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A B S T R A C T   

The extraction of Zn(II) from aqueous solution was studied using extractants mixture in organic base kerosene by 
reactive extraction. The extraction process was conducted by evaluating some base and synergistic extractants, 
followed by back-extraction using several types of stripping agents. Around 99% of zinc extraction was achieved 
at pH 9 using 9 mM D2EHPA as a base and 1 mM Cyanex 302 as a synergistic extractant with a synergistic 
coefficient of 2.9. Such findings proof to the intensification of reactive extraction compared to the single system. 
So, the mixture system produced synergistic and productive extraction with minimum use of extractants. The 
reaction between Cyanex 302-D2EHPA and Zn was studied, and its stoichiometry, as well as the possible 
structure of Zn(II)-extractant complexes in the extract phase, were investigated. FTIR and the slope analysis 
method both produced similar findings that Zn•A2•2HB is the zinc form complex with 2 mol D2EHPA (HA) and 2 
mol Cyanex 302 (HB) extracted species. Meanwhile, the back-extraction revealed that 0.45 M acidic thiourea is 
the most effective stripping agent, which achieved almost 100% stripping efficiency. For recycling, the organic 
phase can be recycled/reused successfully up to 4 times with almost 100% stripping performance.   

1. Introduction 

Rapid world industrialization significantly impacted natural water 
reservoir pollution due to the enormous discharge of heavy metals in 
various industrial wastewater [1]. One of the significant elements that 
contribute to water pollution is zinc. Table 1 shows the various zinc 
concentrations in secondary waste of metallurgical industries. Recycling 
Zn is vital and beneficial in order to save the environment and operating 
costs because it will consume less energy than primary metal production 
and so helps to save natural resources [2]. 

A variety of pyrometallurgical and hydrometallurgical methods were 
implemented in removing zinc from waste liquor [3]. Roasting, for 
example, is a pyrometallurgical process with several drawbacks such as 
high consumption of energy and a large amount of residue produced [4]. 
Currently, hydrometallurgical processes account for almost 80–85% of 
the zinc production in the world [5]. Precipitation of metal ions in the 
wastewater as hydroxides is considered as one of the most conventional 
and economical methods, but the method needs to be stopped due to the 

high production of heavy metal sludge or slime during the process, 
which is considered a secondary environmental pollutant [6]. Recently, 
selective extraction of Zn has been extensively researched [4,7,8], and 
reactive extraction is a clean hydrometallurgical separation technology 
that is widely employed [9,10]. Reactive extraction can be defined as a 
classical analytical technique in investigating the content of various 
organic and inorganic species. It is the most beneficial method compared 
to other options as the operation can process a high volume of waste
water to be treated. In this method, the use of a carrier or an extractant is 
required, depending on the targeted metals. Several extractants have 
been studied regarding their effectiveness for Zn extraction, such as 
di-(2-ethylhexyl) phosphoric acid (D2EHPA) [11,12], tri-n-butyl phos
phate (TBP) [13], and Cyanex 302 [14]. However, as reported, the 
separation factors decreased as the pH decreased. It has been reported 
that TBP provides an efficient extractant for Zn(II) extraction [15]. 
However, a considerable amount of TBP used is required to obtain an 
excellent extraction performance, which, in terms of cost, is not com
parable with D2EHPA [16]. In addition, the hydrophilicity of TBP 
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resulting in the transport of a significant quantity of water to the organic 
phase. Thus, it should be emphasized as a major drawback [15]. 
Organophosphorus compounds containing the phosphoryl group (P=O) 
such as D2EHPA have been widely used for extraction of zinc from 
various aqueous solutions at pH range of 1-3. Meanwhile, the use of 
Cyanex 302 increased the extraction of Zn in the pH range of 6-8.5 [17]. 
The substitution of sulfur in organophosphorus acids gives different 
properties to the extractant molecules, as predicted by the Hard-Soft 
Acid-Base (HSAB) principle. The donor atoms of common bases have 
electronegativities increasing in the order: S < Br < N < Cl < O < F. 
Reagents containing sulfur donor atoms are therefore expected to be 
strong extractants for soft metal ions such as Zinc and Nickel [18]. In 
addition, low hydrophilicity of Cyanex 302 (less oxygen atom) is a major 
advantage compare to TBP and D2EHPA. However, pKa of 5.63 for 
Cyanex 302 indicates that it may be inactive for the extraction of metal 
at lower pH conditions. 

Process intensification generally converts conventional chemical 
processes into more cost-effective, productive, and environmentally 
friendly processes [19]. The branch of reactive extraction, which is 
synergistic extraction, can be employed to enhance the extraction per
formance, as well as improve the stability of the extracted complexes. 
Nathsarma and Devi [20] performed the separation and extraction of Zn 
and manganese (Mn) from a sulfate solution using several extractants 
such as Cyanex 272, PC88A, and D2EHPA in kerosene. It is found that Zn 
extraction could be performed at a lower pH compared to Mn [20]. 
Meanwhile, from the extraction perspective, synergism can be described 
as having the greater capability of extraction due to the use of extractant 
mixture compared to the individual capabilities of extractants [21]. 

Alamdari et al. [22] observed that commercially used D2EHPA 
usually consists of a small impurity concentration of M2EHPA, which 
influences solvent-extraction circuits when D2EHPA decomposes and 
yields an undesirable antagonistic effect toward metal extraction. The 
addition of TBP as a co-extractant together with D2EHPA helps to in
crease the separation efficiency and the phase separation of cadmium 
and Zn. When Cyanex 302 is added to D2EHPA as a co-extractant, the 
synergistic effect helps to improve the extraction capacity of Zn and Mn. 
Thus, the use of Cyanex 302 improved the extraction of Zn and Mn [17]. 
Synergistic effects of D2EHPA/Cyanex 302 in kerosene system were 
investigated by Darvishi et al. [23] to extract nickel dan cobalt. Syner
gistic effects were also reported by mixing amine and organophosphorus 
acid. For instance, Wachter et al. [38] investigated the synergic and 
antagonistic effect of a mixture of amines and phosphoric acid in the 
extraction of metals. 

