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Abstract: A new green synergistic extraction agent (di-2-ethylhexyl phosphoric acid (D2EHPA)—decanol) was
developed to recycle Ni(Il) from nickel plating effluent. The results show that the D2EHPA—decanol mixture carrier
provided a significant synergistic effect in the process. When sulfonated kerosene or sunflower seed oil was used as a
diluent, the single extraction efficiency of Ni(II) reached 97.8% and 97.1%, respectively. After three-times extraction,
the Ni(II) concentration in the nickel plating effluent decreased to below 1 mg/L. Additionally, in the stripping stage, the
stripping efficiency of Ni(I) in the D2EHPA—decanol mixed carrier was larger than that of D2EHPA. Mechanism
studies indicate that the polar groups (—OH) from decanol initially break the hydrogen bonds in the D2EHPA dimer
structure. Afterwards, van der Waals forces shorten the bond length of P—O to form electron-rich centers of O atoms.
Finally, a new P—O—Ni structure is formed through interactions between P—O bond and nickel ions under

electrostatic forces.
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1 Introduction

Nickel is widely used in many processes and
products, such as electroplating and electroless
plating, as catalysts, in metallic alloys, and in
batteries [1—3]. With its rapid economic growth,
China has become the world largest consumer and
importer of nickel resources, which may accelerate
the depletion of China’s mineral resources [4]. In
addition, high concentrations of nickel compounds
in the environment may cause serious damages to
human health [5—7]. Therefore, recycling of nickel
resources is a very important issue for health and

environment.

In recent years, the removal and recovery of
heavy metals from plating effluents has been of
great concern. The conventional technologies for
treating wastewater containing heavy metals are
mainly based on chemical precipitation, ion
exchange method, electrodialysis, and solvent
extraction. However, the chemical precipitation
method requires the addition of chemical
substances that produce sludge containing a lot of
heavy metals, resulting in secondary pollution [8].
In the ion exchange method, the ion exchange resin
is not resistant to elevated temperatures and may
be easily oxidized and fail to properly function [9].
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The electrodialysis method is highly selective and
does not produce sludge. However, this process is
highly energy consuming and expensive with side
reactions [10]. Solvent extraction is the most
commonly-used method to separate and concentrate
metal ions in aqueous solutions [11,12]. However,
when a single extractant is used as a carrier in the
extraction system, the load capacity for metal ions
is weak. Therefore, to improve the extraction
efficiency, often one or more substances acting as
synergists (synergistic extractant) are added to
the system [13]. For example, ZHOU et al [14]
used Cyanex 572 (a phosphorus-based chelating
extractant) and n-octyl diphenyl phosphate (ODP)
to extract Th(IV) from the leaching solutions
of rare earth residues. They found a synergistic
enhancement factor as large as 12.40 at a mole ratio
of 1:2. Moreover, the addition of a synergist may
increase the stripping efficiency and the selectivity
of the extraction process. WU et al [15] used
di-isobutyl ketone (DIBK) and di(1-methyl-heptyl)
methyl phosphonate (P350) for selective extraction
of hafnium (Hf) on zirconium (Zr). The separation
factor in the process reached 17.6. In addition, it
was found that 82.2% of Zr can be stripped
using 1.5 mol/L H,SO4 solution, reducing the
consumption of sulfuric acid.

Diluent is an important component in the
organic phase of the solvent extraction process.
Solvent extraction systems commonly use
petroleum-based organic solvents as diluents [16],
such as sulfonated kerosene, chloroform, and
dichloromethane. However, these diluents are
hazardous, non-renewable, non-biodegradable,
and flammable typically. With consideration of
environmental pollution and for the development of
green processes, several studies have suggested use
of plant oils as replacement for petroleum-based
organic solvents. Although CHANG et al [17] used
D2EHPA and tri-n-butyl phosphate (TBP) in
vegetable oil-based organic solvents to extract
more than 98% of Cu(Il) in aqueous solutions,
there is no research on the effects of organic phase
regeneration on synergistic extraction processes.
SULAIMAN and OTHMAN [18] used LIX63—
D2EHPA synergistic extraction system with palm
oil as a diluent to successfully extract 75% of Ni(II)
from the electroplating effluent containing Ni(I) at
a concentration of 4156 mg/L. However, for the
stripping process, usage of 4 mol/L HNOs solution

could strip only 79% of nickel from the loaded
organic phase. At the same time, the extraction
efficiency of Ni(Il) using regenerated palm
oil-based organic phase was observed only at 2%.
Furthermore, to the best of our knowledge, the
detailed study of Ni(Il) extraction from the nickel
plating effluent through green synergic binary
mixture of D2EHPA—decanol system has not been
proposed.

