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THAI ABSTRACT 

ศิระ สุเหร็น : การประยุกต์ใช้ระบบเยื่อแผ่นเหลวที่พยุงด้วยเส้นใยกลวงแยกไอออนตะกั่ว 
ปรอท และสารหนูออกจากน ้าสังเคราะห์และการท้านายผลการแยกด้วยแบบจ้าลองทาง
ค ณิ ต ศ า ส ต ร์ . (THE APPLICATION OF HOLLOW FIBER SUPPORTED LIQUID 
MEMBRANE TO SEPARATE LEAD, 264 หน้า. 

งานวิจัยนี ศึกษาการแยกไอออนตะกั่ว ปรอท และสารหนู ออกจากสารละลายป้อนคือน ้าทิ ง
จากหลุมขุดเจาะแก๊สธรรมชาติและน ้าสังเคราะห์ผ่านระบบเยื่อแผ่นเหลวที่พยุงด้วยเส้นใยกลวง ปัจจัยที่
ศึกษา ได้แก่ ชนิดของสารสกัด (D2EHPA, TOA, Aliquat 336, Bromo-PADAP, Cyanex 471 และ 
Cyanex 923) ความเข้มข้นของสารสกัด ชนิดของสารละลายน้ากลับ (น ้ากลั่น, HNO3, H2SO4, HCl, 
NaOH และไทโอยูเรีย) ความเข้มข้นของสารละลายน้ากลับ ความเข้มข้นของ H2SO4 ในสารละลายป้อน 
รูปแบบการไหลของสารละลายป้อนและสารละลายน้ากลับ ชนิดของสารประกอบเชิงซ้อนของตะกั่วใน
สารละลายป้อน ชนิดสารสกัดและสารละลายน้ากลับในแต่ละมอดูลเส้นใยกลวงที่ต่อกันแบบอนุกรม 
ระยะเวลาปฏิบัติการ และอัตราการไหลของสารละลายป้อนและสารละลายน้ากลับ ส้าหรับการแยก
ไอออนปรอทและสารหนูออกจากน ้าทิ งจากหลุมขุดเจาะแก๊สธรรมชาติ พบว่าสามารถแยกปรอทได้ดีกว่า
สารหนู การสกัดสารหนูเป็นแบบเสริมฤทธิ์โดยใช้สารสกัดผสมระหว่าง Aliquat 336 และ Cyanex 471 
สัมประสิทธิ์การสกัดแบบเสริมฤทธิ์มีค่า 2.8 สารละลายน้ากลับที่ดีที่สุดคือไทโอยูเรีย 0.1 โมลต่อลิตร 
ความเข้มข้นของปรอทและสารหนูหลังการแยกมีค่าไม่เกินมาตรฐานน ้าทิ ง โดยใช้สารสกัดผสม Aliquat 
336 และ Cyanex 471 0.22 และ 0.06 โมลต่อลิตร ความเข้มข้นของ H2SO4 ในสารละลายป้อน 0.2 
โมลต่อลิตร และจ้านวนรอบในการแยก 1 และ 3 รอบตามล้าดับ ส้าหรับการแยกไอออนตะกั่วและ
ปรอทออกจากน ้าสังเคราะห์ พบว่าการใช้มอดูลเส้นใยกลวง 2 มอดูลต่อกันแบบอนุกรม สามารถแยก
ไอออนตะกั่วและปรอทแบบคัดเลือกจนเหลือความเข้มข้นไม่เกินมาตรฐานน ้าทิ งในเวลา 80 นาที และ
สามารถเพิ่มความเข้มข้นของตะกั่วและปรอทในสารละลายน้ากลับได้ 2.7 และ 1.2 เท่าของความเข้มข้น
ในสารละลายป้อนขาเข้า ภาวะที่เหมาะสมต่อการแยก คือ มอดูลที่ 1 ใช้ D2EHPA 0.03 โมลต่อลิตรเป็น
สารสกัด และใช้ HCl 0.9 โมลต่อลิตรเป็นสารละลายน้ากลับ มอดูลที่ 2 ใช้ Aliquat 336 0.06 โมลต่อ
ลิตรเป็นสารสกัด และใช้ไทโอยูเรีย 0.9 โมลต่อลิตรเป็นสารละลายน้ากลับ อัตราการไหลของสารละลาย
ป้อนและสารละลายน้ากลับเท่ากับ 100 มิลลิลิตรต่อนาที โดยให้สารละลายป้อนไหลผ่านมอดูลเส้นใย
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ENGLI SH ABSTRACT 

# # 5170658021 : MAJOR CHEMICAL ENGINEERING 
KEYWORDS: SEPARATION / LEAD / MERCURY / ARSENIC / HFSLM / MATHEMATICAL MODEL 

SIRA SUREN: THE APPLICATION OF HOLLOW FIBER SUPPORTED LIQUID MEMBRANE 
TO SEPARATE LEAD, MERCURY AND ARSENIC IONS FROM SYNTHETIC WATER AND 
MATHEMATICAL MODEL FOR PREDICTION. ADVISOR: DISTINGUISHED PROFESSOR 
DR.URA PANCHAROEN, 264 pp. 

This study investigated the separation of lead, mercury and arsenic ions from feed 
solution, i.e., produced water and synthetic water across hollow fiber supported liquid 
membrane (HFSLM). The in?uences of types of extractants (D2EHPA, TOA, Aliquat 336, Bromo-
PADAP, Cyanex 471 and Cyanex 923), concentration of the extractants, types of stripping 
solutions (distilled water, HNO3, H2SO4, HCl, NaOH and thiourea), concentration of the 
stripping solutions, concentration of H2SO4 in feed solution, flow patterns of feed and 
stripping solutions, types of lead complexes in the feed solution, types of extractans and 
stripping solutions in the HFSLM series, operating time, and ?ow rates of feed and stripping 
solutions were investigated. For the separation of mercury and arsenic ions from produced 
water, the superior performance in the extraction of mercury compared with arsenic was 
observed. Remarkably, the synergistic extraction of arsenic was discovered by using the 
mixture of Aliquat 336 and Cyanex 471 at the synergistic coef?cient of 2.8. Thiourea of 0.1 M 
was found to be the suitable stripping solution. The concentrations of discharged mercury 
and arsenic ions complied with the regulatory discharge standards by using the mixture of 
0.22 M Aliquat 336 and 0.06 M Cyanex 471 with 0.2 M H2SO4 in feed solution at 1 and 3 cycle 
separations, respectively. In the case of the separation of Pb(II) and Hg(II) from synthetic water, 
it was found that by using a double-module HFSLM in series could extract lead and mercury 
ions below their regulatory discharge standards in 80 min. The concentrations of lead and 
mercury ions in the stripping solutions were higher than those in the inlet feed solution of 
about 2.7 and 1.2 times. The optimum conditions were achieved by using 0.03 M D2EHPA as 
the extractant and 0.9 M HCl as the stripping solution in the first module, and 0.06 M Aliquat 
336 as the extractant and 0.1 M thiourea as the stripping solution in the second module. A 
single-pass ?ow pattern of feed solution and circulating ?ow pattern of the stripping solution 
of 100 mL/min were found to be the most suitable. In addition, a mathematical model to 
predict the separation of lead and mercury ions was developed by considering the material 
balance concept in terms of convection and accumulation of metal ions, and the reactions at 
the liquid-membrane interfaces. Consequently, the concentrations of lead and mercury ions 
in feed and stripping solutions predicted by the model agreed well with the experimental 
results. It indicated that the rates of lead and mercury ions transport from feed solution to 
the stripping solution corresponded to the convection and accumulation of lead and mercury 
ions and the reactions at the liquid-membrane interfaces. 
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Academic Year: 2013 
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CHAPTER I  

