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a b s t r a c t
Citric acid is one of the most important natural organic acid and extensively used in pharmaceu-
ticals, foods, beverages, personal care products and mainly manufactured in the form of aqueous 
solutions by fermentation processes. In this study, the removal of citric acid from aqueous solutions 
was investigated by reactive extraction using an extractant namely tributylamine (TBA) in octyl ace-
tate. The effects of different parameters on the removal such as initial extractant (TBA) concentra-
tion in octyl acetate (0–1.2 mol L–1), initial citric acid concentration (0.26–0.78 mol L–1) and, organic: 
aqueous phase ratio (0.2–1.0 v/v) were examined. In order to evaluate the performance of reactive 
extraction operation, extraction efficiencies (E%), distribution coefficients (D) and loading factors 
(Z) were calculated by using the experimental data. Furthermore, an optimization work was car-
ried out for the reactive extraction process of citric acid. Response surface methodology was used 
to optimize the effect of input variables on the reactive extraction. In the variables examined, it was 
determined that the initial TBA concentration in the organic phase was the most effective parameter 
for the removal of citric acid from aqueous solutions. The optimum extraction conditions were found 
to be initial TBA concentration in the organic phase of 1.2 mol L–1, the initial citric acid concentration 
of 0.26 mol L–1 and organic: aqueous phase ratio of 1.0 (v/v), respectively. Under these optimum con-
ditions, the predicted and experimental extraction efficiencies were obtained as 86.31% and 82.44%, 
respectively. The correlation coefficient values (R2 and adjusted R2 > 0.9) denoted that the obtained 
model equation represents the experimental data adequately.
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1. Introduction

Hydroxy acids are organic acids having one or more 
hydroxyl groups bonded directly to the carbon chain of an 
aliphatic or alicyclic carbon atom. Hydroxy acids mainly 
can be categorized into four groups: (1) α-hydroxy acids: 
(a) alkyl α-hydroxy acids, (b) aryl alkyl α-hydroxy acids, 
and (c) polycarboxy α-hydroxy acids; (2) β-hydroxy acids; 
(3) polyhydroxy acids/polycarboxy hydroxy acids; (4) 
aromatic hydroxy acids. Citric acid is a [C(OH)(COOH)

(CH2COOH)2/3-carboxy-3-hydroxypentane-1,5-dioic acid] 
polycarboxy α-hydroxy acid and can be classified both 
α-hydroxy and β-hydroxy acid at the same time [1].

Citric acid is one of the most important natural organic 
acids and synthesized through chemical or fermentative 
methods. It is mainly utilized in pharmaceuticals, foods, 
beverages, personal care products, cleaners, detergents and 
other usages like animal feed and industrial applications. 
About 70% of these consumption areas are food and bever-
ages. In beverages and foods, citric acid is substantially used 



T. Evlik et al. / Desalination and Water Treatment 185 (2020) 277–285278

as a flavoring agent, preservative, acidifier, and chelating 
agent [2–4]. Recent studies denoted that citric acid was an 
efficient eluting medium in the application of the titanium 
type lithium-ion sieve [5]. The estimated world manufacture 
of citric acid for industrial uses was reported as about 2 mil-
lion tons [6]. Having a wide range of versatile utilization and 
increasing market demand has made it inevitable to conduct 
scientific research on citric acid production and recovery.

Precipitation, extraction, and adsorption are the main 
separation methods for the uptake of citric acid from waste-
waters, fermentation broths or aqueous solutions [4]. Among 
these methods, solvent extraction has important advantages 
of eliminating the usage of calcium hydroxide and sulfuric 
acid utilized in the precipitation process [7]. Besides these, 
reactive extraction is an emerging influential method for 
the removal of carboxylic acid. Reactive extraction involves 
the integration of the reaction and separation steps using 
specific extractants with different diluents. Carbon bonded 
oxygen donor extractants, phosphorus-bonded oxygen 
donor extractants, and aliphatic amines can be classified as 
main extractant groups [8]. Extractants are dissolved in dilu-
ents, thus its physical properties such as surface tension and 
viscosity were improved [9].