In order to determine a suitable extractant(s), it is very advantageous 
to investigate the reactive extraction mechanism, the stoichiometry of 
extractants, the identification of new bond formation such as the 
interaction between extractants and metal ions, or the interaction be
tween extractants in the synergistic system and others. Formerly, re
searchers have explained the reactive extraction mechanism by focusing 
on the stoichiometry of extractants [23,24]. The equilibrium slope 
method is widely employed to determine metal-extractant complexes 
stoichiometry in the organic phase [24]. Through this method, only the 
equation of reaction stoichiometry can be described whereas the 

properties of new bond formation in the organic phase are disregarded. 
Fourier Transform Infrared (FTIR) spectroscopy was employed to 
overcome the limitation of previous approaches. This technique offers 
an alternative to identifying chemical bonds such as covalent bonds and 
functional groups in organic or inorganic compounds [25]. 

Although the extraction of Zn by mixed extractants has been the 
subject of many papers, there are gaps in knowledge that require 
attention. All the aforementioned studies did not consider the possible 
polymerization structure and different ratios of organic phase compo
sitions. Moreover, once synergism extractant is achieved, regeneration 
of the organic phase for reusing should be considered. Therefore, the 
focus of this paper is to investigate more deeply the behaviour of 
different organic phase compositions for the extraction of zinc from the 
aqueous solution. This study involves an analytical investigation to 
determine the relative proportions of different organic phase composi
tions that comprise the base and synergistic extractants. Then, the re
sults were used to determine the possible polymerization structure 
where both qualitative and quantitative studies were applied. For the 
qualitative analysis, FTIR tests were carried out on individual extractant 
and extractants mixtures in order to identify newly formed bonds and 
the structure of the complex formation in the organic phase. Concerning 
the quantitative studies, the method of slope analysis was used. A 
complementary study was performed to investigate the most effective 
stripping agent of Zn from Zn-loaded extractant mixture and the strip 
structure was also determined. In the last subsection, the regeneration 
and recycling capacity of synergism D2EHPA-Cyanex 302 mixture after 
extraction and stripping process was studied in detailed. Therefore, 
synergism among several extractants is one of the approaches that can 
be utilised for intensifying reactive extraction process since it can syn
ergize the reaction while reducing chemical consumption. 

2. Methodology 

2.1. Reagents 

The reactive extraction reagents used in the experiment are di-(2- 
ethylhexyl) phosphoric acid (D2EHPA, 97% purity, Sigma-Aldrich), 
diisooctylthio phosphinic acid (Cyanex 302, 95% purity, Sigma- 
Aldrich), triethanolamine (TEA, 99% purity, Merck), and tributyl 
phosphate (TBP, 99% purity, Acros Organics). Kerosene (Sigma-Aldrich) 
was used as a diluent in the experiment and Zn solution (100 ppm) was 
prepared by dissolving ZnCl2 (Sigma-Aldrich, 99%) in distilled water. In 
the experiments, pH was adjusted between 1 to 9. Hydrochloric acid 
(98% pure) and sodium hydroxide, from Merck, Germany, were used as 
pH modifiers. All chemicals were used without further purification. 

2.2. Reactive Extraction 

2.2.1. Zinc Extraction using single extractant 
The use of an extractant in the extraction process was varies for a 

single extractant and a mixture of extractants. The extraction process 
was conducted by adding an equivalent amount of 10 mL 0.01 M organic 
solution (extractant in kerosene) to the feed phase (Zn solution) and 
agitated via a mechanical shaker for 18 h at 320 rpm to reach equilib
rium. After the extraction, the mixture was poured into a separation 
funnel and left for 5–10 min to separate aqueous and organic loaded 
phases. The aqueous and organic phases were separated via gravity 
settling. Sequentially, the treated Zn in the aqueous phase was analyzed 
for Zn concentration using atomic absorption spectroscopy (AAS). The 
extractant with the highest extraction efficiency was chosen as a base 
extractant and noted as Ext1 and Ext2. 

2.2.2. Zinc Extraction using synergist extractant 
To formulate the synergistic formulation, the mixture of the chosen 

base extractant and potential synergistic extractant was tested in the 
extraction of Zn. The combination of the base and synergistic extractant 

Table 1 
Concentration of zinc present in industrial wastewater.  

Waste Metal Concentration References 

Zinc leaching filter cakes ZnCl2 6.5 (wt %) [3] 
Scrubber ZnO 18.4 ppm [4] 
Contaminated aquatic environments Zn 3.25-99.25 

ppm 
[5][6] 

Flux skimming (after the wet galvanizing 
process) 

Zn 5.6 (wt %) [2]  

ZnCl2 48.1 (wt %)   
ZnO 27.4 (wt %)   
Zn 81 (wt %)   
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is tabulated in Table 2. 10 mL of organic phase containing equal volume 
of base extractant and synergistic extractant (5 mL, 0.01 M) were mixed. 
Similarly, the extraction process and Zn concentration measurement 
were conducted based on the procedures as mentioned earlier. The 
synergistic extractant effect on the extraction percentage and synergistic 
coefficient was determined. The combination of extractants that pro
vided a high extraction percentage and synergistic coefficient was 
selected for further study. The stoichiometry of the reaction between Zn 
and extractants was obtained and FTIR analysis was performed to study 
the extraction mechanism. 