INTRODUCTION 

 

 

1.1 Rationale of research problem 

 

Produced water from offshore oil and gas production, which is re-injected to 

rock formations from where oil and gas originated, is however contaminated with 

toxic metals such as lead, mercury and arsenic. Toxicities of lead, mercury and 

arsenic can cause acute and chronic poisoning in human beings depending on the 

exposure limit(1-4). The amounts of these toxic metals exposed to the environment 

continuously intensify with the quantity of produced water. The concentrations of 

lead, mercury and arsenic in the produced water from various wells are different. In 

the Gulf of Thailand, the concentrations of lead and mercury in the produced water 

are 0.003 – 2 mg/L (or parts per million, ppm) and the concentration of arsenic is  

1 – 4 mg/L. The regulated discharge limits of lead, mercury and arsenic from 

industrial wastewater by Thailand Ministry of Industry(5) and the Ministry of Natural 

Resources and Environment(6) must not be higher than 0.2, 0.005 and 0.25 mg/L, 

respectively. For this reason, Chevron Thailand developed a new technology to 

assure that the capability of their produced water treatment process meets the 

overboard discharge water quality specifications. The aforementioned patented 

technology associated with the treatment of the produced water contaminated with 

mercury and arsenic(7) is concluded as follows:  



2 

In the beginning, gas and condensate in the produced water are separated at 

a three-phase separator. The produced water from the separator is passed through  

de-sanding, de-oiling hydrocyclones and finally fed to the chemical treatment 

process which consists of a degasser, a retention tank and an induced gas flotation 

(IGF) unit. An oxidant (NaOCl), ferric ions (ferric chloride) and a flocculant (cationic 

polymer) are added in the degasser, the retention tank and the upstream of the IGF 

unit, respectively. A floatable sludge of ferric hydroxide, chemi-sorbed mercury,  

ferri-arsenate and hydrocarbons are formed. Arsenous acid in the produced water is 

oxidized to arsenic acid by adding the oxidant, while mercury is maintained in the 

elemental form. Due to too high amounts of mercury element and arsenic ions in 

produced water from the Gulf of Thailand fields for the oxidant – Fe3+ – flocculent 

process to meet high quality water complying with the regulatory discharged limits, 

the new patented technology has been developed. This technology consists of 

desanding hydro-cyclones to remove elemental Hg, HgS and sand particles. Then, 

the desanded water is treated with oxidant, ferric ions, a thiol, and the flocculant. 

The new thiol addition is effective in precipitating excess elemental Hg, Hg2+ and As 

that cannot be removed by the oxidant – Fe3+ – flocculent process. The Fe-As-Hg 

sludge is subsequently re-injected back into rock formations. 

However, the injection of produced water or Fe-As-Hg sludge back into rock 

formations is still risk as the toxic metals may spill into the environment, and 

therefore an alternative method is required. Several studies have shown that hollow 

fiber supported liquid membrane (HFSLM) is an effective method for the separation 

of metal ions from aqueous solutions, particularly at a very low concentration in 

ppm or ppb level(8-14).  This method allows simultaneous extraction and stripping of 
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target ions in a single-step operation with high selectivity(15,16). Other advantages of 

the HFSLM over traditional methods (e.g., chemical precipitation, coagulation, 

adsorption and ion exchange) include less extractant and solvent, low energy 

consumption, and low capital and operating costs(17). The HFSLM has high surface 

area that contributes to high mass transfer rate for separation(18), and can be applied 

in many fields such as industrial water treatment, pharmaceutical(19,20), and food 

processings(21). Hollow fiber modules can be connected in series or in parallel for a 

higher capacity(22). Therefore, it is suitable to use as a secondary treatment after the 

any other traditional methods to eliminate a very low concentration of metal ions 

from aqueous solution. The outstanding advantages of the HFSLM draw a 

considerable interest of many researchers in applying the HFSLM to treat a large 

volume of wastewater contaminated with a very low concentration of toxic metal(23). 

In applying the HFSLM to industrial application, reliable mathematical models are 

required since they help provide a necessary guideline to understand the transport 

mechanism of the target ions through liquid membrane as well as to predict the 

separation time and efficiency. In addition, the model is an important tool for cost 

estimation and scaling up consideration(24).  

The constraint of the injection of toxic metal-contaminated produced water 

and sludge back into rock formations, and the advantages of the HFSLM lead to the 

objectives of this work. The HFSLM was used to separate lead, mercury and arsenic 

ions from produced water and synthetic water. The effects of types of extractants 

(D2EHPA, TOA, Aliquat 336, Bromo-PADAP, Cyanex 471 and Cyanex 923), 

concentration of the extractants, types of stripping solutions (distilled water, HNO3, 

H2SO4, HCl, NaOH and thiourea), concentration of the stripping solutions, 
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concentration of H2SO4 in feed solution, flow patterns of feed and stripping solutions, 

types of lead complexes in the feed solution, types of extractans and stripping 

solutions in the HFSLM series, operating time, and flow rates of feed and stripping 

solutions were investigated. The mathematical model to predict the extraction and 

stripping of lead and mercury ions by considering the convection and accumulation 

of metal ions in the feed and stripping solutions, and the reactions at liquid-

membrane interfaces was developed. The mathematical model was solved by using 

two different methods, i.e., Laplace Transform and Generating Function. The reliability 

of the model was verified by the experimental results in terms of the average percent 

deviation. 

 

1.2 Lead, mercury and arsenic 

  

1.2.1 Lead 

 

Lead (Pb), a heavy metallic element, with atomic number of 82  and atomic 

weight of 207.19 g/mole is found plentiful in the earth’s crust. Major natural sources 

of lead are in igneous and metamorphic rocks(25).  

 

     1.2.1.1 Physical and chemical properties of lead 

 

  At room temperature, lead is a bluish-white or silvery-grey(26). Metallic 

lead is of high density and low strength. The melting point of lead is  

327.5 oC and boiling point is 1,740 oC. It is soft and malleable. Lead dissolves very 
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slowly in hydrochloric acid but rapidly in nitric acid. The solubility of lead in pure 

water is low, 3.11×10–4 g/L. Lead does not dissolve in sulfuric acid(2). Lead 

compounds are toxic and hazardous to health. The oxidation state of inorganic lead 

compounds is +2 rather than +4. Lead sulfate (PbSO4) has low solubility in water of 

8.6×10–4 g/L. Lead(II) nitrate (Pb(NO3)2) is soluble in water. Its solubility is 376.5 g/L. 

