Technology Co.,
Ltd, Beijing, China). Based on the Barrett-Joyner-Halenda
(BJH) method, both the specific surface area and the pore
size distribution were obtained. Fourier transform infrared
reflection (FT-IR) spectra of samples were determined by a
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Figure 1 (Color online) Schematic illustration for the preparing route of AP-CSH.
Nicolet iN10 spectrometer (Thermo Scientific, USA) over a using egs. (1) and (2):
range of 4004000 cm . Thermo gravimetry (TG) analysis (Cy—Co)v
was performed with a Q50 thermogravimetric analyzer (TA O~ M
Instruments, USA), and each specimen was heated from Cc.—C
i ° i R == x100% )
ambient temperature to 800°C at a heating rate of C, >

20°Cmin ' in a platinum crucible under nitrogen atmo-
sphere. X-ray photoelectron spectroscopy (XPS) analysis
was conducted on an ESCALAB 250 system (Thermo Fisher
Scientific, USA) by employing monochromatic Mg Ka ra-
diation (1253.6 eV) as the incident radiation source. The
spectrum deconvolution was achieved using XPS Peak-Fit
4.1 software with Gaussian functions after subtraction of a
Shirley background.

2.4  Adsorption studies

2.4.1 Adsorption kinetics
Adsorption kinetic studies were performed through batch
adsorption experiments with different initial formaldehyde
concentrations varied from 50 to 400 mg L™ at 25°C by a
temperature-controlled magnetic agitator. A certain amount
of AP-CSH (0.4 g) was added into the conical flask, and then
50 mL formaldehyde solution with the pre-specified con-
centration was added under stirring. The plug of conical
bottle was sealed with polyethylene film to prevent for-
maldehyde from volatilizing during the experiment. The
mixture was stirred at 200 r/min for desired periods (15, 30,
60, 90, 120 and 180 min), and the aliquots were centrifuged,
which were transferred into 25 mL test tubes with glass
stoppers for concentration determination. The concentration
of formaldehyde in the solution was determined by using an
ultraviolet spectrophotometer (UV-2450, Shimadzu Corp.,
Japan) at the maximum adsorption wavelength of 271 nm
based on the standard curve established in the preliminary
experiment.

The equilibrium adsorption capacity (Q., mg gfl) and re-
moval efficiency (R, %) of formaldehyde were calculated

where C, and C, (mg L_l) represent the concentrations of
formaldehyde under initial and equilibrium conditions, re-
spectively; v (L) represents the volume of formaldehyde
solution; and m (g) represents the mass of AP-CSH.

2.4.2  Adsorption thermodynamics

The effect of temperatures on the adsorption properties of
AP-CSH against formaldehyde was studied by adding a
certain amount of AP-CSH (0.4 g) into 50 mL formaldehyde
solution (100 mg Lfl) at 25°C, 35°C and 45°C. After pre-
specified intervals (3, 6, 9, 15, 30, 60, 90, 120 and 180 min),
the adsorbent was separated from the solution by cen-
trifugation, and the formaldehyde concentration in the re-
sidue was measured through UV spectrophotometer.

2.4.3  Adsorption isotherm

Adsorption isotherm studies were conducted by mixing 0.4 g
AP-CSH with 50 mL formaldehyde solutions with different
initial concentrations (50, 100, 200, 300, 400 mg Lfl) for
120 min at the preset temperatures (25°C, 35°C and 45°C).
The formaldehyde solution was extracted from the mixture
and analyzed by UV spectrophotometer at a wavelength of
271 nm. Based on the established standard curve, the for-
maldehyde concentration can be obtained for fitting the
different isotherm models.

