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Abstract: The adsorption characteristics of calcareous sand for heavy metals Pb(II), Cu(II) and Cd(II)
have been studied by batch testing in this study. The influence of the solid-liquid ratio, initial pHy
value, ionic strength, reaction time, temperature and initial concentration on adsorption has been
investigated. Test results indicate that the initial pH and the solid-liquid ratio have a significant
influence on the removal efficiency. At T =30 °C, r=1.0 g/L, and Cy = 1000 mg/L and for 12 h of
reaction, the removal efficiencies of Pb(II), Cu(Il) and Cd(II) are 97.6%, 88.15% and 65.72%, respectively.
The adsorption quantity is more than 80% of the maximum adsorption quantity within 60 min, and
the equilibrium adsorption can be reached within 120 min. The pseudo-second-order kinetic model
is suitable to simulate the dynamic adsorption process of calcareous sand, and the isothermal process
is found to obey the Langmuir model. Calcareous sand has a very high adsorption capacity for Pb(II),
Cu(II) and Cd(II), with a maximum adsorption quantity Qm reached 1052.95 mg/g, 1329.84 mg/g
and 1050.56 mg/¢g, respectively. Thermodynamic test results indicate that the adsorption process is
spontaneously exothermic and that low temperature is favorable to the adsorption reaction.

Keywords: calcareous sand; heavy metal ions; adsorption; pH; temperature

1. Introduction

After entering soil or water, heavy metals accumulate in the migration process due to
their non-degradable properties; they are enriched in animals and plants and subsequently
enter the human body through the food chain, posing severe threats to human health [1].
Lead is a widely used industrial material used in printing and dyeing, chemical engineering
processes and batteries. By far the main treatment methods for industrial wastewater are
chemical precipitation, ion exchange, electrochemistry and adsorption [2]. Relative to other
methods, the adsorption method has the advantages of simple utilization conditions and
low cost and therefore has received extensive attention. The key challenge of the method is
to find cheap, high-efficiency adsorbents [3].

Studies have shown that clay, bentonite, kaolin, bone black, carbon nanotube-hydroxyapatite
and other adsorbents have favorable lead-removal qualities [4-7]; for example, the ad-
sorption of lead by loess can reach 270.26 mg/g [8]. Saha et al. [9] studied the adsorption
characteristics of clay for copper; at pH = 5.5, the removal rate was 90-99%. Abdel-Halim
et al. [10] examined the adsorption characteristics of bone powder, activated carbon, carbon,
rose plant powder, clay and other adsorbents for lead. They reported that at pH =4, the
removal rates of bone powder and activated carbon were 100% and 90%, respectively. Singh
et al. [11] investigated the lead adsorption characteristics of phosphate-containing clay.
Their results showed that the removal rate of lead increased with increasing phosphate-
containing clay and increasing pH and decreased with increasing ionic strength. The main
adsorption mechanism was the exchange of lead ions and calcium ions, producing stable
pyromorphite. Vieira et al. [12] studied the influencing parameters and kinetics of nickel

Sustainability 2023, 15, 5372. https:/ /doi.org/10.3390/su15065372

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15065372
https://doi.org/10.3390/su15065372
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-6188-9750
https://orcid.org/0000-0002-2392-6629
https://doi.org/10.3390/su15065372
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15065372?type=check_update&version=1

Sustainability 2023, 15, 5372

2 of 14

adsorption by bentonite. Priyantha and Bandaranayaka [13] analyzed the adsorption ability
of clay bricks for Cr(VI) under different heating temperatures; the adsorption mechanism
was internal diffusion between pores and particles. Djuki¢ et al. [14] showed that the cation
exchange ability of Serbian clay was greatly improved after ball milling; the removal rate
of lead and chromium was higher than 98%. Du and Hayashi [15] studied the adsorption
characteristics and influencing factors of clay in Kyushu, Japan for chromium and lead.
The results of Mouni et al. [16] showed that Algerian clay had a higher affinity for lead
than zinc. Waseem et al. [17] revealed that the adsorption of Cd(Il) onto silica synthesized
by the sol-gel method was endothermic and spontaneous, and the adsorption capacity
increased with increasing concentration and temperature. Putz et al. [18] indicated that the
adsorption capacities of ordered mesoporous silica to Cu(ll) and Pb(Il) reached 9.7 mg/g
and 18.8 mg/g at pH 5, respectively. Habte et al. [19] reported that the adsorption capacity
of aragonite synthesized by eggshell was higher forPb(Il) than Cd(II), and high adsorption
capacity occurred at an initial pH of 6.Vu et al. [20] concluded that the adsorption capacities
toward levofloxacin and diclofenac reached 75.75 mg/g and 59.52 mg/g, indicating that
protein-functionalized nanosilica was a potential adsorbent for removing pharmaceuti-
cal residues. Truong et al. [21] reported that the optimum adsorption of Cu-doped ZnO
nanomaterial toward Cu(II) were achieved under the conditions of pH 7, adsorption time
120 min and adsorption efficiency at 1.0 g/L.

