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Abstract: Solvent extraction is an efficient, economical and widely-used tech-
nology for the purification of wet process phosphoric acid (WPA). This present 
work focused on the development of a solvent extraction system, TC, repre-
senting tri-n-butyl phosphate (TBP) and cyclohexanol mixtures. The equilib-
rium phase diagram of the system H3PO4−H2O−TC at 298.2 K and atmospheric 
pressure was obtained. The effects of extraction time, phosphoric acid concen-
tration, extractant concentration, temperature and phase volume ratio on ext-
raction efficiency were studied. The extracted complexes were estimated to be 
1.8H3PO4 2TC. The extraction process of H3PO4 was exothermic and the 
enthalpy change, ΔH, was obtained. The solvent mixtures had a high efficiency 
for phosphoric acid purification via multi-stage counter-current extraction from 
the industrial WPA in a reciprocating plate extraction column with an H3PO4 
extraction yield of 85.08 % at 313.2 K. The stability, extraction efficiency and 
recycling capability of TC for H3PO4 extraction were also estimated.  

Keywords: mixing extractant; equilibrium phase diagram; extracting mech-
anism; reciprocating plate column. 

INTRODUCTION 
Phosphoric acid is a type of basic raw material widely used in many areas 

such as agricultural feed, fertilizers, detergents and food additives. Commercial 
phosphoric acid is commonly manufactured by thermal and wet process. Wet 
process phosphoric acid (WPA) is produced by decomposition of phosphate rock 
with mineral acid which is thus far acknowledged as a more economical, 
environmental-friendly method of production.1,2 However, WPA is accompanied 
by a number of undesirable impurities beside solids and organic matters so that 
purification must be conducted during the downstream production. Several phys-
icochemical treatment techniques have been investigated for purifying WPA 
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including adsorption, crystallization, ion exchange, ion precipitation and solvent 
extraction.3,4 

Experimental and technical researches indicate that solvent extraction is a 
practical, efficient and economical method for WPA purification which is 
accepted as the most widely-used technique applied in the industrial production 
process at present.5,6 Many types of organic solvents have been investigated to 
serve as the extractant, e.g., esters,7 alcohols8 and ketones.9 Tri-n-butyl phosphate 
(TBP) is extensively used in WPA purification due to its good selectivity to 
phosphoric acid, immiscibility with the aqueous solution and easy recovery. 
However, TBP is easy to emulsify because of its partial hydrolysis in the acid 
solution, which has negative effect on phase separation.10 Aliphatic alcohols, 
such as butanol, pentanol and octanol, have been studied for purifying WPA 
which have the advantages of good extraction efficiency, low toxicity and quick 
phase separation without emulsification. Cyclohexanol has been used for leach-
ing and extraction. It has lower density and viscosity than octanol, which can 
provide better flowability. The solubility of cyclohexanol in aqueous solution is 
also lower than that of butanol and pentanol. The experimental results indicate its 
favorable extraction efficiency of H3PO4 and good stability in liquid–liquid 
systems.11,12 The main aim of this study was to investigate the purification 
process of WPA using TBP and cyclohexanol mixtures. Kerosene was used as 
diluent to decrease the viscosity of the two-phase mixtures and accelerate the 
phase separation process.13 

In this present work, the research focused on developing a solvent extraction 
system using TBP and cyclohexanol mixtures with an optimum composition. The 
solvent mixtures were expected to eventually combine the advantages of good 
selectivity from TBP and good extraction efficiency from cyclohexanol while 
avoiding their disadvantages at the same time. The equilibrium phase diagram of 
the system H3PO4−H2O−TC at 298.2 K and atmospheric pressure was obtained 
as well as the phase equilibrium data of the extraction system. The extracted 
complexes and the process stoichiometry were studied in order to estimate the 
transferring mechanism. A multi-stage counter-current extraction in a recipro-
cating plate extraction column with scrubbing and stripping of the loaded organic 
phase were applied to obtain the purified phosphoric acid from industrial WPA. 
The stability and recycling capability of TC for H3PO4 extraction were also 
appraised. The study is capable of enriching theoretical foundation and technical 
guidance for the phosphoric acid purification process. 