2.5 Computational details

2.5.1  Simulation models and molecular dynamics mod-
eling
Molecular dynamics (MD) simulation was performed with
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Forcite tool in Materials Studio 8.0 software (BIOVIA Inc.,
USA). According to XRD analysis, the structure of AP-CSH
(wollastonite) was retrieved from American Mineralogist
Crystal Structure Database [18] and cleaved parallel to
(1 0 0) plane adding hydrogen atoms to the surface Si—O
bonds pointing to the perpendicularly substrate. The thick-
ness and position of the vacuum slab crystal were set as
20.00 and 1.00 A, respectively. The dimensions of the su-
percell were set as a=44.00 A, pb=44.00 A, c=22.77 A,
0=90°, f=90°, and y=90° containing 24 crystallographic unit
cells. The constructed solution layer comprised of 1000
water molecules and 10 formaldehyde molecules. Geometry
optimizations were initially performed for both wollastonite
structure and solution layer using the force fields of ClayFF.
Afterwards, MD simulations were conducted at 298 K under
Hoover Canonical ensemble NVT ensemble (constant atom
number, volume and temperature kept by Nose thermostat).
The simulation period lasted for 1000 ps, in which the
equilibrium configurations were exported every 1 ps.

2.5.2  Quantum chemical calculation

Quantum chemical calculation was conducted in DMol3
module in terms of density function theory to reveal the
charge distribution of formaldehyde and point out the po-
tential interactive sites for formaldehyde on AP-CSH. The
optimized structure of formaldehyde was obtained with the
help of generalized gradient approximation (GGA) and
Becke-Lee-Yang-Parr (BLYP). Then, the charge distribution
and molecular electrostatic potential (MEP) of formaldehyde
were calculated.

2.6 Desorption and regeneration

Desorption study was carried out in a similar way and was
followed by adsorption experiments. After the adsorption of
formaldehyde (the initial formaldehyde concentration
100 mg L, stirring speed 200 r/min, temperature 25°C),
AP-CSH was regenerated by immersing in absolute ethanol
for 10 min and recovered by simple filtration at ambient
temperature (25°C). This procedure was repeated five times,
generating five desorption steps. The concentration of re-
sidual formaldehyde solution was determined through UV
spectrophotometer.

3 Results and discussion

3.1 Characterization of calcium silicate

The AP-CSH obtained through hydrothermal synthesis under
alkaline conditions was characterized by XRD, FT-IR, SEM/
EDS. The analytical grade CSH (AR-CSH) was also char-
acterized for contrast.

It is clear in Figure 2(a) that the XRD pattern of AR-CSH
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exhibits a series of sharp peaks, which corresponds to wol-
lastonite (Ca,Si04-H,O, PDF 29-0373). In contrast, AP-CSH
shows few peaks in the pattern, in which the peaks located at
29.95° and 49.90° also correspond to wollastonite (CaSi,Os,
PDF 29-0156). In light of the fitting process, the crystallinity
of AR-CSH and AP-CSH was calculated as 69.80% and
31.22%, respectively. Hence, AP-CSH possesses a property
of low-crystallinity compared with AR-CSH. This also ex-
plains the reason for less peaks emerged in the XRD pattern
of AP-CSH than that of AR-CSH. Similar observation was
obtained by Guan and Zhao [19]. Figure 2(b) presents FT-IR
spectra of AR-CSH and AP-CSH. The characteristic ad-
sorption bands near 3430, 1630, 970, 450 cm ' exist in both
spectra for AR-CSH and AP-CSH. The band near 3426 cm’
(AP-CSH) and 3431 cm ! (AR-CSH) can be attributed to the
stretching vibration of O—-H bond. A broader peak in the
spectrum is observed for AP-CSH than for corresponding
AR-CSH, which indicates the higher number of hydroxyls in
AP-CSH [20]. The abundant hydroxyls contained in the
adsorbent are prone to chelate pollutants with high intensity
of hydrogen bond [21]. In addition, the band at 1645 cm s
due to H-O-H bending vibration of H,O [22]. The bands in
the range of 1400-1500 cm’ correspond to the asymmetric
stretching of CO327 [22,23]. The adsorption band at 967 cm’'
points out that a single silicate atom and two oxygen atoms
are bridging in the structure, while the band at 817 cm’
stems from silicate with one bridging oxygen atom [24]. The
adsorption bands at 457 and 667 cm’' can be assigned to the
bending vibration of Si—O-Si [25]. Based on the results of
XRD and FT-IR, it is reasonable to assume that CSH has
been successfully prepared via our designed route.

