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The adsorption kinetic parameters of Cu* and Cr** ions by a-C,SH
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ABSTRACT

Due to high toxicity, heavy metal ions may cause serious ecological and environmental problems.
Thus, in this study, the adsorption capacity and selectivity of synthetic a-C,SH for Cu* and Cr*
ions were examined. The adsorbent was synthesized under hydrothermal conditions at 175°C, when
the molar ratio of the primary mixture was CaO/SiO, = 1.5 and the duration of isothermal curing
was 24 h. To determine the adsorption capacity of a-C,SH for Cu* and Cr*ions, the batch method
was employed: initial metal ions concentration varied from 0.25 to 10 g/L, while the reaction tem-
perature and duration were equal to 25°C and 30 min. The adsorption experiments showed that
a-C,SH adsorption capacity for Cu* and Cr* ions were equal to 615.54 and 241.42 mg/g, respec-
tively. The obtained results were confirmed by X-ray diffraction, simultaneous thermal analysis,

AAS analysis and kinetic calculations.
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1. Introduction

Heavy metals are significant environmental pollutants
and their toxicity is a reason for increasing ecological, evo-
lutionary, nutritional, and environmental problems [1-5].
These metals are mainly discharged in industrial wastewater
due to mining operations, battery manufacturing processes,
the production of paints and pigments [6-8]. It is worth indi-
cating that the aforementioned pollutants are highly sol-
uble in aquatic environments and, as a consequence, they
can be absorbed by living organisms and may accumulate
in the human body [1,9-13]. For this reason, heavy metals
should be prevented from reaching the natural environment.
To remove pollutants from water systems, the conventional
technologies such as chemical precipitation, ion exchange,
electrochemical treatment, coagulation, foam flotation, fil-
tration, aerobic and anaerobic treatment, solvent extraction,
activated sludge, adsorption, and others are used [6,7,14,15].
Among these techniques, adsorption offers flexibility in
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design and operation. In many cases, it generates high-
quality treated effluents. In addition, mineral, organic or bio-
logical origin zeolites and other materials with the high sur-
face area can be used as adsorbents [16-21]. However, these
materials often have alow adsorption capacity (Table 1), poor
regeneration (metal ion removal) and short lifetime. Due to
poor adsorbent properties, this process becomes expensive
and economically useless. Therefore, researchers are inves-
tigating and searching for new, promising materials [22-24].

Nowadays, the interest in calcium silicate hydrates is
increasing [29,30] because these compounds can resolve var-
ious environmental problems such as energy consumption
and CO, emissions (if they are used as alternative cementi-
tious materials [31,32]) and water pollution by toxic heavy
metal ions (if they are used as adsorbents [33,34]). Calcium
silicate hydrates can be either found in nature or cement
stone or synthesized by a hydrothermal method in CaO and
SiO, mixtures [35,36]. The properties and alkalinity of the
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Table 1
Different adsorbents capacity to heavy metals adsorption [25-28]

Heavy metal Adsorption

Ion Initial Time, Adsorbed

Adsorbent concentration, g/L min concentration, mg/g k, (g/(mg min))

Gyrolite Cu* 1.00 30 39.24 -
Co* 0.25 15 14.66 0.45
Fe¥* 0.25 60 25 1.68
Ni* 0.25 60 18.96 1.37
Zn* 0.25 60 21.75 1.26

Hydrotalcite Co* 0.25 60 20.09 1.10
Mn? 0.25 60 16.63 1.35
Cu* 1.00 60 31.4 -
Ni 0.25 60 24.39 0.24
Fe 0.25 60 25 3.20

Zeolites Pb?* 0.10 60 186 -
Cu* 0.10 60 10.3 -
Co? 0.05 60 34.5 -
Co? 0.40 60 140 -
Zn* 0.10 30 9 -
Cd» 0.25 60 52.82 -

Fly ash zeolite Zn* 0.05 240 26.58 0.001
Co* 0.05 240 9.34 0.006
Cu* 0.10 240 72.04 0.005
Cr* 0.10 240 56.41 0.001

mentioned compound depend on the molar ratio and nature
of raw materials, hydrothermal synthesis conditions, and
other parameters. Mostly, pH values of the mentioned com-
pounds vary from 10 to 13 [37,38].