Lead dioxide (PbO2) is a brown powder and is insoluble in water. It reacts with 

hydrochloric acid forming PbCl2 which is soluble in cold water. The solubility of PbCl2 

in water at room temperature is 919 g/L(25). PbCl2 precipitates in chloride solution but 

in excess chloride, as in sea water, it will re-dissolve and associate to PbCl42– (27).  

 

1.2.1.2 Applications of lead 

 

  Lead is used in many applications. For example, it is extensively used 

as an industrial raw material in alloys, the production of storage batteries, electric 

appliances, computer components, electrical cable covering and circuit boards, 

soldering, water and noise proofing. Lead is also used to make ammunition, bearing 

metal, radiation and sound barriers or shields, and metal pipes to prevent corrosion 

in the chemical industry(2,27,28). 

 

1.2.1.3 Toxicity of lead 

 

  Contamination of lead in soil, water and air is found more often in 

urban areas than in rural areas. All lead compounds are toxic(2). Lead can accumulate 

in the body over a period of time. Therefore, long-term exposures to lower levels 
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can result in a buildup of lead in the body and more severe symptoms. The toxicity 

of lead can cause disorder symptoms in virtually every system in the body. 

Symptoms include headache, abdominal pain, malaise, acute kidney disease, cancer, 

stroke and death. Lead poisoning in children is more severe than in adults. Lead 

toxicity can affect the foetus of an unborn child prematurely leading to less IQ(29) and 

can also lead to reproductive effects in both male and female. In the male, it limits 

sperm count and morphology. In the female, it causes some adverse pregnancy 

outcomes(25).  

 

1.2.2 Mercury 

 

 Mercury (Hg) is a heavy liquid metallic element with atomic number of 8 0 

and atomic weight of 2 0 0.59 g/mole. Mercury can be found in metallic form or in 

inorganic mercury compounds. The important mercury ore is cinnabar (HgS), which 

can be decomposed to the elements(27).  

 

1.2.2.1 Physical and chemical properties of mercury 

    

  Mercury is silver-white. It has low viscosity at room temperature. The 

melting point of mercury is -39 oC and boiling point is 357 oC(27). Mercury does not 

react with oxygen at room temperature, but at its boiling point it forms mercury(II) 

oxide (HgO) with oxygen(27). Mercury strongly forms complexes with the ligands comprising 

nitrogen, sulfur or phosphorous as donor atoms(30). Mercury compounds have two 

valences 1 and 2: mercurous compounds (mercury(I) compounds) and mercuric 
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compounds (mercury(II) compounds) (31). In sea water, the dominant form of mercury 

is HgCl42–. The solubility of mercury element is 2×10–6 g/L. The solubilities of 

mercurous chloride (Hg2Cl2) and mercuric chloride (HgCl2) are 2×10–3 and 69 g/L, 

repectively. The solubility of methylmercury chloride is higher than the solubility of 

mercurous chloride about three times(32).  

 

1.2.2.2 Applications of mercury 

 

  Mercury and many mercury compounds are toxic and tend to 

accumulate in higher animals. Mercury is used in thermometers, barometers, high 

vacuum pumps, gas and pressure regulators, electric relays, electrodes, standard 

cells and other scientific equipment. Industrially, mercury is used for example in 

fluorescent tubular lamps, high-pressure street lamps and mercury lamps(31,33). 

Compounds of mercury are also used in various applications; some are used in 

medicine.  

 

  1.2.2.3 Toxicity of mercury 

 

   Mercury poisoning damage the tissue of any organ to which it makes 

bone marrow produce less red blood cells. Mercury mostly accumulates in the 

cerebellum and cerebral cortex quickly during exposure but it is released from the 

brain very slowly. The lever and kidneys may also be damaged by mercury 

accumulation. Organic mercury compounds are the most toxic. It can attach to red 

blood cells and then spread to all parts of the body and can pass through the 
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Blood-Brain-Barrier tissue that prevents toxins from the blood stream passing into the 

brain tissue. Methylmercury can be absorbed in the gastrointestinal tract up to 95–

98%, but very little of it can be defecated in the form of waste. Inorganic mercury 

compounds are the least toxic. Less than 2% of inorganic mercury compounds are 

absorbed into the body by the digestive tract, and it is easily expelled from the 

body. Metal mercury can be easily absorbed into the body through the skin and 

breath. Mercury in vapor form is the most dangerous to human life as it cause acute 

poisoning(34).   

 

 1.2.3 Arsenic 

  

 Arsenic (As) is a heavy metalloid element with atomic number of 33 and 

atomic weight of 74.91 g/mole. Trace arsenic and arsenic compounds are usually 

found in the earth’s crust, rock, soil and water. They can be in crystalline, powder, 

vitreous or amorphous forms(35). 

   

1.2.3.1 Physical and chemical properties of arsenic 

 

  Arsenic have four valences: –3, 0, +3 and +5(35). Arsenic in groundwater 

can be found as arsenic(III) compounds (H3AsO3 and H2AsO3
−) and arsenic(V) 

compounds (H2AsO4
−, H3AsO4, HAsO4

2− and AsO4
3−) depending on the pH of 

groundwater. At the pH of most groundwater of 6.7–8.8, arsenic(III) in form of H3AsO3 

is found more than H2AsO3−, and  arsenic(V) in form of H2AsO4
− is found more than 

H3AsO4, HAsO4
2− and AsO4

3− (36).  
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  1.2.3.2 Applications of arsenic 

 

  In agriculture, arsenic and its compounds are used as raw material to 

produce insecticides, herbicides, cotton desiccant and wood preservatives. 

Industrially, arsenic compounds are used in manufacturing of batteries, doping agent 

in semiconductors, and low-melting glasses. It can be used with other metals such as 

lead, copper or alloys to provide corrosion resistance(35). Arsenic element is included 

in some lead-based alloys to promote hardening. 

 

1.2.3.3 Toxicity of arsenic 

 

  Arsenic is very toxic. Arsenic compounds are accumulative poisons. It 

can spread throughout the body and eventually cause death. Acute arsenic 

poisoning causes irritation to exposed tissue. Symptoms may include nausea, vomit 

and muscle contraction. Arsenic poisoning affects functioning of the heart and can 

lead to heart failure. Chronic arsenic poisoning causes skin, lung and liver cancer, 

ulcers or a hole in the nose, dark spots on the skin, skin thickening and numbness in 

hands and feet. Chronic poisoning also includes symptoms like burning sensation and 

weakness of the arms and legs. There has been an increase of chromosomal 

abnormalities in workers exposed to arsenic(4,37,38).  
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1.3 Extractants 

 

 The metal extractants for HFSLM system are grouped into 5 classes according 

to their functional groups (carboxyl, sulfo, phosphate, phosphate ester, phosphine 

oxide, phosphine sulphide and amines)(39,40), extraction mechanism and types of 

metal ions extracted (cation, neutral complex and anion), i.e., acidic extractants, 

chelating extractants, neutral extractants (or solvating type extractants), ligand 

substitution extractants, and basic extractants (or ion-pair extractants)(41,42).  