2.2.3. Stripping process 
In the stripping part, the loaded organic phase from the extraction 

process was stripped to recover the solute for the recovery process. A 
mixture of 10 mL of organic loaded Zn from the extraction process and 
10 mL of stripping agent solutions were placed in a mechanical shaker 
for Zn extraction at 320 rpm for 18 h. Upon completion, the aqueous 
stripping phase and organic phase was separated in a separating funnel 
in 5–10 min. The aqueous stripping phase or recovery phase was used to 
determine Zn ion concentration using AAS. All experiments were con
ducted at ambient temperature (25 ± 1 ◦C). The experiments were 
carried out in triplicates with fewer than 5% standard deviations. Fig. 1 
shows flowchart for reactive extraction process. 

2.3. Data Analysis 

The percentage of Zn extracted from the feed phase was obtained 
using Eq. (1): 

Extraction (%) =
[C]in.aq − [C]fi.aq

[C]in.aq
× 100% (1) 

Where [C]in.aq is the concentration of Zn in the aqueous phase (ppm) 
before extraction and [C]fi.aq is the concentration of Zn after extraction. 

The distribution ratio of Zn ion in which the ratio of Zn ion con
centration being transported to the organic phase from the aqueous feed 
phase is represented in Eq. (2): 

Distribution ratio =
[C]org

[C]aq
(2) 

Where [C]org is the concentration of Zn ion in the organic phase and 
[C]aq is the concentration of Zn ion in the aqueous phase. 

Eq. (3) was used to determine the synergistic coefficient of 
extractants: 

Synergistic coefficient, R =
Dmix

Dextractant + Dsynergist
(3) 

Where Dmix is the mixed extractants (base and synergist) distribution 
ratio, whereas Dextractant and Dsynergist are the individual distribution 
ratios of the base and synergistic extractants, respectively. 

The percentage of the stripping phase was determined using Eq. (4): 

Stripping (%) =
Cs

Corg
(4) 

Where Cs and Corg represent the Zn concentration in the aqueous and 
organic phase after the stripping process (ppm), respectively. 

3. Results and discussion 

3.1. Selection of base and synergistic extractants 

Four types of extractants (Cyanex 302, D2EHPA, TEA, and TBP) were 
utilized to extract Zn as shown in Table 3. The distribution ratio and 
extraction performance of Zn increased by an order of magnitude: TBP <
TEA < Cyanex 302 < D2EHPA. This result illustrates that the acidic 
extractant D2EHPA and Cyanex 302 have shown the capability of 
removing Zn molecules from the feed phase. This is due to the pH of the 
initial feed solution (4.9) that provides the lower proton concentration, 
hence resulting in higher metal extraction. Such behaviour is typical for 

Table 2 
Combination of the base and synergist extractant.  

Base extractant Synergist extractant 

Ext1 TEA  
TBP  
D2EHPA  
Cyanex 302 

Ext2 TEA  
TBP  
D2EHPA  
Cyanex 302  

Fig. 1. Flow chart for reactive extraction process.  

N.F.M. Noah et al.                                                                                                                                                                                                                              



Chemical Engineering and Processing - Process Intensification 176 (2022) 108976

4

the extraction of metal cations by cationic extractants of D2EHPA and 
Cyanex 302. These findings are in accordance with previous research by 
Darvishi et al. [26] which achieved high Zn extraction using single 
D2EHPA and Cyanex 302. Due to the presence of oxygen atoms con
necting to the alkyl radicals and the phosphorus atom, D2EHPA (phos
phoric acid) possessed a stronger acidic character and has a higher 
affinity for Zn extraction compared to Cyanex 302 (phosphinic acid). 
Meanwhile, the TEA show low extraction efficiency (13%) with distri
bution ratio, D=0.15 and TBP as a solvating extractant provide no 
extraction. This result might be because TEA and TBP are most suitable 
to extract neutral or anionic compounds and the speciation of Zn in the 
aqueous phase at high chloride concentrations and low pH, such as 
ZnCl42− and ZnCl3− . This result is comparable with the research by Ran
dazzo et al. who observed high extraction of ZnCl42− using TBP as an 
extractant. As the Zn ion exists as cationic Zn2+ in the solution, the 
extraction efficiency decreases [27]. To further the study for the organic 
formulation, D2EHPA and Cyanex 302 were employed as the base 
extractants and noted as Ext1 and Ext2 respectively. 

In order to enhance the process performance, a synergistic extraction 
process consisting of a mixture of base extractants with other extractants 
with the same concentration were investigated, and the result is 
demonstrated in Fig. 2. The result shows that the mixture of D2EHPA- 
Cyanex 302 can separate Zn better than other extractants mixtures 
used in this study. The combination of D2EHPA-Cyanex 302 increased 
the Zn extraction from 64 to 72%. This is due to the addition of Cyanex 
302 to D2EHPA change the dimeric D2EHPA to monomers by breaking 
the hydrogen bonds of D2EHPA-dimers and forming complex structures 
of Cyanex302-D2EHPA as illustrated in Eq. 5. These structures increase 
the HA groups of the D2EHPA in the extraction process, which increase 
the amount of extraction [28]. In addition, the presence of sulphur 
donor atoms (soft base) in Cyanex 302-D2EHPA complexes makes it an 
effective synergist extractant for zinc (soft metals ion). In terms of the 
phase medium, the stronger acidic Cyanex 302 can reduce the pKa value 
of D2EHPA for the maximum extraction of Zn from acidic aqueous so
lution [29]. A similar finding was presented by Sulaiman et al. [30] in 

the synergistic extraction of hexavalent chromium [Cr(VI)] using Cya
nex 272 and Cyanex 302. The synergism effect resulted in a high Cr(VI) 
extraction from acidic feed solution owing to the stronger acidic Cyanex 
302 that reduced the pKa value of Cyanex 272. 

(HA)2 + (HB)2→2H+ + [A2.2HB]2− (5) 

There was no significant effect of D2EHPA toward synergistic system 
with TBP (58%) and TEA (67%) as illustrated in Fig. 2. The addition of 
TBP and TEA shows insignificant extraction performance compare to 
64% zinc extraction using single D2EHPA. This antagonism effect of TBP 
and TEA is due to low acidic conditions to form the ZnCl2 complex in the 
solution. Therefore, Zn is maintained in cationic formed [31]. As a 
result, the addition of TBP and TEA as a modifier or co-extractant could 
prevent the extraction of Zn. 

