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ABSTRACT: Calcium recovery from high calcium solid waste is driven
by the latter’s growing environmental impact, emphasizing the need to
develop a high value-added utilization approach. Inspired by our previous
study, we develop a stepwise separation strategy for calcium recovery from
an ammonium sulfate leaching system to efficiently remove iron and
unburned carbon residue. In this study, tributyl phosphate (TBP) used as
the carbon residue adsorbent for calcium recovery exhibits high selectivity
and good recycling stability. Adsorption measurements show that TBP
yields a superior carbon residue adsorption ability with a maximum
adsorption ratio greater than 95%. Moreover, the adsorption percentage is
also kept more than 90% after 10 cycles, which substantiates the good
potential of TBP for reuse. Besides, the low concentration (1 mol/L) of
H2SO4 provides an acidic environment, which makes TBP more feasible
to be applied in carbon residue adsorption and effective iron(III) stripping. Furthermore, it is inferred from the Fourier transform
infrared spectroscopy/X-ray photoelectron spectrometer and density functional theory analyses that the enhanced carbon separation
performance may be ascribed to the carboxyl in carbon residue coordinated to the donor oxygen atom of TBP at the position of P−
O. This work provides the foothold for further research on the recovery of calcium from industrial by-products.

1. INTRODUCTION
Waste carbide slag (WCS) is a by-product of polyvinyl chloride
(PVC), and long-term piling in the open air causes serious
environmental pollution.1,2 Given that it consists of 90% CaO,
many studies3,4 have been conducted to explore its
applicability as a calcium source for synthetic calcium
carbonate (CaCO3). It was well established that ammonium
sulfate ((NH4)2SO4), a recyclable WCS leaching agent, made
the calcium undergo “CaSO4−CaCO3” multiple phase
transitions throughout the whole process, which was beneficial
to regulating the CaCO3 crystallization with a narrow particle
size distribution.5 However, the impurities, especially the
unburned carbon residue and iron(III) in WCS, also coexist in
the crystalline phases and significantly affect the whiteness and
purity of CaCO3. Therefore, the deep separation of unburned
carbon residue and iron(III) is essential to recycling and
resource utilization of WCS. Many attempts have been made
to remove unburned carbon residue and iron(III), such as
froth flotation or adsorption of unburned carbon in mineral
processing6−8 and chemical precipitation or extraction of
iron(III) from the adsorption systems.9,10

Unburned carbon residue in WCS represents the main factor
restricting the whiteness of the product. Generally, it is
processed via burning, and high temperature is costly with
large amounts of energy consumed. An economical and
efficient physical and chemical method has huge prospects for
large-scale industrial applications to avoid additional roasting

energy consumption. It has been shown that the conventional
flotation method can significantly strip unburned carbon
through bubble adsorption. Zhang et al.11 reported that most
of the fine slag was not polymerized in the carbon residue, and
froth flotation could be realized for separation. It is also found
that reverse flotation yields a superior separation effect than
positive flotation. The composite collectors containing
AC1201 and kerosene could effectively separate fine carbon
residue, but the content of tailings did not exceed 90%.8

However, the entrainment of reagents remains a critical issue,
resulting in high collector consumption and low recovery
ability.12,13 In addition, iron(III) is another major impurity that
directly affects the performance of final CaCO3 products.
Increasing evidence14,15 suggest that the solvent adsorption
method based on tributyl phosphate (TBP) is suitable for iron
removal. The adsorbent containing 12.5 vol % TBP and 87.5
vol % kerosene exhibits satisfying adsorption of Fe3+ from raw
phosphoric acid. Notably, in the (NH4)2SO4 leaching system,
over 90% of the calcium in WCS is first extracted into the
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insoluble CaSO4·2H2O. Accordingly, chemical precipitation
cannot fully separate iron(III) and calcium components. Based
on the inspiration of the froth flotation principle, unburned
carbon can be adsorbed by organic reagents and stripped
through phase separation. Therefore, emphasis should be
placed on selecting organic solvents that can effectively adsorb
unburned carbon. It is well recognized that unburned carbon is
hydrophobic, and the adsorption process is commonly
enhanced using solvents with hydrophobic and non-ionic
hydrophilic groups.16 Indeed, conventional oils such as
kerosene, fuel oil, and waste oil17 exhibit good adsorption
performance in low-rank coal systems. However, the relatively
low unburned carbon content in the suspension system leads
to weak adsorption ability under the same conditions. It has
been shown that TBP also has a certain adsorption effect on
unburned carbon particles. Moreover, current evidence18