 

 I. Acidic extractants 

  

 Acidic extractant contains a functional group of carboxyl (RCOOH), sulfo (RSO3H) 

or phosphate (HOPO(OR)2) where R is alkyl group(41,42). The acidic extractant reacts with 

metal cation in the feed solution. In an organic solvent or liquid membrane, the 

carboxyl, sulfo or phosphate groups of the acidic extractant deprotonates to an anion 

species RCOO–, RSO3
– or OPO(OR)2–, respectively. The anion species subsequently form 

organo-metal complexes with the cation species. Acidic extractant which is widely 

used is D2EHPA (di-2-ethylhexylphosphoric acid, HOPO(OC8H17)2)(41). The extraction of 

Pb2+ by D2EHPA is shown in Eq. (1.1)(43). 

 

2178
2 )H2HOPO(OCPb                        2H))HPb(OPO(OC 22178                (1.1) 

 

where the over bar represents the organo-metal complex in liquid membrane phase 

(organic phase). 
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 II. Chelating extractants 

  

 Chelating extractants are often derived from analytical reagents, such as β-

diketones, 8-hydroxyquinoline, and hydroxyoximes(42). They react with cation species 

same as the acidic extractants. The chelating extractants chemically bond to cation 

species at two sites in a manner similar to holding an object between the ends of the 

thumb and the index finger(41). When the chelating extractant bonds to cation 

species, it releases hydrogen ion into the feed solution. Extractability of the chelating 

extractant increases with the pH of the feed solution. Decreasing of the pH promotes 

back-extraction or stripping. LIX 84-I or 2'-hydroxy-5'-nonylacetophenone ketoxime 

(C17H27NO2), which is representative of chelating extractants, is known as a good 

extractant for the extraction of Cu2+. The extraction is shown in Eq. (1.2)(44). 

  

22717
2 NOH2CCu                               H2Cu)NOH(C 222617             (1.2) 

 

 III. Neutral extractants (Solvating type extractants) 

  

 Neutral extractant contains a functional group of phosphate ester (PO(OR)3), 

phosphine oxide (R3PO) or phosphine sulphide (R3PS). The neutral extractants are 

basic in nature and will coordinate to certain neutral metal complexes in the feed 

solution by replacing water molecules of hydration around neutral metal complexes, 

thereby causing the resulting organo-metal complex to become organic soluble and 

aqueous insoluble(41). Examples of neutral extractants are tributyl phosphate (TBP, 

PO(OC4H9)3), trioctylphosphine oxide (Cyanex 921, (C8H17)3PO) and tri-isobutylphosphine 
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sulfide ( Cyanex 471, (C4H9)3PS). It is noted that the extractability of neutral metal 

complexes using the neutral extractant increases with the concentration of an acid or 

co-extractant in the feed solution( 4 5 ,4 6 ) . The extraction of neutral metal complex 

H3AsO4 by TBP and H2SO4 as the co-extractant is shown in Eq. (1.3)(46). Moreover, the 

neutral extractant can be used for the extraction of metal anions, for example AsO4
3–

, by adding H2SO4 in the feed solution to transform metal anions to a neutral metal 

complex(45). In case of the extraction of HgCl42–, hydrochloric acid is used. 

 

3944243 )HPO(OCSOHAsOH n                    n))HPO(OC.(SOH.AsOH 3944243       (1.3) 

 

 In general, extractions with solvating extractants are limited by:  

1) the metal’s ability to form neutral complexes with anions,  

2) the co-extraction of acid at high acid concentrations, and  

3) the solubility of the organo-metal complex in the organic carrier(41).  

 

 IV. Ligand substitution extractants 

 

 Ligand substitution extractants are similar to neutral extractants. They donate 

an electron pair to a metal anion ion, but ligand substitution extractants form inner 

shell complexes with metals and will displace other ligands. The neutral extractants 

coordinate to certain neutral metal complexes by replacing water molecules around 

neutral metal complexes. A ligand substitution extractant includes mono-oxime 

(R2CNOH) and dialkyl sulfides (R2S), for example, di-n-hexyl sulfide ((C6H13)2S). 

Equation (1.4) shows the extraction of 2
4PdCl using mono-oxime. 
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CNOH2RPdCl 2
2
4                           Cl2PdClCNOH)(R 222                      (1.4) 

 

 As shown in Eq. (1.4), two chloride ions of palladium are displaced by two 

molecules of mono-oxime resulting in a new complex species which is soluble in an 

organic extractant but insoluble in water(41). 

 

 V. Basic extractants (Ion-pair extractants)  

  

 Basic extractants contain a functional group of primary amine (RNH2) or 

secondary amine (R2NH) or tertiary amine (R3N) or quaternary amine (R4N+). In general, 

the commercial basic extractants contain a functional group of tertiary amine or 

quaternary amine. The quaternary amines are usually in the form of alkyl ammonium 

salts (or amine salts). Metal anions in the feed solution can react with quaternary 

amine to form organo-metal complexes by replacing the common anions (e.g., Cl–, 

SO4
–, and F–) of the quaternary amines(41,47). Examples of basic extractants which were 

studied in this work are quaternary amine (trioctyl methyl ammonium chloride 

(Aliquat 336, (CH)3(C8H17)3N+Cl-)) and tertiary amine (trioctylamine (TOA: (C8H17)3N)). 

Equation (1.5) shows the extraction of HgCl42– by Aliquat 336.  

 

  )ClN)H(C(CH2HgCl 31783
2
4                  Cl2HgCl)N)H(C(CH 2

4231783          (1.5) 

  

 As shown in Eq. (1.5), the organo-metal complex from large positive charge 

(CH)3(C8H17)3N+ of Aliquat 336 reacted with anion HgCl42– is soluble in the liquid 
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membrane but insoluble in the feed solution while anion Cl– of Aliquat 336  releases 

to the feed solution(30,41).  

  In case of the extraction of metal anions by tertiary amine, the tertiary amine 

must be reacted with a mineral acid (e.g., HCl, H2SO4, or HF) to form an anion 

exchanger (amine salt) which is equivalent to quaternary amines(47). The extraction by 

the tertiary amine, e.g., TOA occurs in two steps, i.e., amine salt formation, Eq. (1.6), 

and an anion-exchange reaction or extraction reaction, Eq. (1.7) (48,49). The following 

equations show the extraction of HgCl42– by TOA. 

 

HClN)H(C 3178                              ClNH)H(C 3178                                         (1.6)  

 

  ClNH)H(C2HgCl 3178
2
4                        2ClHgCl)NH)H((C 2

423178            (1.7) 

 

1.4 Synergistic extraction 

 

 Synergistic extraction is the phenomenon in which the mixture of two types 

of extractants enhances the extraction of metal ions greater than the expected 

summation of the performance of the two extractants separately(42). This 

phenomenon arises from the combination of two extractants resulting in a new 

complex (an adduct) which is more hydrophobic than each extractant. With more 

hydrophobic molecule, the adduct reacts more with metal ions(50). Three different 

mechanisms are proposed to describe the synergistic extraction. The first mechanism 

involves an opening of one or more of the chelate rings and occupation by the 

adduct molecule(s) of the vacated metal coordination site(s). In the second 
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mechanism, the metal ions retain residual water(s) in the coordination sphere which 

can be replaced by the adduct molecules. The third mechanism is the expansion of 

the coordination sphere of the metal ion to allow bonding of the adduct 

molecules(51).  