Calcareous soils are potential adsorbents for wastewater treatment, whichhasbeen-
confirmed by scholars. Selmy [22] investigated the adsorption characteristics of Pb in
soils treated with inorganic ligands, and found that the maximum adsorption capacities of
Pb onto clay soil changed from 42.2 to 47.1 mmol/kg. Based on a miscible displacement
column experiment, Elbana and Selim [23] reported that the adsorption efficiency of Pb
reached 99.5% withcalcareous soil. Lv et al. [24] indicated that calcareous sand is a potential
adsorbent for graphene oxide (GO), and the adsorption process significantly depends on pH
value. Salzman et al. [25] concluded that fluoride is adsorbed by calcareous and siliceous
sand during drier summer months, whiledesorption occurs during rainy winter months.
Ranjbar and Jalali [26] found that the average adsorption quantity of NH4* by calcareous
soil reached 35.23%. Baghenejad et al. [27] observed that the selectivity adsorption sequence
on calcareous soils followed Pb > Cu > Zn > Cd. Ghiri et al. [28] investigated the adsorption
and desorption characteristics of Zn on calcareous soils, and found that Zn adsorption
followed clay > silt > sand. Moharami and Jalali [29] concluded that silt, clay, sand, and
electrical conductivity (EC) were the major factors affecting Fe adsorption in calcareous
soils. Based on principal component analysis method, Mashal et al. [30] investigated the
adsorption and desorption behaviors of P on calcareous soils, and found that the sand
and clay content are the major factors for modeling P adsorption.Ouachtak et al. [31,32]
investigated the adsorption characteristics of goethite-modified sand, and concluded that
the adsorbed capacity toward gallic acid decreases with presence of inorganic anions, and
decrease with ionic strength increasing. In addition, the maximum adsorbed capacity
toward 3,4-dihydroxybenzoicacid reached 35.66 mg/kg under the condition of 60 mg/L
initial concentration, 1 mL/min flow rate, and 5 pH value.

Calcareous sand is widely distributed in the South China Sea. Its main components
are bone fragments of coral, algae, shellfish and other marine life. Its mineral composition
is mainly aragonite, dolomite, and calcite, with large amounts of calcium carbonate and
magnesium carbonate (above 96%) [33,34]. Calcareous sand has the characteristics of loose
porosity, fragility, easy compression, and high permeability. Current studies indicated that
calcareous sand was a potential adsorbent onto heavy metals ions, whereas fewstudies
focus on the adsorption characteristics of calcareous sand towards Pb(Il), Cu(Il) and Cd(II).
In this paper, calcareous sand was used as an adsorbent to study the effect of the solid-liquid
ratio, initial pHy value, temperature and reaction time on the adsorption characteristics for
Pb(II), Cu(Il) and Cd(II); to explore the kinetic characteristics and isothermal characteristics;
and to analyze the adsorption mechanism.
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2. Materials and Methods
2.1. Experimental Materials

The tests used South China Sea calcareous sand. After rinsing the calcareous sand,
it was pulverized by a high-speed pulverizer and sieved with a 160-mesh sieve. The cal-
careous sand was then dried at 75 °C in a drying oven (DHG-9011A, Shanghai Jinghong
Laboratory Instrument Co., Ltd., Shanghai, China) for 4 h. After cooling to room tempera-
ture, it was stored in a dry container with CaO. Figure 1 shows the SEM image of calcareous
sand. It can be observed that the sand particles havethe characteristics of multiple pores
(including internal pores), irregular shape, and high fragility.
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Figure 1. SEM image of calcareous sand.

