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a b s t r a c t

Amino-functionalized mesoporous calcium silicate (MCS-NH2) was synthesized by past-grafting with 
calcium nitrate tetrahydrate and sodium metasilicate nonahydrate as raw materials, cetyl trimethyl 
ammonium bromide as the template, and 3-aminopropyltriethoxysilane as the modifying agent. The 
structure and composition of MCS-NH2 were characterized, and the adsorption performance and 
thermodynamic and kinetic characteristics of MCS-NH2 were investigated using Pb2+, Cd2+, Cr3+, and 
Cu2+. MCS-NH2 maintained its mesoporous slit-pore structure with a specific surface area of 114.32 
m2/g, and pore size was mainly within 4.5–49 nm in the modification. The amount of –NH2 grafted to 
MCS-NH2 was 1.6106 mmol/g. The equilibrium data of Pb2+, Cd2+, Cr3+, and Cu2+ adsorbed by MCS-NH2 
fitted the Langmuir and Redlich–Peterson models well but were more suitable for the latter. The max-
imum adsorption capacities deduced from the Langmuir model were 717.97, 631.43, 628.61, and 366.88 
mg/g for Pb2+, Cd2+, Cu2+, and Cr3+, respectively. The adsorption processes were endothermic, entropy 
increasing, and spontaneous. The adsorption of Pb2+, Cd2+, Cr3+, and Cu2+

 by MCS-NH2 was rapid and 
reached equilibrium within 60 min. The adsorption kinetics fitted the pseudo second-order model 
well, and the adsorption activation energy was 21.0187, 18.1051, 25.9062, and 16.8084 kJ/mol, respec-
tively. The adsorption mechanisms included physical adsorption, chemical adsorption (especially sur-
face complexing adsorption), and ion exchange, among which chemical adsorption was the dominant 
mechanism. The findings suggest that MCS-NH2 can be used as an effective sorbent for removing Pb2+, 
Cd2+, Cr3+, and Cu2+ and other related hazardous metal ions from wastewater.
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1. Introduction

Heavy metal ions, especially Pb2+, Cd2+, Cr3+, Hg2+, Cu2+, 
Ni2+, and Mn2+, exhibit high toxicity, are non-biodegrad-
able, easily accumulate in organisms, and ultimately lead 
to cumulative poisoning; they cause serious environmen-
tal pollution and pose severe health threats to humans [1]. 
Many treatment methods have been developed and utilized 
to remove heavy metal ions from wastewater. Examples 

include traditional chemical precipitation [2], chelation–
flocculation [3], chemical reduction [4], ferrite method 
[5], ion exchange [6], ultrafiltration [7,8], electrochemical 
method [9,10], flotation [11], biological treatment [12], and 
adsorption method [13]. However, these approaches pres-
ent practical limitations in the removal of heavy metal ions 
from wastewater possessing a low concentration or exhibit-
ing complex compositions, such as complexing agents and 
other auxiliaries. These properties of wastewater do not 
meet legal limits and entail high treatment costs. Therefore, 
improved and innovative methods for heavy metal waste-
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water treatment are being developed continuously and 
have elicited increasing research interest [14,15]. Among 
existing methods, adsorption is the most widely applied to 
the treatment of heavy metals because of its simple opera-
tion, high efficiency, and low costs [16,17].

The effectiveness of heavy metal wastewater treatment 
by adsorption relies on the performance of the adsorbent 
used. The performance of adsorbents is mainly determined 
by the specific surface area of adsorbents, characteristics of 
the pore structure, and surface functional groups. Specific 
surface area determines the surface energy and net force 
field, which play significant roles in physical adsorption. 
Pore structure characteristics, which include size and dis-
tribution, pore shape, and pore regularity, affect adsorption 
capacity and selectivity. Surface functional groups, which 
are key factors in chemical and ion exchange adsorption, 
influence adsorption efficiency, capacity, and selectivity. 
Many adsorbents, such as natural clayey [18], activated 
carbons [19], graphene oxide [20], montmorillonite [21], 
and zeolite [22], have been developed and studied exten-
sively. Nano-sized, and porous adsorption materials have 
exhibited significant developments in recent years. Typ-
ical examples of these materials include PAMAM/CNT 
nanocomposites [23], mesoporous magnetite (Fe3O4) nano-
spheres [13], thiol-functionalized Fe3O4@metal-organic 
framework core–shell magnetic microspheres [24], mes-
oporous carbon nitride functionalized with melamine-
based dendrimer amine [25], mesoporous silica (SBA-15, 
MCM-48, thiol-functionalized mesoporous silica) [26–28], 
mesoporous zirconium phosphonate hybrid materials [29], 
ordered macroporous titanium phosphate [30], and ordered 
mesoporous carbon materials [31]. However, these adsorp-
tion materials suffer from complex operations and high 
costs. They are also difficult to synthesize, and modifying 
and scaling their production are a challenge. Therefore, new 
adsorption materials with high adsorption efficiency, easy 
preparation, low cost, environment-friendly properties, and 
minimal secondary pollution should be developed.

Calcium silicate, an inorganic silicate material pre-
pared from calcium hydroxide or calcium salt and silicate 
under certain conditions, has been widely investigated and 
applied in cement and building trades [32–34]. Mesoporous 
calcium silicate (MCS) is extensively applied in tissue repair, 
drug delivery, and molecular recognition due to its excel-
lent bioactivity, biocompatibility, superior bone-forming 
bioactivity, and sustained drug delivery [35–38]. MCS also 
possesses a large specific surface area, high porosity, and 
negative charge strength [39,40]. Its application to water 
treatment has therefore elicited attention from researchers. 
However, the application of MCS to wastewater treatment 
has focused on the removal of phosphorus in wastewater 
[39,41,42] and on surface water with low nutrient con-
centrations [43], dibutyl phthalate [44], fluoride recovery 
[45], and bisphenol A [46]. The application of MCS and its 
derivatives in heavy metal wastewater treatment has rarely 
been reported and mainly includes mesoporous calcium–
silicate materials (MCSM) [47], ultrathin calcium silicate 
hydrate nanosheets [48], and chitosan-coated calcium sili-
cate hydrate mesoporous microspheres [49]. Existing stud-
ies have investigated the heavy metal adsorption capacity 
of these materials. However, research on the thermody-
namic and kinetic characteristics of these materials in the 

adsorption process, such as enthalpy change (∆H), entropy 
change (∆S), Gibbs free energy (∆G), and activation energy 
of adsorption (Ea), is rare and inadequate.

The current work presents the synthesis and character-
istics of a new amino-functionalized mesoporous calcium 
silicate (MCS-NH2) and its performance in Pb2+, Cd2+, Cr3+, 
and Cu2+ adsorption. The study aims to investigate the 
efficiency of MCS-NH2 in heavy metal adsorption, ascer-
tain its thermodynamic and kinetic characteristics, obtain 
the corresponding parameters, and analyze the adsorption 
mechanism. This work can provide a fundamental basis for 
the improvement and application of MCS-NH2. The results 
show that MCS-NH2 possesses extremely high adsorption 
capacity and can adsorb various heavy metal ions rapidly. 
Therefore, MCS-NH2 is an excellent adsorption material for 
the treatment of heavy metal wastewater.