The synergistic coefficient (R) in terms of the distribution coefficients, as 

shown in Eq. (1.8), was defined to quantify the synergistic effect(52).  Generally, R is 

greater than 1. The greater synergistic coefficient shows higher extraction of metal 

ions by the synergistic extractant. 

 

)D(D

D
R

21

2,1


                                                                         (1.8) 

 

where D1,2 is the distribution coefficient of the synergistic system to extract the 

specified ions, (D1 + D2) is the summation of the distribution coefficient in each single 

extraction system.  

 

 A number of synergisms are found in the literature but very few have been 

commercialized. This is due to the difficulty in maintaining the optimum ratio of the 

extractants in the liquid membrane phase to sustain synergism. The most common 

synergistic system consists of a mixture of neutral and acidic extractants(42). Guezzen 

et al.(53) used the mixture of TBP (a neutral extractant) and D2EHPA (an acidic 

extractant) as the synergistic extractant to extract zinc ions. The synergistic coefficient 

is found to be 1.74. Wannachod et al.(54) observed the synergistic extraction of 

lanthanide ions by using the mixture of Cyanex 921 (a neutral extractant) and D2EHPA 
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as the synergistic extractant at the synergistic coefficient of 7.5. Wang et al.(55) used 

the mixture of Cyanex 921 and Cyanex 272 (Bis(2,4,4-trimethylpentyl)phosphinic acid, 

an acidic extractant) as the synergistic extractant to extract Zr(IV) and Hf(IV) from 

synthetic water. The synergistic coefficient for the extraction of Zr(IV) and Hf(IV) are 

30.4 and 18.3, respectively. Other previous studies on neutral extractant mixed with 

basic extractant for synergistic extraction were investigated. Qiong et al.(56) used the 

mixture of TBP and N235 (trialkyl amine, a basic extractant) as the synergistic 

extractant to extract zinc ions from synthetic water. The synergistic coefficient of 12.3 

was observed. In this work, the synergistic extraction of arsenic ions was studied by 

using the mixture of Cyanex 471 (a neutral extractant) and Aliquat 336 (a basic 

extractant) at the synergistic coefficient of 2.8. 

 

1.5 Stripping solutions 

 

The selection of stripping solution for removal of metal ions from the organo-

metal complexes depends on types of metal ions extracted (cation, neutral 

complex, and anion) and types of extractants (acidic extractants, chelating 

extractants, neutral extractants, ligand substitution extractants, and basic extractants) 

used in the extraction of metal ions.  

In the extraction of metal cations, an acidic extractant or a chelating 

extractant is used. In order to strip metal cations from the organo-metal complexes, 

an acidic stripping solution is required. Hydrogen ions which dissociated from the 

acidic stripping solution replace metal cations in the organo-metal complexes. As a 

result, metal cations are released to the stripping solution. The stripping reaction of 
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Pb2+ from the organo-metal complex 22178 ))HPb(OPO(OC  by an acidic stripping 

solution is shown in Eq. (1.9)(43). 

 

 2H))HPb(OPO(OC 22178                        22178
2 ))HH(OPO(OC2Pb                 (1.9) 

 

For the extraction of neutral metal complexes, a neutral extractant is used. 

Neutral metal complexes can be stripped from the organo-metal complexes by a 

neutral striping solution, for example, water as shown in Eq. (1.10)(42,57). 

 

OH))HOP(OC.(SOH.AsOH 23944243 nn                               

                                               OH.)HOP(OCSOHAsOH 23944243 n             (1.10) 

 

In the case of extraction of metal anions, a basic extractant or a neutral 

extractant is used. In order to strip metal anions from the organo-metal complexes, a 

basic stripping solution is required. Anions from the basic stripping solution replace 

metal anions in the organo-metal complexes. As a result, metal anions are released to 

the stripping solution. The stripping reaction of HgCl42– from the organo-metal complex 

using NaOH as the stripping solution is shown in Eq. (1.11)(49). 

 

 OHNa+HgCl)NH(R 2
423                        OHHgClNR 2

2
43                        (1.11) 

  

It is noted that quaternary ammonium extractants, for example, Aliquat 336 

strongly form complexes with metal anions, and therefore the stripping of metal 
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anions from such complexes is rather difficult. In many cases, stripping can be 

accomplished by using a large anion or ligand containing phosphorous, nitrogen or 

sulfur as a donor atom(30,41), e.g., thiourea (NH2CSNH2). Equation (1.12) shows the 

stripping of HgCl42–from mercury–quaternary-ammonium complex by thiourea. 

 

)CSNH(NHHgCl)NR(CH 22
2
4233 y         

                                        y)CSNH(NHHgCl)ClNR(CH2 22233                (1.12) 

 

1.6 Patterns of HFSLM operations for metal ions separation 

 

 The patterns of HFSLM operations for metal ions separation are mainly 

classified as follows: batch operation, continuous operation and semi-batch 

operation. 

 

I. Batch operation  

   

 The separation of metal ions by batch operation consists of a single HFSLM 

module, a feed reservoir, and a stripping reservoir, as shown in Figure 1.1. Feed and 

stripping solutions are circulated through the HFSLM module. Batch operation is 

suitable for the separation of metal ions from a small volume of feed solution, and 

slow extraction and stripping. By using batch operation, high percentage separation of 

the metal ions can be obtained.  
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Stripping reservoirFeed reservoir

 

  

HFSLM

Q

Q

 

Figure 1. 1 Schematic diagram of batch operation HFSLM 

 

II. Continuous operation  

 

Continuous operation is suitable for the separation of metal ions from a large 

volume of feed solution and can be performed by connecting the HFSLM modules in 

series or in parallel as shown in Figures 1.2 (a) and (b), respectively. The feed and 

stripping solutions are supplied in single-pass flow or one-through-mode.  

Continuous operation by connecting the HFSLM modules in series provides 

higher residence time of feed and stripping solutions in the HFSLM modules. 

Therefore, the continuous operation with the HFSLM modules in series is 

recommended for slow extraction and stripping as they require long residence time 

to complete the reactions.   

 On the other hand, continuous operation by connecting the HFSLM modules 

in parallel provides shorter residence time than that in series. Therefore, continuous 

operation connecting the HFSLM modules in parallel is suitable for fast extraction 

and stripping.  
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Figure 1. 2 Schematic diagrams of continuous operation HFSLM: (a) connecting the 
HFSLM modules in series, (b) connecting the HFSLM modules in parallel 

 

III. Semi-batch operation  

 

 The separation of metal ions by semi-batch operation is carried out by using 

single-pass flow of feed solution but circulating flow of stripping solution. By using 

this pattern operation, the metal ions in the stripping solution can be concentrated 

until its concentration is constant and the reaction reaches the equilibrium. Figures 

1.3(a) and (b) show semi-batch operation by connecting the HFSLM in series or in 

parallel. The operation using HFSLM modules in series is preferable for the selective 
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separation of metal ions which the extraction reaction is slow. In case of fast 

extraction reaction, the separation of metal ions does not need long residence time. 