The ion exchange properties of calcium silicates hydrates
depend on their chemical composition and the structure
of crystalline lattice [39,40]. Many authors [41,42] have
been reported that lower basicity calcium silicate hydrates
(gyrolite and tobermorite) act as chemosorbents for Cu,
Fe, Zn, Cd, Mn, Cr, and other ions. Gyrolite with incorpo-
rated metal ions can be used and utilized as an alternative
cementitious material in ordinary Portland cement [43]. It is
known that calcium silicate hydrates are stable in the liquid
medium which pH values are equal to 4-12. Unlike calcium
silicate hydrates, metal ions (Cu®*, Cr*, Co*) exist only in
acid media because the formation of complex compounds or
metal hydroxides proceed in the alkaline solutions. Several
studies suggest that it is not expedient to alkaline the nitrate
solutions for the following reasons:

® Practical aspects: the wastewater having acidic properties
cannot exist in alkaline media because it forms complex
compounds [44-46]. For example, when ammonia water
is added to the solution (in order to increase pH value),
metal ions form complex compounds such as (Cu(NH,),)
(OH),, and the adsorption process is following a much
more complicated mechanism [47,48];

® Due to different properties (valence, atom charge) of
cations and anions (ammonium, nitrate, etc.);

e Alkaline ions (sodium, ions, etc.) usually block the adsor-
bent active centers which have a negative impact on the
adsorption process [49].

However, there is little data about the adsorption capacity
of the dibasic calcium silicate hydrate — a-C,SH (Ca,(SiO,OH)
(OH)) which is one of the most important compounds in the
manufacturing of alternative cementitious materials. In the
previous work [50], it was determined that a-C,SH showed
very good adsorption properties for Co* ions (~99% removal
efficiency) and this process depended on the initial concen-
tration of cobalt ions in the liquid medium. As far as it is
known, there has been no data on the adsorption properties
of a-C,SH for other metal ions and the influence of their
concentration on the stability of a-C,SH. Thus, this study
focuses on the determination of ion exchange capacity and
selectivity of synthetic a-C,SH for Cu* and Cr* metal ions
in acidic solutions.

2. Materials and methods

Following reagents for the synthesis of a-C ,SH were used:
fine-grained SiO,nH,O, which was grounded for 2.5 min in a
vibrating cup “Pulverisette 9" mill at 900 rpm speed, (loss on
ignition-16.9%) and calcium oxide produced from Ca(OH),,
which was burned at 450°C for 1 h (free Ca0-96.42%).
The synthesis of the adsorbent was based on the hydrother-
mal method. The molar ratio of the primary mixture was
equal to 1.5, while the temperature and duration of synthesis
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to 175°C and 24 h, respectively. It was determined that the
pH value of the liquid medium was 12.4. The obtained adsor-
bent consisted of the dibasic calcium silicate—a-C,SH (PDF04-
009-6343) and semicrystalline C-S-H type compounds
(PDF00-033-0306 and PDF00-034-0002) (Fig. 1). The detailed
descriptions of adsorbent synthesis are available in [18,19,50].

Adsorption experiments were carried out at 25°C
temperature in a thermostatic absorber Grant SUB14 by stir-
ring 5 g of synthetic a-C,SH in 500 mL of Cu(NO,),-3H,0
or Cr(NO,),"9H,0 solutions containing 0.25, 1, or 10 g Me*/
dm?® (where Me is Cu*" and Cr**ions respectively), when the
duration of adsorption varied in a 0.5-30 min range. The
experimental conditions were chosen according to the lit-
erature [51] which shows that the adsorption temperature
does not have any significant influence on the adsorption
capacity and process rate because almost all heavy metal
ions (up to 90% all metal ions concentration) are adsorbed
by synthetic calcium silicates hydrates within 30 s. The
concentrations of heavy metal ions were determined using
a Perkin-Elmer Analyst 4000 spectrometer (Perkin Elmer,
Waltham, MA, USA). The value of pH was measured with
a Hanna instrument (Hi 9321, microprocessor pH meter,
Hanna Instruments, Woonsocket, RI, USA) (Table 2). The
concentration of nitrate anions was determined using a Flow
Injection Analyst FIAlyzer-100 (FIAlab Instruments, USA).
FIAlyzer-100 system: FIAlyzer-100, integrated FIA LOV
manifold, USB4000 UV/VIS spectrometer, HL2000-LL visible
tungsten lamp. The obtained samples were characterized by
powder X-ray diffraction (XRD; with a D8 Advance X-ray
diffractometer), and simultaneous thermal analysis (STA;
with a Linseis PT1000 instrument) [18,19,50].
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Intensty, a. u.

