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Abstract
This paper presents an experimental methodology used for the determination of liquid-liquid equilibrium (LLE) data of 
the ternary system (phosphoric acid, ester and water). This experimental methodology represents the determination of 
phosphoric acid linked with different aquatic systems. In this study, an ester was selected as an organic solvent for the 
recovery of phosphoric acid from waste water. The binodal curve and the tie lines have been prominent. The ternary 
system (water + phosphoric acid + ester) was studied at three temperatures i.e. 25, 35 and 45 °C (298, 313 and 323 K). The 
results indicate that the extraction of phosphoric acid by a solvent is possible in aquatic systems. The results are dis-
cussed.
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1. Introduction
The quality of the aquatic system is dependent on the 

hydrogeochemical processes and reactions, the chemical 
and physical properties of surrounding rocks in the re-
charge area, the quantitative and qualitative properties of 
through-flowing water bodies and the products of human 
activity. Phosphoric acid plays a significant role and has 
applications in various industries of petrochemical op-
erations, pharmaceutical productions, food industry, de-
tergents, insecticides, and agricultural fertilizers (Pa­
rameswaran and Paluri, 1968; McCullough and 
Frederick, 1976; Ghanadzadeh Gilani et al., 2013; 
Bahrpaima, 2017; Shekarsaraee, 2017). Liquid-liquid 
extraction (LLE) is a technique used in the process in-
dustry due to its simplicity, rapid method development, 
and reasonable selectivity (Kumar et al., 2011; Hamdi 
and Hannachi, 2012; Bahrpaima, 2017). LLE is based 
on the differences in solubility and equilibrium distribu-
tion of these components between the two produced im-
miscible or partially miscible phases. In other words, it 
depends on the mass transfer of the component to be ex-
tracted from the carrier to the solvent. In order to have an 
effective extraction, the extract component should more 
preferably dissolve in the solvent.

Liquid–liquid extraction is an important traditional 
extraction (separation) method based on the varied solu-

bility of chemicals in two different liquid solvents. This 
method is used in research and chemical analysis and is 
less commonly used for environmental analysis due to 
its large solvent usage and low target recoveries. As a 
commercial process, it is frequently used in the chemical 
and mining industries and in the downstream recovery 
of fermentation products (Dhouib-Sahnoun et al., 
2002; Ghanadzadeh, et al., 2012; Bahrpaima et al., 
2014; Medunić et al., 2018).

High levels of phosphorus (P) can cause pollution and 
significant negative impacts on aquatic systems, food se-
curity, human health (Ngatia et al., 2019). The pollution 
of water bodies with P is often a consequence of human 
activity. Due to a combination of land management prac-
tices, land vulnerability and climatic factors, losses of P 
from agricultural land is a key contributor to the pollu-
tion of aquatic systems (Zhiguo et al., 2020). Urban and 
point sources also contribute to the pollution of water 
bodies with P. Industry and households are often the 
most important sources. Phosphorus substances in water 
bodies cause damage through eutrophication. Phos-
phates persist for long periods of time in aquatic envi-
ronments and are recycled back into the environment 
when plants decompose (Bai et al., 2019). Phosphoric 
acid has adversely affected the aquatic life in waters of 
low alkalinity because it can be transported as dissolved 
in water. Control of P discharge is needed to reduce pol-
lution levels in water bodies. The policy needs to sup-
port and evaluate sustainability. Numerous European 
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Directives and Regulations control phosphates in water 
sources (Kırbaslar et al., 2006; Ghanadzadeh et al., 
2019).

Phosphorus concentrations in natural waters are often 
near or below detection in pristine waters (about 0.001 
to 0.01 ppm). The applied dose of P is initially around 1 
ppm, gradually decreasing to around 0.7 ppm, the treat-
ment of phosphorous takes effect and the system be-
comes optimized. For comparison, the given values of 
phosphate concentrations and their environmental eligi-
bility level are as follows: 0.01 - 0.03 ppm - the level in 
uncontaminated lakes; 0.025 - 0.1 ppm – the level at 
which plant growth is stimulated; 0.1 ppm – the maxi-
mum acceptable level to avoid accelerated eutrophica-
tion and > 0.1 ppm - accelerated growth and consequen-
tial problems (Blankestein, 2019).