The Pb(NOs),, CuSOy, and CdCl, reagents used in the experiments were analytically
pure, and an appropriate amount of the reagents were taken by an analytical balance
(CP214, Ohaus Instruments (Shanghai) Co., Ltd., Shanghai, China) and dissolved in a
volumetric flask containing 1 L of distilled water to prepare a stock solution with a concen-
tration of 2000 mg/L. The Pb(II), Cu(Il) and Cd(II) solutions used in the experiments were
dilutedfrom the stock solution.

2.2. Batch Tests

The flasks were numbered and put in a constant-temperature oscillator(SHA-C, Guo-
hua Electric Appliance Co., Ltd., China). Under constanttemperature conditions, the speed
was controlled at 120 rpm, and the oscillation time was 12 h. This oscillating time was
sufficient for the adsorption equilibrium to be reached during the kinetic experiments.
During the kinetic tests, the samples were taken at 5 min, 10 min, 15 min, 20 min, 30
min, 40 min, 50 min, 60 min, 90 min, 120 min, then subsequently at 1 h internals until
the solution concentration remainedstable. The oscillated solution was passed through a
high-speed refrigerated centrifuge (CT15RT, Shanghai Tianmei Biochemical Equipment
Engineering Co., Ltd., Shanghai, China) at 5000 rpm for 10 min for solid-liquid separa-
tion. The concentration and pH of heavy metal ions in the supernatant were measured
by an atomic absorption spectrophotometer (AA60000, Shanghai Tianmei Biochemical
Equipment Engineering Co., Ltd., Shanghai, China)and a pH meter (FIVEEASY PLUS 28,
Mettler-Toledo Instruments Co. Ltd., Shanghai, China), respectively.

The adsorption (ge) and removal rate (R) were calculated as follows:

Co—Ce) XV
e = —( 0 m ) (1)
R(%) = Co—=Ce . 100% @)

Co
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where Cy and C, are the initial and equilibrium concentrations (mg/L), respectively, of
Pb(II), Cu(Il) or Cd(I); V is the volume of the solution (L); and m is the mass of calcareous
sand (g).

3. Results and Discussion
3.1. Influence of the Solid—Liquid Ratio on the Remouval Rate

To analyze the influence of solid-liquid ratio on removal rate, the ratio of solid to
liquid r (ratio of adsorbent mass to solution volume) was adjusted between r = 0.2 g/L
and 2.0 g/L for Cy =1000 mg/L at 30 °C without pH adjustment, and the influence of
the adsorption quantity and removal rate of heavy metal ions were analyzed, as shown
in Figure 2.
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Figure 2. Influence of the solid-liquid ratio on the adsorption of Pb(Il), Cu(Il) and Cd(II) by calcareous sand.

The experimental results are consistent with the expected results. With increasing
solid-liquid ratio, the removal rates by calcareous sand enhance correspondingly, and
the adsorption quantity decreases. The reason is that as the amount of calcareous sand
is increased, the active adsorption sites exposed to the solution also increase, which is
favorable for the complexation and ion exchange of calcium ions with heavy metal ions;
therefore, the removal rates increase. When the solid-liquid ratio reaches a certain limit,
due to the particle aggregation caused by the increase of calcareous sand content, the active
adsorption sites are not fully exposed, the total surface area is reduced, and the diffusion
path is increased, resulting in a decrease in adsorption quantity [35]. When r = 1.0 g/L,
the adsorption quantity of calcareous sand for Pb(II), Cu(II) and Cd(Il) can be as high as
975.8 mg/g, 881.54 mg/g and 657.25 mg/g, respectively, with 97.60%, 88.15%, and 65.72%
removal rates, respectively. Thus, calcareous sand has a strong adsorption effect on heavy
metal ions.

3.2. Influence of the Initial pHy on the Remouval Rate

To investigate the effect of pH on the adsorption of heavy metal ions by calcareous
sand, HNO3 and NaOH solutions were added to adjust the initial pHy under r =1.0 g/L
and Cyp = 1000 mg/L at 25 °C, and the effect on the removal rate was analyzed.