Displayed in Figure 2(c) and (e) are morphologies of AR-
CSH and AP-CSH, and the corresponding EDS spectra are
shown in Figure 2(d) and (f), respectively. As can be ob-
served in Figure 2(c), AR-CSH presents a shape of irregu-
larly aggregated rod-like particles; while AP-CSH exhibits
tremella-like shape with a robust porous structure, which
favors the adsorption of pollutants in the aqueous solution.
According to EDS spectra, Ca/Si mass ratio of AP-CSH
(1.95) is higher than that of AR-CSH (1.56). In general, the
hydroxyl group linkage in CSH is in the form of Ca—OH or
Si—OH, and higher Ca/Si mass ratio and lower crystallinity
are related to more Ca—OH linkages, which might bond the
adsorbate molecules with high strength [19].

The pore size distribution and specific surface area of
samples were further clarified through nitrogen adsorption-
desorption isotherms and the results are given in Figure 2(g)
and (h). In Figure 2(g), isotherms of both AR-CSH and AP-
CSH can be categorized as typical type of IV according to
IUPAC classification, in which adsorption curve is not
consistent with the desorption curve and thus the hysteresis
loop appears [23]. The hysteresis loop of AP-CSH is larger
than that of AR-CSH indicating more robust porous struc-
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Figure 2 (Color online) Comparison of as-prepared calcium silicate and analytically pure counterpart. (a) X-ray diffraction patterns; (b) FT-IR spectra; (c)
and (e) morphologies; (d) and (f) elemental composition; (g) nitrogen adsorption-desorption isotherms; (h) pore size distributions.

ture. This observation may be credited to the more irregular cific surface area, and pore volume of both samples are ta-
particle stacking of AP-CSH than that of AR-CSH verified bulated in Table 1. AP-CSH owns an average pore diameter
by Figure 2(c) and (e) as well. In Figure 2(h), the pore size of 8.56 nm validating the mesoporous property. In addition,
distribution of AP-CSH is broader than that of AR-CSH large pore volume of AP-CSH could ensure the excellent
along with the larger pore volume. The pore diameter, spe- adsorption capacity towards pollutants in aqueous solution.
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Table 1 Structural properties of AR-CSH and AP-CSH
Sample Specific szurf?ce Average pore dia- Pore XOIlee
area (m" g ) meter (nm) (cm™ g )
AR-CSH 3.82 11.01 0.02
AP-CSH 122.83 8.56 0.53

3.2 Adsorption Kkinetics

The kinetic studies were conducted to gain insights into the
adsorption ability of AP-CSH towards formaldehyde. The
time-dependent adsorption curves of AP-CSH against for-
maldehyde with different initial concentrations are shown in
Figure 3. It can be observed in Figure 3(a) that the adsorption
of formaldehyde is rapid in the initial 5 min, and then the
adsorption rate levels off thereafter and reaches equilibrium
after 60 min. The fast adsorption rate may be credited to the
inherent mesoporous structure of AP-CSH, in which the
active adsorption sites are mainly spread over the outer
surface and as a result the diffusion resistance of mass
transfer during adsorption might be negligible [26]. Besides,
high formaldehyde concentration also facilitates its tight
binding with AP-CSH owing to the intense concentration
gradient. In addition, with the adsorption proceeding, both
the pollutant concentration and the active adsorption sites
were reduced. The reduced concentration gradient might be
unfavorable for formaldehyde diffusing towards the surface
of AP-CSH, which is responsible for the adsorption equili-
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brium in the remaining period.

Three adsorption kinetic models including pseudo-first-
order, pseudo-second-order and intraparticle diffusion mod-
els were employed to predict the kinetics of formaldehyde
adsorption process by AP-CSH. These models are given as
follows:

In(Q.~ Q) = InQ, — k¢, 3)
Qt = kinlt1/2+9’ (5)

where Q. and Q, are the equilibrium and instant adsorption
amount (mgg '), respectively; &, (min') and £k,
(g mgj1 minfl) are the rate constants of pseudo-first-order
and pseudo-second-order model, respectively; iy
(mg gf1 minfl) is a constant related to the diffusion coeffi-
cient in intraparticle diffusion model; 6 (mg gfl) is the in-
tercept for the intraparticle diffusion model.