2. Experimental

2.1. Materials

Calcium nitrate tetrahydrate was purchased from Tian-
jin Fengchuan Chemical Reagent Technology Co., Ltd. 
Sodium metasilicate nonahydrate was purchased from 
Shantou Xilong Chemical Co., Ltd. Cetyl trimethyl ammo-
nium bromide (CTMAB), and toluene were obtained from 
Sinopharm Group Chemical Reagent Co., Ltd. 3-aminopro-
pyltriethoxysilane (APTES) was purchased from Shanghai 
Aladdin Biological Technology Co., Ltd. Triethylene tetra-
mine, ethylene diamine tetraacetic acid (EDTA), and anhy-
drous ethanol were obtained from Tianjin Fuchen Chemical 
Reagent Factory. Cadmium chloride and chromium sulfate 
were obtained from Shenyang Xinguang Chemical Factory. 
Lead nitrate enneahydrate, copper sulfate pentahydrate, 
hydrochloride acid, nitric acid, and sodium hydroxide were 
purchased from Tianjin Damao Chemical Reagent Co., 
Ltd. All reagents were of analytical grade and used as pur-
chased. Deionized water was employed in the experiments.

2.2. Preparation of MCS-NH2

The synthetic route of MCS-NH2 is shown in Fig. 1.
For the synthesis procedure, sodium metasilicate nona-

hydrate (14.21 g) was completely dissolved in 275 mL of 
distilled water under constant stirring for 1 h. Then, 0.71 g 
of CTMAB was added gradually to the solution at a mass 
ratio of m(CTMAB):m (Na2SiO3·9H2O) = 0.05:1. White gel 
appeared gradually with the addition of CTMAB, and the 
solution was stirred for 1 h. This mixture was subjected to 
drop-wise addition of calcium nitrate solution, which was 
obtained by dissolving 11.81 g of calcium nitrate tetrahy-
drate in 75 mL of distilled water (at a molar ratio of calcium 
nitrate tetrahydrate to sodium metasilicate nonahydrate = 
1:1). White glue gradually formed with the addition of cal-
cium nitrate tetrahydrate. The intermediate product (MCS) 
was obtained by filtering after 5 h of reaction, washing for 
3–4 times with distilled water, extraction for 24 h with anhy-
drous ethanol, and drying in a vacuum oven at 50°C for 24 h.

Then, 3.0 g of the MCS was dispersed into 50 mL of tol-
uene solution under constant stirring for 1 h, followed by 
the drop-wise addition of 5 mL of APTES and reaction for 
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24 h at 120°C. The final product (MCS-NH2) was obtained 
by filtering, washing with ethanol and distilled water three 
times, and drying in a vacuum oven at 40°C for 12 h.

2.3. Adsorption studies

Adsorption studies were conducted to evaluate the 
adsorption performance of MCS-NH2 for Pb2+, Cd2+, Cr3+, 
and Cu2+. Simulated heavy metal wastewater samples con-
taining 25, 50, 75, 100, 125, and 150 mg/L of Pb2+, Cd2+, Cr3+, 
and Cu2+ were initially used as test samples, and the syn-
thesized MCS-NH2 and MCS were used as adsorbents. The 
particle size distributions of MCS-NH2 and MCS in water 
were shown in Table A.1 of the Supplementary Material.

2.3.1. Effect of the initial pH value 

The pH values of the 100 mg·L−1 simulated heavy metal 
wastewater samples were adjusted with 0.1 mol/L of HNO3 
or NaOH solution to 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, and 7.5 to eval-
uate the effect of solution pH on adsorption performance. 
Adsorption experiments were conducted as follows. First, 
50 mL of the simulated heavy metal solution was added to 
a series of 100 mL conical flasks. Second, 10 mg of MCS-NH2 
was added to each flask, which was placed in a KYC-111-

type thermostatic water bath shaker (Shanghai Fuma 
Laboratory Equipment Co., Ltd.) to oscillate at a speed of 
200 r/min for 10 h at 293 K. Third, the conical flasks were 
removed from the shaker, and the supernatant solution was 
separated from the adsorbent via centrifugation for 30 min 
after standing for 10 min in an Eppendorf 5430 centrifuge 
(Eppendorf Company, Germany). The residual heavy metal 
concentration in the supernatant solution was determined 
using an atomic absorption spectrometer. Adsorption ratio 
ϕ and equilibrium adsorption amount qe were calculated 
using Eqs. (1) and (2), respectively. Afterward, a ϕ (qe)–pH 
diagram was plotted.

ϕ =
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where ϕ(%) is the adsorption ratio; c0 and ce are the initial 
and equilibrium concentrations (mg/L) of heavy metal ions 
in the solution, respectively; qe(mg/g) is the equilibrium 
adsorption amount of heavy metal ions; v (L) is the solution 
volume; and m (g) is the adsorbent mass. 

Fig. 1. Synthetic route of MCS-NH2.
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2.3.2. Isothermal adsorption experiment 

Isothermal adsorption experiments were conducted in 
accordance with the method and steps in Section 2.3.1. The 
concentrations of the simulated heavy metal solutions were 
25, 50, 75, 100, 125, and 150 mg/L, and the test solution 
volumes and dosages of MCS-NH2 were 50 mL and 10 mg, 
respectively. The adsorption temperatures were 293, 303, 
313, and 323 K. Adsorption isotherms at different tempera-
tures were obtained by plotting the equilibrium adsorption 
amount for a heavy metal ion (qe) against the equilibrium 
concentration of the heavy metal ion in solution (ce) in 
accordance with the variation in heavy metal ion concen-
tration at pre- and post-adsorption. The experimental data 
were adjusted to Langmuir, Freundlich, and Redlich–Peter-
son models (adsorption isotherm models, Supplementary 
Material). The adsorption thermodynamic parameters were 
then obtained (adsorption thermodynamic parameters, 
Supplementary Material). 

2.4. Adsorption kinetic experiment

Subsequently, 50 mL aliquots of 150 mg/L of the simu-
lated heavy metal wastewater were individually added to 
100 mL conical flasks. Afterward, 10 mg of MCS-NH2 was 
added to each flask, which was then placed in a thermo-
static water bath shaker under 293 K to oscillate at a speed 
of 200 rpm for 0–180 min. A conical flask was removed 
from the shaker at certain intervals, and the supernatant 
solution was separated from the adsorbent via centrifuga-
tion for 30 min after standing for 10 min. The heavy metal 
concentration in the supernatant solution was determined 
using an atomic absorption spectrometer, and the adsorp-
tion amounts (qt) at different times were calculated from the 
results. The adsorption rate constant at 303, 313, and 323 K 
were determined through the same method. The adsorption 
rate curve was acquired by plotting qt against time (t).