Three tap water, three waste water and two pond wa-
ter samples were investigated in the Talab area of Raipur 
City. Raipur is the capital city of the Indian state of 
Chhattisgarh. Chhattisgarh heritage is famous for its 
ponds. Ponds in the area of Raipur are affected by pollut-
ants, and most of the pollutants in ponds are the product 
of different industrial activities. Raipur is located near 
the centre of a large plain. The Mahanadi River flows to 
the east of the City of Raipur. The Maikal Hills rise on 
the north-west of Raipur; on the north, the land rises and 
merges with the Chota Nagpur Plateau, which extends 
north-east across Jharkhand state. On the south of Raipur 
lies the Deccan Plateau. Raipur has a tropical wet and 
dry climate, and the highest temperature goes up to 43 
°C. Average rainfall is about 1300 mm. The crystalline 
rocks (granite, granite gneiss, phyllite, and schist) achae-
an to recent age occupy major parts of the district. Also, 
limestone, shale, dolomite and sandstone belong to the 
Chhattisgarh Supergroup of Proterozoic age. There is an 
alluvium blanket along the major rivers and ponds. The 
major soil types are red gravelly/sandy (Alfisols), shal-
low black (Inceptisols), red and yellow, and lateritic (Ul-
tisols) (Sahoo, 2013). The observed terrain was a sub-
ject of extensive aquatic investigations with a LLE ter-
nary system for the first time during 2019 and 
investigations have shown that a ternary system (water + 
phosphoric acid + ester) is very useful for environmental 
analysis.

In this paper, the importance of one particular process 
is examined. The novelty of this research is based on the 
ternary system (water + phosphoric acid + ester) which 
is important for investigations of aquatic systems.

2. Materials and methods

Ternary phase behaviour of such systems at a constant 
temperature and pressure is conveniently represented on 
an equilateral diagram, where its corners indicate the 
pure components, binary compositions are along the 
edges and ternary mixtures are located inside the trian-
gle. The binodal curve results are determined by the 

cloud point titration method (Mohsen-Nia et al., 2009). 
According to this method, a binary mixture of known 
composition was titrated with the third component in 
each mixture using non-sealed glass vessels. The transi-
tion point is taken as the appearance/disappearance of 
turbidity in the sample and it is defined as a cloud point. 
The mixture temperature is regulated by a thermostatic 
thermometer with an accuracy of ±0.2 K. Every point on 
the binodal curve also has another corresponding point 
on the binodal curve, as these two points represent the 
phase equilibrium. The lines between these two equilib-
rium points are called tie lines. The tie lines are usually 
not parallel, and their slopes can increase and decrease 
drastically. The biphasic mixture with known composi-
tions was placed in the extraction cell and was rigor-
ously agitated by a magnetic stirrer for 4 h, and then left 
to settle for a minimum of 4 h for phase separation. After 
separation, the samples of both phases were transparent 
and were carefully weighed and analysed to determine 
their compositions. Then, the concentrations of the acid 
in both phases were obtained by potentiometric NaOH 
titration (Smirnov et al., 2019).

Solutions required for the ternary mixtures are phos-
phoric acid (H3PO4), an ester (methyl acetate) and dis-
tilled water. Solution preparation is as follows: ten mil-
lilitres of homogeneous single-phase solutions of phos-
phoric acid and distilled water is prepared by the serial 
dilution law using a small, clean and dry flask. The 
preparation of all required solutions by serial dilutions 
with their percentage is given below in the tables (see 
Table 1 and Table 2).

Determination of percentage of phosphoric acid, 
distilled water and ester (methyl acetate):

Calculation based on volume

	 � (1)

	 � (2)

	

	 � (3)

Where:
V1 – volume of phosphoric acid (ml);
V2 – volume of water (ml),
V3 – volume of ester (methyl acetate) (ml).
Calculation based on mass

	 � (4)

	 � (5)

	 � (6)

Where:
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σ1 – density of phosphoric acid (1.885 g/cm3),
σ2 – density of water (1 g/cm3),
σ3 – density of ester (methyl acetate) (0.932 g/cm3)

	 � (7)

	 � (8)

	 � (9)

3. Result and discussion

In this paper, the importance of LLE is examined. The 
work brings together new information in this area of re-

search of LLE and in the determination of phosphoric 
acid in different water sources. The solubility curves 
were investigated via the cloud point method in an equi-
librium glass cell. For this purpose, binary mixtures with 
specified composition were introduced into a glass cell 
and the cell temperature was controlled by a water bath 
with an accuracy of ±0.2 K. The third part of the ternary 
mixture was added to the binary mixture and the end-
point was determined by changing the solution transpar-
ency from a non-homogenous solution to a heterogene-
ous one. The binodal curve data of the investigated sys-
tem is listed below (see Table 1 and Table 2).