Fig. 1. XRD pattern of synthetic adsorbent. Indexes: o — a-C,SH;
¢ - CaCO,; k — C-S-H(I)/C-S-H(I).

Table 2
pH values of initial solutions

According to the literature, two types of equations,
namely the pseudo-first-order (PFO) and the pseudo-second-
order (PSO), were commonly used to describe the kinetic
models and to study the adsorption systems [16,26,50,52-54].
The PFO kinetic equation proposed by Lagergren for
adsorption analysis can be expressed as follows [55]:

dt
difkl(qr%) )

where g, and g, are adsorption capacity at equilibrium and
at time ¢, respectively (mg/g), k, is the rate constant of PFO
adsorption (min™). After integration and applying bound-
ary conditions 0 <t <t and 0 < g, < gq, the integrated form
becomes:

kl
t 2
2.303 @

log (g, —4,) =log g, -
The PSO adsorption kinetic rate equation is expressed
as [56]:

d
kg0 G)
where k, is the rate constant of the PSO adsorption
(g/(mg min)). For the boundary conditions 0 < ¢ <t and
0 < g, < q, the integrated form of the equation (the integrated
rate law for the PSO reaction) becomes:

i:i+lt (4)

q, ki 4,

3. Results and discussion
3.1. Adsorption experiments in 0.25 g Me*'/dm? solution

It was observed that the adsorption capacity of a-C,SH,
as well as the intercalation of heavy metals ions in its struc-
ture, depends on the chemical nature of adsorbate. As
expected, in the lower concentration metal ions solutions
(0.25 g/L), the adsorption process proceeded intensively at
the beginning, because, after 30 s, all Cu?*" (Fig. 2a) and Cr*
(Fig. 2b) ions (25 mg Cu*/g; 25 mg Cr’*'/g) from the primary
solution were incorporated into the structure of a-C,SH.
Due to the fast adsorption of the aforementioned ions by
the adsorbent, the PFO and PSO equation cannot be used
for the description of the process.

Initial concentration 0.25, g Me*/dm?® 1, g Me**/dm?® 10, g Me*/dm?
Solution pH value
Cu(NO,),.3H,0 6.07 4.72 4.08
Cr(NO),9H,0 3.57 2.99 2.25
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Fig. 2. Integral kinetic curves of Cu* (a) and Cr* (b) ions adsorption by a-C,SH, when the initial concentration of ions was equal to

0.25 g/dm?.
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Fig. 3. XRD patterns of a-C,SH after the adsorption in Cu*
(Curve 1) and Cr* (Curve 2) solutions, when the initial concen-
tration was equal to 0.25 g/cm®. Indices: & — a-C,SH; ¢ — CaCO,;
k — C-S-H(I)/C-S-H(II).

To determine whether the adsorption reactions are rever-
sible or irreversible, the saturated adsorbent was dried up
and immersed in the distilled water (water to solid ratio-10).
The results revealed that, after 30 min, the concentration
of metal ions in the liquid medium does not exceed the
detection limit. Moreover, during the adsorption, the struc-
ture of a-C,SH remained stable as the intensity of the main
diffraction peak (d-spacing-0,327 nm) of this compound
slightly decreased (Fig. 3).

In brief, a-C,SH showed good adsorption properties in
0.25 g Cu* or Cr**/dm? solutions in comparison with other
adsorbents [26]. Thus, in the next stage of this work, the
adsorption experiment was performed in higher concentra-
tion solutions (1 g/cm?).

3.2. Adsorption experiments in 1.00 g Me*'/dm? solution

When the concentration of heavy metal ions in the
solution was equal to 1.00 g Me*/dm?®, the uptake of these
ions by the adsorbent proceeded slower (Figs. 2 and 4).