The adsorption kinetics in the MCS-NH2–heavy metal 
system revealed the heavy metal ion adsorption rate onto 
MCS-NH2 and the time required to reach equilibrium. This 
information is crucial for a thorough understanding of the 
adsorption process and adsorbent performance. The exper-
imental adsorption kinetic data were analyzed by applying 
pseudo first-order and pseudo second-order kinetic mod-
els, and the adsorption kinetic parameters and adsorption 
activation energy were obtained (adsorption kinetic models 
and adsorption activation energy, Supplementary Material).

2.5. Regeneration investigation

MCS-NH2 (30 mg) was added to a 250 mL conical flask 
with 150 mL of 100 mg/L Pb2+, Cd2+, Cr3+, and Cu2+ solution. 
Then, the conical flask was sealed and placed in a thermo-
static shaker at 200 rpm for 10 h at 293 K. The supernatant 
solution was separated from the adsorbent by filtering after 
standing for 20 min, and the heavy metal ion concentrations 
in the filtrate were measured. The recovered adsorbents 
were added to 100 mL of 0.1 mol/L of eluent (triethylenete-
tramine, EDTA, and HCl solutions) to regenerate for 6 h. 
The regenerated adsorbents were obtained by filtering, 
washing with deionized water three times, and then drying 
to a constant weight in a vacuum oven at 60°C. Afterward, 

the regenerated MCS-NH2 was used for repeated adsorp-
tion experiments to measure the variation in adsorption 
properties for heavy metal ions.

2.6. Adsorption mechanism investigation

To determine if the ion exchange mechanism occurs in 
MCS-NH2 adsorption for heavy metal ions, the concentra-
tion of Ca2+ released from the adsorption procedure was 
determined simultaneously with the determination of the 
residue heavy metal ion of the adsorption solution.

2.7. Analytical method

X-ray diffraction (XRD) patterns were obtained with a 
D8 Advance X-ray diffractometer (Bruker Co., Germany) 
and used to identify the phase structures of the samples. 
Fourier transform infrared (FT-IR) spectroscopy was per-
formed with the KBr pellet method on a Spectrum One 
(B) FT-IR spectrophotometer (Perkin Elmer Co., America) 
between 400 and 4000 cm−1. The elemental nitrogen con-
tent was measured with a Vario EL III elementary anal-
ysis instrument (Elementar Co., Germany) at 950°C. The 
N2 adsorption–desorption isotherms were determined 
with a specific surface area and pore volume analyzer 
(BEL SORP II, BELSOKP, Japan) at 77 K, and the specific 
surface area was calculated through Brunauer–Emmett–
Teller (BET) and Barrett–Joyner–Halenda methods. The 
morphologies of the samples were tested via field-emis-
sion scanning electron microscopy (SEM; S-4800, Hitachi 
Co., Japan), and energy spectrum analysis was conducted 
with a field-emission transmission electron microscope 
(Tecnai G2 F20, FEI, America). Thermogravimetry–differ-
ential thermal analysis (TG-DTA) was conducted with an 
STA409PC/4/H thermal analyzer (NETZSCH, Germany). 
Heavy metal ion and Ca2+ concentrations were measured 
using an A-Analyst 300 atomic absorption spectrometer 
(Perkin Elmer Co., America).

3. Results and discussion

3.1. Characterization of MCS-NH2

Figs. 2–7 show the XRD, FT-IR, EDX, DTA-TG, SEM, 
TEM, and BET images of MCS-NH2. The corresponding 
characterization results of MCS are also presented to facili-
tate a comparison.

As shown in Fig. 2, the XRD pattern of MCS-NH2 is 
basically similar to that of MCS. Strong diffraction peaks 
are present at 2 theta = 29.5°, and the diffraction peaks else-
where are diffused, which signify the low crystallinity of 
MCS-NH2 and MCS. Contrary to the results of Shaw et al. 
[50] indicating that crystalline calcium silicate hydrates have 
a wide range of structures with various Ca/Si molar ratios, 
the current work revealed that MCS exhibits low crystallin-
ity despite synthesis using a Ca/Si molar ratio of 1:1. Rela-
tive to the standard JCPDS card, MCS-NH2 involves CaSi2O5 
(PDF# 51-0092), Ca2SiO4*H2O (PDF# 29-0373), and Ca2SiO4 
phases (PDF# 49-1672), similar to MCS. These results indi-
cate that amino modification exerts no effect on the struc-
ture of MCS due to the high stability of the material.
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Fig. 3 shows that after amino functionalization, the main 
IR absorption peaks are basically the same, but MCS-NH2 
presents absorption peaks that differ from those of MCS. 
The bands at 3433.85 cm−1 in Fig. 3(a) can be ascribed to 
the stretching vibration of O–H of –OH and N–H of –NH2 
on the surface of MCS-NH2, whereas the bands at approx-
imately 1625 cm−1 can be attributed to the bending vibration 
of O–H of the absorbed water and the bending vibration 
of N–H of –NH2 [51] that leads to red shifting [Fig. 3(b)]. 
The bands at approximately 1440 cm−1 are due to SiO3

2– of 
calcium silicate, and the bands at approximately 970 and 
875 cm−1 are attributed to the Si–O–Si symmetric stretching 
vibration of the skeleton and the characteristic absorption 
peak of Si–O tetrahedron [32,52], respectively. In addition, 
the bands at approximately 665 and 450 cm−1 are ascribed to 
the stretching vibration of O–Si–O and the bending vibra-
tion of Si–O–Si [32,33], respectively. Compared with Fig. 
3b, Fig. 3a shows the presence of two weak bands after 
modification with APTES. Asymmetric stretching and 
bending vibrations of –CH2– are observed at 2929.07 and 
1329.19 cm−1, respectively; the strength of –OH stretching 
and bending vibration peaks at 3433.85 and 1625.05 cm−1 are 
weakened due to the replacement of –OH on the surface of 
MCS by –NH2 after silylanization. These results indicate the 
successful modification of the group –SiCH2CH2CH2NH2 of 
APTES on MCS-NH2, as verified further via energy spec-
trum and TG-DTA analyses.

Fig. 4 and Table A.2 of the Supplementary Material indi-
cate the appearance of obvious adsorption peaks of C and N 
in the energy spectrum analysis diagram of MCS-NH2; their 
mass percentages are 29.684% and 1.988%, respectively. The 
same phenomenon is not observed in MCS. These results 
reveal the successful modification of the group –SiCH-
2CH2CH2NH2 onto MCS, as verified by the FT-IR analysis 
results. The nitrogen content of MCS-NH2 was 2.256%, as 
determined with a Vario EL III elementary analysis instru-
ment. The amount of the –NH2 group grafted was calcu-
lated to be 1.6106 mmol/g.

Fig. 5 reveals the presence of an exothermic peak, the 
weight loss of which is approximately 4.3% and observed 
at 292.8°C in the TG-DTA curve of MCS-NH2. No peak 
exists in the corresponding position in the TG-DTA curve of 
MCS, although a weak exothermic peak is noted at 169.7°C 

Fig. 2. XRD patterns of MCS-NH2 and MCS.

Fig. 3. FT-IR spectra of MCS-NH2 (a) and MCS (b).

Fig. 4. Energy spectra of MCS–NH2 (a) and MCS (b).