A study has shown that [36] when the solution pH > 6, the contents of Pb%*, Cu?*,
Cd?* in the solution are significantly reduced, and the contents of X(OH)™ and X(OH),
are significantly increased (X is the heavy metal ion). It is found in the experiments that
when the pH > 5, if no complexing agent is added, the heavy metal ions in the solution
begin to precipitate in a small amount. When the pH < 2, the solid-liquid interface of the
calcareous sand is easily disrupted. For this reason, the pH was controlled in the range of 2
to 5 during our experiments. Figure 3 shows the test results.
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Figure 3. Influence of pHj on the adsorption of Pb(II), Cu(II) and Cd(II) by calcareous sand.

The adsorption of heavy metal ions by calcareous sand are all greatly affected by pHy.
For Pb(Il), when pH < 3.5, the removal rate increases with increasing pHg. When pHy > 3.5,
the removal rate essentially reaches the maximum adsorption quantity. For Cu(lI), the
removal is significantly affected by pHy. When pH = 2.5, the removal rate is only 44.9% of
the maximum removal rate, and the removal rate is gradually increased with increasing
pH. The removal rate of Cd(Il) decreases significantly when pH < 2.5. When pH > 2.5, the
rate is almost stable with a slight decrease. A comparison of the equilibrium pHe and pHy
indicates that the pHe of the solution increases after the adsorption reaction is completed.
When pH =2, pH_ is stable in the range of 2.68-2.73; when pHj > 2.5, the equilibrium pHe
increases to 5.06-5.28. The reasons are analyzed as follows:

(1) In the solution with lower pH, the H* content is high. H has a stronger adsorption
point binding ability than heavy metal ions. H* competes and occupies more ad-
sorption sites. At the same time, some calcium sand is dissolved by acid at low pH,
resulting in a decrease in the removal rate.

(2) Due to the difference in the attractive force of the active sites such as -CO32~ and
-Ca?*, -Mg?*, for H* or OH™ in aqueous solution, a certain charge exists. When
the pH of the solution is low, due to protonation, there is a large amount of H*
resulting ina positive charge. A strong repulsion exists between Pb?*, which is not
favorable for adsorption; as the pH increases, the surface of the calcareous sand
deprotonates, the proton concentration decreases, and the positive charge on the
surface is reduced, which reduces the competitive adsorption of H" and surface
complexes on metal ions. These conditions are favorable for adsorption and tend to
increase the adsorption quantity [4,37].

(3) The slight increase in pH after the reaction is caused by the surface complexation
reaction and the consumption of H* by the calcium components [5].

The pH of industrial wastewater is in the range of 4-7. Therefore, calcareous sand has
a certain practical significance as an adsorbent in practical operation.

3.3. Influence of lonic Strength on the Removal Rate

To explore the influence of ionic strength on the adsorption of calcareous sand, the
ionic strength of NaCl was adjusted in the range of 0-0.6 mol/L to analyze its effect
on the adsorption of Pb(Il) by calcareous sand under the conditions of » =1.0 g/L and
Co = 1000 mg/L without adjusting the pH. The experimental results are shown in Figure 4.

Overall, with increasing Na* ionic strength, the removal rate of Pb(II) by calcareous
sand decreases, and its adsorption ability decreases, indicating that competition exists
between Na* and Pb2* [38]. The addition of NaCl solution causes the counter ions to
surround the oppositely charged adsorption sites and partially neutralize the adsorption
site charge [39], thereby inhibiting adsorption. The adsorption mechanisms of calcium
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sand include electrostatic interaction, complexation reaction and ion exchange, among
other effects [40,41]. When the Na* ionic strength is less than a certain value, its existence
compresses the thickness of the electron double layer of calcareous sand, the thickness
of the diffusion layer is reduced by compression, the collision distance between Pb?*
and calcareous sand decreases, and the adsorption quantity increases slightly. When the
Na* ionic strength continues to increase, Na* competes with Pb?* for adsorption sites,
resulting in a slight decrease in Pb?* adsorption. Considering that there may be chemical
bonds between Pb?* and calcareous sand, inner-sphere surface complexes (ISSC) can
be formed [42-44].
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Figure 4. Influence of ionic strength on the removal of Pb(II) by calcareous sand.