Herein, we studied the process parameters
for extracting Ni(Il) from nickel plating effluent
with a synergistic extraction system composed
of D2EHPA-decanol mixed carrier. We also
investigated the effects and mechanism of different
kinds of plant oils and their mixing ratios with
sulfonated kerosene on the extraction efficiency of
Ni(I). Finally, we discussed the mechanism of the
synergistic extraction and the recycling process of
the organic phase. It is a promising alternative for
the extraction of valuable heavy metals from
industrial effluents.

2 Experimental

2.1 Materials

Nickel plating effluent sample was obtained
from Nanchang City, Jiangxi Province, China. The
effluent sample was dark green with a pH value of
3.57. Atomic absorption spectrophotometry (AAS)
and ion chromatography (IC) analytical techniques
were used to characterize the chemical composition
of the effluent. The results of analyses are presented
in Table 1. The sources and grades of the
chemicals used in this study are provided in the
Supplementary Material (SM).

Table 1 Chemical compositions of nickel plating
effluent (mg/L)

Ni>* K' AP Cu** PO NO; CI° F  SOf
3673 206.4 28.7 90.6 98.5 102.3 62.4 684.9 872.8

2.2 Characterization
The characterization methods are presented in
the Supplementary Material.

2.3 Experimental procedures and parameters

We studied the following variables: Carrier
and synergist types, concentration of D2EHPA
(0.15-0.9 mol/L), decanol content (5%—45%,
volume fraction), the pH of the aqueous phase
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(0.64-5.58), time (from 30 s to 90 min), type of
stripping acid, concentration of stripping acid
(0.4—2.5 mol/L), diluents type, and mixing ratio.
All experiments were performed at A/O ratio of 1:1
and room temperature ((25+1)°C). The specific
experimental procedures are given in the
Supplementary Materials.

2.4 Calculations

The saponification degree (Sg), extraction
efficiency (FE), distribution ratio (D), stripping
efficiency (S), and synergistic enhancement
factor (R) were calculated using the following
equations [19,20]:

C -V,
| —_ NaOH "ad . 100% (1)
CDZEHPA 'Vorg
CiVi - Ca Va
E=—1_"2%,100% ()
D=C,,/C, 3)
Cr.
S=—"5 x100% (4)
org’ org
R= Dmix /(DDZEHPA + DDecanol) (5)

where Cj, Cag, Cs, and Cor are the concentrations (in
mg/L) of Ni(Il) in input effluent feed phase,
aqueous phase after extraction, aqueous phase after
steam stripping, and organic phase, respectively; V;,
Vag» Vs, and Vi are the volumes of feed aqueous
phase, aqueous phase after extraction, stripping
solution, and organic phase, respectively. In Eq. (5),
Dunix, Dp2nra, and Dpecanol are the distribution ratios
of D2EHPA and decanol mixture, D2EHPA alone,
and decanol alone, respectively.

2.5 Statistical analysis

All the data in the current study were
presented as mean + standard deviation. Analysis of
Variance (ANOVA) was conducted to evaluate the
differences among different tests. All the analyses
were performed using SPSS software, version 24.0.

3 Results and discussion

3.1 Extraction experiments

3.1.1 Effects of carrier and synergist types on Ni(II)
extraction
The results of experiments conducted with

different carriers and synergists on the extraction
efficiency of Ni(Il) are shown in Fig. 1. Acidic
extractant could extract Ni(Il) from nickel plating
effluent (Fig. 1(a)). The extraction effect of the
neutral extractant on Ni(Il) was negligible. At
the same time, D2EHPA provided an extraction
efficiency of 45.8%. This observation is because
D2EHPA has a high acidity constant, good
solubility, and protonation degree. Therefore, the H
atom of the hydroxyl group in D2EHPA can be
easily replaced by Ni(II). The extraction efficiency
determined for LIX63, an acidic chelating oxime
type, was found to be 41.6%. However, the
process with the acidic chelating oxime extractant
in the extraction and stripping extraction stages
takes a long time [21]. Although Cyanex 302
(bis(2,4,4-trimethylpentyl) monothiophosphinic
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Fig. 1 Effects of various carrier and synergist types on
Ni(Il) extraction efficiency: (a) Carrier; (b) Synergist
(Cearrier: 0.5 mol/L, Cpzenpa: 0.5 mol/L, synergist: 10%
(volume fraction), diluent: sulfonated kerosene, pH: 3.57,
and time: 15 min)
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acid) provided an extraction efficiency value of
31.6%, alkylphosphinic acid extractants are very
easily oxidized and decomposed, especially in the
presence of Fe(lll) or Cu(ll). Furthermore, the
concentration of stripping acid has been found to be
as high as 6 mol/L [22]. Based on the maximum
extraction efficiency values of Ni(Il), substance
D2EHPA was selected as the most suitable carrier
in the synergistic extraction system.