suggests that the presence of iron ions is beneficial in
enhancing the adsorption of other substances from the acidic
system by TBP. Therefore, synergistic adsorption of unburned
carbon by iron-loaded TBP in a sulfate suspension system
represents a cost-effective approach to removing unburned
carbon and iron impurities. In addition, since the detailed
adsorption process, including the adsorption site of unburned
carbon, cannot be directly observed, the density functional
theory (DFT) calculation on the adsorption mechanism is
implemented. It has been reported that DFT simulation can
visually clarify the adsorption mechanism between the solvent
and metal ions.14,18 However, the effect of functional groups of
carbonaceous surfaces on the adsorption mechanism is rarely
mentioned. Therefore, it is necessary to figure out the
adsorption mechanism of TBP on the carbon surface by
DFT simulation.
In this work, TBP is used for calcium recovery from the

(NH4)2SO4 leaching system, and the influencing factors,
including concentration and phase ratio on the unburned
carbon adsorption behavior, are systematically studied. Addi-
tionally, a certain amount of H2SO4 solution is employed to
adjust the pH value of the system, which can not only remove
the iron(III) by solid−liquid separation but can also convert
CaCO3 from raw materials into the desired CaSO4·2H2O.
Furthermore, the DFT method is employed to better
understand the adsorption mechanism of carbon residues.
Finally, to better reveal the underlying adsorption mechanism,
the effect of the type of functional groups in the carbon
structure on the adsorption is determined using molecular
electrostatic potential (MEP) and adsorption energy based on
DFT calculation.

2. EXPERIMENTAL SECTION
2.1. Materials. WCS is obtained from Beiyuan Chemical

Group Co., Ltd., Shanxi, China. The chemical components are
determined by X-ray fluorescence (Panalytical) and thermog-
ravimetric analysis (TGA, Mettler), and the results are listed in
Table 1. More than 80% of calcium components are detected
in WCS, and the remaining 11.16% is mainly attributed to
unburnt carbon residue and iron(III). The adsorbent of TBP is

purchased from Macklin, and the chemical structure is
exhibited in Figure 1. The adsorbent is prepared by mixing

TBP and sulfonated kerosene at the designed volume ratio in a
500 mL volumetric flask. 98% sulfuric acid (H2SO4) is
purchased from the China National Pharmaceutical Group
Corporation. Ultrapure water (conductivity ≤10−4 S m−1) is
used for the experiment and chemical analysis. All chemical
reagents are used without further purification.

2.2. Separation and Purification. As shown in Figure 2,
to prevent impurities from being wrapped by the leaching

product (gypsum), the extraction process was conducted by
simultaneously mixing WCS, (NH4)2SO4 solution, and organic
phase (TBP) in a 50 mL centrifuge tube. Then, the mixture
was stirred vigorously in a thermostatic heating magnetic
stirrer at the desired temperature. The reaction was conducted
for 30 min to ensure that the adsorption achieved equilibrium.
After centrifugation, the aqueous solution phase (NH4OH)
was separated and stored for further carbonation. Subse-
quently, 1 mol/l of H2SO4 was added dropwise to the raffinate
phase to adjust equilibrium pH values. During this process,
iron(III) was converted into Fe3+ aqueous solution, and the
weathered CaCO3 from raw material could be completely
removed without introducing new impurities. After continuous
stirring for 30 min, the suspension was transferred to a
separatory funnel for the final phase separation. The solid−
liquid mixed phase in the lower layer was filtered, and the
precipitate was washed using distilled water and then dried at
65 °C for 24 h. In contrast, the organic phase loaded with the