In order to access the synergism of the system, the value R and D as 
Eq. 2 and 3 respectively, were evaluated. The synergism of the extrac
tion process was assessed in terms of the synergistic coefficient (R). The 
value of R > 1 indicates synergism whereas the value of R < 1 represents 
antagonism [32]. Notably, the synergistic effect exists when the mixture 
distribution ratio is higher than the total distribution ratio of a single 
extractant (Eq. 3). Therefore, R>1 signify that the loading of extracted 
zinc into the organic phase increased with synergist extractant. Mean
while, having R<1 means the extractant combination provides no syn
ergistic effect towards zinc extraction. The R values for the different 
mixtures of base and synergistic extractant are presented in Table 4. The 
results show that synergism was observed with the use of D2EHPA and 
Cyanex 302 as the base and synergist extractant, respectively, indicating 
that the equal molar of 5 mM D2EHPA-Cyanex 302 system is more 
efficient in extracting Zn than the individual extractants of D2EHPA and 
Cyanex 302. This is due to increase the HA groups of the D2EHPA as 
discussed above. This finding is in line with Darvishi et al. for the 
extraction of Mn [26]. In addition, synergism of D2EHPA-Cyanex 302 
extractants indicates intensification of reactive extraction process. 

Meanwhile, based on the distribution ratio and R, the mixed 
extractant of D2EHPA-Cyanex 302 provided high values of D=2.8 and 
R=1.08. While, the other D and R values for D2EHPA-TBP, D2EHPA- 
TEA, Cyanex 302-TBP, and Cyanex 302-TEA mixtures were lower, thus 
suggesting the antagonism effect. The results and their interpretation are 
consistent with previous findings for cationic Zn. 

3.2. FTIR Spectroscopy Analysis 

FTIR measurements were performed to clarify the existence of in
teractions in the organic phase between the mixtures of D2EHPA-Cyanex 
302 with Zn. Kerosene was employed as an organic phase/diluent in this 
reactive extraction process. Fig. 3 shows the FTIR spectra of pure 
D2EHPA and Cyanex 302, and the combination of D2EHPA-Cyanex 302 
before and after Zn extraction. A previous study on the analysis of FTIR 
for the reactive extraction using the D2EHPA and Cyanex 302 system 
revealed that there was no interaction between kerosene and both 
extractants [21]. 

3.2.1. Single D2EHPA and Cyanex 302 
Fig. 3 illustrates the characteristic vibrational bands for single 

D2EHPA (green line), where P=O, P-O-H, and OH are identified at 1150, 

Table 3 
Effect of distinct types of base extractant (Experimental conditions: [Zn(II) =
100ppm, [Extractant] = 0.01M, Agitation speed = 320rpm, Duration = 18h, 
Diluent = kerosene, Treat ratio = 1:1, Temperature = 26±1◦C).  

Extractant Distribution ratio, D Extraction (%) 

Cyanex 302 1.13 52 
D2EHPA 1.78 64 
TEA 0.15 13 
TBP 0 0  

Fig. 2. Effect of different types of synergist extractant on zinc extraction. 
Experimental conditions: [Zn(II) = 100 ppm, [Mix Extractant] = 0.01M, 
Agitation speed = 320rpm, Duration = 18h, Diluent = kerosene, Treat ratio =
1:1, Temperature = 26±1◦C). 

Table 4 
The value of R at a different base and synergistic enhancement factor  

Base extractants Synergist Extractants D R 

D2EHPA Cyanex 302 2.80 1.08  
TBP 1.38 0.85  
TEA 2.03 0.97 

Cyanex 302 D2EHPA 2.80 1.08  
TBP 0.76 0.94  
TEA 0.02 0.02  
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1033, and 3600 cm− 1, respectively. Meanwhile, the peak around 493 
cm− 1 for the FTIR spectra of Cyanex 302 (purple line) is allocated to the 
P=S species. In accordance with Cyanex 302 structure, phosphorous (P) 
on one side is bonded to two alkoxy groups. Meanwhile, P on another 
side is double bonded to a sulfur atom and one hydroxyl group (OH). 
Additional distinctive vibration bands for Cyanex 302, for instance, P- 
OH and P-C stretch vibration, are identified as strong absorption bands 
at 3600 cm− 1 and 1033 cm− 1, respectively. For both single D2EHPA and 
Cyanex 302, the bands matching C-H stretching vibration present at 
2920 and 2854 cm− 1, respectively. Meanwhile, the deformation of the 
C-H vibration band has occurred at the frequencies of 1458 cm− 1 and 
1375 cm− 1. These are several bands that confirmed the occurrence of 
several CH3 groups on a carbon atom. The FTIR spectra of organic 
D2EHPA and Cyanex 302 solutions are quite similar to those found by 
other researchers [23,14]. 

3.2.2. D2EHPA-Cyanex 302 Mixture 
Looking at Fig. 3, the FTIR spectra of O-H characteristics vibrational 

peak at 3600 cm− 1 disappeared for the synergistic extractants. This 
phenomenon reveals that the D2EHPA dimer dissociates into two 
monomeric D2EHPA molecules in the presence of Cyanex 302, where 
the dissociation increases the capacity of D2EHPA. The existence of the 
O-H peak in D2EHPA exhibits the hydrogen bonds between each two 
D2EHPA molecules known as dimeric D2EHPA. Compared to dimeric 
D2EHPA, its dissociation enhanced the extraction efficiency due to the 
increment of D2EHPA capacity. 