Synergistic extraction is a way to increase
the extraction efficiency. When two molecules of
carrier transfer the metal ions from the aqueous
phase to the organic phase, the extraction efficiency
becomes greater than that using each of the carriers
alone, which is called synergy effect. It was
observed that D2EHPA produces a significant
synergistic extraction effect with the added alcohols
and methyl isobutyl ketone (MIBK). The reason for
this effect is that both alcohols and MIBK are
strongly polar chemical compounds, promoting
sufficient contacts between the aqueous and organic
phases (Fig. 1(b)). Among them, the D2EHPA-
decanol synergistic extraction system revealed
the greatest extraction efficiency of 72.5%. The
extraction system of D2EHPA-TBP has an
antagonistic effect on the extraction of Ni(Il),
because the solvation carrier is weakly basic in
nature and can extract neutral metal complexes or
alkali metals [23]. In addition, the combination of
acidic-solvating properties may reduce the acidity
of the membrane phase and the degree of
protonation of the carrier complex, and prevent
the formation of the metal-organic complexes in
tetrahedral or octahedral structures [24].

Based on the extraction efficiency of Ni(Il)
and the maximum synergistic effects, decanol was
selected as the synergistic extractant for the
following experiments.

3.1.2 Effects of D2EHPA concentration and
saponification degree on Ni(Il) extraction

The concentration of D2EHPA is a very
important variable in the extraction experiments.
In the experiments, the extraction efficiency of
Ni(Il) increased with the increase of D2EHPA
concentration (Fig. 2(a)). This observation is due to
the increase in the extractant concentration, causing
an increase in the number of D2EHPA molecules
that provide more coordination groups to combine
with Ni(II), allowing Ni(II) to enter into the organic
phase. When the concentration of Cpzenpa increased

from 0.75 to 0.9 mol/L, the extraction efficiency of
Ni(II) slightly increased. Considering the economic
and environmental costs, the concentration Cpogmpa
of 0.75 mol/L was selected for further experiments.
At the same time, when the concentration of
D2EHPA increased from 0.15 to 0.75 mol/L, the pH
of the aqueous phase linearly decreased in the
extraction equilibrium conditions (Fig. 2(b)). When
the concentration of D2EHPA reached 0.75 mol/L,
the pH value of equilibrium aqueous phase tended
to be stable. This behavior is due to the overall
extraction of metal ions from aqueous media by
D2EHPA, expressed as Reaction (6) [25]:

Me(y) +n(HA),<=MeA,, (HA),, . ore) + mH(*aq)

(6)
where n is a stoichiometric constant and (HA):
represents D2EHPA molecule.

According to Reaction (6), the D2EHPA
molecules exchange protons with the metal ions
present in the aqueous phase. The extraction of
metal ions causes an increase in the aqueous phase
acidity or decreases the pH of the solution.

Because H" ions are released into the aqueous
phase during the extraction process, the pH value of
this phase decreases, which is not beneficial to the
metal extraction process. Therefore, the extractant
is saponified to keep the pH value stable during the
extraction process. At D2EHPA concentration of
0.75 mol/L, the effect of saponification degree on
the extraction efficiency of Ni(Il) was studied. In
the experiments, the optimal saponification degree
was observed to be 50% (Fig.2(c)). When the
saponification degree continues to increase, the
extraction efficiency of Ni(Il) decreases instead.
After saponification of D2EHPA, the saponified
extractant forms a water-in-oil microemulsion in an
organic phase. When the saponification degree is
50%, the water content in the microemulsions
reaches to a critical value. Further increase in the
saponification degree will cause break down of the
water-in-oil microemulsion structure [26]. At the
same time, when the saponified D2EHPA was used
to extract Ni(Il), the pH of the aqueous phase at
equilibrium slightly decreased compared with the
initial pH (Fig. 2(d)). This behavior can be due to
the chemical reactions presented in Reactions (7)
and (8) during the extraction process of saponified
D2EHPA:

2NaOH aqyH(HA)2(org=2NaA (aq+2H>0 7
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Fig. 2 Effects of D2EHPA concentration (a, b) and saponification degree (c, d) on extraction efficiency (a, ¢) and
equilibrium pH (b, d) (Diluent: sulfonated kerosene, pH: 3.57, and time: 15 min)

mNaA

m+
(org) +Me(aq) = MeA

)+mNaE'aq) (8)

m(org

This extraction process could be described
as “neutralization—ion exchange” mechanism.
Initially, acid-base neutralization reaction occurs,
followed by the cation exchange process. In this
“neutralization—ion exchange” process, no H" ion
is released. Therefore, decrease in the pH of the
aqueous phase after the extraction is relatively
small. The lower acidity of the aqueous phase
favors the extraction reaction represented in
Reaction (6).