EXPERIMENTAL 
Materials 

TBP and cyclohexanol, provided by Jingcui Chemical Reagent Co. (Sichuan, China), 
were both of analytical reagent grades and used without any further purification. Analytically 
pure H3PO4 (purity ≥ 85 %) was obtained from Kelong Chemical Reagent Co. (Sichuan, 
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China). Kerosene was provided by Zhongcui Chemical Co. (Sichuan, China). Before use, 
kerosene was washed with concentrated sulfuric acid and neutralized with 5 % Na2CO3 sol-
ution then washed with water until the pH was neutral and finally distilled at 458.2–528.2 K. 
Deionized water was used throughout the experiments. The industrial raw WPA was supplied 
by Furui Chemical Plant (Yunnan, China), which was obtained by decomposing phosphate ore 
using sulfuric acid. The composition of the industrial WPA is shown in Table I. 

TABLE I. Composition of the industrial WPA; ferrous ions have been converted to ferric ions 
as a sum 
Component H3PO4 SO4

2- F- Fe3+
a Al3+ Mg2+ Zn2+ Cr3+ 

Content, wt. % 65.74 3.28 0.334 0.377 0.659 0.732 0.041 0.004 

Procedure 
Equilibrium studies. Experiments were carried out at 298.2 K and atmospheric pressure 

in a water thermostat (±0.1 K). Known amounts of aqueous phase (diluted analytically pure 
phosphoric acid) and organic phase (TBP and cyclohexanol mixtures) were mixed and shaken 
for 1 h until equilibrium was reached and then left to settle for 1 h to completely separate the 
two liquid phases. The concentration of phosphoric acid in the two phases was determined by 
the quinoline phosphomolybdate gravimetric method with an accuracy of ±0.1 %.7 The water 
content in the organic phase was determined by the Karl–Fisher potentiometric titration 
method using a compact potentiometric titrator (Methohm 916 Ti-Touch, Switzerland) with an 
accuracy of ±0.1 %.7 FT-IR spectroscopy (Nicolet 7100, USA) was used for the analysis of 
the organic phase. 

Batch extraction studies. The extraction temperature was controlled and maintained in a 
water thermostat (±0.1 K). Certain amounts of phosphoric acid were diluted with deionized 
water to prepare the aqueous phase while TBP and cyclohexanol mixtures were diluted in 
kerosene to prepare the organic phase. Then the two prepared phases were mixed and stirred 
for a certain time. After standing for a sufficient time, the mixtures completely separated into 
two equilibrated phases. The organic phase and the raffinate aqueous phase were then 
weighed and taken for analysis. Measurement of Fe3+ concentration in the aqueous solution 
was performed using a UV–Vis spectrophotometer (Mapada UV-1100, China) at a wave-
length of 510 nm with an accuracy of ±0.5 %.12 Measurement of the concentration of other 
metallic ions (Al3+, Mg2+, Zn2+ and Cr3+) in the aqueous solution was performed with an ICP- 
-AES (Thermo Fisher Iris Adv, USA) with an accuracy of ±0.5 %.10 The fluoride composition 
in the aqueous phase was determined by an ion meter (Jingke DDS-307, China) using a 
fluoride selective electrode with a saturated calomel electrode as the reference electrode with 
an accuracy of ±1 %.14 The concentration of SO4

2- in the aqueous solution was identified using 
a UV–Vis spectrophotometer at a wavelength of 440 nm with an accuracy of ±0.5 %.5 The 
volume of the liquid phases was also determined (±0.1 mL). 
Continuous extraction studies 

The continuous extraction of the industrial WPA was carried out with multi-stage 
counter-current operations in a reciprocating plate extraction column.15 The temperature of the 
column was maintained by a heating belt (±0.1 K). The diameter and effective height of the 
column are 22 and 1300 mm, respectively. The material of the column plates is PTFE. The 
number of the column plates is 35 with the plate spacing to be 25 mm. The thickness and 
diameter of the plates are 2 and 20 mm, respectively. Schematic flow diagram of the reci-
procating plate extraction column is shown in Fig. S-1 of the Supplementary material to this 
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paper. The organic phase and the raffinate aqueous phase after extraction were weighed and 
taken for analysis.  

