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Phosphorus Recovery by Liquid–Liquid
Extraction

Jia-Qian Jiang and O. Mwabonje
Faculty of Engineering and Physical Sciences,
University of Surrey, Guildford, Surrey, UK

Abstract: It is acknowledged that phosphorus removal is more crucial in comparison
with nitrogen removal for preventing algae glooming and eutrophication. Chemical
and biological methods are common methods for the P removal. Excessive sludge
production and difficulties of recovering phosphorus are concerns in terms of sus-
tainable waste management. A liquid-liquid extraction (LLE) process is thus consid-
ered for the study aiming at recovering phosphorus from wastewater in a sustainable
way. The results revealed that the best extractant is a mixture of kerosene and
benzyl-di-methyl-amine (BDMA) at a volume ratio of 2:1. Under the study condi-
tions, one part of extractant can react with four parts of wastewater to transfer
>97% of P to the organic phase. In addition, in the stripping step, a 1:1 ratio of
extract to recycled acid can result in 96% recovered P, implying an overall 93% phos-
phorus recovery efficiency can be achieved by the LLE process. Most importantly,
the extractant can be recycled and reused at least 5 times if the residual P concentra-
tion should be less than 4mg=L vs. the original P concentration of 21mg=L. A com-
plexion between amine groups in BDMA and phosphates and the positive charge of
the micelles surface when the extractant (composed of kerosene and BDMA) mixed
with P containing wastewater would contribute to the P recovery and this is a novel
approach to recover P from wastewater.
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INTRODUCTION

The presence of excess phosphate in the domestic sewage and industrial
effluents discharged to natural water has long been viewed as the cause
of algae blooms and eutrophication. The average molar ratio of nitrogen,
phosphorus, and carbon in algae protoplasm is approximately 15:1:105
(1) and if any of these components is less than this ratio, it will limit
the algae growth. In general that a minimal amount of phosphorus can
cause substantial algae growth and its removal is more crucial in
comparison with nitrogen removal for preventing algae glooming and
eutrophi cation.

The typical phosphate concentration in crude sewage ranges between
5 and 30mg=L (2). European Union (EU) legislation makes phosphate
removal from sewage compulsory. The EU Urban Waste Water Treat-
ment Directive (3) introduced requirements for the control of phosphorus
(P) and nitrogen (N) concentrations in the effluent, which was taken into
force in England and Wales (4) and Scotland (5) in November 1994,
whereby a significant reduction of P and N was required if the effluent
is to be discharged in a given area that is sensitive to eutrophication.
The total P concentration should not exceed 2mg=L in the final effluent
in an area with a population equivalent (p.e.) of between 10000 and
100000 and not exceed to 1mg=L when the p.e. is greater than 100000.

Chemical and biological methods have been used for the P removal. It
is a common treatment approach to use iron, aluminium, or calcium salts
to precipitate P and form sludge which is then separated by sedimentation
or filtration from wastewater (6). The crystallization process has also been
tested to recover P (7), whereby crystallized hydroxyapathyte Ca5(OH)(PO4)3
is obtained as the P-containing product. P removal by biological treatment
processes has been attributed to both stoichiometric P consumption in the
biomass growth and enhanced P storage in the biomass as polyphosphate.
The prerequisite for biological P removal is the exposure of the
micro-organisms to alter anaerobic and aerobic conditions so that their
uptake of P is above normal metabolic requirements (8).

Liquid-liquid extraction (LLE) is a common separation process,
whereby a small quantity of an organic extractant is dissolved in a diluent
to form an organic phase. During extraction the desired solute in the aqu-
eous phase (normal water) transfers into organic phase until the equili-
brium of the solute in two immiscible phases to be achieved. The
second half of the LLE operation is called stripping, which is to recover
the desired solute from the organic phase into the aqueous phase (normal
an acid phase), and the extractant could be recycled and reused.