3.1.3 Equilibrium slope analysis

The organophosphorus extractants, such as
D2EHPA, PC88A, and Cyanex 272 form
organometallic complex in the form of
MeA(HA)z-n with the molecules of metals
during extraction process, as presented earlier in
Reaction (6).

For extraction of Ni(Il), this reaction can be
written as Reaction (9):

.2 .
Ny H(HA) oy ==NiA, (HA),, 5 (0r) +2H(+aq)

©)

Kex 1s given by Eq. (10):
_ [NiAz (HA)zn—z ](org) ‘[H+ ](zaq)
o INIT THA) T,
Substitution of the distribution ratio (D) into
Eq. (10) gives
p Ko THA Fog an
[H ](aq)

Taking the logarithm on both sides of Eq. (11)

results in Eq. (12):

(10)

ex

1gD=n1g[(HA>2](org)+lg{ Ko } (12)

[H+](2aq)
Plot of 1g Dni versus Ig [(HA):] (accordance
with Fig. 2(a)) at pH 3.57 (initial pH of nickel
plating effluent), shown in Fig. 3, was used to
calculate the number of D2EHPA molecules. At pH
3.57, the slope was found to be 0.9669 (R*=0.9969),
indicating that the number of D2EHPA molecules
was 1. Thus, the Ni extraction reaction can be
represented as Reaction (13):

: 2+ . +
Nij,) + (HA), oy ==NiA, ) +2H,, (13)
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Fig. 3 Effect of D2EHPA concentration on distribution

of Ni at pH 3.57 in kerosene at 25 °C and A/O ratio of

1:1 (Diluent: sulfonated kerosene, pH: 3.57, and time:

15 min)

3.1.4 Quantitative analysis with FTIR spectra

To verify the results obtained from the analysis
in Section 3.1.3, a quantitative analysis with
FTIR spectra was performed on the Ni(Il)-loaded
D2EHPA according to the procedures described
by CHANG et al [17]. The analysis is based
on the highly polar phosphoryl bond (P=0) of
D2EHPA molecules that easily interacts with
Ni(Il). Figure 4(a) shows the phosphoryl band at
1217 ecm™! [27] in different concentrations of free-
D2EHPA (D2EHPA not loaded with Ni(Il)), diluted
in sulfonated kerosene, from 300 to 900 mmol/L.
As exhibited in Fig. 4(a), transmittance decreases
with the increase of free-D2EHPA concentration. To
determine the concentration of D2EHPA in the
Ni(Il)-loaded solution, a calibration curve was
obtained from plot in Fig. 4(a), which allowed
us to identify the transmittance versus D2EHPA
concentration (Fig. S1(a) in SM). Figure 4(b) shows
the FTIR transmittance bands associated with P=0
group (1217 cm™') in D2EHPA loaded with
different [Ni]orz (57.4—187.3 mmol/L). Based on
the relative intensity of phosphoryl bands from
Fig. 4(b), the free-D2EHPA concentration can be
obtained from Fig. S1(a) in SM. The concentration
of Ni-D2EHPA was then calculated by subtracting
the corresponding free-D2EHPA concentration from
the total D2EHPA concentration used, which was
900 mmol/L. By plotting [Ni-D2EHPA] against
[Ni]ore (Fig. S1(b) in SM), a slope value of 1.98 was
obtained, indicating a constant stoichiometric ratio
of D2EHPA to Ni(Il) of 2:1. This result indicates

that Ni(I) is solvated with one molecule of the
dimeric form of D2EHPA with the formation of
NiA, complexes in D2EHPA. This confirms the
results obtained from both the equilibrium slope
analysis.
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Fig. 4 Quantitative analysis with FTIR: (a) FTIR
transmittance associated with P—=O group in D2EHPA
standard (b) FTIR transmittance bands
associated with P—=0 group in DIEHPA organic phase
loaded with Ni(II) (Diluent: sulfonated kerosene, and
time: 15 min)

solutions;