Fig. 5. DTA-TG curves of MCS-NH2 and MCS.
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on the basis of the DTA curve of MCS. This result is pos-
sibly due to the minimal amounts of absorbed impurities 
and CTMAB that remained after washing and extraction 
during the preparation of MCS. The absorbed impurities 

are released during the heating process, leading to a weight 
loss of approximately 11% between 25°C and 145°C. When 
the temperature increases to 169.7°C, the residual CTMAB 
begins to decompose, leading to a weak exothermic peak. 
For MCS-NH2, the remaining impurities and CTMAB are 
completely removed after immersion in toluene solution for 
25 h and washing by ethanol and distilled water during the 
preparation of MCS-NH2. Therefore, no exothermic peak 
appears. The exothermic peak at 292.8°C may be due to the 
oxidation–decomposition of the –SiCH2CH2CH2NH2 group 
modified on the calcium silicate surface. The weight loss 
between 340°C and 800°C can be attributed to the conden-
sation–dehydration of Si–OH on the pore wall of calcium 
silicate. These results further prove the successful modifi-
cation of the –SiCH2CH2CH2NH2 group on calcium silicate.

Figs. 6a and 6b indicate that the slit-like channels of 
MCS-NH2 and MCS are made up of slices with various 
shapes, and their surfaces are uneven. MCS exhibits a flow-
er-like morphology. Although the structure of MCS-NH2 is 
similar to that of MCS (Fig. 6b), the channels of the former 
are filled with small granules. This characteristic is due to 
the number of slices that break during amino functionaliza-
tion. The TEM images (Figs. 6c and 6d) show that MCS-NH2 
and MCS are composed of slices, and their intermediate 
channels are distributed intensively. Hence, the structure of 

 

  

Fig. 6. SEM and TEM images of MCS-NH2 and MCS.

Fig. 7. Nitrogen adsorption-desorption isotherms and pore size 
distribution curves of MCS-NH2 and MCS.
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MCS can be maintained because of its high stability even 
in cases where the channels are blocked by small granules 
during modification. These abundant channels and uneven 
surface facilitate the adsorption of heavy metal ions.

Fig. 7 shows the nitrogen adsorption–desorption iso-
therms and pore size distribution curves of MCS-NH2 and 
MCS. The specific surface areas of MCS-NH2 and MCS 
were calculated using the BET method, and their pore sizes 
were calculated from the desorption branch of the isotherm 
with the Barrett–Joyner–Halenda method. The results are 
shown in Table 1. The isotherms of MCS-NH2 and MCS 
belong to type V with a hysteresis loop of the H3 type 
according to IUPAC classifications. The pore size distribu-
tions of MCS-NH2 and MCS are relatively centralized and 
range from 4.5–49 nm and 4–50 nm, respectively. Therefore, 
MCS-NH2 and MCS are mesoporous. The results shown in 
Table 1 indicate that the specific surface area and pore size 
of the modified MCS-NH2 decrease by 43.81 m2/g and 1 nm, 
respectively, relative to those of the unmodified MCS. These 
low values are due to the successful modification of the  
–SiCH2CH2CH2NH2 group on MCS-NH2 and the damage of 
the calcium silicate slices that filled the channels of calcium 
silicate during modification. These conditions lead to the 
decrease in the specific surface area and pore size.

3.2. Effect of pH

Fig. 8 shows the change in the adsorption ratios of Pb2+, 
Cd2+, Cr3+, and Cu2+ with the pH values. When the solution 
pH is 5.0–7.5, the adsorption ratios of MCS-NH2 for Pb2+, 
Cd2+, Cr3+, and Cu2+ are high. When the solution pH is 3.50, 
the adsorption ratios are low. At a pH of less than 5, the 

adsorption ratios increase rapidly with increasing pH. 
When pH reaches 5, the adsorption ratios of MCS-NH2 for 
Pb2+, Cd2+, Cr3+, and Cu2+ are 97.57%, 94.78%, 63.73%, and 
93.35%, respectively. The adsorption ratios for Pb2+, Cd2+, 
and Cu2+ begin to stabilize with small changes, whereas 
those for Cr3+ begin to increase significantly after stabilizing 
at a pH of 5.0–6.0. This result is attributed to the appearance 
of precipitates at pH > 6.0, thereby increasing the adsorp-
tion ratios. When the solution pH is not adjusted, the initial 
pH values of 100 mg·L−1 Pb2+, Cd2+, Cr3+, and Cu2+ solution 
are 5.51, 6.17, 3.60, and 5.48, respectively, and the adsorp-
tion ratios are 98.79%, 95.91%, 24.87%, and 95.21%, respec-
tively. The adsorption ratios of Cr3+ at the investigated pH 
values are all low, especially at the initial pH = 3.60. There-
fore, the pH of the Cr3+ solution must be adjusted to above 
5.0. However, precipitates begin to form at pH = 5.5. Thus, 
the pH value of the Cr3+ solution is suitable to be adjusted 
to 5.0–5.5, and the pH values of the three other heavy metal 
ions need not be adjusted.

3.3. Adsorption isotherm and thermodynamics of MCS-NH2 for 
heavy metal ions

3.3.1. Adsorption isotherm

The adsorption isotherms of MCS-NH2 for Pb2+, Cd2+, 
Cr3+, and Cu2+ are depicted in Fig. 9. The pH values of the 
simulated Cd2+, Cu2+, and Pb2+ solutions were not adjusted, 
and that of Cr3+ was adjusted in the range of 5.0–5.5 (Table 
A.3, Supplementary Material).

Fig. 9 shows that the equilibrium adsorption capacities 
(qe) of MCS-NH2 for Pb2+, Cd2+, Cr3+, and Cu2+ increase rap-
idly with the solution concentration when the heavy metal 
solution concentrations are less than 100 mg/L (fourth 
experimental point) at the same temperature. Beyond 
100 mg/L, the equilibrium adsorption capacities increase 
only slightly, even with the continuous increase in heavy 
metal solution concentration. The adsorption isotherms of 
MCS-NH2 for Pb2+, Cd2+, Cr3+, and Cu2+ also increase as the 
temperature increases. The results indicate that the adsorp-
tion amounts increase with temperature, and adsorption is 
an endothermic reaction that mainly belongs to chemical 
adsorption.