Based on egs. (3)—(5), the calculated results are presented
in Figure 3(b)—(d), respectively. The relevant kinetic para-
meters were calculated from the fitted results and tabulated
in Table 2. Compared with pseudo-first-order and in-
traparticle diffusion models, the pseudo-second-order kinetic
model exhibits the best fitting level with the correlation
coefficients quite close to unity. Hence, it is accepted that
both the binding sites spread over the outer surface and
within the interior of AP-CSH are readily available for for-
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Figure 3 (Color online) (a) Effect of contact time on formaldehyde adsorption by AP-CSH; (b) the linear fit with pseudo-first-order model; (c) the linear fit

with pseudo-second-order model; (d) intraparticle diffusion model.
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Table 2 Parameters of adsorption kinetic fitting results on formaldehyde by AP-CSH at gradient concentration

Initial concentration of formaldehyde (mg Lfl)

Parameter
50 100 200 300 400
Pseudo-first-order model
0. (mggh) 0.08 0.11 0.22 0.65 0.27
ky (minfl) 0.0105 0.0192 0.0175 0.0502 0.0183
Via 0.9351 0.8897 0.7994 0.5845 0.7730
Pseudo-second-order model
0. (mgg ") 6.08 12.11 24.09 35.76 4743
k (gmg ' 'min™) 0.47 0.47 0.20 0.23 0.17
R 0.9999 1 1 1 1
Intraparticle diffusion model
0 (mggh) 5.98 11.98 23.86 35.55 47.18
ki (mgg 'min") 0.01 0.01 0.02 0.01 0.02
R 0.9628 0.7970 0.7905 0.8580 0.9080
Experimental value 6.08 12.11 24.07 35.74 47.42
Q. (mgg )
maldehyde adsorption. Moreover, the theoretical values of AG’=—RTInK , (6)
0. (6.08, 12.11, 24.09, 35.76, 47.43 mg gfl) gained from ‘
pseudo-second-order model are almost the same as those anC:AT‘?O—AR{_]—TO, @)

obtained from experiments, which also demonstrates that the
pseudo-second-order model is suitable for the formaldehyde
adsorption by AP-CSH.

3.3 Adsorption thermodynamics

The effect of temperature on the adsorption capacity of
formaldehyde by AP-CSH was studied at 298, 308, and
318 K (Figure 4). As can be seen in Figure 4(a), the ad-
sorption capacity of formaldehyde progressively increases
with the elevated temperature implying an endothermic ad-
sorption process [27]. The temperature-related thermo-
dynamics parameters, i.e. standard Gibbs free energy change
(A GO), standard enthalpy change (AH0 ) and standard entropy
change (AS0 ), were calculated through egs. (6) and (7),
which are summarized in Table 3.

13
(a)
i " I
12 +
o 11
o
£
g 2
—=—298 K
1k —e—308 K
——318K
O 1 L 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200

t (min)

InK

where K. is the adsorption equilibrium distribution constant
and it is calculated by K .=C,/C., where C, is the amount of
adsorbed formaldehyde (mg Lfl) and C, is the equilibrium
concentration (mg Lfl); T is the temperature in Kelvin. The
AG’ is calculated by eq. (6) at different temperatures; AH’
and AS’ can be calculated via van’t Hoff equation from the
intercept and slope by plotting InK_ versus 1/7.

All the values of AG” in Table 3 are negative indicating a
spontaneous adsorption of formaldehyde by AP-CSH [28].
Moreover, the value of AG” becomes more negative with the
increase of temperature, which reveals that high temperature
is favorable to the adsorption process [29]. The positive sign
of AH’ reveals the endothermic nature of adsorption process
again. Meanwhile, a rate controlling step of chemisorption
can be also featured by the positive value of AH’ [30,31].
The magnitude of AH’ is the criteria for identifying the type

5.0
(®) " InK

c

—— Linear fit of InK_
45} L]

40}

35

0.0032 0.0033
1T (K

3.0
0.0031 0.0034

Figure 4 (Color online) Adsorption thermodynamics for formaldehyde on AP-CSH. (a) Effect of temperature; (b) plot of InK, versus 1/7 (Sample dosage =

0.4 g/50 mL, C;=100 mg L, adsorption time = 120 min).
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Table 3 Thermodynamics parameters for the adsorption of formaldehyde
on AP-CSH