3.1.5 Effects of D2EHPA—decanol

concentration on Ni(II) extraction
Figure 5 depicts the volume fraction of
decanol required to produce maximum synergy
with different concentrations of D2EHPA in the
extraction system. When the concentration of
D2EHPA increased in range of 0.30—0.90 mol/L
and the volume fraction of decanol was 5%—45%
(volume fraction), the extraction efficiency of Ni(Il)
increased from 53.5% to 98.3%. At the same time,
the extraction efficiency of Ni(II) reached a plateau
(97.8%) when Cpzenra Was 0.75 mol/L with decanol
content of 35% (volume fraction). We obtained a
synergistic enhancement factor (Rnimax) Vvalue of
11.89 using Eq. (5). Furthermore, more decanol was
required to obtain the maximum synergistic effect

mixture
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Fig. 5 Effects of D2EHPA—decanol mixture concentration

on Ni(Il) extraction efficiency: (a) Cpaenra=0.30—
0.90 mol/L; (b) Cp2erra=0.75 mol/L (Sa: 50%, diluent:
sulfonated kerosene, pH: 3.57, and time: 15 min; in (b),
each point is expressed as mean+SD (n=3), and different
letters show significant differences at p<0.05)

when D2EHPA concentration increased. After
reaching the peak value, the extraction efficiency of
Ni(Il) decreased. This behavior is due to the polar
groups provided by decanol molecules, causing
coupling among D2EHPA molecules and providing
more D2EHPA extraction sites. However, excessive
decanol tends to wrap D2EHPA molecules and
plays a shielding role against the extraction of
Ni(Il) [28]. Thus, based on these experimental
results, the concentration Cpenpa 0f 0.75 mol/L and
the decanol relative amount of 35% (volume
fraction) were considered for the experiments.
3.1.6 Effects of initial pH and extraction time on

Ni(II) extraction efficiency

The pH of the system is an important factor
affecting the extraction efficiency of Ni(Il). In the
experiments, Ni(II) extraction efficiency increased
with increasing of the initial pH of the nickel
plating effluent (Fig. 6). This behavior could be due

to the presence of fewer H' ions in the aqueous
solution. The more favorable organophosphorus
acidic extractants release more H' ions [29]. When
pH was 3.57 (initial pH of effluent), the system in
the presence of decanol could extract 97.8% of
Ni(Il) in the effluent. When the pH value increased
to 5.58, the extraction efficiency only slightly
increased by 0.4%. At the same time, when only
D2EHPA alone was added as the extractant, system
required a higher initial pH for extracting Ni(I). At
a pH of 0.64 and D2EHPA concentration of
0.75 mol/L, the process could only extract 53.5%
of Ni(Il) from the effluent. However, D2EHPA
accompanied by decanol could increase the
extraction efficiency at lower pH conditions. At pH
0.64, the extraction efficiency was determined as
85.1%. Therefore, it was speculated that the
D2EHPA—decanol synergistic extraction system
provides a great potential in the treatment of the
effluent under lower pH conditions.

100 - [ ] Without decanol : i
1 With decanol s i 2 S
2 g b 2
< 90F i
) f
S : [§]
S 80r <
Z B 2
[
g 70t b
2
X 60 [ .
50

064 149 180 263 357 558

pH
Fig. 6 Effects of initial pH on Ni(II) extraction efficiency
(Cp2enra: 0.75 mol/L, decanol: 35% (volume fraction), Sq:
50%, diluent: sulfonated kerosene, and time: 15 min;
each point is expressed as mean+SD (n=3), and different
letters show significant differences at p<0.05)

The effects of extraction time on the extraction
efficiency for Ni(Il), as displayed in Fig. 7, revealed
a relatively short time required for the extraction
reaction to reach equilibrium conditions, because in
the extraction process, the equilibrium time for the
aqueous and organic phases depends on the mass
transfer rate. A faster mass transfer leads to a
shorter time needed for the process to reach the
equilibrium conditions. As Fig. 7 reveals, the
equilibrium can be reached in almost 6 min of the
extraction process.
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Fig. 7 Effects of extraction time on Ni(II) extraction
efficiency (Cpoenpa: 0.75 mol/L, decanol: 35% (volume
fraction), Sq: 50%, diluent: sulfonated kerosene, and
pH: 3.57)

3.2 Stripping process

From the experiments, we observed that the
D2EHPA—decanol synergistic system provides a
higher extraction efficiency. Stripping is the inverse
reaction of extraction. In the entire extraction
process, stripping is a considerable step to back
extract nickel from the loaded organic phase and
then recycle organic phase [29]. To explore the
peelability of the D2EHPA—decanol synergistic
extraction system, we conducted the following
study:.
3.2.1 Effects of stripping acid type on Ni(Il)

stripping efficiency

The effects of several inorganic acids at a
concentration of 0.5 mol/L on the Ni(Il) stripping
process were studied. The results are presented
in Table 2. Under the same concentrations, the
stripping efficiency depends on the anion type in
the order of NO; > SO; > CI". The results are
attributed to the smallest charge and hydration
energy of NO; anion. Thus, this anion offers
the weakest interaction with the water molecules,

Table 2 Effects of stripping acid type on extraction
efficiency (£) and stripping efficiency (S;) of Ni(Il)
(Cpzenra: 0.75 mol/L, Sa: 50%, diluent: sulfonated
kerosene, pH 3.57, time: 6 min, and Cicia: 0.5 mol/L)

Stripping acid El% Si/%
HNO; 78.5 72.2
HCI 78.9 65.5
H>SO4 77.5 69.3

making it easier to break the bond for complexation
with Ni(II). This characteristic leads to a larger
stripping efficiency.