In the literature [7,10–26], various (extractant + diluent) 
systems have been tested for the citric acid removal from its 
dilute solutions. In this work, the reactive extraction of cit-
ric acid from dilute aqueous solutions was examined using 
tributylamine (TBA)-octyl acetate as an extractant-diluent 
system. The initial citric acid concentration, initial TBA con-
centration in the organic phase, and organic: aqueous phase 
ratio were investigated as parameters affecting the separa-
tion process. The experimental data were evaluated using the 
distribution coefficient (D), extraction efficiency (E%), and 
loading factor (Z) values.

An experimental design is a detailed plan of experi-
ments arranged to get desired information on the observed 
results. Response surface methodology (RSM) is used for 
understanding how the response of interest is influenced 
by a set of variables, and the objective is to optimize this 
response. It is possible with the RSM both to locate the 
optimum conditions, and to analyze how the input vari-
ables affect the optimum conditions. RSM includes several 
methods to design the experimental procedures and some 
of them are Box–Behnken design, central composite design, 
and D-optimal design [27].

The initial citric acid concentration (0.26–0.78 mol L–1), 
initial TBA concentration in organic phase (0–1.2 mol L–1), 
and organic: aqueous phase ratio (0.2–1.0 v/v) were selected 
as input variables (factors), and the extraction efficiency was 
selected as a response. Central composite design was per-
formed to determine the influence of the factors and their 
interactions on the response. Among the factors investigated 
in the experimental and optimization studies, it was deter-
mined that the initial amine concentration in the organic 
phase was the most effective parameter for the removal of 
citric acid from aqueous solutions.

2. Experimental

The solutions of citric acid (Sigma-Aldrich, Germany, 
>99%) were prepared in different concentrations of 0.26, 0.52 

and 0.78 mol L–1 by using distilled water. The solutions of 
the organic phase were prepared by the dissolving of TBA 
(Merck, Germany, ≥99%) in octyl acetate (Merck, Germany, 
≥99%). The initial TBA concentrations in octyl acetate were 
0, 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 mol L–1. The organic phase 
volume: aqueous phase volume ratios (phase ratios, v/v,) 
were studied as 1:5 mL (phase ratio:0.2 v/v), 3:5 mL (phase 
ratio:0.6 v/v) and 5:5 mL (phase ratio:1.0 v/v). The experi-
ments were performed by using a water bath shaker (NÜVE 
ST 402 model, Turkey) for predetermined equilibrium time 
(2 h) at 150 rpm and room temperature. After the extraction, 
the samples were centrifuged in a centrifuge device (NÜVE 
NS 200 model) at 4,000 rpm for 10 min. The concentration of 
citric acid in the aqueous phase was analyzed using Schott 
Titroline automatic titrator with 0.1 N NaOH. The concen-
tration of citric acid in the organic phase was determined 
using the mass balance.

3. Theoretical

Reaction mechanism of citric acid (CA) with TBA can 
be described by following Eq. (1):

m n
m n

CA TBA CA TBAaq org org
+ = ( ) − ( )   (1)

In this equation, CA implies the non-dissociated citric 
acid in an aqueous phase and (CA)m-(TBA)n signifies citric 
acid-extractant complex in the organic phase.

The reactive extraction process was evaluated by using 
the parameters, namely distribution coefficient (D), extraction 
efficiency (E%), and loading factor (Z). The ratio of the equi-
librium concentration between organic and aqueous phases 
is called the distribution coefficient (D). This coefficient 
symbolizes as follows [28]:
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The extraction efficiency (E%) is defined as the ratio of 
the concentration of extracted acid to initial acid concentra-
tion and it is calculated as below [28]:
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In the reactive extraction of carboxylic acids, the load-
ing factor (Z) is used to specify the activity of amine in the 
organic phase. This parameter represents the ratio of the con-
centration of transported acid to TBA concentration in the 
organic phase. It is indicated as follows [28]:

Z
C
C

= CA org

TBA org

,

,
 (4)