The LLE method has been used in nuclear and ore processing and
the chemical manufacturing and processing industries. Recovering metals
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by the LLE from water treatment sludge and effluents has been reported
(9,10). However, it has not been investigated to use LLE to recover or
remove phosphorus (P) from wastewater. In this work, the bench-scale
experiments were conducted to explore the possibilities of using LLE
for the recover of phosphorus. Especially, this study was to select the
optimum extractant and to determine distribution ratios of P between
the extractant and the wastewater in order to establish the optimum oper-
ating conditions. The actual wastewater samples were also used in order
to validate the efficiency of the LLE method.

EXPERIMENTAL METHODS

All chemical reagents used were analytical grade and supplied by the
VWR, UK. Analysis of phosphate concentration was followed by an
established method using the Ascorbic Acid Method (11). The model
water was prepared using a phosphate standard solution (1000mg=L).
The phosphate concentration was made in the range of between 1 and
30mg=L by mixing different volumes of standard solution with deionized
water. The wastewater sample was collected from a full-scale wastewater
treatment of Southern Water, UK. The sample was taken after the
pre-sedimentation stage and its characteristics can be seen in Table 1.
A batch study set up was used for both the extraction and the stripping
experiments and the operation was performed at room temperature
(22� 1�C). The extractant and the wastewater samples were mixed and
thoroughly shaken using a shaker (KS125, Merck Ltd, England). The
mixture was then transferred to separate funnels for the separation of
the aqueous phase from the organic phase. The organic phase (extract)
generated after the extraction step was subjected to the stripping process.
A given amount of the extract was mixed with 125mL of 6M sulphuric
acid and the mixture was thoroughly shaken for 4 hrs at a speed of
250 rpm. Subsequently, the mixture was transferred to funnels and
allowed to be separated for 2 hours. The amount of phosphates recovered

Table 1. Wastewater quality parameters

Quality parameters Values

pH 7.4
Suspended Solids (mg=L) 36.0
Total P (mg=L) 22.9
Soluble P (mg=L) 21.3
Turbidity (NTU) 52.2
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was determined by examining the phosphate concentrations in the acid
aqueous phase. The distribution ratios (D) of the P between the organic
and aqueous phases were calculated by

D ¼ ½P�org=½P�aq;

and this resulted in the extraction efficiency (E) to be calculated by

E ¼ fD=ðDþ 1Þg � 100%

RESULTS AND DISCUSSION

The extracting agent consisted of two parts, namely the extractant and
the diluent. Many parameters that are important in ion-exchange resin
production are also important in extractant and diluent selection, and
this can be summarized as:

a. stability,
b. density difference to water,
c. low aqueous solubility, and
d. affinity to the phosphorus.

In this study, kerosene was selected as the solvent due to its stability,
lower density, and insolubility in water. In addition to these, the use of
kerosene was due to its availability, comparatively low cost, and relative
safety in handling. The primary extractant is to be selected based on the
reactivity and affinity to phosphorus and lowest solubility in water which
is essential to ensure minimal loss of the extractant and to prevent the
contamination of the treated effluent. Due to the nature of insoluble
property in the aqueous phase, both kerosene and the selected extractant
will not result in pollution in the treated effluent.

Preliminary studies were performed in selecting a suitable extractant.
A range of cationic surfactants was considered based on their solubility in
both water and kerosene and the comparative affinity to P and the cost.
The study results can be seen in Table 2 and benzyl-dimethyl-amine
(BDMA) was selected as the extractant for further studies in terms of
the set standards.

The results demonstrated a high affinity of BDMA to phosphates;
this could be attributed to the complexion between amines and phos-
phates. The extractant composed of kerosene and BDMA can form
micelles after mixing with wastewater, which possess a positive charge
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on their surface. Phosphate can be bound on these micelles by electrostatic
interaction, enabling the micelle-pollutants complex to be removed
effectively from the wastewater effluent.

Preliminary equilibrium studies revealed that in the extraction step,
the optimum mixing and separation time was 6 h and 2 h, respectively,
while in the stripping step, the optimum mixing and separation time
was 4 h and 2 h, respectively.