Understanding the adsorption mechanism wasconducive to interdiscipline develop-
ment [45-47]. The hydrated ionic radius of Pb?* is 0.401 nm. From the ionic radius point of
view, it is easier to complex with the -CO32~ adsorption sites, so the surface-complexing
adsorption dominates in the adsorption mechanism [48,49], together with ion exchange
reactions. The PbCOj3 precipitation could be observed by scanning electron microscopy on
the adsorbent surface at a low Pb(II) concentration, indicating that the adsorption process
is accompanied by a surface precipitation phenomenon [50].

3.4. Adsorption Kinetics Characteristics

AtT=30°C,r=1.0g/L, and Cy = 1000 (Pb(II)), 1250 (Cu(Il)), and 1500 (Cd(I)) mg/L,
the adsorption reaction process of calcareous sand was studied. Figure 5 shows the experi-
mental results.
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Figure 5. Influence of reaction time on the adsorption of Pb(II), Cu(Il) and Cd(II) by calcareous sand.
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The adsorption process of calcium sand for Pb(II), Cu(Il) and Cd(Il) is a rapid reaction:
the removal rate can reach 80% of the maximum removal rate at 30 min, and the equilibrium
state can be reached within 120 min. In the initial reaction stage, the adsorption sites are
abundant; Pb(II), Cu(Il) and Cd(II) have large concentration differences at the solid-liquid
interface [51], and the adsorption reaction is quick. Asthe reaction progresses, the reaction
rate decreases because the adsorption site is reduced. The concentration of heavy metal
ionsalsodecreases. The concentration difference between the solution and the adsorbent
is decreased. The average collision distance of the remaining Pb(II), Cu(Il), and Cd(II) is
increased, and the diffusion rate inside the particles slows down.

To analyze the adsorption kinetics of calcareous sand for heavy metal ions, the pseudo-
second-order kinetic model was used to analyze the kinetic experimental data.

The pseudo-second-order dynamic equation can be expressed as [52]

d
% = ka(qe — q1)? 3)

Its integral can be converted into a linear form

t 1 t
- 4
e kg2 ge @
where k; is the pseudo-second-order kinetic adsorption rate constant (g-mg~!-min~1!).
The initial adsorption rate can be expressed as
h=kaq; 5)

The pseudo-second-order kinetic model is applied to fit the experiment results. The
fitting parameters and fitting curve are shown in Table 1 and Figure 6, respectively.

The determination coefficients are high, and the calculated equilibrium adsorption
quantity is close to the measured values at 120 min, indicating that the pseudo-second-order
kinetic model can well characterize the adsorption kinetics of calcareous sand. Cu(Il) has
the highest adsorption rate, and Cd(II) has the lowest adsorption quantity.

Table 1. Pseudo-second-order kinetic model parameters of Pb(II), Cu(II) and Cd(II) absorption by
calcareous sand.

Ion Parameters Co/(mg/L)
1000 1250 1500
Jeexp/(Mg/g) 973.8 1014.1 1022.9
Jecal/ (Mg/g) 1043.2 1088.9 1103.6
Pb(II) h/(mg/g/min) 134.0 137.9 150.9
ky x 10*4/(g/mg/min) 1.231 1.163 1.239
R? 0.9996 0.9992 0.9996
Jeexp/ (Mg/g) 894.56 986.63 1065.35
Jecal/ (Mg/g) 927.72 997.50 1085.74
Cu(ID) h/(mg/g/min) 215.81 947.81 577.64
ky x 107*/(g/mg/min) 2.50 9.52 490
R? 0.9999 0.9999 0.9998
Jeexp/(Mg/g) 657.3 729.71 795.53
Jecal/ (Mg/g) 676.72 752.38 818.18
Cddn h/(mg/g/min) 184.18 198.65 194.59
ky x 10*4/(g/mg/min) 4.021 3.50 2.90

R? 0.9999 0.9999 0.9995
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Figure 6. Fitting curves obtained from the pseudo-second-order dynamics model.