4. Result and discussion

4.1. Reactive extraction equilibrium studies

Citric acid solutions of different initial concentrations 
were prepared to examine the separation of citric acid from 
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the aqueous medium by the reactive extraction method. 
However, the effects of initial amine concentration (CTBA,org) 
in the organic phase, and organic:aqueous phase ratio (v/v) 
on the reactive separation process were investigated. The 
experimental conditions included initial citric acid concen-
trations of 0.26, 0.52 and 0.78 mol L–1; TBA concentrations in 
the organic phase of 0, 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 mol L–1; and 
phase ratio of 0.2, 0.6, and 1.0 (v/v). The equilibrium citric 
acid concentration in the aqueous phase (CCA,aq) was deter-
mined experimentally. The citric acid concentration in the 
organic phase was calculated using mass balance. Using the 
obtained data, distribution coefficient (D), loading factor (Z), 
and extraction efficiency (E%) were calculated. The obtained 
experimental results according to each initial citric acid con-
centration (0.26, 0.52 and 0.78 mol L–1) were summarized in 
Tables 1–3. As can be seen in Tables 1–3, when the results 
of physical extraction experiments using different initial 
citric acid concentrations and organic phase contents with-
out TBA were analyzed, the values of extraction efficiency 
(E%) varied between 0.160% and 4.108%. When the reactive 
extraction experimental results were examined, the maxi-
mum extraction efficiency values reached above 80%. These 
results showed that reactive extraction is more effective than 
physical extraction.

Moreover, the distribution coefficient (D), loading fac-
tor (Z), and extraction efficiency (E%) values for the dif-
ferent initial acid concentrations are illustrated in Fig. 1. 
As can be seen from Fig. 1, the distribution coefficients 
(Figs. 1a1, 1b1 and 1c1) and extraction efficiencies (Figs. 1a3, 
1b3 and 1c3) increased considerably with increasing TBA 

concentration in octyl acetate. Because, with increasing TBA 
concentration in the organic phase, more TBA-acid com-
plexes occur in the organic phase and the more citric acid 
molecules removed from the aqueous phase and so, the val-
ues of distribution coefficient (D) and extraction efficiency 
(E%) increase. The results were consistent with the fact that 
similar reactive extraction studies reported in the literature 
[28,29]. When the results were discussed in terms of load-
ing factor values (see Figs. 1a2, 1b2 and 1c2); it was seen 
that the loading factor values varied between 0–0.41. These 
values mean that the acid-amine complexes contain more 
than one amine per complex. When the loading factor val-
ues greater than unity, it is called overloading. Overloading 
indicates that the complexes with more than one acid mol-
ecule per amine are formed. The loading factor values were 
under unity at all experimental conditions, and this situa-
tion indicates that overloading does not occur [30,31]. From 
all plots illustrated in Fig. 1, as the organic:aqueous phase 
ratio, increased from 0.2 to 1.0 (v/v), the values of distribu-
tion coefficient, extraction efficiency, and loading factor had 
increased. Owing to using larger organic phase volume, the 
more acid was extracted into the aqueous phase from the 
organic phase. The observation was consistent with the fact 
that similar reactive extraction studies [32,33]. However, the 
values of distribution coefficient and extraction efficiency 
were decreased with increasing initial citric acid concentra-
tion from 0.26 mol L–1 (Fig. 1a) to 0.78 mol L–1 (Fig. 1c). It can 
be explained with the extraction power of TBA decreases 
with an increase in the initial acid concentration. Similarly, 
Eda et al. [34] examined the removal of levulinic acid by 

Table 1
Results of reactive extraction experiments with initial citric acid concentration of 0.26 mol L–1

Phase ratio (v/v) CTBA,org mol L–1 CCA,org mol L–1 CCA,aq mol L–1 D Z E% pH

0.2

0.0 0.006 0.254 0.024 – 2.306 1.739
0.2 0.019 0.241 0.080 0.096 7.411 3.250
0.4 0.030 0.230 0.130 0.075 11.515 4.151
0.6 0.046 0.214 0.217 0.077 17.821 3.750
0.8 0.063 0.197 0.318 0.078 24.127 4.750
1.0 0.079 0.181 0.437 0.079 30.433 5.105
1.2 0.098 0.162 0.609 0.082 37.840 6.210

0.6

0.0 0.004 0.256 0.017 – 1.706 1.748
0.2 0.047 0.213 0.221 0.236 18.121 2.981
0.4 0.091 0.169 0.539 0.228 35.038 3.721
0.6 0.131 0.129 1.022 0.219 50.553 4.400
0.8 0.166 0.094 1.767 0.208 63.865 5.093
1.0 0.191 0.069 2.770 0.191 73.475 5.539
1.2 0.208 0.052 4.035 0.174 80.141 5.899