RESULTS AND DISCUSSION 

Composition of solvent mixtures 
The effect of the weight percent, w, of cyclohexanol in the solvent mixtures 

(TBP+cyclohexanol) ranging from 0 to 100 % on the extraction was studied at 
298.2 K. The initial volumes of organic and aqueous phases were remained as 
224 and 56 ml, respectively. The equilibrium distribution results for two different 
concentration of H3PO4 in the initial aqueous phase are compared in Fig. 1. The 
results show that higher cyclohexanol concentration in the solvent mixtures had 
better H3PO4 extraction efficiency. The increase of H3PO4 in the initial aqueous 
solution of 6.46 to 9.16 mol L-1 led to an obvious increase for the distribution 
coefficient. This indicates that the raw WPA can be pre-concentrated to get better 
extraction efficiency. The effect of the composition of solvent mixtures on the 
separation factors for five impurities: Fe3+, Mg2+, Al3+, F- and SO4

2-, are shown in 
Fig. 2 with the concentration of H3PO4 in the initial aqueous phase remained at 
9.16 mol L-1. As the results show, TBP had better selectivity than cyclohexanol 
in the solvent mixtures. For all impurities, the separation factors passed through a 
minimum as the cyclohexanol percentage of the mixtures increase. Cation imp-
urities: Fe3+, Mg2+ and Al3+ had obviously higher separation factors than anion 
impurities F- and SO4

2- did, which is in agreement with previous researches.14 
Considering the H3PO4 extraction efficiency and selectivity of H3PO4, the com-
position of TC were obtained for a cyclohexanol weight percent of 66 % in the 
solvent mixtures. Thus, the solvent mixtures were maintained as 34 % TBP + 66 % 
cyclohexanol for the following experiments.  

 
Fig. 1. Effect of cyclohexanol content in solvent mixtures on the distribution coefficient of 

H3PO4: O/A = 4, T = 298.2 K; [H3PO4] = 9.16 mol L-1 (■);[H3PO4] = 6.46 mol L-1 (□). 
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Fig. 2. Effect of cyclohexanol content in solvent mixtures on the separation factor for Fe3+, 

Mg2+, Al3+, F- and SO4
2-: [H3PO4] = 9.16 mol L-1, O/A = 4, T = 298.2 K; Fe3+ (▲);Mg2+ 

(●);Al3+ (■);F- (○);SO4
2- (◇). 

Equilibrium studies of extraction system H3PO4−H2O solvent mixtures 
Mutual solubility of TBP and cyclohexanol. The solvent mixtures in this 

study consisted of TBP and cyclohexanol. They are both non-polar molecules 
with low solubility in H2O. Based on the theory that similar compounds can be 
easily dissolved in one another, mutual solubility of TBP and cyclohexanol was 
considered using the Hildebrand solubility parameter (δ).16 δ is calculated as: 

 
l

 H RT
V

δ Δ −=  (1) 

where δ is solubility parameter, MPa1/2, ΔH is heat of gasification, J mol–1, T is 
absolute temperature, K, R is the gas constant, 8.314 J mol–1 K–1, Vl is molar 
volume of liquid, m3 mol–1. 

At 293.2 K, the solubility parameters δ of TBP and cyclohexanol are 20.24 
and 22.51 MPa1/2, respectively. The results calculated show that TBP and cyclo-
hexanol have similar solubility parameter δ and good mutual solubility.17 The 
mutual solubility was also proved by mixing different concentrations of TBP and 
cyclohexanol at different temperature. Therefore, the extraction system H3PO4– 
–H2O–TBP–cyclohexanol can be regarded as a ternary system H3PO4–H2O–TC 
(TBP+cyclohexanol) during the equilibrium studies. 

Phase diagram of the system H3PO4–H2O–TC at 298.2 K. It is necessary to 
establish the equilibrium phase diagram of the extraction system to reveal the 
distribution of H3PO4 between the aqueous and organic phases. Based on the 
optimum composition of solvent mixtures obtained, the phase diagram of the 
system H3PO4–H2O–TC (34 % TBP+66 % cyclohexanol) at 298.2 K and atmo-
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spheric pressure is shown in Fig. 3. The conjugated phases were connected with 
tie-lines for each mixtures. The plait-point marked in the phase diagram was 
established according to the Hand method.18 The composition data of initial 
mixtures and equilibrium phases are given in Table S-I of the Supplementary 
material to this paper. 