In addition, as can be observed, the P=S bond stretching vibration at 
493 cm− 1 in the organic phase is separated into two distinct charac
teristic vibrations for phosphoryl groups. As a result, the phosphoryl 
group has been separated into two peaks with the same intensity at 500 
and 479 cm− 1, referring to P=S in the single organic Cyanex 302 solu
tion and P=S in the resulting complex produced from the reaction of 
D2EHPA and Cyanex 302, respectively. The C-H stretching peaks that 
occurred from 1375 to 2920 cm− 1 are fairly identical in the FTIR 
spectrum for all samples. 

The FTIR spectrum of the D2EHPA-Cyanex 302 extractant mixture 
also illustrates that the peak of the phosphoryl group does not change. It 
can be seen that the positions of the P=O stretching vibration in both 
D2EHPA and the D2EHPA-Cyanex 302 extractant mixture are similar (i. 

e., 1150 cm− 1). The FTIR spectra characteristics vibrational peak posi
tions for Cyanex 302, D2EHPA, their mixture, and the Zn-loaded organic 
phase are given in Table 5. 

On the other hand, the FTIR spectra of a D2EHPA-Cyanex 302 
extractant mixture loaded with Zn shows that the P=S bond stretching 
vibration at 479 and 500 cm− 1 in the organic phase-shifted to 493 cm− 1. 
The shift is due to the high attraction of the oxygen atom of P=O 
functional groups of organic solvent molecules for O-H hydrogen 
bonding of Cyanex 302 with the oxygen atom of P=O of D2EHPA. The 
shifting of peak position indicates the changes in a substance’s bonding. 
Therefore, it can be concluded that the effect of D2EHPA as an extractant 
is stronger than Cyanex 302 in the mixture of D2EHPA-Cyanex 302. 
Only the characteristic vibrational band of Cyanex 302 (P=S) is affected 
by Zn interaction, while the vibration of D2EHPA (P=O) is unaffected. 
Fig. 4 shows that the P=S stretching vibration present at the frequency 
of 480-560 cm− 1 is absent in the former spectrum but exists in the latter 
spectrum. The presence of this stretching vibration indicates that the 
extraction reaction occurred owing to the extracted Zn containing 
Cyanex 302 in its complexes. 

3.3. Effect of Mixed Extractant Concentrations 

In order to obtain a high extraction performance, a proper amount of 
base and synergist extractants should be employed since each extractant 

Fig. 3. FTIR spectra of single organic D2EHPA and Cyanex 302 solutions, mixture D2EHPA/Cyanex 302 extractant before and after the zinc extraction.  

Table 5 
The FTIR spectra characteristics vibrational peak positions for Cyanex 302, 
D2EHPA, their mixture and zinc loaded organic phase  

Corresponding 
bond 

Cynex 
302 

D2EHPA Cyanex 302 
mixed 
D2EHPA 

Zinc loaded mixture 
of Cyanex 302/ 
D2EHPA 

-OH 3600 3600 - - 
-C-H 2920/ 

2854 
2920/ 
2854 

2920/2854 2920/2854 

-CH2 1458/ 
1375 

1458/ 
1375 

1458/1375 1458/1375 

P=S 493 - 479/500 493 
P=O - 1150 1150 1150 
P-O-C - 1033 1033 1033 
P-R 1033 - 1033 1033  
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functions differently during Zn extraction. The extraction efficiency of 
Zn using D2EHPA-Cyanex 302 extractants mixture was investigated by 
varying the individual extractant concentration, as tabulated in Table 6. 
The concentration of D2EHPA was fixed, whereas the Cyanex 302 con
centration was varied from 1 to 9 mM and vice versa. 

The findings demonstrate that at a lower Cyanex 302 concentration 
(1 mM), the extraction of Zn increased as D2EHPA concentration 
increased up to 9 mM. The increase of extraction percentage (54.69% to 
78.63%) is likely to be related to the forward shifting reaction based on 
Le Châtelier’s principle when a higher amount of extractants were used 
[33]. Meanwhile, the extraction increased slightly with a further in
crease of D2EHPA concentration beyond 5 mM at higher concentrations 
of Cyanex 302 (7–9 mM), from 78.05% to 80.82% and 80.33% to 
83.07%. This is because Cyanex 302 as a synergist was added in excess to 
the system, which may hinder Zn extraction. Furthermore, a small 
amount of Cyanex 302, which is relatively expensive compared to 
D2EHPA, is favourable for reducing the reagent cost. This finding is 
consistent with Darvishi et al. who stated Cyanex extractants are rela
tively expensive to be utilized commercially even though they provide 
good separation of nickel and cobalt [23]. The values of synergistic 
coefficient (R) were calculated and summarized in Table 7. The results 
indicate that the highest value of R (2.9) was obtained using 9 mM 
D2EHPA and 1 mM Cyanex 302. Through this synergism, eventhought 
the concentration of the based extractant of D2EHPA was reduced by 
10% form 10 to 9 mM, the extraction performance become more 
effective. This indicates that current synergism system is able to mini
mize the consumption of chemicals. It can be inferred that the prospect 
of synergism has intensify the reactive extraction. 

At fixed 9 mM D2EHPA, the R decreased from 2.9 to 2.1 with the 
addition of Cyanex 302. This result indicates that the synergistic 
extraction system with higher than 1 mM Cyanex 302 is insignificant. 
D2EHPA is well known to be fully protonated over the pH range studied 
(pKa = 1.35) [34]. Meanwhile the pKa of 5.63 for Cyanex 302 [35] in
dicates that it may be inactive for the extraction of metal at lower pH 

conditions. In general, compounds dissociate at pH levels higher than 
their pKa value. Thus, the existence of non-protonated Cyanex 302 
molecules at lower pH conditions occupied the aqueous-organic inter
face, thereby resisting Zn extraction since only D2EHPA acts as an 
extractant at such conditions. 