Within 30 s of Cu* ions adsorption, the removal efficiency
of a-C,SH reaches ~73 % (72.91 mg/g) (Fig. 4a). Meanwhile,
the quantity of adsorbed Cr®* ions (Fig. 4b) by the latter
compound was higher and equal to 86 % (86.14 mg/g). By
prolonging the duration of the experiment to 3 min, the
adsorbed amount of Cu* ions slightly increased, however,
the removal of these ions was completed only after 30 min
(Fig. 4a). In the meantime, the uptake of Cr* ions reached
100% already after 3 min (Fig. 4b). As in the previous case
(0.25 g Me*"/dm?®), it was found that the adsorption process
is irreversible because the concentration of heavy metal ions
in the liquid medium did not exceed ~0.01%. The obtained
results were also confirmed by XRF analysis: 16.1% of Cu*
and 16.4% of Cr® ions were detected in the adsorbent.

The data of liquid medium analysis showed that
nitrate anions do not participate in adsorption process,
because after 30 min of experiment its concentration in
liquid medium decreased less than 5%. Meanwhile, the
measurements of calcium ions concentration showed that,
after 30 s of adsorption, 88.0 mg (20.9%) of mentioned
ions were released from the structure of the adsorbent in
Cu(NQ,),-3H,O solution (Fig. 5a). Moreover, unexpected
results were obtained: after 1 min of adsorption, the amount
of released Ca?* ions decreased, while after 5 min, the equi-
librium was attained and the number of released ions was
equal to 115.6 mg (27.4%) (Fig. 5a). The same tendency was
observed in Cr(NO,),9H,0 solution, although the amount
of released Ca?" ions was 1.31 times higher after 30 min of
the experiment (Fig. 5b). It is worth mentioning that the
amount of released Ca* ions tends to increase by increasing
the duration of experiments when lower basicity calcium
silicate hydrates are used for Me** adsorption [14].

The results show, that, after 30 min of Cu®* adsorp-
tion, the exchange of Cu* <> Ca® proceeded stoichiomet-
ric, while Cr* « Ca*-non-stoichiometric. Presumably, it
can be explained by the different valence or atomic radius
between Ca?" and adsorbed ions (Cr*, Cu*). According to
the literature [32-33], the crystal structure of a-C,SH con-
sists of isolated SiO,(OH) tetrahedra, which share edges
with Ca(O,0H), and Ca(O,0OH), polyhedra. Thus, during the
desorption of Ca? cations, OH™ anions are also released into
the liquid medium. This fact was confirmed by the value of
pH of a liquid medium, which increased from 2.99 (0 min)
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Fig. 4. Integral kinetic curve of Cu* (a) and Cr** (b) ions adsorption by a-C,SH, when the initial concentration of ions was equal to

1 g/dm?.

to 10.15 (30 min) in Cr(NO,),9H,0 solution and from 4.72
(0 min) to 9.17 (30 min) in Cu(NQO,),-3H,0 solution.

In order to determine kinetic parameters, the adsorp-
tion process was described by PFO and PSO equations.
It was determined that PFO equation (Eq. (2)) did not fit
the adsorption mechanism of Cu?" and Cr®* ions by the syn-
thetic adsorbent because the error between the adsorbed
(qe(eXp ) and calculated (g, ) amount of Me™ was higher than
5%-10% [52]. In addition to this, the values of correlation
coefficients (R?) were low (Table 3). However, different
results were obtained by using PSO Eq. (4): the values of R?
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were equal to 0.99 (Table 3) and the relation between g,
and Dogeay values was observed. Thus, it can be stated that a
pseudo-second-order kinetics model adequately describes
the Cu* and Cr* ions adsorption mechanism by a-C,SH.
It was calculated that the adsorption rate of Cr®* ions
(k, = 0.065 g/(mg min)) was approximately 3 times higher
than Cu* (k, = 0.020 g/(mg min)). These results correspond
to the experimental data because the adsorption process
of Cr* ions ended after 3 min, while, in the case of Cu*
ions,—after 30 min (Fig. 4). It should be noted that a pseudo-
second-order kinetics model describes chemisorption, thus,
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Fig. 5. Amount of released calcium ions from the adsorbent, when the initial concentration of Cu* (a) and Cr* (b) was equal to 1 g/dm?®.