In recent years, significant investigations of LLE 
measurements and the extraction of phosphoric acid 
from aqueous solutions have been carried out, while 
many solvents have mainly been tested in order to un-
derstand and provide further information for the accu-

Table 1: Volume-based ternary system composition

Serial 
number

25 oC (298 K) 35 oC (313 K) 45 oC (323 K)
Ester 
(in %) 

phosphoric 
acid (in %)

water 
(in %)

Ester 
(in %) 

phosphoric 
acid (in %)

water 
(in %)

Ester 
(in %)

phosphoric 
acid (in %)

water 
(in %)

1 0.06 0.09 0.85 0.06 0.09 0.85 0.05 0.09 0.86
2 0.04 0.14 0.82 0.07 0.14 0.79 0.03 0.14 0.83
3 0.08 0.18 0.74 0.05 0.19 0.76 0.04 0.19 0.77
4 0.04 0.24 0.72 0.04 0.24 0.72 0.04 0.24 0.72
5 0.06 0.28 0.66 0.04 0.29 0.67 0.04 0.29 0.67
6 0.06 0.33 0.61 0.06 0.33 0.61 0.05 0.33 0.62
7 0.04 0.38 0.58 0.03 0.39 0.58 0.05 0.38 0.57
8 0.07 0.42 0.51 0.06 0.42 0.52 0.06 0.42 0.52
9 0.06 0.47 0.47 0.04 0.48 0.48 0.06 0.47 0.47
10 0.09 0.50 0.41 0.07 0.51 0.42 0.04 0.53 0.43
11 0.1 0.54 0.36 0.05 0.57 0.38 0.07 0.56 0.37
12 0.06 0.61 0.33 0.08 0.6 0.32 0.03 0.63 0.34
13 0.09 0.64 0.27 0.10 0.63 0.27 0.06 0.66 0.28
14 0.04 0.72 0.24 0.06 0.71 0.23 0.03 0.73 0.24
15 0.05 0.76 0.19 0.13 0.7 0.17 0.05 0.76 0.19
16 0.07 0.82 0.11 0.04 0.82 0.14 0.05 0.81 0.14
17 0.07 0.84 0.09 0.14 0.78 0.08 0.03 0.88 0.09

Figure 1: Volume based ternary phase at 298 K, 313 K and 323 K
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rate interpretation of phase equilibrium of the different 
multicomponent mixtures with phosphoric acid. A ter-
nary phase diagram for a phosphoric acid, water and es-
ter (methyl acetate) curve represents a possible equilib-
rium condition of phosphoric acid, water and ester (me-
thyl acetate). The area above the curve represents one 
phase while the area below the curve represents a two-
phase system. A ternary phase diagram of liquid-liquid 
equilibrium of these three components at 25, 35 and 45 
°C (298, 313 and 323 K) on volume base is given below 
(see Table 1 and Figure 1).

To separate the homogeneous mixture of phosphoric 
acid and water through an ester at a temperature of i.e. 
25 °C (298 K), the amount of ester (methyl acetate) re-
quired is in the range of 0.15 to 0.53 ml. To separate the 
homogeneous mixture of phosphoric acid and water 
through an ester at a higher temperature i.e. 35°C (313 

K), the amount of ester (methyl acetate) required is in 
the range of 0.105 to 0.53 ml which is similar to the 
amount used at 25 °C (298 K). To separate the homoge-
neous mixture of phosphoric acid and water through an 
ester at an even higher temperature i.e. 45 °C (323 K), 
the amount of ester (methyl acetate) required is in the 
range of 0.09 to 0.47 ml which is less than the amount 
used at 25 °C (298 K) and 35 °C (313 K). Hence, a com-
parison of all the three-phase diagrams based on volume 
at three different temperatures i.e. 25, 35 and 45 °C (298, 
313 and 323 K), shows that the ternary phase diagram of 
45 °C (323 K) is a better ternary diagram.