3.4. Determination of the Zn(II) organic complexes stoichiometry 

The method of slope analysis is extensively utilized to investigate the 
stoichiometry of reactive extraction equilibrium [36]. From the FTIR 
analysis, it is apparent there exists an interaction between the Zn ion and 
phosphoryl group of the extractant. In addition, the interaction via 
hydrogen bonding between Cyanex 302 and D2EHPA also can be 
observed. This outcome is in accordance with Wilson et al. [37] who 
specified that the extraction of M2+ cation of the base metals by the 
mixture of commercial reagents of phosphoric, phosphonic, and phos
phinic acids usually gives complexes with 4:1 of ligand:metal stoichi
ometry, [M(L)2(LH)2]. Therefore, the possible reactive extraction 
mechanism between Zn and acidic extractants mixture is illustrated in 
Eq. (6): 

Zn2+(aq) + n(HA)2(org) + m(HB)2(org)→ ZnA2n.m(HB)2(org) + 2nH+(aq)
(6) 

Where n and m are stoichiometric constants. To find the values of the 
constants of reactive extraction reaction stoichiometry by the method of 
slope analysis [21], the extraction reaction equilibrium constant Kex is 
defined in Eq. (7): 

Kex =
[H+]

2n
aq.

[
ZnA2n.m(HB)2

]

org

Zn2+
aq.

[
(HA)2

]n
org.

[
(HB)2

]m
org

(7) 

By substituting distribution ratio, D into Eq. (7), Eq. (8) is obtained: 

Dmix = Kex

[
(HA)2

]n
org.

[
(HB)2

]m
org

[H+]
2n
aq

(8) 

Where Dmix is the concentration ratio of Zn ion being transported to 
the organic phase from the aqueous feed phase using D2EHPA-Cyanex 
302 extractants mixture. By performing the logarithm of Eq. (7), Eq. 
(8) can be obtained: 

logDmix = logKex + nlog
[
(HA)2

]

org + mlog
[
(HB)2

]

org + 2npH (9) 

Eq. (6) can validate the synergistic reactive extraction mechanism by 
Eq. (9). At constant pH and constant Cyanex 302 concentration (7 mM), 
the plot of the log Dmix against log [HA]org gives straight lines. As shown in 
Fig. 5, the slopes of the graph log Dmix vs. log [HA]org give a value of 
0.968, indicating that one molecule of D2EHPA is required for Zn(II) 
extraction (n = 1). The same method was repeated to determine the 
number of Cyanex 302 molecules. Log Dmix versus log [HB]org was plotted 
with all other parameters held constant. Based on Fig. 6, the slope of 
1.008 was obtained, suggesting that one molecule of Cyanex 302 reacts 
with Zn during the extraction process (m = 1). Considering the FTIR 
analysis and method of slope analysis results, the reaction equation of Zn 
with the synergistic mixtures of D2EHPA-Cyanex 302 can be expressed 
in Eq. (10): 

Fig. 4. FT-IR spectra of mixture extractant before (unloaded organic) and after 
(Zn loaded) the zinc extraction took place. 

Table 6 
Influence of D2EHPA/Cyanex 302 concentration on extraction efficiency of zinc 
(experimental condition: agitation speed: 320 rpm; extraction time: 18 h)  

[D2EHPA] (mM) 
[Cyanex 302] (mM) 1 5 7 9 

1 54.69 65.61 72.00 78.23 
5 50.60 70.20 78.66 80.54 
7 61.66 78.05 78.95 80.82 
9 66.93 80.33 81.06 83.07  

Table 7 
Influence of base and synergist extractant concentration on synergistic 
coefficient.    

[D2EHPA] (mM) 
[Cyanex 302] (mM) 1 5 7 9 

1 1.8 0.9 0.8 2.9 
5 0.8 0.9 1.1 2.3 
7 1.2 1.2 0.9 2.1 
9 1.2 1.3 0.1 2.1  
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Zn2+(aq) + (HA)2(org) + (HB)2(org)→ Zn.A2.2HB(org) + 2H+(aq) (10) 

Fig. 7 demonstrates the proposed polymerization structure of the Zn 
with the synergistic mixtures of D2EHPA-Cyanex 302 complex, 
Zn•A2•2HB. It is obvious that Cyanex 302 functions better as a modifier 
than as an extractant for Zn. Meanwhile, D2EHPA is a key component as 

an extractant in the extraction of Zn. 

3.5. Kinetics of Zinc Extraction 

Extraction time, plays an important role in obtaining optimal 
extraction efficiency. Fig. 8 shows the extraction efficiency of Zn at 
extraction time variation from 1 to 60 minutes. The finding indicates 
that with an increment of extraction time to 5 min, the extraction per
formance improved up to 78%. As the extraction time is extended, the 
percentage of Zn extraction becomes almost plateau, indicating that the 
extraction equilibrium was attained. This result signifies that the equi
librium extraction time was reached after 5 min of the extraction pro
cess. The mixture of D2EHPA-Cyanex 302 demonstrated improved 
extraction kinetic than the single D2EHPA extraction, as discussed in 
Section 3.1, wherein only 64% of Zn extraction performance was 
achieved. 

The kinetics of Zn extraction during the synergistic reactive extrac
tion system can be determined by Eq. (11): 

ln
(Zn)i

(Zn)f
= kt (11) 

Where k designates the constant extraction rate, whereas (Zn)i is the 
concentration of Zn in the aqueous feed phase at the initial state and 
(Zn)f signify Zn concentration at time t. The graph of ln (Zn)i

(Zn)f 
versus t is 

presented in Fig. 9. The linear slope, indicates that the extraction of Zn 
using a mixture of D2EHPA-Cyanex 302 extractants follows the first- 
order reaction kinetics with a k value of 0.3667 min− 1. The extraction 
kinetics of zinc with D2EHPA have been explored by several authors and 
result in range 3–7 min− 1 [38]. It can be deduced that the kinetics of Zn 
extraction is very fast and synergism extractant has intensify the reactive 
extraction. 