Fig. 3. Equilibrium phase diagram of 
the extraction system H3PO4−H2O−TC 
(34% TBP + 66% Cyclohexanol) at 
298.2 K and atmospheric pressure. 

As the phase diagram shows, the pseudo-ternary system has two completely 
miscible liquid pairs, H3PO4+H2O and H3PO4+TC. It also has one partially 
miscible liquid pair, H2O+TC. The plait-point of the system indicates good 
capability of the solvent mixtures for H3PO4 extraction due to the ability of the 
organic phase to load high H3PO4 concentration, 59.46 %. The solvent mixtures 
have low solubility in the aqueous solution, which is less than 5 %, leading to 
little consumption of solvent for the scrubbing and stripping operation after 
extraction. In addition, the solubility of water in the solvent mixtures increases 
slowly from 8.14 to 11.97 % as the mass fraction of H3PO4 increases from 2.22 
to 48.70 % in the organic phase. The phase equilibrium study of the system 
indicates that the solvent mixtures can be considered as favorable candidates for 
the extraction of H3PO4. 

Equilibrium distribution of H3PO4 for three different solvent extraction 
systems. Based on the equilibrium studies, the H3PO4 distribution between the 
aqueous and organic phases for the extraction system H3PO4–H2O–TC was 
obtained in comparison with other two extraction systems using TBP and cyclo-
hexanol separately at 298.2 K. The weight percent of H3PO4 in organic phase and 
aqueous phase at equilibrium are represented as w(o) and w(a), respectively. Figure 
4 shows that the distribution curve for TC lies between those for other two 
solvents. For high H3PO4 concentration, cyclohexanol performs better than TC 
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on the capability of loading H3PO4, which is in turn superior to TBP. This trend 
is obviously inversed for low H3PO4 concentration. The results indicate that the 
solvent mixtures can performance well with favorable extraction efficiency 
combing the advantages of each pure solvent while avoiding their disadvantages 
in a wide range of H3PO4 concentration. 

 
Fig. 4. Equilibrium distribution of H3PO4 for different solvent extraction systems at 298.2 K: 

TC (●); TBP (△); cyclohexanol (□). 

Effect of extraction time on the extraction efficiency 
The effect of extraction time on the extraction efficiency in the range of 

0–60 min was investigated. The initial volumes of aqueous phases were remained 
as 56 ml. Plots of the distribution coefficient D of H3PO4 versus the extraction 
time with three different phase ratio O/A from 2.0 to 4.0 are shown in Fig. 5. The 

 
Fig. 5. Effect of extraction time on the distribution coefficient of H3PO4; 

[TC] = 4.24 mol L-1, [H3PO4] = 9.16 mol L-1, T = 298.2 K; O/A: 4 (■); 3 (▲); 2 (●). 
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results show that the distribution coefficients increase rapidly in the range of 0–5 
min and then remain almost constant which indicates that it took approximately 
5–10 min to attain the equilibrium for extraction. The extraction time of 10 min 
was used for further experiments to ensure that the extraction equilibrium was 
achieved. The results also indicate that the increase of phase ratio leads to con-
siderable decrease in the distribution coefficient of H3PO4. This is because when 
the H3PO4 content in the aqueous phase is constant, increasing the phase ratio 
means more cyclohexanol in the extraction equilibrium. More cyclohexanol leads 
to higher volume of H2O into the organic phase by co-extraction, which is equi-
valent to the raffinate phase being concentrated.12 Thus, distribution coefficient 
of H3PO4 decreases correspondingly with higher phase ratio.  

Effect of H3PO4 concentration 
The effect of H3PO4 concentration on the extraction was investigated. The 

H3PO4 concentration was varied in the range of 1.10–9.22 mol L–1. The con-
centration of TC in the initial organic phase remained 4.24 mol L–1 and the 
temperature was maintained at 298.2 K constantly. The plot of log [H3PO4](o) 
versus log [H3PO4](a) is shown in Fig. 6. Using regression analysis, the following 
relation was established from the obtained data:  
 3 4 (o) 3 4 (a)log [H PO ] 1.04 1 .77 log [H PO ]= − + , r = 0.998 (2) 

where r is the correlation coefficient. 