The data in Fig. 9 are fitted using Langmuir, Freundlich, 
and Redlich–Peterson models, and the results are shown in 
Table A.4 of the Supplementary Material. The correlation 
coefficient fitted by the Redlich–Peterson model is the high-
est, followed by those fitted by the Langmuir and Freundlich 
models. The Redlich–Peterson and Langmuir models can fit 
the experimental data well. However, the Redlich–Peterson 
model is more accurate than the Langmuir model because 
it combines the success of the Langmuir and Freundlich 
models and is not bounded by the ideal monolayer assump-
tion of the Langmuir model (adsorption isotherm models, 
Supplementary Material). As such, the Redlich–Peterson 
model is especially suitable for describing the uneven sur-
faces of physical and chemical adsorption. In addition to 
chemical adsorption, physical adsorption also exists. Under 
the Langmuir adsorption model, the maximum adsorption 
capacities of MCS-NH2 for Pb2+, Cd2+, Cr3+, and Cu2+ at 293 
K are 717.97, 631.43, 366.88, and 628.61 mg/g, respectively. 
These values are much higher than those of common adsor-

Table 1
Specific surface area and pore size of MCS-NH2 and MCS

Sample SBET (m2/g) DBJH (nm)

MCS-NH2 114.32 18

MCS 158.13 19

Fig. 8. Effect of initial pH value of the simulated heavy metal 
solution on adsorption ratio.
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bents reported in literature and those of MCS (Table 2). The 
order of adsorption capacities for Pb2+, Cd2+, Cr3+, and Cu2+ 

is Pb2+ > Cd2+ > Cu2+ > Cr3+ in mg/g and Cu2+ > Cr3+ > Cd2+ > 
Pb2+ in mmol/g.

3.3.2. Adsorption thermodynamic characteristics 

The heavy metal ion distribution coefficients (Kd) at 
adsorption equilibrium and at different temperatures 
were calculated according to Eq. (A.4) of the Supplemen-
tary Material to explore the adsorption thermodynamic 
characteristics of MCS-NH2 for Pb2+, Cd2+, Cr3+, and Cu2+. 
The relationship curves between the logarithm ln Kd and 
the reciprocal of temperature (1/T) are plotted in Fig. 
10. Given the intercept and slope of the fitted lines, the 
adsorption thermodynamic parameters, such as ∆S, ∆H, 
and ∆G, were calculated according to Eqs. (A.5) and (A.6) 
of the Supplementary Material. The results are shown in 
Table 3.

Table 3 shows that the ∆H and ∆S of the adsorption 
process of MCS-NH2 for the heavy metal ions are all 
above zero, and ∆G is less than zero. Hence, the adsorp-
tion processes are spontaneous endothermic processes 
with increasing entropy. Apart from the large specific 

surface area and abundant pore canals, abundant active 
groups, such as –OH and –O–, are present on the sur-
face of MCS-NH2 [41]; in particular, 1.6106 mmol/g –NH2 
is observed. The adsorption of MCS-NH2 for the heavy 
metal ions primarily involves chemical adsorption caused 
by the coordination effect of active groups of –OH, –O–, 
and –NH2 with heavy metal ions. Therefore, the process 
requires the absorption of a certain amount of energy to 
overcome the activation energy and exhibit heat absorp-
tion. Chemical adsorption only contributes partly to the 
adsorption; thus, the heat absorption amount is small. The 
increase in the adsorption entropy of MCS-NH2 for Pb2+, 
Cd2+, Cr3+, and Cu2+ may be due to the fact that the heavy 
metal ions in the aqueous solution are solvated. MCS-NH2 
may have adsorbed a certain amount of solvent molecules 
in the preparation process. When the heavy metal ions are 
adsorbed onto the MCS-NH2 surface, they are constrained 
to the surface, leading to decreased entropy of the adsorp-
tion process. The solvent molecules adsorbed onto the 
adsorbent surface and the solvent layer are partly released 
from the MCS-NH2 surface and the solvent layer of the 
heavy metal ions, thereby increasing the entropy. The 
entropy decrement from the heavy metal ions constrained 
to the surface of MCS-NH2 is lower than the entropy incre-

 

 

Fig. 9. Adsorption isotherms of MCS-NH2 for Pb2+ (a), Cd2+ (b), Cr3 + (c), and Cu2+ (d).
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ment from the release of solvent molecules. Consequently, 
entropy increases.

3.4. Adsorption kinetic characteristics

Fig. 11 shows the change in the adsorption amount (qt) 
of heavy metal ions with time t at different temperatures. 
The kinetic fitting parameters are shown in Table A.5 of the 
Supplementary Material.

The adsorptions of MCS-NH2 for Pb2+, Cd2+, Cr3+, and 
Cu2+ are all rapid, and the adsorption amounts (qt) quickly 
increase within 10 min after adding MCS-NH2; the periods 
before equilibrium is attained are all within 60 min, i.e., 40, 
30, 40, and 60 min, respectively. Fig. 11 and Table A.5 of the 
Supplementary Material show that the adsorption capaci-
ties of MCS-NH2 for Pb2+, Cd2+, Cr3+, and Cu2+ fit the pseudo 
second-order kinetic model well. The fitted values are also 

Table 2
Comparison of adsorption capacities of MCS-NH2 toward heavy metal ions with those reported in the literature

Adsorbent Adsorption capacity ( mg/g) References

Cd2+ Cu2+ Pb2+ Cr3+

Amino functionalized magnetic graphenes composite material 27.83 – 27.95 – [1]

Peanut husk 11.36 – 27.03 – [12]

Mesoporous magnetite (Fe3O4) nanospheres – – 19.0 – [13]

Al2O3-pillared layered MnO2 – – 29.2 – [14]

Palygorskite 0.6971 2.356 – – [17]

Sepiolite 5.234 8.683 – –

Natural clayey adsorbent – – 86.4 – [18]

Granular activated carbon – – 47.2 – [19]

Na(I)-montmorillonite 22.93 9.66 54.28 – [21]

Ca(II)-montmorillonite 17.87 6.61 34.19 –

Thiol-functionalized Fe3O4@metal-organic framework core-shell 
magnetic microspheres

– – 215.05 – [24]

Mesoporous carbon nitride functionalized with melamine-based 
dendrimer amine

– 199.75 196.34 – [25]

Modified magnetic mesoporous silica MCM-48 114.08 125.80 127.24 – [27]

Mesoporous Zirconium Phosphonate Hybrid Material 312.0 327.1 485.3 – [29]

Ordered Macroporous Titanium Phosphonate Materials 7.19 9.97 9.32 – [30]

Surface Functionalization of Ordered Mesoporous Carbon  
(FDU-15)

79.81 69.90 223.78 – [31]

Chitosan-coated mesoporous microspheres of calcium silicate 
hydrate

578 425 796 – [49]

Dithiocarbamate carbon nanotubes 202.43 101.52 – – [53]

Ammonium persulfate oxidized activated carbon fibers – – 559.44 – [54]

Graphene oxide membranes 91.05 76.89 – – [55]

Chitosan/Sulfydrylfunctionalized graphene oxide composites 177 425 447 – [56]

MCS* (293 K) 436.14 391.82 451.49 272.26 This work

MCS-NH2 (293 K) 631.43 628.61 717.97 366.88 This work

* The conditions of MCS adsorbing Pb2+, Cd2+, Cr3+ and Cu2+ are same as those of MCS-NH2.

Fig. 10. ln Kd vs. 1/T for Pb2+, Cd2+, Cr3+, and Cu2+ adsorption onto 
MCS-NH2.
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close to the experimental values (qed). The logarithm of the 
secondary adsorption rate constant (Table A.5, Supplemen-
tary Material) ln k is plotted against the reciprocal of tem-
perature 1/T (Fig. 12).