Table 1. Chemical Components of Waste Carbide Slag (wt
%)

sample CaO Ca (OH)2 CaCO3 Fe2O3 SiO2 Al2O3 C

WCS 83.0 73.38 9.23 4.78 3.7 1.31 6.38

Figure 1. Chemical structure of tributyl phosphate.

Figure 2. Flow sheet of the impurity separation and recycling of the
adsorbent.
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carbon residue was desorbed using deionized water, and the
organic solvent was fed back to the leaching step for the next
recycling.
The amount of iron in the leaching residue was then

identified by chemical analysis [inductively coupled plasma
optical emission spectroscopy (ICP-OES)], and the contents
of carbon before and after adsorption were determined by an
elemental analyzer vario EL cube. The extractive ratio of iron
and carbon was calculated according to the following equation

i
k
jjjjj

y
{
zzzzz

m w
m w

1 100%Fe c
i i

0 I
= ×

×
×\

where mi is the weight of the leached residue after extraction
equilibrium, mg; wi is the amount of iron or carbon in the
leached residue, %; m0 is the initial mass of WCS, mg; and wI is
the amount of iron or carbon in raw materials, %.

2.3. Characterization and Analysis. The infrared spectra
before and after adsorption were measured by Fourier
transform infrared (FTIR) spectroscopy with attenuated total
reflection accessories (Tensor-27, Bruken). An inductively
coupled plasma optical emission spectrometer (Thermal Fisher
ICAP 6000, USA) was used to detect the concentration of
iron(III) in the solutions. The micromorphology was captured
before and after adsorption using a scanning electron
microscope (SU-8010, Hitachi) under an accelerating voltage
of 3 kV (Beam Current: 0.1 nA, Spot Size: 30). The X-ray
photoelectron spectroscopy measurements were obtained
using a Thermo Scientific ESCALAB 250Xi X-ray photo-
electron spectrometer (XPS, USA). C 1s peak at 284.6 eV was
applied to compensate for the surface charge effects of binding
energies. A digital pH meter (Rex PHS-3C, China) was used to
monitor the pH of the suspension with an accuracy of ±0.01
PH. Moreover, the contents of CaCO3 in gypsum before and
after acidification were measured by TGA (Mettler).

2.4. DFT Calculation. In this work, the DFT, which
provided a good balance between calculation efficiency and
accuracy,19−21 was applied to calculate structural properties. All
DFT calculations were performed with the Forcite program
package of Materials Studio software. The COMPASS force
field was used to model the interactions between the adsorbent
(TBP) and oxygen-containing functional group in carbon
residues, including van der Waals and the Coulomb

interactions. The simulations were performed using the
Nose−Hoover thermostat and NVT ensemble with a time
step of 1 fs.22 Besides, periodic boundary conditions were used
to avoid the influence of boundary or finite size. Every
adsorption model was set with rigid characteristics, which
meant that bond lengths and angles were fixed. The outer
surface of the crystals and surface effects were also neglected in
the simulations. It has been shown that carbon rings from a
single-layer graphite structure were successfully applied to
simulate carbonaceous surface models.23 In the current work,
different oxygen-containing functional groups were con-
structed based on graphite to investigate the adsorption
characteristics of TBP on the surface of the functional oxygen
group. The relative electron density is an important index in
adsorption, and the MEP (ESP) calculations were carried out
in the GAUSSIAN program package. For geometry optimiza-
tion calculations, the B3LYP functional24 and def2-SVP basis
set25 were used, and the optimal geometry for each compound
was determined.
The adsorption energy (Ebind) was an important index to

evaluate the adsorption process, and the interaction energy was
calculated by the following formula

E E E E( )bind complex A B= +

where Ecomplex is the total energy of TBP and the carbon
residue model in the equilibrium state, EA is the energy of a
single TBP molecule, and EB is the energy of the carbon
residue model.