Therefore, using HFSLM modules in parallel is suitable.  

 

Stripping reservoir Outlet feed reservoir

 

  

Stripping reservoirInlet feed reservoir

 

  

2nd module1st module(a)

HFSLM HFSLM

Q Q
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2nd module

 

Q
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Figure 1. 3 Schematic diagrams of semi-batch operation HFSLM: (a) connecting the 
HFSLM modules in series, (b) connecting the HFSLM modules in parallel 
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1.7 Mathematical modeling for separation of metal ions via HFSLM 

  

 Two types of the models have been developed to explain the extraction and 

stripping of metal ions via HFSLM. The first model is based on the convection of 

metal ions in the feed solution and the diffusion of metal ions in liquid membrane 

(12,24,58). The second model considers the convection and accumulation of metal ions 

in the feed solution, and includes the reactions at feed–liquid-membrane 

interface(23,59). Kandwal et al.(58) developed a mathematical model involving the 

convection of metal ions in the feed solution and the diffusion of metal ions in liquid 

membrane for the extraction of Cs(I) from synthetic water via HFSLM. The chemical 

reactions at liquid–membrane interfaces were neglected. Their model results were in 

good agreement with the experimental data. Vernekar et al.(24) studied the extraction 

of Co(II) via HFSLM. They developed a model considering the convection and the 

diffusion of metal ions, neglecting the extraction (complexation) and stripping (de-

complexation) reactions at liquid-membrane interfaces. The model results showed 

that the controlling step of Co(II) extraction was the diffusion in liquid membrane 

phase. However, Yang and Kocherginsky(60) found that the model, which the 

extraction and stripping reactions at liquid-membrane interfaces were neglected, 

could not describe the extraction and stripping of Cu(II) via HFSLM. Thus, Pancharoen 

et al.(23) developed the reaction flux model considering the convection and 

accumulation of metal ions in the feed solution as well as the reactions at feed-

liquid membrane interface but neglecting the diffusion of metal ions in liquid 

membrane to explain the extraction of Cu(II) via HFSLM. The model results were in 

good agreement with the experimental data at the average percentage of deviation 
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about 2%. It indicated that the extraction of Cu(II) via HFSLM depended on the 

convection and accumulation of metal ions in the feed solution, and the reactions at 

feed-liquid membrane interface. Another model in our group Chaturabul et al.(59) 

described not only the extraction but also the stripping of metal ions via HFSLM. We 

can conclude that not only types of extractants (single or synergistic) but also the 

facilitated transport mechanism (carrier-mediated transport) attributed to the 

extraction efficiency of metal ions. 

In this work, a mathematical model considering the convection and 

accumulation of lead and mercury ions in the feed and stripping solutions and the 

reactions at liquid-membrane interfaces was developed to describe the extraction 

and stripping of the ions from synthetic water via HFSLM. The diffusion in liquid 

membrane was neglected.  

 

1.8 Objectives of the dissertation  

  

1. To study the influences of variables on the efficiency of extraction and 

stripping of lead, mercury and arsenic ions from synthetic water and 

produced water from the Gulf of Thailand via HFSLM.  

2. To develop a reaction flux model for the extraction and stripping of lead 

and mercury ions.  

3. To measure the solubilities of organic acids in various solvents by 

equilibrium method. 
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1.9 Scopes of the dissertation 

 

This dissertation presents the separation of lead, mercury and arsenic ions via 

HFSLM as well as a reaction flux model to predict the extraction and stripping. The 

scopes of this dissertation are as follows: 

1. The experiments were focused on the separation of lead, mercury and 

arsenic ions from synthetic water and produced water. 

2. Supply feed and stripping solutions counter-currently with equal flow 

rates to tube and shell sides of the HFSLM, respectively.  

3. The investigated parameters were 

a) types of extractants: D2EHPA, TOA, Aliquat 336, Bromo-PADAP, 

Cyanex 471 and Cyanex 923 

b) concentration of the selected extractants 

c) types of lead complexes in feed solution, i.e., Pb(NO3)2 and PbCl2 

d) concentration of H2SO4 (a co-extractant) in produced water 

e) types of stripping solutions: distilled water, HNO3, H2SO4, HCl, NaOH 

and thiourea 

f) concentration of the selected stripping solutions  

g) patterns of HFSLM operations  

1) continuous operation: single-pass flows of feed and stripping 

solutions 

2) batch operation: circulating flows of feed and stripping solutions 

3) semi-batch operation: single-pass flow of feed solution but 

circulating flow of stripping solution  
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h) operating time 

i) equal flow rates of feed and stripping solutions. 

4. Develop the reaction flux model for the extraction and stripping of lead 

and mercury ions via HFSLM by considering the convection and 

accumulation of lead and mercury ions, and the reactions at liquid-

membrane interfaces. 

5. Verify the reaction flux model by comparing the model results with the 

experimental data. 

 

1.10 Expected results 

 

The expected results are as follows: 

1. The outlet concentrations of lead, mercury and arsenic ions from HFSLM 

modules comply with the regulatory discharge limits by the Ministry of 

Industry and the Ministry of Natural Resources and Environment, Thailand. 

2. High stripping of lead and mercury ions. 

3. High accuracy reaction flux model. 

 

1.11 Descriptions of dissertation 

 

This dissertation is divided into 8 chapters. Chapter I gives a brief introduction 

on separation of metal ions by HFSLM, important parameters involved such as types 

of extractants and stripping solutions, the concept of synergistic extraction, patterns 

of HFSLM operations, and mathematical model. Chapters II–VII present the published 



26 

articles showing the separation of lead, mercury and arsenic ions from synthetic 

water and produced water by HFSLM. Chapter VIII is the conclusion of this 

dissertation. Five parts of studies are involved and outlined as follows:  

 

Part I  

        This part shows the simultaneous separation of mercury(II), arsenic(III) and 

arsenic(V) from produced water (pH ≈ 6) from the Gulf of Thailand which was 

supplied by the PTT Exploration and Production Public Company Limited (PTTEP). 

The concerned mercury(II) ions was about 0.279 ppm (regulatory discharge limit 

0.005), and arsenic(III), arsenic(V) ions were 3.984 ppm (regulatory discharge limit 

0.200). The influences of types of extractants (Aliquat 336, Bromo-PADAP, Cyanex 923 

and Cyanex 471), concentration of the selected extractant, concentration of H2SO4 (a 

co-extractant) in the feed solution, types of stripping solutions (NaOH, DI water, 

HNO3, H2SO4 and thiourea), concentration of the selected stripping solution, and the 

number of separation cycles were studied. Details are available in Chapter II and the 

article in Journal of Membrane Science(61). 