The better performance of SO; compared with
CI” can be explained by the difference in their
ionic radius (R, < Rso?; ). Smaller ion gives
stronger attraction and greater enthalpy of hydration.
Therefore, smaller ClI- anion provides a larger
enthalpy of hydration compared with SO; . Sulfate
anion with smaller enthalpy of hydration can
weaken the interactions between water molecules,
destroying the complete bonding of Ni(Il). From
these experimental observations and theoretical
consideration, HNOs was chosen as the stripping
agent.
3.2.2 Effects of HNO; concentration on Ni(Il)

stripping efficiency

The results of various stripping acid
concentrations on the extraction of Ni(II) reveal that
the stripping efficiency of Ni(Il) increases with
the increase of HNOs concentration (Fig. 8). This
observation is due to the cation exchange reaction
between H' ions in the stripping agent and Ni(II)
present in the organic phase during the stripping
process. The increase of H" concentration shifts the
stripping reaction balance to the right. Moreover,
an increase in the chemical potential difference
promotes the exchange of Ni(II) with H" ion [30].
Moreover, when the same concentration of HNO;
was used as the stripping acid to strip Ni(Il),
a larger stripping efficiency with the addition of

[ Without decanol ; ;
100 F =3 With decanol h I -
g 3]
X
> 90
Q
5 { .
: 1
= 1
(o8
S 70+
@ a
&
60 |-
0.4 0.6 0.8 1.0 1.2

Cinvo,/(mol-L™)
Fig. 8 Effects of HNOj3 concentration on Ni(II) stripping
efficiency (Cpaenpa: 0.75 mol/L, decanol: 35% (volume
fraction), Sq: 50%, diluent: sulfonated kerosene, pH: 3.57,
and time: 6 min; each point is expressed as meantSD

(n=3), and different letters show significant differences at
p<0.05)
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decanol was observed. The reason for this result
is that decanol is an electron donor molecule
attracting more H' ions from HNOs. Delivery of
more H' ions into the organic phase increases the
efficiency of the available H ions. Therefore, based
on these results, 1 mol/L HNO; solution was
selected as the stripping agent for the subsequent
experiments.

3.3 Synergistic extraction mechanism
3.3.1 FTIR and UV—vis spectroscopy analyses

On occasions of low acidity, the extraction of
metal ions with D2EHPA is mainly achieved by
cations exchange between hydrogen atoms on the
hydroxyl groups and metal ions. However, in the
actual extraction process, D2EHPA molecules
undergo intermolecular  association  through
hydrogen bonds to form a dimer structure in
which two bonds of O---H—O and O—H---O
form between two D2EHPA molecules. This
phenomenon causes the oxygen atoms to be
connected to the hydrogen atoms, attracting almost
all the electrons available in the hydrogen atoms.
This makes the oxygen and the phosphorus atoms
with almost the same numbers of electrons. As a
result, the electron withdrawing ability of P atoms
is weakened, causing the P—O bonds to get longer.
Moreover, the electron density around the oxygen
atoms decreases, which is not favorable to the
combination of the extractant molecules and the
metal ions.

The results of FTIR and UV—vis spectroscopy
examinations performed on D2EHPA before and
after mixing with decanol are displayed in Fig. 9.
The stretching vibration peak for P—O bond shows
red-shift in the FTIR spectra (Fig. 9(a)), shifting
from 1033 to 1043 cm™' [31]. This shift indicates
that when decanol was added to D2EHPA, the polar
functional groups of —OH in decanol weaken
the hydrogen bonds connecting D2EHPA dimer
molecules. As a result, the effects of hydrogen bond
on P—O become weaker and the bond length of
P—O gets shorter. Meanwhile, the electron density
around the oxygen atoms become larger. These
changes lead to the formation of complexes
between the extractant molecules and the metal
ions.