T (K) AG® (I mol™)  AH’ (kimol") AS’ (Jmol ' K™
298 -8.40

308 -11.02 41 167.04

318 ~11.91

of adsorption (i.e., chemisorption or physisorption). The
value of AH’ of physisorption is usually less than
4.2 kI mol ™", whilst AH" value for chemisorption is usually
over 21 kJmol”' [32]. Therefore, the adsorption of for-
maldehyde by AP-CSH in this work can be categorized as a
chemical process, in which strong interactions exist between
adsorbate and adsorbent. The positive value of AS" discloses
the increased randomness at solid/solution interface, which
can be explained by the release of hydration H,O during
adsorption [33]. Owing to the solvation effect [34], for-
maldehyde molecules are in the solvation form with sur-
rounding water molecules. As the adsorption proceeds,
formaldehyde molecules are chelated by functional groups of
AP-CSH, and as a result, water molecules are released and
diffused in the bulk solution leading to the increase of AS’
[35].

3.4 Adsorption isotherms

The adsorption isotherm is crucial for describing the ad-
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sorption equilibrium state, which provides the basic in-
formation about thermodynamic properties [28,36]. The
experimental data were fitted to the typical adsorption iso-
therms including Langmuir, Freundlich and Temkin models,
and the linear forms of three adsorption isotherms can be
expressed by the following equations:

C 1. C

—e___ 1 4 _“e 8
Qe QmaxKL Qmax’ ( )
InQ, = InK -+ 11nC,, )

0, = BInK .+ BInC, (10)

where C, (mg Lfl) is the equilibrium concentration of for-
maldehyde; O, (mg gfl) is the equilibrium adsorption capa-
City; Opnax (Mg gfl) is the maximum adsorption capacity; K;
L mgfl) is the Langmuir constant relevant to the affinity of
binding site; Kz (mgg ') (mgL™)") and 1/n are the
Freundlich constants that are associated with the adsorption
capacity and the adsorption intensity; K (mg gfl) is the
Temkin isotherm coefficient; B (J molfl) is the Temkin
coefficient related to the adsorption heat.

The linear Langmuir, Freundlich and Temkin isotherms are
shown in Figure 5 and the corresponding parameters are
displayed in Table 4. It is clear from the figure that the
adsorption capacity increases as the initial formaldehyde
concentration increases at each temperature level. In addi-
tion, adsorption capacity increases with the temperature,

CJQ, (gL
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Figure 5 (Color online) Adsorption isotherms for formaldehyde on AP-CSH. (a) Langmuir isotherm; (b) Freundlich isotherm; (c) Temkin isotherm (initial

concentration = 100 mg L', adsorbents dosage = 0.4 g/50 mL).
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Table 4 Isotherm parameters for the adsorption of formaldehyde on AP-CSH
L Temperature (K)
Adsorption isotherm Parameters
298 308 318
Omax (mgg™h) 100.2 59.84 57.21
Langmuir K. (Lmg") 0.0417 0.1605 0.1908
R’ 0.9860 0.8937 0.8976
n 1.28 1.74 1.83
Freundlich (mg gfl)l(i';g L)y 4.5922 9.1037 9.8686
Ry 0.9942 0.9834 0.9733
B (Jmol ") 15.54 11.42 10.93
Temkin K; (mggh) 0.7806 2.3402 2.7936
R 0.9437 0.9033 0.9060
Experimental value 0 (mg gfl) 47.40 47.94 47.96

which reveals the endothermic nature of adsorption process
[37]. The enhanced adsorption capacity associated with the
initial formaldehyde concentration indicates that the ad-
sorption is favorable at high concentration. These results are
in accordance with the kinetic analysis. Among all the
models, Freundlich isotherm shown in Figure 5(b) owns the
best fitting level owing to the highest correlation coefficients
(0.9942, 0.9834, and 0.9733). This model is frequently used
to describe the multilayer adsorption on the non-uniform
surfaces such as AP-CSH.