 

Part II 

This part focuses on the separation of lead(II) ions from synthetic water by 

HFSLM. The concentration of lead ions in synthetic water was 1 ppm which is the 

same concentration in the produced water from Bualuang field. As a matter of fact, 

produced water was contaminated by various contaminant metal ions. The produced 

water from Bualuang field has lead(II) and mercury(II) ions of about 1 ppm 

individually. Although it is likely that the extractability of the extractant depends 
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particularly on chemical structure of the extractant, types of metal ions and the 

interference of different ions on extraction efficiency, in this work, synthetic water 

firstly contained only lead(II) ions to observe the single effect of lead ions on 

D2EHPA, and to avoid the interference of other ions. D2EHPA was chosen as the 

extractant due to high lead extractability based on previous literature(28,43,62,63) and its 

low solubility in acid solution(64). Concentration of extractant D2EHPA, types of 

stripping solutions (distilled water, HNO3, H2SO4 and HCl) having high potential 

stripping of lead ions(28,43,62,63), concentration of the selected tripping solution,  

patterns of HFSLM operations, types of lead complexes in the feed solution 

(Pb(NO3)2 and PbCl2), and flow rates of feed and stripping solutions were investigated. 

High stripping of lead(II) ions is expected. In this study, the kinetics (reaction order 

and reaction rate constant) of Pb(NO3)2 and PbCl2 extraction were estimated. In 

addition, the experimental results in this study were compared with the results 

estimated by a mathematical model from our research group (the reaction flux 

model), which considered the convection and accumulation of metal ions in the 

feed solution, and the reactions at feed–liquid membrane interface(23). Details are 

described in Chapter III and the article in Chemical Engineering Journal(65).  

 

Part III 

This part applied the reaction flux model to predict the extraction and 

stripping of lead(II) ions from synthetic water by HFSLM. The model was solved by 

using Laplace Transform. The amount of lead ions in synthetic water was 1 ppm 

which is similar to its concentration in the produced water from Bualuang field. Same 

parameters as shown in Part II were studied using the optimum conditions from Part 



28 

II to validate the reaction flux model. The reaction order and reaction rate constant 

of the extraction and stripping reactions of lead ions were estimated. The model 

results were subsequently compared with the experimental results. Details are 

shown in Chapter IV and the article in Journal of Industrial and Engineering 

Chemistry(66). 

 

Part IV 

This part highlights selective separation of lead(II) and mercury(II) ions from 

synthetic water by HFSLM. The concentrations of lead(II) and mercury(II) ions of  

1 ppm individually in synthetic water same as the concentrations in the produced 

water were studied. The double-module HFSLM in series was applied to attain the 

selective separation of lead(II) and mercury(II) ions. At first, the influences of types of 

extractants (D2EHPA, Cyanex 471, Aliquat 336, and TOA) were investigated, and 

afterwards the concentration of the selected extractant was determined by using a  

single-module HFSLM. It was found that D2EHPA was preferable to lead ions and 

Aliquat 336 was preferable to mercury ions. D2EHPA with the optimum concentration 

was used in the first module of the HFSLM to extract lead(II) ions.  Aliquat 336 with 

the optimum concentration was subsequently used in the second module of the 

HFSLM to extract mercury(II) ions. Thiourea the most preferable stripping solution for 

mercury(II) ions in Part I, and HCl the most preferable stripping solution for lead(II) 

ions in Part II were used. The concentrations of thiourea and HCl were fixed. The 

effects of operating time and flow rates of feed and stripping solutions on the 

extraction and stripping of lead(II) and mercury(II) ions were investigated finally. 
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Reaction rate constants and reaction order of the extraction and stripping of 

lead(II) and mercury(II) ions were estimated using integral and graphical methods. The 

reaction flux model considering the convection and accumulation of lead(II) and 

mercury(II) ions in the feed and stripping solutions, and the reactions at liquid-

membrane interfaces to predict the extraction and stripping of lead(II) and mercury(II) 

ions was developed. The model was solved by using Generating Function and was 

verified by the experimental data in terms of the average percent deviation. Details are 

available in Chapter V and the article in Journal of Membrane Science(67).  

 

Part V 

This part explains the measurement of the solubilities of organic acids (adipic 

acid, 4-methylbenzoic acid, 4-iso-propylbenzoic acid and 4-tert-butylbenzoic acid) in 

various solvents. Details are available in Chapters VI and VII. 

Liquid membrane, an extractant dissolved in a diluent, plays a significant role 

in liquid membrane separation. It is embedded in the hollow-fiber micropores and in 

contact with feed and stripping solutions. It is known that the solubilities of the 

extractant in feed and stripping solutions have an important effect on the stability of 

the liquid membrane. Lifetime of the HFSLM is attributed to the stability of the liquid 

membrane. In this manner, the extractant should have low solubility in feed and 

stripping solutions but should have high solubility in the diluent(68). The solubility 

data of the extractants in feed and stripping solutions must be known in order to 

select an appropriate extractant for the HFSLM system. However, the solubility data 

of some extractants in specific solutions do not exist. In this Part, the equilibrium 

method for the measurements of the solubilities of adipic acid, 4-methylbenzoic 
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acid, 4-iso-propylbenzoic acid and 4-tert-butylbenzoic acid in various solvents, i.e., 

water, acetic acid, acetic acid-water mixture, cyclohexanol and cyclohexanone was 

applied as learning cases for the measurement of the solubility of the extractant. 

The equilibrium method was validated by comparing the solubilities of these organic 

acids observed from this work with those solubilities reported in the literature(69-72). 

The obtained solubility data were correlated with the modified Apelblat equation 

and the H equation(69-72), and were used to calculate the molar enthalpy and the 

molar entropy of the dissolutions of the organic acids in the above solvents. The 

solubility of adipic acid is shown in Chapter VI and was published in Fluid Phase 

Equilibria(73). The solubilities of 4-methylbenzoic acid, 4-iso-propylbenzoic acid and 4-

tert-butylbenzoic acid are shown in Chapter VII and the article in Journal of 

Molecular Liquids(74).  
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2.1 Abstract  

 

The simultaneous separation of arsenic and mercury ions from natural-gas-co-

produced water was well achieved by a synergistic extractant through a hollow fiber 

supported liquid membrane (HFSLM). Aliquat 336, Bromo-PADAP, Cyanex 923 and 

Cyanex 471 dissolved in toluene were used as the organic extractants or carriers. The 

transport system was studied on several variables: types of the extractants, 

concentration of the synergistic extractant, concentration of H2SO4 (a co-extractant) 

in feed solution, types of stripping solutions (NaOH, DI water, HNO3, H2SO4 and 

thiourea), and the number of separation cycles. The results indicated the superior 

performance of mercury removal to arsenic by every single extractant in this study. 

The synergistic effect on arsenic removal was observed by adding Cyanex 471 in 

Aliquat 336 resulting in the synergistic coefficient of 2.8. The regulate mercury 

discharge to the environment not higher than 5 ppb was attained within 1-cycle 

separation by using the mixture of 0.22 M Aliquat 336 and 0.06 M Cyanex 471 as the 

synergistic extractant and 0.1 M thiourea as the stripping solution with 0.2 M H2SO4 in 

feed solution. By 3-cycle separation, 94% arsenic extraction, which was below the 

legislation limit of 250 ppb, was obtained. 