A good correlation exists between ln k at different tem-
peratures and 1/T (Fig. 12). The activation energy of the 
adsorption process was calculated from the slope of the fit-
ted curve on the basis of Eq. (A.9) of the Supplementary 
Material. The results are shown in Table A.6 of the Sup-
plementary Material. The order of adsorption activation 
energy is Cr3+ (25.9062 kJ/mol) > Pb2+ (21.0187 kJ/mol) > 
Cd2+ (18.1051 kJ/mol) > Cu2+ (16.8084 kJ/mol). 

3.5. Regeneration of MCS-NH2

MCS-NH2 can be dissolved by using 0.1 mol/L of EDTA 
or HCl solutions as the eluent. Thus, such solutions cannot 
be used as eluents. Table 4 presents the regeneration of the 
MCS-NH2-adsorbed Pb2+, Cd2+, Cr3+, and Cu2+ by using 0.1 
mol/L of triethylene tetramine.

Table 4 shows that 0.1 mol/L of triethylene tetramine 
can regenerate MCS-NH2 well. After the first elution regen-
eration, the decreasing percentages of the equilibrium 
adsorption values become significant at 15.06%, 13.19%, 
21.46%, and 16.51% for Pb2+, Cd2+, Cr3+, and Cu2+, respec-

 

 

Fig. 11. Change in the adsorption amount (qt) with time (t) at different temperatures: (a) Pb2+; (b) Cd2+; (c) Cr3+; (d) Cu2+.

Table 3
Thermodynamic parameters of MCS-NH2 adsorption for Pb2+, Cd2+, Cr3+ and Cu2+

Metal ion R2 ∆H
kJ/mol

∆S (J/mol·K) ∆G
(kJ/mol)

293 K 303 K 313 K 323 K

Pb2+ 0.9954 5.9360 112.3920 –26.9949 –28.1188 –29.2427 –30.3666

Cd2+ 0.9978 4.5940 102.1059 –25.3230 –26.3441 –27.3651 –28.3862

Cr3+ 0.9678 6.8653 93.3080 –20.4739 –21.4070 –22.3401 –23.2732

Cu2+ 0.9766 5.9153 105.1663 –24.8984 –25.9501 –27.0017 –28.0534
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tively; these values increase to 31.38%, 29.17%, 41.95%, and 
31.70%, respectively, after the second elution regeneration. 
Therefore, continuous elution and regeneration are of little 
value. These results indicate that after adsorbing Pb2+, Cd2+, 
Cr3+, and Cu2+, the adsorbent exhibits irreversible changes. 
The decreasing percentage for Cr3+ reaches 41.95%, indicat-
ing the poor elution effect of triethylene tetramine. The elu-
tion of heavy metals from MCS-NH2 mainly depends on the 
strong coordination capability or the ion exchange capacity 
of the eluent to contest heavy metal ions adsorbed from the 
adsorbent to the solution to realize desorption. As a result 
of the adsorption of Cr3+ at a pH above 5, the dominant spe-
cies of Cr3+ is tetrameric Cr4(OH)9

3+ [57], which is difficult to 
coordinate with triethylene tetramine.

3.6. Adsorption mechanism

Previous research has indicated that porous calcium 
silicate, especially jennite, tobermorite, and amorphous 

calcium silicate, easily releases Ca2+ in aqueous solutions 
[41,42,45], and they adsorb metal ions mainly on the basis 
of the Ca2+-ion exchange mechanism [36,58]. To identify 
the problem, we determined the Ca2+ concentration in the 
adsorption solution (tested solution concentration: 100 
mg/L, 50 mL; MCS-NH2: 10 mg; temperature: 293 K). The 
results are shown in Table 5.

The amount of released Ca2+ is much less than the 
adsorption amount of heavy metals, indicating that the 
adsorption of MCS-NH2 for heavy metals through ion 
exchange with Ca2+ is only a small fraction and that the 
main adsorption mechanism is not ion exchange. This result 
is different from the results of 76.7% Co(II) removed by 
MCSM by using the ion exchange mechanism [47] and 50% 
Ca2+ in tobermorite irreversibly exchanged by Co2+and Ni2+ 

[55]. The reasons may be as follows. (1) The main phases of 
MCS-NH2 in this study are CaSi2O5 and Ca2SiO4*H2O (Fig. 
2), which are different from those of the metastable state of 
tobermorite [32,47] and calcite [32], with the former being 
more stable than the latter, especially in acidic solutions. 
(2) Research has shown that a large specific surface area 
equates to a rapid release of Ca2+ [42]. The results show that 
the specific surface area of MCS-NH2 (114.32 m2/g) is much 
lower than that of MCSM (733 m2/g). Thus, the amount of 
Ca2+ released from MCS-NH2 is low. (3) MCS-NH2 is mod-
ified by APTES, which is beneficial to the increase in sta-
bility. (4) The adsorption of Co (II) is carried out at pH = 
2, whereas calcite and tobermorite are unstable at this pH. 
Obvious dissolution of the adsorbent is observed when the 
initial pH of the solution is below 3.5. As indicated by the 
elution regeneration results, most of the adsorbed heavy 
metal ions (approximately 80%) can be eluted easily. If most 
heavy metal ions are adsorbed via ion exchange with Ca2+, 
then they become difficult to elute with 0.1 mol/L of tri-
ethylene tetramine because of the absence of exchangeable 
cation with heavy metal ions in the eluent. Therefore, ion 
exchange is not the main adsorption mechanism in our 
research.

On the basis of the aforementioned discussion, we 
propose the following for the adsorption mechanism of 
MCS-NH2 for heavy metal ions.

1. Physical adsorption results from a large specific 
surface area and net force field originating from the 
polar surface and edge. The hydrated heavy metal 
ions diffuse from the bulk of the solution to the 
near surface of MCS-NH2. Then, partially hydrated 
molecules are released and adsorbed on the surface 
through van der Waals’ force and polar force from 
the net force field. Consequently, physical adsorp-

Fig. 12. ln k vs. 1/T for Pb2+, Cd2+, Cr3+, and Cu2+ adsorption onto 
MCS-NH2.

Table 4
Regeneration of MCS-NH2 from Pb2+, Cd2+, Cr3+ and Cu2+ 
adsorption

Metal ion Items Regeneration times

0 1 2

Pb2+ Equilibrium adsorption 
value qe (mmol/g)

2.39 2.03 1.64

Decreasing percent (%) 15.06 31.38

Cd2+ Equilibrium adsorption 
value qe (mmol/g)

4.32 3.75 3.06

Decreasing percent (%) 13.19 29.17

Cr3+ Equilibrium adsorption 
value qe (mmol/g)

6.15 4.83 3.57

Decreasing percent (%) 21.46 41.95

Cu2+ Equilibrium adsorption 
value qe (mmol/g)

7.57 6.32 5.17

Decreasing percent (%) 16.51 31.70

Table 5
Released amount of Ca2+ from MCS-NH2 after adsorption of 
heavy metal ions

Adsorbed heavy metal Pb2+ Cd2+ Cr3+ Cu2+

Adsorption amount of 
heavy metal (mmol)

0.0239 0.0432 0.0615 0.0757

Released Ca2+ amount 
(mmol)

0.0041 0.0079 0.0069 0.0144
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tion is produced, and the entropy of the process 
increases accordingly.