3.5. Isothermal Adsorption Characteristics

Atr=1.0 g/L, temperatures of 30 °C, 40 °C, and 50 °C and a reaction time of 12 h,
with a changing initial concentration of heavy metal ions (1000-2000 mg/L), the isothermal
adsorption characteristics of calcareous sand were studied. The test results are shown
in Figure 7.

1300 —=— Pb(Il), 7=30°C
—e— Pb(II), T=40°C
1200 —A— Pb(IT), T=50°C
—o— Cu(ll), T=30°C
1100 O— Cu(ll), T=40°C
i —&— Cu(ll), T=50°C
S 1000 —&— Cd(Il), T=30°C
£ —&— Cd(IT), T=40°C
= —%&— Cd(Il), T=50°C
= 900 ()
N
800
700
600

0 200 400 600 800 1000 1200 1400
C/(mg/L)
€

Figure 7. Isothermal adsorption characteristic curves of Pb(II), Cu(Il) and Cd(II) by calcareous sand
at different temperatures.

The equilibrium adsorption of heavy metal ions by calcareous sand exhibit an increas-
ing trend with increasing initial concentration. This result arises because the adsorption
reaction occurs mainly on the calcareous sand surface in full contact with the aqueous solu-
tion when the Pb(II), Cu(Il) and Cd(II) initial concentrations are low. Nevertheless, with the
increasing initial concentration, the heavy metal ions continue to diffuse into the calcareous
sand, and the driving force of the adsorption reaction increases, so the adsorption quantity
also increases. Moreover, the adsorption quantity decreases as the temperature increases;
therefore, the adsorption of heavy metal ionsonto calcareous sand is an exothermic process,
for which a temperature rise is unfavorable. The isothermal adsorption lines are convex
type I curves, suggesting that attraction exists between the calcareous sand and the heavy
metal ions to promote adsorption [53].

To investigate the adsorption process of calcareous sand, the Langmuir model was
employed to fit the experimental data.
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The Langmuir model can be expressed as

% — L + Ce
e bQm Om

where Qp, is the maximum single-layer saturated adsorption quantity (mg/g) and b is the
Langmuir constant (L/mg), which is related to the adsorption free energy.

Following linear fitting of the experimental results, the fitting curve is shown in
Figure 8, and Table 2 shows the model parameters. This model shows a good fit with the
isothermal adsorption process, which indicates that a certain concentration of Pb(II), Cu(I),
Cd(II) forms complex structures with calcareous sand through co-ordination bonds and
that monomolecular adsorption occurs.

(6)

1.6 -
1.4+
1.2+
—_
d 1.0 = Pb(ID), 7=30°C
o0 ® Pb(Il), 7=40°C
<, 0.8 A Pb(ID), 7=50°C
= o Cu(ll), 7=30°C
DU 0.6 o Cu(ll), 7=40°C
A Cu(ln), 7=50°C
0.4 = Cd(Il), 7=30°C
& Cd(Il), T=40°C
0.2 ® Cd(ll), 7=50°C
0.0I_ 1 1 1 1 1 1 )
0 200 400 600 800 1000 1200 1400

C/(mg/L)
Figure 8. Fitting curve of the Langmuir model.

Table 2. Langmuir model parameters of Pb(II), Cu(Il) and Cd(II) adsorption by calcareous sand.

Ion Parameters Temperature/(°C)
30 40 50
Qm/(mg/g) 1052.95 1052.74 1050.41
Pb(I) b/(L/mg) 0.315 0.116 0.421
Ry x 1073 3.679 4257 1.186
R? 0.999 0.999 0.999
Qm/(mg/g) 1329.84 1289.01 1247.07
Cu(l) b/(L/mg) 0.013 0.013 0.032
R x 1073 0.037 0.036 0.015
R? 0.997 0.995 0.995
Qm/(mg/g) 1050.56 892.59 841.93
caa b/(L/mg) 0.004 0.016 0.009
Ry x 1073 0.114 0.030 0.054
R? 0.997 0.992 0.994

The expression of the dimensionless separation factor Ry, which reflects the ease of
adsorption defined by the Langmuir model, is