Table 3
Kinetic parameters of the pseudo-first- and pseudo-second-order kinetic models
Metal ions R? yonp) (mg/g) G ocary (ME/8) k, (min™) k, (g/(mg min))
Pseudo-first-order kinetic models
Cu* 0.813 100 42.89 0.156 -
Cr* 0.492 100 12.56 0.232 -
Pseudo-second-order kinetic models
Cu* 0.99 100 95.45 - 0.020
Cr¥ 0.99 100 100.77 - 0.065
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a-C,SH acts more as a chemisorbent [53]. The same results
can also be found in the literature [25,57].

XRD analysis data showed that a-C,SH became meta-
stable, since, after adsorption in Cu(NO,),-3H,0 and
Cr(NO,),9H,O solutions, the intensity of this compound
diffraction peaks decreased 1.1 and 2.3 times, respectively
(Fig. 6). In the case of Cr* ions, the lower intensity of the
aforementioned peaks can be explained by a higher amount
of released Ca®" ions from the structure of the adsorbent
(Fig. 5). These results confirmed that heavy metal ions were
adsorbed by a-C,SH as there is no evidence of new com-
pounds formation (metal hydroxides, metal oxides).

The previous results were also confirmed by the data of
STA analysis. According to the literature [58], the first endo-
thermic effect can be assigned to the dehydration of amor-
phous structure calcium silicate hydrates and/or removal of
adsorption water. It was calculated that, after the adsorption,
the mass loss and the heat of the mentioned thermal con-
version increased two times (Fig. 7 and Table 4). Meanwhile,
the endothermic effect in a 400°C-500°C temperature range
describes the decompositions of a-C,SH [58]:
2Ca0-5i0,-H,0 — 2Ca0-Si0, + H,O )

According to the data of TGA, the adsorbent lost 5.25%
of mass during the decomposition of a-C,SH (Table 4), which
is equivalent to 55.42% of a-C,SH. It was determined that,
after the adsorption, the amount of the mentioned com-
pound decreased to 33.99% in Cu(NO,),-3H,0 and 21.01%

D. Niuniavaite et al. / Desalination and Water Treatment 185 (2020) 175-184

in Cr(NO,),-9H,0 solutions (Fig. 7). These data were in good
agreement with the results of Ca?" desorption and XRD (Figs.
5 and 6). Meanwhile, in the case of Cu* ions, the increment in
the intensity of the third endothermic effect confirmed that,
during the adsorption experiments, carbonization proceeded

Intensity, a. u.

40 45 50 55 60 65
26, deg

5 10 15 20 25 30 35

Fig. 6. XRD patterns of a-C,SH after the adsorption in Cu*
(Curve 1) and Cr* (Curve 2) solutions, when the initial concen-
tration was equal to 1.00 g/cm?®. Indices: a — a-C,SH; ¢ — CaCO,;
k — C-S-H(I)/C-S-H(II).
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Fig. 7. STA curves (Curve 1 - TG; Curve 2 — DSC) of a-C,SH after synthesis (a) and after adsorption in Cu(NO,),-3H,0, (b) and in

Cr(NO,),"9H,0, and (c) solutions.
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Table 4
Mass loss and the heat of the a-C,SH after synthesis and adsorption process
Mass loss, %
90°C-140°C 460°C—470°C 670°C-680°C 700°C-710°C
Am, % Qg Am, % Qg Am, % Qg Am, % Qg
a-C,SH 2.77 84 525 189 0.32 22 - -
a-C,SH + Cu® 5.43 153 3.22 145 - - 2.33 61
a-C,SH + Cr* 4.83 381 1.99 34 - - - -

(Fig. 7). Additionally, an exothermic effect, which can be
assigned to the recrystallization of semi-crystalline CSH, was
shifted towards a higher temperature (Figs. 7a and b). It can
be explained by the intercalation of Cu* ions or the decre-
ment in crystallinity [59]. To avoid the interaction between
Cr*" ions and platinum crucibles, which were used for STA
analysis, the experiment was carried out only at 540°C.