3.5 Adsorption mechanism

3.5.1  Physical properties analysis

In order to identify the possible adsorption mechanism, the
physical properties of AP-CSH before and after adsorption
are summarized in Figure 6. As shown in Figure 6(a),
compared with AP-CSH before adsorption, AP-CSH after
formaldehyde adsorption exhibits more peaks in its diffrac-
tion pattern: the new calcite phase (PDF 17-0763) is shown
apart from the original wollastonite phase. Furthermore, for
AP-CSH after formaldehyde adsorption, the intensity of the
peak at 20=29.48° and the crystallinity (47.03%) are ex-
tremely higher than that of original AP-CSH. This finding
confirms that strong chemical adsorption other than physical
interactions occurs during the formaldehyde adsorption by
AP-CSH [38].

The FT-IR spectra of AP-CSH before and after for-
maldehyde adsorption are shown in Figure 6(b). The typical
bands of FT-IR spectra at 2920 and 2847 cm’ correspond to
the C—H stretching vibration of formaldehyde [30]. The ap-
pearance of C—H stretching vibration confirms the adsorp-
tion of formaldehyde on AP-CSH.

Thermal properties for AP-CSH before and after for-
maldehyde adsorption were investigated by TG, and the
corresponding curves are shown in Figure 6(c) and (d). It can
be seen in Figure 6(c) and (d) that the total weight loss rate of

AP-CSH after adsorption (19.65%) is higher than that of the
sample before adsorption (15.68%). The increase of weight
loss rate further proves the adsorption of formaldehyde on
AP-CSH. For the differential thermal analysis (DTA) curves
of AP-CSH before adsorption shown in Figure 6(c), the in-
itial endothermic peak at around 117°C corresponds to the
loss of physical adsorption water; while the crystal water is
removed at about 400°C. The successive endothermic peaks
at 638°C and 719°C are responsible for the staged decom-
position of Ca(OH), impurity contained in AP-CSH [39]. For
DTA curves of AP-CSH after formaldehyde adsorption, the
loss of adsorbed and crystal water occurs at 116°C and
397°C, respectively. It is noteworthy that the endothermic
peak centered at 664 °C related to the decomposition of
Ca(OH), is more intensive than that for the sample before
adsorption, which may be caused by the loss of for-
maldehyde adsorbed throughout the pores on the surface and
inside AP-CSH. The removal of formaldehyde at a relative
high temperature further supports chemisorption of for-
maldehyde on AP-CSH.

SEM and EDS determinations were carried out to examine
the variation in morphology and element contents of AP-
CSH before and after formaldehyde adsorption, and the re-
sults are shown in Figure 7. It is clear that the dimension of
AP-CSH before adsorption shown in Figure 7(a) is much
smaller than that of the sample after adsorption given in
Figure 7(c). This might be ascribed to the chemical inter-
action between formaldehyde and AP-CSH, which would
lead to the agglomeration of fine particles and yield the
crimp lamellar structure [40,41]. Furthermore, compared
with the EDS spectrum before adsorption, the significant
increase of carbon content is a direct evidence for the ad-
sorption of formaldehyde on AP-CSH.

3.5.2  XPS analysis
In order to gain further insight into the formaldehyde ad-
sorption mechanism by AP-CSH, the adsorbents before and
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Figure 6 (Color online) Physical properties of the AP-CSH before and after formaldehyde adsorption. (a) XRD diffraction patterns; (b) FT-IR spectra; (c)
TG and DTA curves of AP-CSH before formaldehyde adsorption; (d) TG and DTA curves of AP-CSH after formaldehyde adsorption.
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Figure 7 (Color online) SEM images and EDS spectra of AP-CSH before ((a), (c)) and after ((b), (d)) formaldehyde adsorption.

after formaldehyde adsorption were analyzed by XPS tech-
nique. Figure 8 shows the typical XPS survey spectra of AP-
CSH before and after the formaldehyde adsorption. The
signals of Na 1s, O 1s, C 1s, Si 2p and Ca 2p are detected in

both of the spectra for AP-CSH before and after adsorption.