 
Fig. 6. Equilibrium isotherms for the analytical concentrations of the organic phase for the 
extraction: [TC] = 4.24 mol L-1, O/A = 4, T = 298.2 K; log [H3PO4](a) (■); [H3PO4](a) (□). 
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The H3PO4 concentration in the organic phase increases obviously with an 
increase of H3PO4 concentration in the aqueous phase. The slope of the line is 
1.77. According to the slope of the line, x in Eq. (2) equals approximately 1.8. 

Effect of TC concentration 
The effect of the solvent mixtures concentration in the range of 4.06–4.78 

mol L–1 on the extraction was studied at 298.2 K. The concentration of H3PO4 in 
the initial aqueous phase remained at 9.16 mol L–1. As Fig. S-2 shows (Sup-
plementary material), the distribution coefficients increase as the TC concen-
tration is raised. Higher extractant concentration leads to better extraction effi-
ciency. Using regression analysis, the following relation was established from the 
obtained data: 
 log 1.89 2.03log [TC]D = − + , r = 0.997 (3) 

According to Eq. (3), the slope of the plot of log D versus log [TC] is 2.03, 
which would give the number of molecules of [TC] engaged in the reaction (Eq. 
(S-1)). Therefore, y in Eq. (S-1) approximately equals 2. 

IR absorption spectra of the extracted complexes 
Based on the simplified regression analysis method above, the extraction 

process stoichiometry of H3PO4 using TC was obtained. The apparent extracted 
complex of the extraction reaction in Eq. (S-1) was suggested to be 
1.8H3PO4·2TC. Considering that the solvent mixtures consist of 34 % TBP and 
66 % cyclohexanol, there may be four types of extracted complexes, H3PO4·TBP, 
H3PO4·2TBP, H3PO4·3TBP, H3PO4·cyclohexanol, which are formed during the 
reaction.19,20 These issues are examined through IR spectra, which is presented in 
Supplementary material. 

Effect of temperature on the extraction of H3PO4 and impurities 
The effect of temperature in the range of 298.2–333.2 K on the extraction for 

the WPA was studied. The concentration of TC in the initial organic phase and 
the concentration of H3PO4 in the initial aqueous phase remained as 4.24 and 
9.16 mol L–1, respectively. This analysis is given in Supplementary material. 

The results show that the distribution coefficients of H3PO4 increase with 
lower temperature. In the range of 298.2–333.2 K, the value of the enthalpy 
change of H3PO4 extraction of –4.21 kJ mol–1 was calculated from the slope of 
the linear relation, which indicates the extraction of H3PO4 is exothermic. 
Increasing temperature thus has adverse effects on the extraction process. 
According to Eqs. (S-1)–(S-5), the values of the enthalpy change of extraction for 
Fe3+, Mg2+, Al3+, F– and SO4

2– were 5.54, 24.54, 22.48, 18.84 and 7.40 kJ mol–1, 
respectively. The values calculated indicate that the co-extraction of these five 
impurities is endothermic and the changes of enthalpy are sorted as Mg2+ > Al3+ 
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> F– > SO4
2– > Fe3+. Therefore, the results show that increase of temperature has 

negative effect on the selectivity to H3PO4 for the purification. Volatilization of 
the extractant also increases at higher temperature. Based on the studies above, 
this extraction system can perform well at room temperature with good 
selectivity and low energy consumption so that it has good prospects for 
industrial application. 

Effect of phase ratio on the extraction of H3PO4 and impurities 
The effect of phase volume ratio (O/A) ranging from 1.0 to 5.0 on the 

extraction for WPA was studied. The concentration of TC in the initial organic 
phase and the concentration of H3PO4 in the initial aqueous phase remained as 
4.24 and 9.16 mol L–1, respectively. The temperature was maintained at 298.2 K 
constantly. As Fig. 7 shows, when [H3PO4] is 9.16 mol L–1, the extraction yields 
of H3PO4 increase from 24.39 to 65.28 % with the increasing rate slowing down 
as the phase ratio rises from 1.0 to 5.0. This is because the H3PO4 content in the 
aqueous phase was constant; increasing the phase ratio can lead to higher ext-
raction equilibrium values, thereby increasing the extraction yield. On the other 
hand, the extraction yields decrease comparatively with lower concentration of 
H3PO4 in the initial aqueous phase, which indicates that the raw WPA can be pre- 
-concentrated for better extraction yield. Figure S-6 of the Supplementary 
material indicates that the separation factors are also raised with higher phase 
ratio. Selectivity for metal ionic impurities, Fe3+, Mg2+ and Al3+, is considerably 
better than that for F– and SO4