1

Rp = ——
L= 1¥0C,

@)
where Cy is the highest concentration value of the initial adsorbate. We have Ry, < 1 for
the isothermal adsorption results of calcium sand for heavy metal ions, indicating that it is
favorable for the adsorption reactions, which are all preferential adsorption processes [54].
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The adsorption by calcareous sand is influenced by the adsorption sites and the metal
ions themselves. The adsorption mechanisms of calcareous sand include electrostatic
interaction, complexation reaction and ion exchange, among other mechanisms [40,41].
Thermodynamic calculations reveal that the adsorption of metal ions by calcareous sand
is dominated by physical adsorption. When the adsorption is dominated by electrostatic
interaction, the adsorption performance of the adsorbent is greatly affected by the elec-
tronegativity and the hydrated ionic radius of the metal ions. Typically, a smaller ionic
radius makes it easier to bond with the adsorption sites. Meanwhile, the greater the
electronegativity of the metal ion itself, the stronger the electrostatic interaction.

The electronegativity order of the three metals is Cu (1.9), Pb (1.85), and Cd (1.52).
Their hydrated ionic radii are Pb (0.401 nm), Cu (0.419 nm), and Cd (0.426 nm) [55]. In
addition, Pb(II), Cu(Il) and Cd(II) have different reaction modes and adsorption products
on the adsorbent surface. The reaction modes of Cu(Il) and Cd(II) are dominated by ion
exchange and surface co-ordination, and the products exist in multi- and mono-core binding
states. Pb(Il) is dominated by surface precipitation and co-ordination adsorption, and its
product is in precipitation form [50].As a result of combined effects, the adsorption ability
of calcareous sand for heavy metal ions follows the electronegativity order. Although the
hydrated ionic radius of Cu?* is larger than that of Pb?", the affinities of calcareous sand to
the three metal ions are Cu > Pb > Cd.

3.6. Adsorption Thermodynamic Characteristics

To analyze the influence of temperature on adsorption process, they were studied
through experiments at different temperatures. By calculating the thermodynamic parame-
ters and analyzing the change in the adsorption free energy, the adsorption mechanism is
further deduced. The free energy change for physical adsorption is —20 to 0 k] /mol, and
the free energy change for chemical adsorption is —400 to 80 kJ /mol.

(1). The enthalpy change AH can be expressed as

1 AH

where T is the temperature (K), AH is the enthalpy change (kJ-mol~1-T~1), and Kj, is the
constant of the Van’t Hoff equation.
(2). The free energy change AG is calculated by

AG = —RTInKy4 )

where AG is the free energy change (k] /mol), R is the gas molar constant (8.314 kJ-mol~1-T~1),
and Kj is the adsorption thermodynamic equilibrium constant (Kg = ge/Ce) [56-60].
(3). The entropy change AS is calculated by

_ AH-AG

AS T

(10)

According to the experimental data of isothermal adsorption of calcareous sand at
different initial concentrations and temperatures, the fitting curve can be obtained by fitting
through Formula (8) and calculating through Formula (9) and (10) (Figure 9). Table 3 lists
the related parameters.

The results show that the adsorption enthalpy change AH < 0, revealing that the
adsorption reaction is an exothermic reaction, which is unfavorable for adsorption behavior
of calcareous sand when temperature rises. For Pb(II) and Cu(II), AG < 0, the reaction can
proceed spontaneously. At the same time, AG < 0 is all within the range of —20 to 0 k] /mol,
revealing that the adsorption of Pb(Il) and Cu(Il) by calcareous sand is mainly physical
adsorption. For Cd(Il), when Cy < 1500 mg/L, AG < 0, and the adsorption behavior
proceeds spontaneously, mainly by physical adsorption; when Cy < 1500 mg/L, AG > 0,
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indicating that the reaction is driven mainly by the concentration difference within the
solid-liquid interface.

—3.0r

—35F / Pb(II), C;=1000 mg/L
Pb(Il), C;=1250 mg/L

—40F Pb(Il), €,=1500 mg/L
Pb(l1), €,;=1750 me/L

—45F Phl), €,=2000 mg/L

Cu(ll), C,=1000 mg/L
Cu(ll), C;=1250 mg/L
Cu(Il), C,=1500 mg/L
Cu(ll), C,=1750 mg/L.
Cu(Il), C;=2000 mg/L

—5.0r /
£

T @iﬁ:_’;’f

FAEKRIOIDOOUSGA POR

—6.0F N Y Cd(l, €,=1000 mg/L

Cd(Il), C=1250 mg/L

—6.5} ﬁ Cd(ln), C=1500 mg/L

5 v ——§ ¥ Ol GrIs0me

=70 ¢ /S Cd(I, €,~2000 mg/L
J— 7.5 1 1 1
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VT/I(1/K)

Figure 9. Van't Hoff formula linear fitting for the adsorption of Pb(II), Cu(II) and Cd(II) by calcareous sand.