1.0

0.0 0.011 0.249 0.043 – 4.108 1.808
0.2 0.068 0.192 0.356 0.341 26.229 3.167
0.4 0.127 0.133 0.951 0.317 48.751 4.258
0.6 0.169 0.091 1.871 0.282 65.167 5.074
0.8 0.199 0.061 3.251 0.249 76.477 5.641
1.0 0.208 0.052 3.995 0.208 79.981 5.861
1.2 0.214 0.046 4.696 0.179 82.443 6.072
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Table 2
Results of reactive extraction experiments with initial citric acid concentration of 0.52 mol L–1

Phase ratio (v/v) CTBA,org mol L–1 CCA,org mol L–1 CCA,aq mol L–1 D Z E% pH

0.2

0.0 0.013 0.509 0.026 – 2.531 1.632
0.2 0.025 0.497 0.050 0.123 4.725 2.360
0.4 0.044 0.478 0.092 0.110 8.414 2.785
0.6 0.051 0.471 0.108 0.084 9.710 3.950
0.8 0.074 0.448 0.165 0.093 14.197 3.055
1.0 0.095 0.427 0.222 0.095 18.136 2.956
1.2 0.117 0.405 0.290 0.098 22.473 3.240

0.6

0.0 0.005 0.517 0.009 – 0.886 1.645
0.2 0.057 0.465 0.122 0.283 10.857 2.426
0.4 0.100 0.422 0.237 0.250 19.183 2.929
0.6 0.135 0.387 0.349 0.225 25.864 3.057
0.8 0.196 0.326 0.601 0.245 37.530 3.735
1.0 0.232 0.290 0.797 0.232 44.360 3.984
1.2 0.285 0.237 1.199 0.237 54.531 4.466

1.0

0.0 0.002 0.520 0.004 – 0.387 1.424
0.2 0.073 0.449 0.161 0.363 13.898 2.422
0.4 0.137 0.385 0.356 0.343 26.263 3.088
0.6 0.196 0.326 0.602 0.327 37.580 3.599
0.8 0.253 0.269 0.938 0.316 48.399 4.141
1.0 0.304 0.218 1.396 0.304 58.270 4.583
1.2 0.352 0.170 2.067 0.293 67.394 5.156

Table 3
Results of reactive extraction experiments with initial citric acid concentration of 0.78 mol L–1

Phase ratio (v/v) CTBA,org mol L–1 CCA,org mol L–1 CCA,aq mol L–1 D Z E% pH

0.2

0.0 0.001 0.781 0.002 – 0.160 1.425
0.2 0.031 0.751 0.042 0.156 3.987 2.150
0.4 0.050 0.732 0.069 0.125 6.417 1.955
0.6 0.063 0.719 0.087 0.104 8.014 2.562
0.8 0.076 0.706 0.108 0.095 9.711 2.876
1.0 0.098 0.684 0.143 0.098 12.507 3.126
1.2 0.133 0.649 0.204 0.111 16.966 3.258

0.6

0.0 0.008 0.774 0.010 – 0.992 1.440
0.2 0.058 0.724 0.080 0.291 7.448 2.215
0.4 0.108 0.674 0.160 0.269 13.771 2.289
0.6 0.155 0.627 0.246 0.258 19.762 2.617
0.8 0.211 0.571 0.370 0.264 26.984 3.158
1.0 0.256 0.526 0.485 0.256 32.674 3.408
1.2 0.327 0.455 0.718 0.272 41.793 3.728

1.0

0.0 0.005 0.777 0.007 – 0.692 1.228
0.2 0.083 0.699 0.119 0.416 10.643 2.190
0.4 0.163 0.619 0.264 0.408 20.860 2.654
0.6 0.219 0.563 0.389 0.365 28.015 3.088
0.8 0.287 0.495 0.580 0.359 36.701 0.000
1.0 0.332 0.450 0.737 0.332 42.426 3.721
1.2 0.416 0.366 1.136 0.347 53.175 4.253
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Fig. 1. Effect of initial TBA concentration (CTBA,org) on the distribution coefficient (D), loading factor (Z), and extraction efficiency (E%) 
(initial citric acid concentration (a) 0.26 mol L–1, (b) 0.52 mol L–1, and (c) 0.78 mol L–1).
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reactive extraction using trioctylamine in methyl isobutyl 
ketone and they also reported that the distribution coeffi-
cient decreased with increasing initial acid concentration.