2. Chemical adsorption results from the surface-com-
plexing reaction of active groups of –O– and–OH, 
especially –NH2 modified on MCS-NH2, with heavy 
metal ions diffusing to the near surface and releas-
ing hydrated molecules. The result is an increase in 
entropy. In the current research, the abundance of 
active groups of MCS-NH2 leads to the dominance 
of chemical adsorption. 

3. Ion exchange results from Ca2+ on the surface and 
edge of slices of MCS-NH2 with heavy metal ions. 
As a result of the heterogeneous equilibrium of ions 
of the indissoluble calcium silicate, a certain amount 
of Ca2+ exists near the interface of MCS–NH2/water. 
When the heavy metal ion diffuses to the interface, 
it has potential to replace Ca2+ into the structure of 
MCS-NH2 [Formula (3)], thereby producing ion 
exchange. Only the heavy metal ions that can react 
with silicate to form Mn+-silicate with small solubil-
ity products can exchange with Ca2+. Therefore, Ca2+ 

in MCS-NH2 and heavy metal ions with unmatched 
scales cannot lead to ion exchange adsorption. 

+ -Ca
2+

M
n+

 
(3)

The proposed adsorption mechanism model is shown 
in Fig. 13.

4. Conclusions

1. Amino-functionalized MCS-NH2 was successfully 
synthesized by past-grafting using calcium nitrate 
tetrahydrate and sodium metasilicate nonahydrate 
as raw materials, CTMAB as the template, and 

APTES as the modifying agent. MCS-NH2 showed 
slit-like channels and retained its stable mesoporous 
structure during the modification process. The 
adsorption–desorption isotherms belonged to type 
V with a hysteresis loop of H3 type. The specific sur-
face area was 114.32 m2/g, and the pore size ranged 
from 4.5–49 nm. These values decreased by 43.81 
m2/g and 1 nm relative to those of MCS. The amount 
of the –NH2 group grafted was 1.6106 mmol/g.

2. MCS-NH2 showed high adsorption capacities for 
Pb2+, Cd2+, Cr3+, and Cu2+ at pH 5.0–7.5 in the follow-
ing order: Pb2+ (717.97 mg/g) > Cd2+ (631.43 mg/g) 
> Cu2+ (628.61 mg/g) > Cr3+ (366.88 mg/g) (293 K). 
These values are much higher than those reported 
in literature. The equilibrium data of the four heavy 
metal ions adsorbed by MCS-NH2 fitted the Lang-
muir and Redlich–Peterson models well, but the 
latter was more suitable than the former. The adsorp-
tion processes of the four heavy metal ions were all 
endothermic, entropy increasing, and spontaneous. 
The adsorptions of MCS-NH2 for Pb2+, Cd2+, Cr3+, and 
Cu2+ were all rapid and reached equilibrium within 
60 min. The adsorption kinetics could be fitted well 
by the pseudo second-order model, and the order of 
adsorption activation energy was Cr3+ (25.9062 kJ/
mol) > Pb2+ (21.0187 kJ/mol) > Cd2+ (18.1051 kJ/mol) 
> Cu2+ (16.8084 kJ/mol).

3. MCS-NH2 adsorbed with heavy metals could be 
regenerated by 0.1 mol/L of triethylene tetramine. 
The adsorption mechanisms included physical 
adsorption, chemical adsorption (especially surface 
complexing adsorption), and ion exchange. Chemical 
adsorption was the dominant mechanism. MCS-NH2 

exhibited excellent adsorption of Pb2+, Cd2+, Cr3+, and 
Cu2+ and is thus a promising adsorption material 
with excellent properties for heavy metal ions.
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Supplementary data

Particle size distributions of MCS-NH2 and MCS

For the determination procedure, the synthesized 
MCS-NH2 and MCS were sieved through 400 mesh sieves 
after grinding for 1 h. The particle size distributions of 
MCS-NH2 and MCS in water were determined through 
NSKC-1A Centrifugal Light Transmission Granulometry 
(Nanjing University of Chemical Technology, China). The 
particle size distributions of MCS-NH2 and MCS in water 
are shown in Table A.1.

Adsorption isotherm models

The relationship between an adsorbent and adsorbate 
is described by adsorption isotherms, and the isothermal 
adsorption data usually employ the Langmuir model [Eq. 
(A.1)], Freundlich model [Eq. (A.2)], and Redlich–Peter-
son model [Eq. (A.3)] [1]. In this work, the three models 
were employed to fit the adsorption experimental data and 
obtain the thermodynamic parameters. 

q
Qbc

bce
e

e

=
+1  

(A.1)

q K ce e
n= F

1

 (A.2)

q
K c

ce
e

e

=
+

−R P

1 α β
 

(A.3)

where qe is the amount of adsorbed heavy metal ion per 
weight unit of MCS-NH2 at equilibrium (mg/g); b is a con-
stant related to the affinity of the binding sites (L/mg); Q is 
the maximum amount of heavy metal ion per weight unit 
of MCS-NH2 (mg/g); ce is the concentration of heavy metal 
ion in solution at equilibrium (mg/L); KF is the Freundlich 
constant; n is a constant, usually exceeds 1; and KR-P, α, and β are the Redlich–Peterson constants, where β lies between 
0 and 1. 

Adsorption thermodynamic parameters

The logarithmic function ln Kd of the distribution coeffi-
cient Kd [Eq. (A.4)] was plotted against the reciprocal of tem-
perature 1/T. By linear fitting, the enthalpy change ∆H and 
entropy change ∆S of the adsorption process were obtained 
from the linear slope and intercept, respectively [Eq. (A.5)]. 

Then, the Gibbs free energy of ∆G was calculated through 
Eq. (A.6) and indicated the adsorption reaction type and 
reaction degree. 
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∆ ∆ ∆G H T S= −  (A.6)

where x and y are the masses (mg) of heavy adsorbed and 
in solution, respectively; m is the mass of the adsorbent in 
g; and ν is the volume of the solution in mL. Therefore, x/m 
and y/ν are the solid-phase concentration qe (mg/g) and the 
equilibrium concentration in solution ce (mg/L) at equilib-
rium, respectively.

Adsorption kinetic models and adsorption activation  
energy

The equation for the pseudo-first-order kinetic model is 
given as follows: 

q q e k t
t e= − −( )1 1

 (A.7)

where qt (mmol/g) is the amount of heavy metal ion 
adsorbed per unit mass of adsorbent at time (t); qe (mmol/g) 
is the amount of heavy metal ion adsorbed per unit mass 
of adsorbent at equilibrium; and k1 (min−1) is the pseu-
do-first-order kinetic constant.

By contrast, the pseudo-second-order kinetic model is 
represented by the following: 

q
k q t

k q t
e

e
t =

+
2

2

21  
(A.8)

where qt (mmol/g) is the amount of heavy metal ion 
adsorbed per unit mass of adsorbent at time (t); qe (mmol/g) 
is the amount of heavy metal ion adsorbed per unit mass of 
adsorbent at equilibrium; and k2 (g/mmol·min) is the pseu-
do-second-order kinetic constant.