3. RESULTS AND DISCUSSION
3.1. Adsorption of Carbon Residue. The whiteness of

CaSO4·2H2O is directly related to further utilization and
application. In this system, the carbon residue is the main
component that affects the whiteness, and it is found in
CaSO4·2H2O in two possible forms: (1) attached to the
surface of CaSO4·2H2O and (2) wrapped in CaCO3 that is
formed by natural weathering. Notably, the wrapped carbon
residue is completely exposed in the CaSO4·2H2O suspension
along with the addition of H2SO4 solution. Here, the organic
solvent (TBP) is employed to extract the carbon residue from
the CaSO4·2H2O suspension. The carbon adsorption ratio (ε)
is widely acknowledged as an important index of the
adsorption process for carbon separation. Besides, the

Figure 3. Adsorption performance under different conditions: (a) concentration and (b) phase ratio.
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whiteness of the purified CaSO4·2H2O is evaluated. As shown
in Figure 3, the adsorption ratio of the carbon residue with
different concentrations of adsorbents is studied systematically.
The adsorbents ranging from 0.5 to 2.0 mol/L are prepared by
TBP dissolved in sulfonated kerosene.26 We find that 0.5−1.5
mol/L TBP yields a significant adsorption effect on the carbon
residue. As shown in Figure 3a, TBP exhibits a relatively
excellent adsorption performance, and the carbon adsorption
ratio reaches 95.6% with 2.0 mol/L TBP. A study27 showed
that TBP had a relatively good adsorption sensitivity in acidic
circumstances, suggesting that the H2SO4 solution enhanced
the adsorption behavior to a certain extent. Additionally, it can
be seen that the initial whiteness of the produced CaSO4·2H2O
is less than 80%, while the purified CaSO4·2H2O is increased
to 93%, which can meet the requirements for further
applications. The effects of phase ratio (O/S) from 1:1 to
1:5 is also investigated to better understand adsorbent
consumption during adsorption. As shown in Figure 3b, a
lower dosage of organic solvents is not conducive to carbon
adsorption. The relative superior adsorption performance of
96% is obtained at an O/S of 1:2, yielding purified CaSO4·
2H2O with 93% whiteness. The relatively high dosage of
organic solvents can not only provide more contact chance
between carbon and the active site of TBP but can also supply
the driving force to overcome the resistance of mass transfer,
leading to an increase in carbon uptake.26,27 When the organic
phase ratio is further decreased to 1:5, the carbon adsorption
ratio steeply decreases to 80%. Correspondingly, the whiteness
of purified CaSO4·2H2O shows the same tendency. Based on
the above analysis, TBP with an optimum phase ratio of 1:2 is
adopted in the subsequent experiments.

3.2. Removal of Iron(III). In addition, it is widely
acknowledged that iron(III) exists as Fe3+ at a certain
concentration in an acidic system. Figure 4 shows the effect

of H2SO4 concentration ranging from 0.2 to 2.0 mol/L on
iron(III) removal at 30−60 °C. It can be seen that the
stripping ratio of iron(III) is increased with the increase of
H2SO4 concentration, and the maximum stripping capacity is
achieved in the range of 0.6−1.0 mol/L. Meanwhile, the
iron(III) stripping ratio increases with the increase of
temperature, and more than 95% of iron(III) can be removed
at a temperature of 40 °C. Notably, due to weathered CaCO3
in WCS, the calcium source in the raw material could not be
fully converted into the desired calcium product (CaSO4