The UV-vis spectra in Fig. 9(b) reveal an
increase in the electron activity in the O atom due
to the weakening of hydrogen bonds on the P—=0

@

1033
1043

—— Without decanol
With decanol

1600 1500 1400 1300 1200 1100 1000 900 800
Wavenumber/cm™

(b) 1234

—— Without decanol
—— With decanol

150 200 250 300 350 460
Wavelength/nm

Fig. 9 FTIR (a) and UV—vis (b) spectra of D2EHPA in

presence and absence of decanol

bonds. This phenomenon reduces the amount of
energy required for the n—m* transition, so that the
absorption peak of n—n* moves to the longer wave
direction [32].

3.3.2 XPS analysis

To explore how D2EHPA molecules interact
with decanol molecules, XPS analysis was further
performed on D2EHPA in the presence and absence
of decanol. The results are presented in Table 3 and
Fig. 10. Oxygen atoms in the D2EHPA molecule
without decanol exist in the forms of P—0 [33],
P—O [34], and C—O [35] groups. After the
addition of decanol, the percentage of C—O in
D2EHPA increases from 4.99% to 10.80%,
demonstrating that the R' groups provided by
decanol destroy the P—O bond in the D2EHPA
dimer structure, forming a hydrogen bond with O
atoms.

According to the above analytical results, it is
speculated that the polar group of —OH provided
by decanol synergistically breaks down the inter-
molecular hydrogen bonds between D2EHPA
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Table 3 Peak positions, FWHM (full-width at half
maximum), and relative contents from curve fitting of
O 1s for XPS examinations of D2EHPA in presence and
absence of decanol

Without decanol
Bond i
posiie(a)lrll(/ eV FWHM/ev 0132122:; S/o
P=0 530.78 1.60 64.99
c—0 532.61 3.02 4.99
P—O 529.27 1.41 30.03
With decanol
Bon i
" posi?jﬁ/ eV FWHM/eV clssizgt\; SA)
P=0 530.83 1.53 57.01
c—0 532.44 5.85 10.80
P—0O 529.31 1.55 32.19
— —— Experimental
With decanol e —
P—0

529.31eV

C—0
53244 eV

Without decanol P—O

529.27 eV

C—0
532.61 eV

536 534 532 530 528 526
Binding energy/eV
Fig. 10 Typical deconvoluted peaks of O 1s in D2ZEHPA
molecules in presence and absence of decanol

molecules, weakening the attraction of the
hydrogen bond to P—O and shortening the P—O
bond length. Thus, the electron density around the
oxygen atoms increases, leading to the formation of
complexes between the extractant molecules and
the metal ions. In addition, the R' groups (CioH21—)

in the decanol molecules destroy the P—O bonds in
the D2EHPA dimer structure, forming a bond with
O (Fig. 11).

3.4 Effects and mechanism of different plant oil—
sulfonated kerosene mixtures as diluents on
Ni(II) extraction

To promote the green process with D2EHPA—

decanol extraction system, different kinds of plant
oil-sulfonated kerosene mixtures were used as
diluents for the synergistic extraction process. The
ratio of vegetable oil in the added diluent was
varied from 10% to 100%. Among the five kinds of
plant oils, the addition of 70% sunflower seed oil
revealed relatively good extraction performance
(E70%=84.52%) (Fig. 12(a)). However, when the
sunflower seed oil was completely used as diluent,
the extraction efficiency of the synergistic system
dropped to 40.2%. This behavior may be attributed
to the higher viscosity of sunflower seed oil than
that of sulfonated kerosene, causing mass transfer
resistance during the Ni(Il) extraction process.
Therefore, the influence of temperature on the
extraction efficiency when sunflower seed oil was
used as a diluent was investigated (Fig. S2 in SM).
As exhibited in Fig.S2 in SM, the extraction
efficiency of Ni(Il) did not change significantly
with increasing temperature. Therefore, the viscosity
effect could not be the reason of the decrease in
the extraction efficiency. Furthermore, a higher
concentration of the nitric acid solution is required to
strip Ni(II) loaded in sunflower seed oil (Fig. 12(b)).
This behavior is due to the compatibility
phenomenon. Because of the non-polar nature of
plant oils, oil molecules tend to interact with the
nickel solution, resulting in Ni(Il) with relatively
stronger stability in the extractant that requires
relatively larger concentration of H' ions.