3.3. Adsorption experiments in 10.00 g Me*/dm? solution

In order to determine the maximum adsorption capacity
of a-C,SH for Cu* and Cr*ions, the concentration of these
ions was increased to 10 g/dm®. It was obtained that, at the
beginning of Cu* ions adsorption (30 s), the adsorbed amount
of the mentioned ions increased rapidly to 228.2 mg/g, and,
after 30 min, it was equal to 615.54 mg/g (Fig. 8a). Meanwhile,
in the case of Cr*ions adsorption, the removal efficiency was
~2.5 times lower and the number of incorporated ions was
equal to 241.42 mg Cr*/g (Fig. 8b). During the adsorption,
more than 50% of Ca?" ions were released from the adsorbent
into the liquid medium in both cases. Thus, it is not recom-
mended to use a-C,SH as a chemosorbent in the solutions
containing more than 6 g Cu*/dm?® and 2 g Cr*/dm? ions.

It was estimated that, after the adsorption experiments,
a-C,SH was fully decomposed, because the diffraction
peaks typical to this compound were not detected in XRD
patterns (Fig. 9a). It is worth mentioning that, in the copper
nitrate solution, the precipitation of gerhardtite-Cu,(NO,)
(OH), (PDF04-011-9699) proceeded. The formation of this
compound can be explained by a high concentration of OH"
anions, which were released with Ca?* cations, and also low

(a) 1000
800 -
600 - f

400 -

X, mg/g

200 -

0 T T
0 10 20 30

T, min

(b) 1000

stability of metal ions in the alkaline medium. The formation
of the mentioned compound was confirmed by STA data
(Fig. 9b): at 237°C temperature, the decomposition of ger-
hardtite proceeded [60]:

4Cu,(OH),NO, — 8CuO +4NO, + O, + 6H,O (6)

The endothermic effect at 400°C-500°C temperature,
which is characteristic of a-C,SH, was not observed (Fig. 9b).

Thus, synthetic a-C,SH is a promising chemosorbent for
the removal of heavy metal ions from the liquid medium
since its adsorption capacity for Cu* and Cr* ions are 2-10
times higher than other adsorbents (hydrotalcite, CSH(I),
zeolites) [27,61,62]. It should be noted that the adsorption
process with the latter adsorbents proceeds 2-3 times slower
in comparison with synthetic a-C,SH [63]. According to
the literature, gyrolite and some zeolites have high adsorp-
tion capacity (100-500 mg/g), however, after adsorption,
these adsorbents become useless and are stored in a landfill
[28,64]. In further research, a-C,SH with incorporated Cu*
and Cr* ions will be used for the production of alternative
cementitious materials or as an additive in the production of
OPC, and the properties of these binding materials such as
hydration, mineralogical composition, and porosity will be
examined.

4, Conclusions

¢ It was observed that the adsorption capacity of a-C,SH,
as well as the intercalation of heavy metals ions in its
structure, depends on the chemical nature of the used

200 - /'__,/“’
0 . .

0 10 7, min 20 30

Fig. 8. Integral kinetic curve of Cu* (a) and Cr** (b) ions adsorption by a-C,SH, when the initial concentration of ions was equal to

10 g/dm?.
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Fig. 9. XRD patterns (a) after the adsorption in Cu* (Curve 1) and Cr** (Curve 2) solutions and STA curves and (b) after the adsorption
in Cu* solution, when initial concentration was equal to 10.00 g/cm®. Indices: N — Cu,(NO,)(OH),.

adsorbate. Extremely high uptake of Cu* and Cr* ions
was observed in 0.25 g Me*/dm®and 1 g Me*/dm?® (where
Me is Cu* or Cr*ions) concentration solutions. It was
determined that the elimination yield of the mentioned
ions is equal to 100%.

The results showed that the adsorption process is not
reversible in a neutral liquid medium because, after the
desorption experiment, the concentration of Cu*" and Cr*
ions in the solution did not exceed ~0.01%. According to
the kinetic calculations, it was proved that a-C,SH acts as
a chemisorbent and the adsorption rate in 1 g Cu*/dm?
and 1 g Cr**/dm?® solutions are equal to 0.02 and 0.065 g/
(mg min), respectively. These data are in good agreement
with the experimental results.

It was determined that a-C,SH is stable in the lowest
concentration solutions, however, when the concentra-
tion of Me™ ions was increased to 1 g/dm? the struc-
ture of the aforementioned compound was partially
disrupted. Meanwhile, after the adsorption in 10 Me**
g/dm?® solutions, the crystal structure of a-C,SH was
fully destroyed and gerhardtite — Cu,(NO,)(OH), were
formed.
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