2H2O) in this leaching system. Besides, at further stage of
CaSO4 2H2O carbonation, the formation of final calcium
carbonate undergoes two critical processes: nucleation and
crystallization. The existence of weathered CaCO3 affects the
crystal growth of the final calcium carbonate, which is not
conducive to the particle size control of the final calcium
carbonate. Therefore, the addition of a low-concentration
H2SO4 solution can not only remove impurities from iron(III)
but also contribute to converting weathered CaCO3 into the
desired CaSO4 2H2O.
To further determine the influence of H2SO4 concentration

on the weathered CaCO3 dissolution, Figure 5 shows the TGA
analysis of the acidified products. It can be clearly seen that
there is an obvious weight loss in the temperature range of
100−200 °C, which is caused by the weight loss of the crystal
water of gypsum, and the corresponding content of CaSO4
2H2O is also increased with the increase of H2SO4
concentration. However, the weight loss using 2.0 mol/L
H2SO4 solution is lower than that of the 1.0 mol/L solution,
indicating that the mixed crystalline phases (CaSO4·0.5H2O/
CaSO4·2H2O) of calcium sulfate are formed (crystalline phase
results in Figure S1). In our previous study,5 the crystal phase
of CaSO4·2H2O was the key product that affected the
crystallization of nano-sized CaCO3. Therefore, a higher
H2SO4 concentration is not recommended because the
acidified product is changed. Besides, another obvious weight
loss is also observed in the temperature range of 550−750 °C,
which is attributed to the decomposition of weathered CaCO3.
From the TGA curve, it can be visually seen that the weight
loss peak of weathered CaCO3 gradually disappears with the
increase of H2SO4 concentration. Furthermore, according to
the pie chart of the CaCO3 content, the concentration range of
0.6−1.0 mol/L can effectively remove the weathered CaCO3,
which also explains the reason why the iron(III) stripping ratio
is slowly increased when the H2SO4 solution is 0.6−1.0 mol/L.
Moreover, Figure 6 shows the purity and whiteness indexes

of the calcium leaching product (CaSO4·2H2O) before and
after impurity separation. It can be seen that the whiteness of
CaSO4·2H2O is increased from 78 to 93%, and its purity is also
increased to about 93.5% after decarburization. Finally, after
further dissolution and acidification of iron(III) impurities with
1.0 mol/L H2SO4 solution, about 95.5% purity and 95%
whiteness of CaSO4·2H2O are obtained. Furthermore, we
compare and analyze both the purity and whiteness indexes of
CaSO4·2H2O obtained from pure calcium hydroxide
(99.999%) under same leaching conditions. It can be clearly
seen that after impurity separation and purification, both the
purity and whiteness indexes of CaSO4·2H2O leached from
WCS are similar to those of pure calcium hydroxide, which can
fully meet the requirements of the calcium source for the next
carbonation stage.

3.3. Adsorption Mechanism. It is well established that
the CaSO4·2H2O precipitate is insoluble, and the micro-
structural characteristics of CaSO4·2H2O and attached
impurities can be visually observed by SEM−EDX analysis.
As seen in Figure 7a, the particles of CaSO4·2H2O exhibit a
rod-like shape with a length of up to 10 μm, covered by a large
number of fine particles. Correspondingly, the content of main
elements Ca, O, and S from EDX analysis further confirms the
formation of CaSO4·2H2O, while the elements of Al, O, C, and
Si with lower amounts are ascribed to impurities. After
adsorption, the surface of CaSO4·2H2O crystals is smooth, and
the small particles attached are completely cleaned out (Figure

Figure 4. Effect of H2SO4 concentration on iron(III) removal.
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7b). Additionally, the EDX results show that a majority of
impure elements are separated, indicating that both CaCO3
and carbon residues in the leached product are effectively
removed.
Furthermore, FTIR spectroscopy is employed to gain further

insights into functional group changes before and after
adsorption. In Figure 8, absorption in the range 3000−2800
cm−1 belongs to C−H stretching vibration and the peaks at
1500−1340 cm−1 are ascribed to C−H and −CH3 bending
vibrations of the alkyl group of TBP. The absorption peak at
1265 cm−1 is attributed to the P�O stretching vibration for
TBP. The stretching vibration of the P−O−C group
corresponds to the peaks at 1020 and 981 cm−1.14,27,28