The high-resolution deconvolution spectra for O 1s, C 1s,
Si 2p and Ca 2p of AP-CSH before adsorption are sum-
marized in Figure 9. The spectrum of O Is in Figure 9(a)
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Figure 8 (Color online) XPS wide survey spectra of AP-CSH before (a)
and after (b) formaldehyde adsorption.

shows four peaks at 530.20, 531.53, 532.15 and 532.61 eV
and these peaks can be assigned to Ca—0O, Ca—OH, O—C and
O-Si bonds, respectively [42]. In the spectrum of C 1s in
Figure 9(b), the peaks located at 284.78 and 286.59 eV can
be ascribed to C—H and C-O, respectively; besides, the peak
located at 289.52 eV represents CO32_ of Na,CO; [43]. In
Figure 9(c), the spectrum of Si 2p exhibits three peaks at
101.08, 101.75 and 102.47 eV corresponding to Si—H, Si—C
and Si-O, respectively [42]. With respect to the Ca 2p
spectrum shown in Figure 9(d), the peak centered at
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346.43 eV is attributed to calcium hydroxide; the peak at
347.13 eV can be assigned to the Ca—O bond of CaSiO;; and
the peak at 350.34 ¢V is in agreement with the reports of
CaO [44].

Figure 10 shows the high-resolution spectra for O 1s, C 1s,
Si 2p and Ca 2p of AP-CSH after formaldehyde adsorption.
Compared with the deconvolution spectra shown in Figure 9,
the spectra in Figure 10 for AP-CSH after formaldehyde
adsorption exhibit obvious differences embodied in O 1s and
C 1s shown in Figure 10(a) and (b), respectively. Re-
markably, the additional peaks at 532.80 eV in Figure 10(a)
and 285.47 ¢V in Figure 10(b) denote the adsorption of
formaldehyde on AP-CSH due to the emergence of carbonyl
group (—C=0) [42]. In addition, a 0.5 ¢V binding energy
difference is observed since the peak of Si 2p shifted from
102.47 to 102.99 eV as shown in Figure 10(c). According to
the conclusion of Hu and co-workers [45], the binding en-
ergy of different atoms before and after chemical adsorption
could result in a 0.5eV or higher shift. Therefore, for-
maldehyde should be chemically attached on silicon-based
groups, which agrees well with the adsorption thermo-
dynamics analyses.

3.6 Theoretical calculations

MD simulation was applied to supporting the adsorption
mechanism of AP-CSH towards formaldehyde in the aqu-
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Figure 9 (Color online) High-resolution spectra of AP-CSH. (a) O 1s; (b) C 1s; (c) Si 2p; (d) Ca 2p.
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Figure 10 (Color online) High-resolution spectra of AP-CSH after formaldehyde adsorption. (a) O 1s; (b) C 1s; (c) Si 2p; (d) Ca 2p.

eous solution. The simulated results for the adsorption pro-
cess are shown in Figure 11(a) and (b). As depicted in Figure
11(a), the location of formaldehyde molecules in the simu-
lation layer box shows closer distance to the wollastonite
layer than that of the initial state. Moreover, all for-
maldehyde molecules exhibit perpendicular adsorption or-
ientation with high electronegativity oxygen connecting to
the groups on AP-CSH. Therefore, the electronegative
oxygen of formaldehyde molecule can be the active site for
the interaction with AP-CSH. It can be seen in Figure 11(c)
and (d) that the equilibrium configuration can be reached at
the end of simulation process for the steady temperature and
energy fluctuations after 1000 ps simulation. Radial density
function (RDF) could be used to clarify the comprehensive
property of covalent bond in the simulation box, and the
position of the first maximum indicates the nearest distance
between atoms [46]. In Figure 11(e) and (f), the interaction
between AP-CSH and formaldehyde was analyzed in dif-
ferent systems. It can be noted that the first interaction shell
peaks are found at 2.83 and 3.23 A, respectively, which are
both less than 3.5 A; it proves the forming of new bonding
state by coupling, and thus chemisorption exists in for-
maldehyde and AP-CSH [47]. Furthermore, compared with
the RDF of Ca-0, the RDF of Si—O shows closer distance
(2.83 A) indicating the stronger interaction between silicon
and oxygen atoms than that between calcium and oxygen

atoms.

The adsorption (E,gsorptions KJ mol_l) and binding energies
(Ebinding, KJ molfl) of the adsorption process of formaldehyde
by AP-CSH were calculated by using the following equa-
tions:

Eadsorption =El0ta1 - (Eadsorbate+solution+EAP-CSH)’ ( 11 )
Ebinding = _Eadsorption’ (12)

where E, ., (kJ molfl) is the total energy of the system;
E dsorbatessolution (KJ mol_l) is the systematic energies for for-
maldehyde and solution; E,p_cgy (kJ molfl) is the energy of
AP-CSH. The notably negative value of E,omiion
(—98.24 kJ molfl) indicates the favorable interaction and
chemisorption nature [48]; meanwhile, the positive value of
Eyinging Proves the tight binding force between AP-CSH and
formaldehyde.