The logarithm of the adsorption rate constant (ln k) 
can be calculated, and the curve of the variation of the 
adsorption rate constant with temperature was obtained 
by plotting ln k against the reciprocal of temperature 1/T. 

Table A.1
Particle size distribution of MCS-NH2 and MCS in water

Sample Mass fraction (%)

0–1 
(μm)

1–2 
(μm)

2–3 
(μm)

3–4 
(μm)

4–5 
(μm)

5–6 
(μm)

6–7 
(μm)

7–8 
(μm)

8–10 
(μm)

10–15 
(μm)

15–20 
(μm)

20–45 
(μm)

MCS-NH2 1.10 5.21 5.62 6.52 7.21 8.32 9.51 16.16 15.33 15.04 8.83 1.15

MCS 2.85 4.98 5.85 6.12 6.25 6.90 11.37 15.25 17.53 12.64 6.94 3.32
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The curve can then be fitted by linear regression, and the 
adsorption activation energy (Ea) can be calculated from 
the slope of the regression line in accordance with the 

Arrhenius equation [Eq. (A.9)]. The adsorption type can be 
determined further.

ln k
E
RT

Ba= − +
 

(A.9)

where k is the adsorption rate constant; R is the molar gas 
constant 8.314 J/mol·K; T is the absolute temperature (K); 
Ea is the activation energy of adsorption in kJ/mol; and B 
is the constant. 
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Table A.2
Energy spectrum analysis results of MCS-NH2 (a) and MCS (b)

Element (a) MCS-NH2 (b) MCS

Mass 
percent 
(%)

Atomic 
number 
percent (%)

Mass 
percent (%)

Atomic 
number 
percent (%)

O 28.325 31.240 51.813 67.790

Si 26.756 16.810 31.575 23.534

Ca 13.245 5.831 16.612 8.675

N 1.988 2.505

C 29.684 43.611

Table A.3
pH values of simulated heavy metal solutions

Metal ion pH

25 
mg/L

50 
mg/L

75 
mg/L

100 
mg/L

125 
mg/L

150 
mg/L

Pb2+ 5.79 5.70 5.59 5.51 5.43 5.39

Cd2+ 6.51 6.45 6.37 6.17 6.05 6.02

Cr3+ 5.24 5.35 5.15 5.24 5.27 5.32

Cu2+ 5.83 5.72 5.57 5.48 5.41 5.42

Table A.4
Nonlinear fitting parameters of MCS-NH2 for Pb2+, Cd2+, Cr3+ and Cu2+

Metal ion T (K) Langmuir Freundlich Redlich-Peterson

Q (mg/g) b (L/mg) R2 KF
n R2 KR-P

α β R2

Pb2+ 293 717.97 1.8026 0.9863 399.36 3.7613 0.8980 1738.19 2.8655 0.9212 0.9938

303 717.88 2.3118 0.9950 419.51 3.9018 0.8550 1771.72 2.5791 0.9760 0.9919

313 734.69 2.0392 0.9963 421.16 3.7755 0.8665 1623.58 2.3261 0.9713 0.9962

323 744.78 2.5948 0.9933 452.63 4.0602 0.8074 1777.63 2.2554 1.0307 0.9931

Cd2+ 293 631.43 1.7828 0.9740 349.26 4.3387 0.9068 1784.58 3.5811 0.9043 0.9985

303 650.76 1.9993 0.9889 367.79 4.4541 0.8754 1699.97 3.0357 0.9379 0.9987

313 659.40 2.5763 0.9952 388.84 4.7122 0.8384 1891.06 3.0592 0.9719 0.9967

323 683.89 2.9901 0.9956 413.05 4.9174 0.7792 1980.82 2.8372 1.0093 0.9945

Cr3+ 293 366.88 0.1809 0.9722 116.16 3.7702 0.9605 118.63 0.5740 0.8660 0.9961

303 392.53 0.1885 0.9871 126.87 3.8146 0.9232 94.03 0.3190 0.9324 0.9896

313 405.46 0.2301 0.9837 144.00 4.1046 0.8663 91.40 0.2194 1.0065 0.9783

323 422.99 0.2823 0.9697 162.16 4.3578 0.8101 99.35 0.1804 1.0652 0.9668

Cu2+ 293 628.61 1.5544 0.9829 337.90 4.4467 0.8892 1373.62 2.6630 0.9259 0.9951

303 642.39 2.2225 0.9958 369.14 4.7812 0.8339 1611.16 2.7064 0.9689 0.9986

313 663.19 2.2080 0.9969 385.94 4.8294 0.7839 1405.52 2.0448 1.0087 0.9987

323 674.91 3.1650 0.9869 415.42 5.1289 0.7484 2062.40 2.9734 1.0066 0.9835
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Table A.5
Kinetic fitting parameters

Metal ion T (K) Pseudo-first-order kinetics model Pseudo-second-order kinetics model Experimental 
value qed 
(mmol/g)

qe (mmol/g) k1 (min–1) R2 qe (mmol/g) k2 (g/
mmol·min)

R2

Pb2+ 293 3.4518 1.8556 0.6629 3.4652 4.9891 0.9730 3.3747

303 3.4891 1.9539 0.6527 3.5004 5.9372 0.9411 3.3891

313 3.5387 2.1027 0.6527 3.5471 8.0538 0.9513 3.4167

323 3.5888 2.2629 0.6474 3.5949 11.0169 0.9346 3.4015

Cd2+ 293 5.5639 1.3637 0.6579 5.6203 1.1284 0.9648 5.7628

303 5.7382 1.4778 0.7301 5.7815 1.4605 0.9617 5.8393

313 5.8361 1.6273 0.6904 5.8704 1.8909 0.9722 5.9043

323 5.9591 1.7861 0.4856 5.9902 2.2252 0.9376 5.9834

Cr3+ 293 6.5752 0.4695 0.8408 6.8807 0.1328 0.9947 6.7634

303 6.9694 0.5577 0.7865 7.2464 0.1612 0.9867 7.2292

313 7.1428 0.7652 0.7584 7.3510 0.2524 0.9912 7.4146

323 7.5850 0.9348 0.7355 7.7488 0.3465 0.9898 7.7452

Cu2+ 293 9.8730 2.2046 0.6215 9.8925 3.4764 0.9453 10.0659

303 10.0909 2.3286 0.4262 10.1087 3.9681 0.9194 10.1635

313 10.3357 2.4117 0.5396 10.3494 4.9973 0.9406 10.3154

323 10.6106 2.5440 0.6734 10.6209 6.5836 0.9619 10.5305

Table A.6
Activation energy of MCS-NH2 adsorption with Pb2+, Cd2+, 
Cr3+and Cu2+

Metal ion Pb2+ Cd2+ Cr3+ Cu2+

Activation energy 
Ea (kJ/mol)

21.0187 18.1051 25.9062 16.8084