Notably, the absorption peak of the P�O bond appearing at
1265 cm−1 is still present after adsorption, indicating no strong
interactions between the P�O group and the carbon residue.
The most significant change is the shift of the P−O−C
vibration peak, probably owing to the formation of a
coordination interaction. However, the single-bonded oxygen
normally exhibits a weaker polarity than the double-bonded
oxygen. Thus, it is preliminarily inferred that the possible
interaction site between TBP and the carbon residue during

the adsorption process may occur in the vicinity of the P−O−
C group.
To further figure out which carbon functional groups in the

carbon residue interact with TBP, the XPS spectra of solid
phases before and after adsorption are also recorded. The XPS
survey spectra presented in Figure 9a show that three strong
peaks at about 530.9, 347.8, and 169.2 eV correspond to O 1s,
Ca 2p, and S 2p, respectively, indicating that CaSO4·2H2O is
the main component. Notably, the C1s peak in the purified
product at about 284 eV shows a lower intensity, suggesting
that TBP is beneficial for removing carbon impurities in
CaSO4·2H2O. Moreover, the C 1s XPS spectrum is fitted as
four vibration satellite peaks using the Gaussian fitting method.
The peaks at 284.8 and 285.7 eV are attributed to C−C/C−H
and C−O groups. The remaining two peaks at 287.2 and 289.2
eV are assigned to C�O/O�C−O (in low-rank coals) and
COO− groups, respectively.29 Table 2 shows the relative
contents of carbon-containing groups of the C 1s peak
corresponding to C−C/C−H, C−O, C�O/O�C−O, and
COO−. Combined with Figure 9b,c, it is obvious that the
content of the carboxyl group decreases after adsorption. This
phenomenon may be ascribed to the strong interactions
between carboxyl in the carbon residue and TBP at the

Figure 5. TG analysis of the acidified products.

Figure 6. Purity and whiteness of the gypsum products: (a) purity and (b) whiteness.
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position of the P−O−C/P�O group, leading to the effective
separation of the carbon residue from the precipitated CaSO4·
2H2O. In addition, the relative amounts of C−C/C−H (284.8
eV) and C−O (285.7 eV) are slightly higher, which may be
related to the C−C/C−H and C−O groups in TBP.

3.4. DFT Calculation. We employ molecular dynamics
simulations based on FTIR and XPS analyses to further
determine the interaction sites between TBP and organic
functional groups in the carbon residue. Figure S3 shows the
optimal structure and equilibrium structure of the TBP
molecule and the low order carbon model grafted with
different oxygen groups. It can be observed that TBP
molecules are mainly adsorbed on the surface of carboxyl
and ester groups in a planar configuration after optimization
calculation. The bond length of carbon−carbon bond or
carbon−oxygen bond connected with the carboxyl group and
ester group has deviated after optimization calculation. Besides,
the carboxyl group is closer to the TBP molecule, which is

basically consistent with the result of XPS analysis. It is
indicated that the TBP molecule has a significant effect on the
adsorption configuration of the low order carbon structure on
the surface of the carboxyl group. Moreover, it can be seen
from Table S1 that the adsorption energy (Ebind) between TBP
and the carboxyl group (0.76 eV) is higher than that of the
ester group (0.55 eV), which indicates that there is a relatively
large interaction force between TBP and the carboxyl group,
making TBP more likely to occupy the adsorption site.30

Furthermore, the probability of carboxyl at a certain distance
from TBP is calculated by the radial distribution function
(RDF). As seen in Figure 10, the graph features plenty of sharp
peaks, indicating that the probability of occurrence for the
particles is relatively fixed in some positions and particles
exhibit a well-arranged distribution.31 In addition, information
on the interaction of atoms between TBP and the carbon
residue model is acquired using RDFs.22,32 In our study,
intermolecular hydrogen bonding is adopted to characterize

Figure 7. SEM analysis of the purified products (a) before and (b) after adsorption.