N

o, Loy
""l[e[]f ab]?é)

Ny

(B

%0

“H

OR (CH,y)

OR’ (CyoHy)

®Ni(I)

©-==-¢ —@ Hydrogen bond

Fig. 11 Schematic diagram of D2EHPA—decanol synergistic extraction of Ni(II): (a) D2EHPA molecules; (b) Disruption
of hydrogen bonds through addition of decanol; (c¢) Synergistic extraction of Ni(II)
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Fig. 12 Effects of different plant oil-sulfonated kerosene
mixtures as diluents on Ni(Il) extraction efficiency:
(a) Effect of mixing ratio; (b) Stripping efficiency values
at various HNOs contents (Cpzgrpa: 0.75 mol/L, decanol:
35% (volume fraction), Sq¢: 50%, pH: 3.57, and time:
30 min)

Additionally, when sunflower seed oil was
used as diluent without decanol, Ni(Il) extraction
efficiency in 90 min was determined to be 32.7%.
When decanol was allowed to react with D2EHPA
for 30 and 90 min and then the extraction process
was conducted, the Ni(Il) extraction efficiency
reached 40.2% and 97.1%, respectively. At the
same time, the FTIR spectra in Fig. 13 reveal the
stretching vibration peak for P—O bond shifting
more obviously with longer mixing time. Therefore,
we speculate that when sunflower seed oil is used
as a diluent, the reason for the lower extraction
efficiency is that D2EHPA and decanol are not
completely mixed.

3.5 Performance with
extraction
To investigate the selectivity of the extraction
system, D2EHPA and D2EHPA—decanol mixed

impurity ions and

Without decanol for ‘)0 min
E=32.7%

With decanol for 30 min
E=40.2%

1053 1035

With decanol for 90 min 1056
E=97.1%

1300 1250 1200 1150 1100 1050 1000 950 900
Wavenumber/cm™

Fig. 13 FTIR spectra of sunflower seed oil without

decanol and mixed with decanol for 30 and 90 min

carriers were used to extract nickel plating effluent
under the same experimental conditions. The
extraction efficiency of each metal ion is shown
in Fig. S3 of Supplementary Material. When
sulfonated kerosene was used as a diluent, the
extraction preference ratios [36] (compared by
extraction percentage) of Ni to each of Cu, Al, and
K were found as 4.13, 3.37, and 7.86 for the
D2EHPA—decanol synergistic extraction case and
4.08, 3.45, and 7.71 for the D2EHPA case. When
sunflower seed oil was used as a diluent, the
extraction preference (compared by
extraction percentage) of Ni to each of Cu, Al, and
K were determined as 4.09, 3.48, and 7.89 for the
D2EHPA—decanol synergistic extraction case and
4.01, 3.62, and 7.97 for the D2EHPA case. These
results show that when decanol is added to
D2EHPA for synergistic extraction of nickel plating
effluent, the extraction efficiency of Ni(Il) as well
as impurity ions increases; however it does not
significantly change the selectivity of D2EHPA to
extract impurity ions.

ratios

3.6 Effects of organic phase recycling on Ni(Il)

extraction

After completing one cycle of the extraction
and stripping process, the organic phase was
recovered and saponified before continuing the
extraction cycles. The specific process is presented
in the Supplementary Material. Figure 14 shows the
extraction efficiency of regenerated organic phase
to extract Ni(Il) from nickel plating effluent. The
Ni(Il) compound present in the effluent was
successfully extracted after the organic phase was
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recycled for 3 cycles (Fig. 14). After the extraction,
the organic phase loaded with Ni(Il) was stripped
using HNOs solution. The stripping solution was
then evaporated and crystallized at 80 °C for 24 h.
The XRD patterns of the product are shown in
Fig. S4 of Supplementary Material.
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Fig. 14 Effects of organic phase recycling on Ni(Il)
extraction performance: (a) Sulfonated kerosene as
diluent; (b) Sunflower seed oil as diluent (Cpagmpa:
0.75 mol/L, decanol: 35% (volume fraction), S¢: 50%,
and pH: 3.57)

4 Conclusions

(1) When sulfonated kerosene or sunflower
seed oil was used as diluent, the single-stage
extraction efficiency reached 97.8% and 97.1%,
respectively, with a mixture composition of
0.75 mol/L D2EHPA and 35% (volume fraction)
decanol. After three extractions, the Ni(Il)
concentration in the nickel plating effluent was

decreased to below 1 mg/L.

(2) D2EHPA—decanol mixed carrier had a
better strippability than D2EHPA. In D2EHPA—-
decanol mixed carrier, using sulfonated kerosene as
diluent, and 1.0 mol/L HNOs could reach 100%
stripping efficiency of Ni(Il) loaded in the organic
phase. Moreover, 2.5 mol/L HNO; could achieve
the same stripping efficiency of Ni(Il) when using
sunflower oil as diluent.

(3) The mechanism of synergistic extraction
is that the —OH functional groups in decanol
molecules destroy the intermolecular hydrogen
bonds in the D2EHPA dimers. As a result, the
effects of hydrogen bonds on P—0O become weaker
and the bond length of P—O becomes shorter.
Hence, the electron population of the oxygen atoms
becomes denser, resulting in much easier complex
formation between the extractant molecules and the
metal ions.
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