3.6. Effect of stripping agent 

A stripping agent is vital in the back-extraction of Zn for recovery 
purposes. Several stripping agents were investigated for the back- 
extraction of Zn from the loaded organic phase. The stripping agents 
(e.g., hydrochloric acid (HCl), sulfuric acid (H2SO4), nitric acid (HNO3), 
thiourea, and acidic thiourea) were used with an aqueous/organic ratio 
of 1:1. The results presented in Fig. 10 show that the stripping per
centage of Zn increased in the following order: thiourea (S = 6%) < HCl 
(S = 64%) < HNO3 (S = 69%) < H2SO4 (S = 72%) < acidic thiourea (S =
78%). The lower stripping recorded using thiourea alone as a stripping 
agent is due to the low rate of ligand displacement, leading to the in
efficiency of thiourea for the back-extraction of Zn complexes. Mean
while, compared to a single acidic stripping agent and thiourea, the 

Fig. 5. Stoichiometry of zinc extraction equilibrium using D2EHPA.  

Fig. 6. Stoichiometry of zinc extraction equilibrium using Cyanex 302.  

Fig. 7. The proposed structure of the Zn with the D2EHPA-Cyanex 
302 complex. 

Fig. 8. Effect of extraction time on the extraction of zinc using synergistic 
D2EHPA/Cyanex 302 mixture (experimental condition: agitation speed: 320 
rpm; D2EHPA: 9 mM; Cyanex 302: 1 mM). 
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capacity of thiourea to achieve an outstanding result depends on its 
protonation behaviour, where the mixture of thiourea and H2SO4 (acidic 
thiourea) provided the highest percentage of Zn stripping of 78%. This 
finding can be attributed to the fact that thiourea is protonated in an 
acidic medium (Eq. 12). The protons bind to the sulfide atoms that 
favour the metal ions’ interaction with nitrogen atoms [39]. This 
mixture offers contribution towards intensification of reactive extrac
tion process since H2SO4 helps dissolving the thiourea properly as well 
as avoiding the precipitation. Such condition increases the substitution 
reaction of thiourea with the sulphate ion from the zinc loaded mixture 
system, thus enhancing stripping behaviour. This reaction agrees with 
Akretche et al. who asserted that thiourea has the ability to extract 
metals in acidic media [40]. Consequently, at the end of the reactive 
extraction process, a metal-free D2EHPA-Cyanex 302 stream is obtained 
and ready to be used for subsequent Zn extraction from aqueous solu
tions. Further stripping studies were carried out using acidic thiourea. 

SC(NH2)2 + H2SO4 ↔ HSC(NH2)2
+
+ HSO4

− (12)  

3.7. Effect of stripping agent concentration 

To enrich the Zn recovery in the strip solution, studies were carried 
out by varying acidic thiourea concentrations from 0.1 to 0.45 M as 
shown in Fig. 11. The finding shows that insufficient concentration of 
thiourea (0.1 M) in the stripping phase resulted in poor stripping effi
ciency. It is due to the insufficient stripping agent to strip Zn from its 
complexes in the organic phase into the stripping phase. Further in
crease of acidic thiourea concentration was increased the Zn stripping 
from 77% to 99%. This is due to the increased production of thiourea 
cation, resulting in the increment of protonated thiourea that reacts with 
Zn complexes. This condition increases the capacity of Zn ion to be 

stripped into the stripping phase, hence enhancing stripping perfor
mance. Similar findings have been observed by Mokhtari and Pour
abdollah [41], where increasing the stripping agent concentration leads 
to more efficient stripping of metals. 

By assuming that all the thiourea in H2SO4 presented in the system 
reacted with Zn complex, the mechanism of solute stripping was 
examined by constructing a graph of log D versus log [acidic thiourea], 
as demonstrated in Fig. 12. The plot provides a straight line with a 
positive slope, m of 2.22, which is near 2.0. Therefore, the ratio of Zn- 
extractant complexes to thiourea in H2SO4 solution was determined as 
1:2. Hence, two moles of acidic thiourea react with one mole of Zn- 
carrier complex during the stripping process as shown in Eq. 13. 
Meanwhile, the possible structure for di(thiourea)zinc(II) sulfate is 
shown in Fig. 13. 

Zn⋅A2⋅B2(org) + 2
[
(NH2)2HCS

]+
(aq) + SO2−

4(aq) + 2H+
(aq)

→ZnSO4
[
CS(NH2)2

]

2(aq) + (HA)2(org) + (HB)2(org)

(13) 

Where [(NH2)2HCS]+ is acidic thiourea in the aqueous phase. 

3.8. Effect of pH 

The effect of pH on the extraction efficiency of Zn ions is shown in 
Table 8. As observed, the increase in pH (lower proton concentration) 
results in higher zinc extraction. Results show that insignificant metal 
uptake occurs at a pH of 1. These results are likely to be related to at high 
chloride concentrations and low pH, Zn exists as anionic compounds 
such as ZnCl42− and ZnCl3− which is not extractable by D2EHPA-Cyanex 
302 system [27]. On the other hand, although Zn exists as a cationic 
compound at pH 3, low extraction efficiency was observed due to the 

Fig. 9. Kinetic of Zn extraction zinc using synergistic D2EHPA/Cyanex 302 
mixture (experimental condition: agitation speed: 320 rpm; D2EHPA: 9 mM; 
Cyanex 302: 1 mM). 

Fig. 10. Effect of stripping agent types on the stripping of zinc (experimental 
condition: feed: loaded organic phase (zinc/D2EHPA/Cyanex 302); extraction 
time: 18 h; agitation speed: 320 rpm; [stripping agent]: 0.1 M). 

Fig. 11. Effect of stripping agent concentration on the stripping of zinc 
(Experimental conditions: [Zn] = 88 ppm; A/O = 1:1; extraction time = 18 hrs; 
agitation speed = 320 rpm; T = ± 26◦C; diluent = Kerosene). 