Figure 1 shows the effects of the ratios of organic to aqueous phases
and kerosene to BDMA on the distribution ratio, D, and on the extrac-
tion efficiency, E. For a range of starting P concentrations (0–30mg=L)
and other operating conditions, the ratios of 1:4 as organic to aqueous
phases and 2:1 of kerosene to surfactant (BDMA) gave the optimum D
and E values, i.e., the optimum P extraction efficiency.

For the mixing and separation conditions stated previously, sulphu-
ric acid and hydrochloric acid with various concentrations were studied
for their stripping efficiency in respect to the ratio of organic to acid
phase. Figure 2 demonstrates that an increase in stripping efficiency with
a low ratio of organic to acid phase (i.e., increasing in the acid volume)
for each acid and concentration. The greater the ratio of the organic to
the acid phase, the less the amount of acid required and therefore, the

Figure 1. Relationships among starting P concentrations, the distribution ratios
(D) and extraction efficiencies (E), (a) the phase ratios vs. D; (b) the phase ratios
vs. E; (c) the ratios of kerosene to surfactant vs. D and (d) the ratios of kerosene
to surfactant vs. E.
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higher the cost effectiveness. If >96% could be taken as a practical accep-
table stripping efficiency, a ratio of 1:1 of the organic to the acid phase
can then be used for sulphuric acid at a concentration of either 6 or
9M and hydrochloric acid at 4 or 6M. Since sulphuric acid is relatively
cheaper than hydrochloric acid, 6M sulphuric acid and a 1:1 phase ratio
were selected for the further study under the same mixing and the separa-
tion conditions.

The stripping process is a reverse reaction to the extraction process.
The type and concentration of the stripping agent required depend on the
solubility of the phosphate and the extractant (BDMA) in the selected
stripping agent. A high solubility of phosphate and a low solubility of
the amines’ group of BDMA in a strong acidic solution (9) would let
most phosphates transfer from the extractant into the acid phase and this
has been validated through this study. Consequently, the extractant can
be reused. The regeneration and reuse studies were performed using the
established extraction and stripping conditions and a real sewage sample
(Table 1). Three ratios of fresh to recycled extractants (1:1, 1:2 and 1:4)
were pre-investigated. There was a general decrease in the extraction effi-
ciency with respect to the increase in the recycled portion of the extrac-
tant. The 1:2 ratio of the fresh to the recycled extractant was found to
be the optimum in terms of the maintenance of good extraction effi-
ciency. As shown in Fig. 3, under the stated operating conditions, the
recycled extractant could be reused for 5 times in order to maintain the
E value above 80%. Corresponding to each reuse of the recycled extrac-
tant, the E value gradually decreased, from 90 to 80%, and the residual P
concentration increased up to 4mg=L for 5 runs. However, 2=3 of
the extractant in each run was the recycled one and this represents
the cost-effectiveness of using the LLE method to recover P from
waste water.

Figure 2. The effects of the type and concentrations of acid and the ratio of
organic to acid phase on the stripping efficiency, (a) sulphuric acid and (b)
hydrochloric acid.
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CONCLUSION

In a LLE process, complexion between the amine groups in BDMA and
phosphates and the positive charge of the micelles surface formed in mix-
ing the extractant (composed of kerosene and BDMA) with P containing
waste water would contribute to the P recovery. It is a new approach to
recover P from wastewater by the LLE method while it is commonly used
to recover a cationic element (e.g., metals). Under study conditions, one
part of the extractant can react with four parts of wastewater to transfer
>97% of P. In addition, in the stripping step, a 1:1 ratio of the extract to
the recycled acid can result in 96% recovery of P, implying that an overall
96% phosphorus recovery efficiency can be achieved through the LLE
process. Most importantly, the extractant can be recycled and reused at
least 5 times if the residual P concentration should be less than 4mg=L
vs. the original P concentration of 21mg=L. A pilot scale study, however,
should be carried out in order to validate the laboratory results and to
comprehensively evaluate the cost-effectiveness.
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