Figure 8. FTIR analysis of the purified products (a) before and (b) after adsorption.
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intermolecular interactions. The established cutoff distance
between intermolecular oxygen and hydrogen of 2.45 Å is
often used to demonstrate the presence of hydrogen
bonding.22 As shown in Figure 9, the single bond oxygen
atom in TBP is coordinated to the hydrogen atoms of carboxyl
in the carbon residue model, and a relatively sharp peak is
observed at 1.8 Å. It can be inferred that strong hydrogen
bonds are formed between the carboxyl group and the TBP
molecule. Furthermore, the peak intensity of the single bond
oxygen-carboxyl system reaches 70. Correspondingly, the
distances between double bond oxygen atoms in TBP and
hydrogen atoms of carboxyl fall within the cutoff range, verified
by the peaks at approximately 2.1 Å in RDFs. However, the
peak intensity of the double bond oxygen-carboxyl system is
relatively weak, indicating weak or no hydrogen bonding
interaction. Based on the above analysis, the interaction sites
between TBP and the carbon residue organic functional group
are more likely to occur at the position of P−O, which is in
accordance with the results of the FTIR analysis.
The MEP (ESP) can be used to predict the partial reactivity

of the molecule. Figure 11 shows the ESP map of the formed
complex structure and the color associated with the charge
density. Herein, blue areas are positively charged and red or
orange areas are negatively charged. It can be clearly seen that
this system is a combination of electropositive and neutral

Figure 9. (a) XPS full spectra scans before and after adsorption; (b) C 1s XPS spectra before adsorption; (c) C 1s XPS spectra after adsorption.

Table 2. Classification and Relative Content of the Organic
Carbon of Samples

sample C−H/C−C C−O C�O/O�C−O COO−

before 55.13 24.77 11.85 9.11
after 57.97 26.52 10.99 4.01

Figure 10. RDF for: (a) carboxyl H-TBP double bond O and (b)
carboxyl H-TBP single bond O.
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fragments. The TBP displaying an electric neutrality spot
center on the P�O functional group has a trend to absorb the
electropositive spots associated with [Fe (H2O)6]3+ cation.
Additionally, the light-green areas surrounding TBP indicate
that the interaction with iron ions may occur through electron
clouds generated by the sp2 hybridization orbital.

33,34

3.5. TBP Cyclic Capacity. It is a necessary step to reuse the
adsorption capacity of TBP, so the recycling performance of
TBP is also evaluated (Figure 12). The result shows that the
carbon adsorption ratio remains around 90% after TBP cycling
five times. Subsequently, the carbon adsorption ratio decreases
by ∼20%, and the whiteness of CaSO4·2H2O correspondingly
decreases to 80% in the 10th cycle. These findings indicate that
TBP is a promising adsorbent for the selective separation of
the carbon residue in this system, and more work is needed to
improve the recycling ability for long-term use.

4. CONCLUSIONS
In this work, we have proposed a stepwise calcium separation
method from an (NH4)2SO4 leaching system. The results show
that nearly 96% of the carbon residue can be removed under
the optimal conditions of 2.0 mol/L TBP and phase ratio of
1:2. Meanwhile, more than 95% of iron(III) can be stripped at
a temperature of 40 °C with 1 mol/L H2SO4 solution.
Correspondingly, the 95.5% purity of CaSO4·2H2O with a

whiteness of 95% is effectively separated. Furthermore, the
adsorption performance between TBP and the carbon residue
at the atomic level shows that the strong interaction forces
between TBP and the carboxyl group make it easier to occupy
more chemisorption sites on the surface. The recycle ability of
TBP in subsequent adsorption shows that the adsorption
percentage remains more than 90% after 10 cycles. The
convenient regeneration of TBP further confirms the feasibility
of this method in industrial applications.
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