Based on the density function theory, quantum chemical
calculation was performed to further clarify the interaction
mechanism between AP-CSH and formaldehyde. The opti-
mal structure, Mulliken charge and map of molecular elec-
trostatic potential of formaldehyde are shown in Figure 12. In
Figure 12(a), all the negative charges are concentrated on the
oxygen atom, which could be deemed as the active center
during adsorption. The result is in accord with the outcome
of MD simulation: chelating interaction occurs between
electronegative oxygen and silicon groups of AP-CSH.
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Figure 11 (Color online) Adsorption process of formaldehyde on AP-CSH (a) side view and (b) top view; energy (c) and temperature (d) fluctuation curves
obtained from molecular dynamics simulation; RDF curves between AP-CSH and formaldehyde: (e) Si—O and (f) Ca—O.

Esrafili and Dinparast [49] obtained a similar conclusion,
when reporting the formation of Si—O bond between Si-de-
corated graphene oxide and formaldehyde molecule.

3.7 Desorption and regeneration

Desorption is essential to the evaluation of the recoverability
of adsorbents. Through desorption test, the nature of ad-
sorption can be further elucidated [30]. In this study, AP-
CSH after the formaldehyde adsorption was regenerated by a
convenient method of immersion in absolute ethanol at
ambient temperature (25°C). The regeneration results are
shown in Figure 13. According to this figure, the removal
efficiency for formaldehyde can still reach about 99.50%
after five adsorption-desorption cycles. In contrast to the

energy intensive and degradative regeneration for the re-
generation process reported elsewhere [50], AP-CSH pos-
sesses excellent regeneration performance, which might
result from the fine solubility of formaldehyde in absolute
ethanol.

4 Conclusions

In this work, we prepared a tremella-like mesoporous CSH
(AP-CSH) with a facile hydrothermal strategy. The structure
and morphology of AP-CSH were characterized by XRD,
FT-IR, SEM, elemental and nitrogen adsorption-desorption
analyses. The results show that AP-CSH with multi-pleated
surface structure has a high Ca/Si ratio (1.95), a large spe-
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Figure 13 (Color online) Removal efficiency of AP-CSH and residual
formaldehyde concentration during five adsorption-adsorption cycles (ad-
sorption: m=0.4 g/50 mL; =120 min and 7=25°C. Desorption: eluent, ab-
solute ethanol; v=5 mL, =15 min and 7=25°C).

cific surface area of 122.83 m’ gfl, and a pore size dis-
tribution range from 4 to 36 nm. With formaldehyde from
aqueous solution as the target adsorbate, the adsorption ca-
pacity of AP-CSH was studied. The adsorption process was
also investigated by adsorption kinetics and thermodynamics
models. Results show that AP-CSH has excellent adsorption
capacity, and can remove formaldehyde from water rapidly
and effectively with the maximum removal efficiency of
98.94%. The adsorption process agrees well with the pseudo-
second-order and Freundlich isotherm models. The experi-
mental analyses and molecular dynamics simulation were
conducted to investigate the adsorption mechanism. The
appearance of new calcite phase and the changes of chemical
shift from the analyses of XRD and XPS prove that the
removal mechanism of formaldehyde by AP-CSH belongs to
chemisorption. The first interaction peak at 2.83 A in RDF
curve of Si~O and the notably negative value of E, 4 mpion
(-98.24 kJ molfl) from molecular dynamics simulation in-
dicate the formation of new bonding in the chemisorption
process. Furthermore, AP-CSH maintains the extraordinary
regeneration ability, which could recover the adsorption ac-
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tivity only by simple immersion in absolute ethanol. After
five regenerating cycles, the removal efficiency of for-
maldehyde remains about 99.50%. All the experimental re-
sults demonstrate that AP-CSH is an excellent adsorbent and
has important application value in the adsorption field.
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