2–. However, higher phase ratio means higher 
viscosity of the two-phase mixtures and leads to higher investment costs as well 
as operating costs of handling bigger volumes of organic phase.21 

 
Fig. 7. Effect of phase ratio on extraction yield of H3PO4: [TC] = 4.24 mol L-1, T = 298.2 K; 

[H3PO4]: ■) 9.16; ●) 7.73; ▲) 6.46 mol L-1. 
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Continuous purification process 
Multi-stage counter-current extraction of H3PO4. In the industrial purific-

ation process of WPA, the multi-stage counter-current extraction process is often 
conducted to increase the yield of H3PO4. In this work, the extraction of the 
industrial WPA (Table S-I) was carried out with continuous operations in a 
reciprocating plate extraction column. The temperature of the column was 
controlled and maintained at 313.2 K. The vibration frequency of the column was 
3 Hz and the amplitude was 25 mm. The feed flow rates of the aqueous and 
organic phase were 6 and 30 mL min–1, respectively. The composition of the 
extracted organic phase is shown in Table II. The total extraction yield of H3PO4 
is 85.08 %, which indicates high extraction efficiency from the industrial WPA 
via a multi-stage counter-current extraction using the reciprocating plate ext-
raction column. 

TABLE II. Composition of phosphoric acid in extraction, scrubbing and stripping process 

Type [H3PO4]
wt. % 

[SO4
2-]

wt. % 
[F-] 
ppm 

[Fe3+] 
ppm 

[Al3+] 
ppm 

[Mg2+] 
ppm 

Extracted organic phase 14.63 0.36 341.0 145.6 186.4 166.4 
Scrubbed organic phase 13.81 0.22 304.7 53.6 98.7 81.6 
Stripped phosphoric acid 36.15 0.18 225.9 9.5 4.9 2.1 

Scrubbing and stripping. After extraction process, the organic phase loading 
H3PO4 contained some impurities with equilibrium concentration due to co-ext-
raction. Thus scrubbing of the organic phase at a phase ratio O/A of 15 was 
conducted to remove these undesirable impurities. The scrubbing operation was 
conducted using diluted AR (analytical reagent) phosphoric acid ([H3PO4] = 4.23 
mol L–1) to strengthen the removing efficiency and reduce the consumption of 
phosphoric acid. After scrubbing, the stripping (re-extraction) of H3PO4 from the 
scrubbed loaded organic phase was carried out with O/A phase ratio of 5 using 
deionized water. The scrubbing and stripping operations were also conducted in 
the reciprocating sieve plate column at 323.2 K. The phosphoric acid compo-
sition of samples taken from the extraction, scrubbing and stripping process in 
the continuous operation is shown in Table II. As Table II shows, the scrubbing 
operation is able to remove impurities efficiently, especially for metallic ions, 
with less than 1 % consumption of H3PO4. By the above purifying process of 
extraction, scrubbing and stripping, the metallic impurities are successfully 
removed to less than 10 ppm in the purified phosphoric acid without any other 
purifying technology. In order to remove the sulfate ions further, chemical pre-
cipitation using barium carbonate or calcium carbonate is generally conducted 
before or after extraction. The fluoride ions residual in the purified diluted 
phosphoric acid after stripping can be removed in the concentration process to 
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produce phosphoric acid of food and analytical grade.22 The study of the purific-
ation process is capable of providing technical guidance and improvement while 
adopting batch or continuous column extraction approaches. 

The stability of the extractant in the solvent extraction system is important to 
the recycling of extractant in the industrial application. A solvent extraction– 
–stripping circulation was designed to evaluate the stability of TC and the ext-
raction efficiency for H3PO4.23 The extraction process was conducted at a phase 
ratio O/A of 1 and 298.2 K with [TC] = 4.24 mol L–1, [H3PO4] = 7.06 mol L–1. 
The loaded organic phase was stripped completely at O/A phase ratio of 1 and 
323.2 K using deionized water. The organic phase recycled was then contacted 
with fresh phosphoric acid solution under identical operation condition repeat-
edly for 10 cycles. The variation of the distribution coefficient for H3PO4 and the 
density of the recycled solvent mixtures as a function of extraction cycles is 
shown in Fig. 8. The results show that the distribution coefficients change 
slightly and the average value of the distribution coefficients is 0.201. The den-
sity of the recycled solvent mixtures ρ also fluctuates slightly around 870 kg m–3 
as the increase of the extraction cycles. Therefore, it can be concluded that the 
solvent mixtures TC have a high stability for the H3PO4 extraction. 