Table 3. Thermodynamic parameters of the adsorption of Pb(II), Cu(Il) and Cd(II) by calcareous sand.

Ion Parameters T/(K) Co/(mg/L)
1000 1250 1500 1750 2000
303.15 —9.12 —3.68 —2 —1.01 —0.32
AG/(k]/mol) 313.15 —8.51 —3.71 —1.99 —-0.97 —0.26
323.15 —8.17 —3.71 —1.97 —0.96 —0.18
Ph(Il) 303.15 —4.5 0.38 0.1 —-0.03 —0.25
AS x 1072/(J/mol/K) 31315  —455 038 009  —005 —027
323.15 —4.52 0.36 0.08 —0.05 —0.29
AH/(k]/mol) - —22.76 —2.54 -1.7 —1.12 —1.09
R? - 0.999 0.999 0.999 0.979 0.997
303.15 —5.39 -333 226 -1.8 -1.2
AG/(k]/mol) 313.15 —4.3 —2.96 —2.13 —1.48 —1.1
323.15 —3.78 —2.7 —1.75 —1.29 —0.99
Cu(ll) 303.15 -0.07 -0.02 —-0.02 -0.01 0.01
AS x 1072/(J/mol/K)  313.15 0.01 001 001 001 001
323.15 0.01 0.01 0.01 0.01 0.01
AH/(k]/mol) - —25.44 —9.77 —6.81 —6.11 —2.7
R? - 0.983 0.996 0.976 0.992 0.999
303.15 —1.64 -085 —0.31 0.08 0.47
AG/(k]/mol) 313.15 —1.54 —0.66 —0.09 0.26 0.8
323.15 —1.5 —0.57 —0.02 0.4 0.92
Cd(I) 303.15 —-0.003 —0.007 —0.008 —0.008 —0.011

AS x 1072/(J/mol/K) ~ 313.15 0.005 0002 0001 —0.001 —0.003
323.15 0005 0002 0001 —0.001 —0.003

AH /(K] /mol) - 247  —291 -268 —229 —272

R2 - 0988 0984 098 0993  0.956

4. Conclusions

The adsorption characteristics of calcareous sand for heavy metal ions have been stud-
ied by batch testing, and the influence of pH, ionic strength, temperature and reaction time
has been explored. Through the comprehensive analysis of a large amount of experimental
data, the following conclusions are obtained.

(1) The initial pH and the solid-liquid ratio have a significant influence on the removal
efficiency. At T =30°C,r=1.0g/L, and Cy = 1000 mg/L and for 12 h of reaction
time, the removal efficiencies of Pb(Il), Cu(Il) and Cd(Il) are 97.6%, 88.15% and
65.72%, respectively.
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(2) The optimal adsorption pH of calcareous sand is between 3.5 and 5.0. Strong acids
and higher temperatures are not favorable for the adsorption by calcareous sand. As
the ionic strength increases, the adsorption ability of calcareous sand decreases.

(3) At 60 min, the adsorption quantity reaches 80% of the maximum adsorption quantity,
and the equilibrium can be reached within 120 min. The pseudo-second-order kinetic
model is suitable to simulate the dynamic adsorption process of calcareous sand, and
the isothermal process is found to obey the Langmuir model.

(4) Thermodynamic test results indicate that the adsorption process is spontaneously
exothermic and that low temperature is favorable to the adsorption reaction.

(5) Calcareous sand has a very high adsorption capacity for Pb(Il), Cu(Il) and Cd(II),
with a maximum adsorption quantity Qn of 1052.95 mg/g, 1329.84 mg/g and
1050.56 mg/g, respectively, indicating that calcareous sand can be used as a potential
adsorbent for wastewater treatment.
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