Fig. 12. stoichiometric plots for the stripping equilibrium of zinc using acidic 
thiourea as stripping agent. 
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protonation of D2EHPA-Cyanex 302 [42]. Hence, the high H+ concen
tration competes with Zn to react with organic matter. 

It was observed that extraction of zinc increased with pH, and was 
completely extracted into the organic phase at equilibrium pH of 5 as 
shown in Table 8. During extraction of metals using acidic extractants, 
the extraction is governed by the cation exchange reaction in which the 
protons (H+) are released, causing the decrease in pH equilibrium. 
Meanwhile, an increase in pH leads to a decrease in the H+ concentra
tion in the solution. Therefore, the competition between zinc and pro
tons to react with D2EHPA-Cyanex 302 in organic solution decreased 
and the extraction efficiency increased [43]. This trend has also been 
observed by Katoozi and Anari [44]. 

3.9. Regeneration and recycling of organic phase 

Organic phase regeneration is one of the main advantages of reactive 
extraction [30]. A process for extraction and stripping of Zn from 
chloride solutions by D2EHPA-Cyanex 302 was shown in Fig. 14. All 
experiments on the regeneration and recycling of organic phase were 
conducted under the optimum condition in the extraction and stripping 
process. The stripped organic phase was used for the regeneration of the 
extraction and stripping process. 

Six extraction and stripping cycles were carried out at the same 
experimental conditions, and the recovery of each stage was calculated 
from the amount of Zn extracted into the organic phase at each partic
ular cycle. The obtained results are shown in Table 9. The extraction and 
stripping percentage of Zn was unchanged up to four cycles, indicating 
that the regeneration and recycling capacity of the organic phase was 
obtained in the present study. The results show that at cycle 5, the 
stripping process diminishes Zn’s extraction from the Zn-loaded organic 
phase where only 78% of Zn was striped. 

This is supported by FTIR analysis comparison between cycle 4 and 5 
of organic loaded, as shown in Fig. 15. In comparison to the first four 
cycle of FTIR in organic loaded, after 5 cycle of regeneration, O-H vi
bration band were appeared at 3400 cm− 1. The existence of the O-H 

peak in D2EHPA exhibits the hydrogen bonds of dimeric D2EHPA. 
Therefore, the pKa value decreased due to attractive inductive effects. 
The lower the value of pKa, the stronger the bonding of zinc with the 
D2EHPA-Cyanex 302 (ligand) makes the stripping of zinc is hard to 
detach. Similar observation was made by Sulaiman et al. [45] who 
stated that the stronger the acid, the greater its ability to donate its 
protons. Hence, the liquid organic phase will accumulate with unstrip
ped Zn. As can be seen at cycle 6, the contaminated organic phase will 
disturb the Zn extraction from the feed phase during recycling where 
only 72% of Zn was extracted. Current result is more effective compare 
to previous work by Xu et al. [46] which on the 2nd 

extraction-stripping-washing process, the extraction performance 
already decreases. Therefore, this synergists system proof that the 
intensification effect for synergism of extraction and the regeneration of 
the organic phase. 

4. Prospect of extractive extraction synergism 

Synergism of extractants formulation for organic and inorganic ex
tractions has become a new perspective employed in the reactive 
extraction. Several benefits can be observed through synergism, 
including reducing the total concentration used and the fast reaction 
process. Based on this study, throughout the synergistic extraction of Zn, 
there is a huge difference in terms of the extraction efficiency, where a 
mixture of 9 mM D2EHPA and 1 mM Cyanex 302 (a total of 0.01 M) 
achieved almost 100% of Zn extraction compared to 52% for a single 
extractant of 0.01 M Cyanex 302 and 64% extraction for 0.01 M 
D2EHPA. Therefore, the amount of the extractants used can be reduced 
and the process becomes more sustainable due to less chemical used. 
Additionally, a synergistic system can achieve equilibrium within a 
shorter time. 

Fig. 13. The possible structure of the stripped complex.  

Table 8 
Effect of pH on the extraction of zinc using synergistic D2EHPA-Cyanex 302 
mixture (experimental condition: agitation speed: 320 rpm; D2EHPA: 9 mM; 
Cyanex 302: 1 mM).  

pH initial pH equilibrium % Extraction 

1 0.96 0 
3 2.05 46 
5 3.13 82 
7 6.05 85 
9 5 99  

Fig. 14. A schematic process of extraction and stripping of Zn (II) from chloride 
solutions by D2EHPA-Cyanex 302 mixture. 

Table 9 
Regeneration and recycling capacity of D2EHPA-Cyanex 302 mixture.  

No. of run Extraction (%) Stripping (%) 

1 98 99 
2 99 99 
3 99 99 
4 99 99 
5 99 78 
6 72 63  
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5. Conclusions 

The behaviour of different organic phase compositions for the 
extraction of zinc from the aqueous solution was studied in term of 
synergism and extraction performance. The discussion contained the 
synergism interaction, its probable polymerization structure, and 
distinct ratios of organic phase compositions. Almost 99% of zinc was 
extracted using synergist mixture of of 9 mM D2EHPA and 1 mM Cyanex 
302. It is found that the effect of D2EHPA is more significant in the 
extraction process and Cyanex 302 was acting as a modifier or syner
gistic extractant. The possible extracted Zn structure is 
Zn•A2•2HB. Meanwhile, acidic thiourea was selected as a stripping 
agent with a stripping performance of 99%. The extracted species is 
likely to be di(thiourea)zinc(II) sulfate, ZnSO4[CS(NH2)2]. The extrac
tion and stripping percentages of Zn was consistent in a good perfor
mance up to four cycles. The limitation of this system for real waste 
application is a regeneration of organic phase due to impurities and 
should be considered for further study. It is expected this synergist 
reactive reaction can reduce the chemical use and increase the extrac
tion performance. 
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