 
Fig. 8. Variation of the distribution coefficients and density of the solvent mixtures as a 
function of extraction cycles: [TC] = 4.24 mol L-1, [H3PO4] = 7.06 mol L-1, O / A = 1. 

CONCLUSIONS 

In this study, a new extraction system for purifying the wet process phos-
phoric acid using TBP and cyclohexanol mixtures was investigated. The opti-
mum composition of the solvent mixtures, TC, was obtained to be 34 % TBP+66 
% cyclohexanol giving consideration to the extraction yield and selectivity of 

_________________________________________________________________________________________________________________________

(CC) 2017 SCS.

Available on line at www.shd.org.rs/JSCS/



 PHOSPHORIC ACID PURIFICATION BY SOLVENT EXTRACTION 591 

H3PO4. Based on the good mutual solubility of TBP and cyclohexanol, the 
equilibrium phase diagram of the system H3PO4−H2O−TC at 298.2 K was obtained. 
The increase of initial H3PO4 and extractant concentration both had positive 
effects on the extraction. Thus the crude WPA should possibly undergo a pre-
treatment process in order to increase the extraction efficiency as well as red-
ucing the concentrations of the co-extracted impurities. The apparent stoichio-
metry of the extracted complexes was estimated to be 1.8H3PO4·2TC. The ext-
raction of H3PO4 was exothermic with the value of the enthalpy change of –4.21 
kJ mol–1 in the range of 298.2–333.2 K. The values of the enthalpy change of 
extraction for Fe3+, Mg2+, Al3+, F–, SO4

2– were 5.54, 24.54, 22.48, 18.84 and 7.40 
kJ mol–1, respectively, indicating that the extraction of these impurities was endo-
thermic. Via a multi-stage counter-current extraction in a reciprocating plate ext-
raction column, the solvent mixtures showed a high efficiency for purification of 
industrial WPA with an H3PO4 extraction yield of 85.08 % at 313.2 K. Based on 
the purification process of extraction, scrubbing and stripping, the extraction sys-
tem with extractant recycling has good potential prospect for industrial application. 

NOMENCLATURE 
Roman symbols 
E Extraction yield % 
V(o), V(i) Volume m3 
D Distribution coefficient  
[C] Molar concentration mol dm-3 
H Enthalpy J mol-1 
w, w(o), w(a) Weight percent % 
T Temperature K 
Vl Molar volume of liquid m3 mol-1 
Keq Equilibrium constant  
x, y Stoichiometric coefficient  
r Correlation coefficient  
Greek symbols 
β Separation factor  
δ Solubility parameter MPa1/2 
ρ Density kg m-3 

SUPPLEMENTARY MATERIAL 
Additional data and considerations are available electronically at the pages of journal 

website: http://www.shd.org.rs/JSCS/, or from the corresponding author on request. 
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И З В О Д  
ПРОЦЕС ТЕЧНЕ ЕКСТРАКЦИЈЕ ЗА ПРЕЧИШЋАВАЊЕ ФОСФОРНЕ КИСЕЛИНЕ 

ПОМОЋУ СМЕШЕ ТРИ-n-БУТИЛ-ФОСФАТА И ЦИКЛОХЕКСАНОЛА 

XING LI, JUN LI, YANG JIN, MING CHEN, DONGYA FENG и YUNHAI GUO 

Department of Chemical Engineering, Sichuan University, Chengdu-610065, China 

Течна екстракција је ефикасан и економичан поступак који се широко користи у 
технологији за пречишћавање фосфорне киселине (WPA). Рад се бави развојем раства-
рача за екстракциони систем, TC, са смешом три-n-бутил-фосфата (TBP) и циклохекса-
нолa. Добијен је равнотежни фазни дијаграм система H3PO4–H2О–TC на 298,2 K и атмо-
сферском притиску. Испитивани су ефекти времена екстракције, концентрације фос-
форне киселине, концентрације екстрагенсa, температуре и запреминског односа фаза 
на ефикасност екстракције. Процењено је да су издвојени комплекси састава 1,8H3PO4– 
–2TC. Процес екстракције H3PO4 је егзотерман, и израчуната је промена енталпије, ΔH. 
Смеша растварача је имала високу ефикасност од 85,08 % на 313,2 K за пречишћавање 
WPA вишестепеном противструјном екстракцијом у екстракционој колони са наиз-
меничним струјањем преко плоча. Такође су процењени стабилност и ефикасност екс-
тракције и рециклирања TC за екстракцију H3PO4. 