4.2. Face-centered central composite design

In order to analyze and optimize the reactive extraction 
process factors affecting the extraction efficiency, face- 
centered central composite design (FCCCD) was employed 
in the Design-Expert® Software Version 11 Trial, (Stat-Ease, 
Inc., Minneapolis, USA). Based on the aforementioned the 
experimental results, phase ratio (X1, organic phase volume/
aqueous phase volume, v/v), initial citric acid concentration 
(X2) and initial TBA concentration in the organic phase (X3) 
were chosen as three factors affecting on the extraction effi-
ciency (Y, response). These factors and actual and coded lev-
els were given in Table 4. The factors and their levels were 
entered into Design-Expert® Software, the experimental 
layout and results were acquired as shown in Table 5.

The obtained experimental data were analyzed by anal-
ysis of variance (ANOVA). ANOVA data were given in 
Table 6. The significance of the model is evaluated by model 
F-value and p-value in ANOVA table [35]. As can be seen 
from Table 6, the model F-value (51.72) and model p-value 
(<0.0001) denoted that the model for extraction efficiency was 
significant. Besides, the significance of model terms can be 
analyzed with a p-value. The p-values of model terms <0.05 
represent these model terms are important and they have an 
important effect on the response. ANOVA results indicated 
that five model terms (X1, X2, X3, X1X3, X2X3) were signif-
icant (p-value < 0.05). The effects that were not important 
(p-value > 0.05) were excluded from the model equation. In 
this way, the following regression model Eq. (5) in terms of 
coded factors representing the extraction efficiency (Y) was 
acquired as:

Y X X X X X X X= + − + + −26 30 11 10 8 65 23 68 9 81 5 571 2 3 1 3 2 3. . . . . .  
 (5)

As can be seen in the model equation, all factors 
(X1, X2, X3) have an important effect on the extraction effi-
ciency. Because of the highest coefficient in the model, the 
most significant factor affecting the extraction efficiency is 
TBA concentration (X3).

Table 6
ANOVA results for the extraction efficiency

Source Sum of 
squares

df Mean 
square

F-value p-value 
Prob > F

Model 8,617.55 6 1,436.26 51.72 <0.0001
X1 1,232.32 1 1,232.32 44.37 <0.0001
X2 748.05 1 748.05 26.94 0.0002
X3 5,607.42 1 5,607.42 201.91 <0.0001
X1X2 11.66 1 11.66 0.4200 0.5282
X1X3 769.89 1 769.89 27.72 0.0002
X2X3 248.20 1 248.20 8.94 0.0104
X1

2 361.03 13 27.77
X2

2 361.03 8 45.13 60,171.41 <0.0001
X3

2 0.0038 5 0.0008
Residual 8,978.58 19
Lack of Fit 8,617.55 6 1,436.26 51.72 <0.0001
Pure Error 1,232.32 1 1,232.32 44.37 <0.0001
Cor. total 748.05 1 748.05 26.94 0.0002

Table 4
Factors and actual and coded levels used in FCCCD

Factors
Levels

Actual Coded Actual Coded Actual Coded

X1 Phase ratio (v/v) 0.2 –1 0.6 0 1.0 +1
X2 Initial citric acid concentration (mol L–1) 0.26 –1 0.52 0 0.78 +1
X3 TBA concentration (mol L–1) 0 –1 0.6 0 1.2 +1

Table 5
Experimental layout and results for the extraction efficiency (Y)

Run
Factors Response

X1 X2 X3 Y (%)