A ternary phase diagram of liquid-liquid equilibrium 
of these three components at 25, 35 and 45 °C (298, 313 
and 323 K) on mass base is given below (see Table 2 
and Figure 2). To separate the homogeneous mixture of 
phosphoric acid and water through an ester at tempera-

Figure 2: Mass based ternary phase at 298 K, 313 K and 323 K

Table 2: Mass-based ternary system composition

Serial 
number

25 oC (298 K) 35 oC (313 K) 45 oC (323 K)
Ester 
(in %)

Phosphoric 
acid (in %)

Water 
(in %)

Ester 
(in %)

Phosphoric 
acid (in %)

Water 
(in %)

Ester 
(in %)

Phosphoric 
acid (in %)

Water 
(in %)

1 0.05 0.16 0.79 0.05 0.16 0.79 0.05 0.16 0.79
2 0.03 0.24 0.73 0.07 0.23 0.7 0.03 0.24 0.73
3 0.07 0.3 0.63 0.04 0.31 0.65 0.03 0.31 0.66
4 0.04 0.37 0.59 0.03 0.37 0.6 0.03 0.37 0.6
5 0.06 0.42 0.52 0.03 0.43 0.54 0.03 0.43 0.54
6 0.05 0.48 0.47 0.05 0.48 0.47 0.04 0.48 0.48
7 0.03 0.54 0.43 0.03 0.54 0.43 0.05 0.53 0.42
8 0.06 0.57 0.37 0.04 0.58 0.38 0.04 0.58 0.38
9 0.04 0.63 0.33 0.04 0.63 0.33 0.05 0.62 0.33
10 0.06 0.66 0.28 0.04 0.67 0.29 0.03 0.68 0.29
11 0.07 0.69 0.24 0.04 0.71 0.25 0.05 0.7 0.25
12 0.04 0.75 0.21 0.05 0.74 0.21 0.03 0.76 0.21
13 0.06 0.77 0.17 0.06 0.77 0.17 0.05 0.78 0.17
14 0.03 0.83 0.14 0.04 0.82 0.14 0.02 0.84 0.14
15 0.04 0.85 0.11 0.08 0.82 0.1 0.03 0.86 0.11
16 0.02 0.9 0.08 0.02 0.9 0.08 0.02 0.9 0.08
17 0.04 0.91 0.05 0.08 0.87 0.05 0.02 0.93 0.05



89� Liquid-liquid equilibria of the phosphoric acid, ester and water ternary system

The Mining-Geology-Petroleum Engineering Bulletin and the authors ©, 2020, pp. 85-91, DOI: 10.17794/rgn.2020.2.8

ture i.e. 25 °C (298 K), the amount of ester (methyl ac-
etate) required is in the range of 0.13 to 0.49 ml.

The results indicate that the there is no variation of 
phosphoric acid determination in water using an ester at 
different temperatures. As the temperature varies, the 
phosphoric acid concentration remains constant. This in-
dicates that phosphoric acid can be measured at a low 
temperature and is independent of temperature. To sepa-
rate the homogeneous mixture of phosphoric acid and 
water through an ester at a temperature of 35 °C (313 K), 
the amount of ester (methyl acetate) required is in the 
range of 0.13 to 0.51 ml. To separate the homogeneous 
mixture of phosphoric acid and water through an ester at 
a temperature of 45 °C (323 K), the amount of ester (me-
thyl acetate) required is in the range of 0.13 to 0.48 ml. 
By considering the importance of the extraction of phos-
phoric acid from aqueous mixtures, it is worthwhile to 
study the LLE of mixtures (see Figure 1 and Figure 2). 
The correlation factor is close to 1.0 and the linearity of 
the plots shows a degree of consistency and the quality 
of the obtained LLE values of the studies. This means 
that the two variables are almost perfectly correlated. If 
one grows, so does the other, and a change in one is a 
multiple of the change in the other. Correlation coeffi-
cients are used to measure the strength of the relation-
ship between two variables. A correlation of almost 1.0 
indicates an almost perfect positive correlation and its 
positive relationship.