(Примљено 28. октобра 2016, ревидирано и прихваћено 13. фебруара 2017) 

REFERENCES 
1. Y. Ren, C. Liu, H. Zhao, L. Lv, L. Yang, Fluid Phase Equilibr. 394 (2015) 38 
2. N. S. Awwad, Y. A. El-Nadi, M. M. Hamed, Chem. Eng. Proc. 74 (2013) 69 
3. J. Luo, J. Li, K. Zhou, Y. Jin, Korean J. Chem. Eng. 28 (2011) 1105 
4. L. Monser, M. B. Amor, M. Ksibi, Chem. Eng. Proc. 38 (1999) 267 
5. X. Jia, J. Li, Y. Jin, J. Luo, B. Wang, C. Ma, Solvent Ext. Res. Dev. 20 (2013) 183 
6. B. Ahlem, M. Abdeslam-Hassen, B. L. Mossaab, Chem. Eng. Technol. 24 (2001) 1273 
7. C. Liu, J. Cao, W. Shen, Y. Ren, W. Mu, X. Ding, Fluid Phase Equilibr. 408 (2016) 190 
8. H. G. Gilani, A. G. Gilani, S. Shekarsaraee, Thermochim. Acta 558 (2013) 36 
9. M. Feki, M. Stambouli, D. Pareau, H. F. Ayedi, Chem. Eng. J. 88 (2002) 71 

10. H. Ahmed, H. Diamonta, C. Chaker, R. Abdelhamid, Sep. Purif. Technol. 55 (2007) 212 
11. H. Ghanadzadeh, A. Ghanadzadeh, K. Bahrpaima, J. Chem. Thermodyn. 40 (2008) 1666 
12. X. Li, J. Li, J. Luo, Y. Jin, D. Zou, Solvent Extr. Res. Dev. 24 (2017) 23 
13. L. Wang, Z. Long, X. Huang, Y. Yu, D. Cui, G. Zhang, Hydrometallurgy 101 (2010) 41 
14. R. Kijkowska, D. Pawlowska-Kozinska, Z. Kowalski, M. Jodko, Z. Wzorek, Sep. Purif. 

Technol. 28 (2002) 197 
15. A. Stella, H. R. C. Pratt, K. H. Mensforth, G. W. Stevens, T. Bowser, Ind. Eng. Chem. 

Res. 45 (2006) 6555 
16. C. Ye, J. Li, J. Chem. Technol. Biotechnol. 88 (2013) 1715 
17. G. Liu, L. Ma, J. Liu, Chemistry and Chemical Properties Datasheet − Organic Volume; 

Chemical Industry Press, Beijing, 2002, pp. 609–612 
18. D.B. Hand, J. Phys. Chem. 34 (1930) 1961 
19. R. Dhouib-Sahnoun, M. Feki, H. F. Ayedi, J. Chem. Eng. Data 47 (2002) 861 
20. K. Ziat, B. Mesnaoui, T. Bounahmidi, R. Boussen, M. Guardia, S. Garrigues, Fluid Phase 

Equilibr. 201 (2002) 259 
21. M. I. Amin, M. M. Ali, H.M. Kamal, A. M. Youssef, M. A. Akl, Hydrometallurgy 105 

(2010) 115 
22. A. A. El-Asmy, H. M. Serag, M. A. Mahdy, M. I. Amin, Sep. Purif. Technol. 61 (2008) 287 
23. Y. Jin, Y. Ma, Y. Weng, X. Jia, J. Li, J. Ind. Eng. Chem. 20 (2014) 3446. 

_________________________________________________________________________________________________________________________

(CC) 2017 SCS.

Available on line at www.shd.org.rs/JSCS/



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