1 0 0 0 25.91
2 –1 +1 +1 16.97
3 –1 0 0 9.71
4 0 0 0 25.86
5 +1 0 0 37.58
6 +1 +1 –1 0.69
7 +1 –1 –1 4.11
8 0 +1 0 19.76
9 +1 –1 +1 82.44
10 –1 –1 –1 2.31
11 0 –1 0 50.55
12 0 0 0 25.86
13 +1 +1 +1 53.18
14 –1 +1 –1 0.16
15 0 0 0 25.85
16 0 0 0 25.88
17 0 0 –1 0.89
18 0 0 +1 54.53
19 0 0 0 25.83
20 –1 –1 +1 37.84
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The validity of the model was verified by analyzing 
various statistical parameters given in Table 7. As shown 
in Table 7, the model correlation coefficients (R2 and 
adjusted R2) were obtained very higher (>0.9). These results 
indicated that the model had a good fit for the experimental 
data. The value of predicted R² was in reasonable agreement 
with the value of adjusted R² due to the difference is less 
than 0.2. Adequate precision (AP) which measures the ratio 
of signal to noise is desirable greater than 4. AP value was 
found to be 27.8602 and it demonstrated an adequate signal 

Table 7
Statistical parameters obtained in FCCCD

R2 0.9598
Adjusted R2 0.9412
Predicted R2 0.8678
Adequate precision (AP) 27.8602
Standard deviation (SD) 5.27

     
(a) TBA concentration: 0.6 mol.L-1 (b) Initial acid concentration: 0.52 mol.L-1  

(c) Phase ratio: 0.6 (v/v) 
 

Fig. 2. Effect of (a) phase ratio (X1) and initial acid concentration (X2), (b) phase ratio (X1) and TBA concentration (X3), and (c) initial 
acid concentration (X2) and TBA concentration (X3) on the extraction efficiency (Y).
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[36]. As a result, the obtained model equation can be used 
to design this system.

3D response surface plots of model equation (Fig. 2) 
were depicted to explain the effect of factors on the extraction 
efficiency. Fig. 2a and b clearly showed that the extraction 
efficiency increased with increasing the organic:aqueous 
phase ratio. Due to using larger organic phase volume, the 
more acid was embodied in the aqueous phase from the 
organic phase. Similar reactive extraction studies has con-
firmed this result [32,33,37]. Fig. 2a also indicated that the 
extraction efficiency values decreased with an increase in the 
initial citric acid concentration. Likewise, it can be observed 
in Fig. 2c. It can be explained with the extraction power of 
TBA decreases with an increase in the initial acid concen-
tration [28]. Moreover, Fig. 2b and c demonstrated that 
as increasing TBA concentration, the extraction efficiency 
was increased considerably. Similarly, as amine concentra-
tion increases, more amino-acid complexes forms in the 
organic phase and so, the more acid molecules extracted 
from the aqueous phase [37].

Eventually, an optimization study was enforced in 
Design-Expert® Software. The optimal reactive extraction 
conditions were determined as the phase ratio of 1.0 (v/v), 
the initial citric acid concentration of 0.26 mol L–1 and initial 
TBA concentration of 1.2 mol L–1. Under the optimal condi-
tions, the predicted and experimental extraction efficiencies 
were obtained as 86.31% and 82.44%, respectively. It indi-
cated that the model was fitted to the experimental values.

5. Conclusion

In this study, in order to investigate the effects of some 
variable parameters on reactive extraction, the removal of 
citric acid from aqueous solutions was tested. In the exper-
imental studies, three different parameters were gradually 
changed, initial acid concentration, initial TBA concentra-
tion in the organic phase and organic: aqueous phase ratio. 
The highest E% was obtained as 82.44% for 1.2 mol L–1 initial 
TBA concentration, an equal volume of each phase, and with 
0.26 mol L–1 initial citric acid concentration. The mathemat-
ical model equation representing the extraction efficiency 
was obtained by the RSM. The higher correlation coefficients 
(R2 and adjusted R2 > 0.9) showed that the obtained model 
fits well with experimental studies. From the experimen-
tal and model results it can be concluded that the reactive 
extraction process was affected by the examined parameters, 
in the order of initial TBA concentration in organic phase > 
organic:aqueous phase ratio > initial acid concentration. As 
a result of the general evaluation of the study, it was seen 
that the successful separation efficiency was achieved when 
the organic phases obtained by using the reactive and solvent 
mixtures were used optimally.
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