As the temperature of a solution increases, it is easier 
for the molecules of the liquids to move between each 
other and it makes the solution more disordered. As 
seen, the temperature effect on the separation factors of 
the ternary system is small at the studied temperatures, 
probably because of the low mutual solubility of water 
and the solvent. This indicates that the extraction of 
phosphoric acid with ester as the solvent is possible. 
Also, the method is applicable when phosphorus con-
centrations are above 2 ppm (so high-level values of P 
can be found in an aquatic system near a fertilizer indus-
try in an agriculture area, pond water, wastewater, etc.). 
Three tap water samples, three waste water samples and 
two pond water samples were investigated at the loca-
tion of the city of Raipur in India.

The results indicate that phosphoric acid, water and 
ester form a homogeneous phase. Extraction of phos-
phoric acid by the solvent ester is possible. The applica-
bility of the method is presented by the results according 
to Table 3. at a temperature of 25 °C (298 K).

The results show that ester is a good solvent for ex-
tracting phosphoric acid from water at a temperature of 
25 °C (298 K). Small amounts of phosphoric acid can be 
detected with an ester. In the waste water, the amount of 
phosphoric acid is higher than in the tap water or in the 
pond water. To determine the amount of phosphoric acid 
in waste water, a smaller amount of ester is required than 
for tap water. The amount of phosphoric acid in pond 
water is higher than in tap water and for determination of 

phosphoric acid, the pond water requires a lower amount 
of ester than is necessary for tap water. The amount of 
ester required to separate the phosphoric acid-water ho-
mogeneous phase is higher at higher temperatures ac-
cording to the experimental data.

The correlation factor R2 values to unity (R2 = 0.98) 
indicates the high degree of consistency of measured 
LLE data in this study. This method is used to study the 
P concentration in pond water (n = 2), waste water (n = 
3) and tap water (n = 3). In all cases the value of R2 is 
closeness to unity (R2 = 0.98) which reveals accuracy of 
the experiments.

4. Conclusion

This paper brings new information in the area of re-
search of liquid-liquid equilibrium (water + phosphoric 
acid + ester) and its application to aquatic systems. The 
liquid-liquid equilibrium thermodynamic properties of 
water + phosphoric acid + ester can be used in research 
on the nature of mixing behaviour of ternary systems for 
molecular models and industrial applications. Phosphor-
ic acid, water and ester is a ternary system with one pair 
of miscible liquids (phosphoric acid and water) which 
form a homogeneous phase. The addition of a sufficient 
amount of ester to the phosphoric acid-water system 
would produce a heterogeneous phase in which two dis-
tinct layers appear. In the volume-based ternary phase 
diagram, a temperature of 45 °C (323 K) is observed to 
be better than the others, in regard to the amount of ester 
required to separate the phosphoric acid-water homoge-
neous phase. When the mass-based ternary phase dia-
gram of the phosphoric acid-water-ester (methyl acetate) 
system is plotted at three different temperatures, a ter-
nary phase diagram of temperature of 45 °C (323 K) is 
observed better than the others in regard to the amount 
of ester required to separate the phosphoric acid-water 
homogeneous phase.

Table 3: Composition of water samples studied  
at a temperature of 25 °C (298 K)

Phosphoric acid
(in %)

Water
(in %)

Ester
(in %)

Tap water
9 9.9% 81.1%
14 11 75
17.5 12.3 70.2
Waste water
32.8 27 40.2
36.9 32.8 30.3
40.6 33.3 26.1
Pond water
28 21 51
29.6 26 44.4
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Sažetak

Ravnoteža kapljevina-kapljevina u trodijelnome sustavu fosforne kiseline,  
estera i vode

Rad prikazuje eksperimentalnu metodologiju koja se koristi za određivanje ravnoteže sustava kapljevina-kapljevina (fos-
forna kiselina, ester i voda). Ova eksperimentalna metodologija razvijena je za određivanje fosforne kiseline povezane s 
različitim vodenim sustavima. U ovome istraživanju ester je izabran kao organsko otapalo kako bi se utvrdila fosforna 
kiselina u otpadnim vodama. Istaknute su binodalna krivulja i vezne linije. Trodijelni sustav (voda + fosforna kiselina + 
ester) ispitan je na trima temperaturama, od 25, 35 i 45 °C (298, 313 i 323 K). Rezultat upućuje na to da je odvajanje fos-
forne kiseline otapalom moguće pri istraživanju vodenih sustava.

Ključne riječi:
ravnoteža tekuće-tekuće, trodijelni sustav, fosforna kiselina, vodeni sustavi
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