 

Keywords: Arsenic; Mercury; Synergistic; HFSLM; Co-produced Water. 
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2.2 Introduction 

  

 In offshore oil and gas production, co-produced water contaminated with 

organic and inorganic compounds, salts, hydrocarbons, radioactive elements, trace 

heavy and toxic metals, and chemical additives used during well drillings came along 

with oil and gas [1]. The amounts of the constituents that expose to the 

environment increase with the amount of co-produced water due to high petroleum 

demand and older oil and gas wells. In practice, co-produced water is partially 

reused and treated before discharging to the environment or re-injecting into the 

originated reservoir depending on its quality and the environmental constraints. 

Basically, in the Gulf of Thailand, trace heavy and toxic metals in co-produced water 

are arsenic and mercury. The arsenic appears in As(V) form [2] whereas the mercury 

appears predominantly in the element form with the rest in inorganic (such as HgCl2), 

organic (such as CH3HgCH3 and C2H5HgC2H5) and organo-ionic compounds (such as 

ClHgCH3) [3,4]. Arsenic and mercury toxicity can occur both severe acute and chronic 

poisoning to human health [5–7]. 

 According to the permissible discharge limits by both the Ministry of Industry 

and the Ministry of Natural Resources and Environment, Thailand, it is a must for the 

operators to remove arsenic and mercury from the offshore waste discharges to no 

greater than 250 ppb and 5 ppb, respectively [8]. Chevron, Thailand has been 

applied a continuous chemical treatment process to fit these regulations. However, 

sometimes the on-line As and Hg monitors have been problematic to achieve the 

desired discharge concentrations [3]. In addition, it is reported that the conventional 

methods of metal treatment, for example, precipitation, coagulation, electrolysis, 
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reverse osmosis, carbon adsorption, solvent extraction, ion exchange, chemical 

oxidation and reduction are, however, ineffective at a very low concentration of the 

contaminated metal ions [9]. 

In accordance with several studies of using liquid membrane (LM) to remove 

trace metal ions from aqueous solutions, in particular, the simultaneous separation 

of mercury and lignosulfonate from dilute synthetic solution by a flat sheet 

supported liquid membrane [6] and our previous works via hollow fiber supported 

liquid membrane (HFSLM) for industrial wastewaters [10,11] and co-produced waters 

[12,13], inevitably, HFSLM is a promising method to treat a very low metal ions 

concentration effectively. The selection of types of the extractants and stripping 

solutions for arsenic and/or mercury separation was reviewed from the following 

literature because they played important role in the separation. Iberhan and 

Wisniewski [14] extracted As(III) and As(V) by Cyanex 925, Cyanex 301 and their 

mixtures of different volumetric ratios by liquid–liquid extraction with sulfuric acid as 

a co-extractant. The result showed that As extraction increased with sulfuric acid 

concentration in the synthetic aqueous feed. Cyanex 301 provided higher extraction 

of As(III) than As(V). The mixture of Cyanex 925 with Cyanex 301 helped remove As(V) 

significantly, while pure Cyanex 925 could extract As(V) a little better than As(III). 

Fabrega and Mansur [15] also used liquid-liquid extraction to remove Hg(II) from HCl 

solution by Aliquat 336 dissolved in commercial Kerosene Exxol D-80 as the 

extractant. Mercury was almost totally extracted within 5 min at pH ≥ 1 and 

satisfactorily stripped of about 99% by using thiourea as the stripping solution. 

Chakrabarty et al. [6] found that in the supported liquid membrane (SLM) system, 

trioctylamine (TOA) could extract Hg(II) from pure solution better than lignosulfonate-
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mixed solution. Sangtumrong et al. [16] simultaneously separated Hg(II) and As(III) 

ions from chloride media via HFSLM by TOA dissolved in toluene as the extractant 

and NaOH as the striping solution; about 95% Hg(II) was recovered but none of As(III). 

Prapasawat et al. [17] applied HFSLM to separate As(III) and As(V) ions from sulfate 

media and used Cyanex 923 dissolved in toluene as the extractant and water as the 

stripping solution. It was found that As(V) could be extracted more than As(III); and 

the percentage of extraction increased with the concentration of H2SO4, a co-

extractant, in feed solution. Uedee et al. [18] attained 100% extraction and 97% 

recovery of Hg(II) ions from chloride media via HFSLM using TOA dissolved in 

kerosene as the extractant and NaOH as the stripping solution.  

Recently, Pancharoen et al. separated arsenic and mercury ions from co-

produced water from different gas fields in the Gulf of Thailand by HFSLM. For co-

produced with pretreatment of mercury to nil, about 91% arsenic was extracted by 

Aliquat 336 dissolved in kerosene, and 72% was stripped by NaOH [12]. In the case of 

co-produced water from a different gas field without mercury pretreatment, mercury 

were highly selective extracted by TOA dissolved in toluene with NaOH as the 

stripping solution. The amount of mercury ions that complied with the regulatory 

limit was obtained in 6-cycle separation by using 2% (v/v) TOA and 0.5 M NaOH at a 

pH of feed solution of 2.5, and equal flow rates of feed and stripping solutions of 50 

ml/min [13]. Therefore, this current work focuses on the synergistic extraction to 

enhance the simultaneous arsenic and mercury separation from co-produced water 

via HFSLM for their regulatory discharge limits because various combinations of two 

or more extractants can produce a synergistic effect which the extractability of a 

mixture of the extractants is greater than the sum of their individual extractabilities 
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[19–25]. The mechanism of the synergistic extraction, types of the extractants, 

concentration of the synergistic extractant, concentration of H2SO4 (co-extractant) in 

feed solution, types of stripping solutions (NaOH, DI water, HNO3, H2SO4 and 

thiourea), and the number of separation cycles were studied. 

 

2.3 Theory 

 

The HFSLM system consists of an aqueous feed containing metal ions and a 

stripping solution. Feed and stripping phases are separated by the supported liquid 

membrane embedded with one type of an organic extractant or a mixture of two 

types of extractants to enhance the separation. As shown in Figure 2.1, the target 

metal ions react with the extractant at the feed-membrane interface to form 

complex species. Subsequently, the complex species diffuse across the liquid 

membrane (organic phase) to react with the stripping solution at the opposite 

interface of the membrane then are stripped into the stripping phase. Thus, the 

target metal ions can be extracted and stripped simultaneously in a single step. The 

transportation rate of metal ions is driven by the concentration gradient between 

feed and stripping phases. 

It is noted that co-produced water from the Gulf of Thailand consists of 

arsenic in undissociated forms (H3AsO3, H3AsO4) and dissociated form (H2AsO4
−), 

mostly H2AsO4
−, residual mercury after pretreatment as HgCl2 and so on. The 

dissociated form of H2AsO4
− is usually converted to H3AsO4. In general, HgCl2 is 

converted to HgCl42− in the presence of chloride ions [12,26,27]. Due to the 

hazardous waste management regulations, various attempts have been made to 
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treat H2AsO4
− and HgCl42− from co-produced water simultaneously. The synergistic 

extraction by using a mixture of the selected extractants with favor on specific forms 

is of great interest. It is known that the extractant plays an important role on a 

separation of metal ions. A hard base extractant, for example, Aliquat 336 (tri-octyl 

methyl ammonium chloride: CH3R3N+Cl−) can extract both dissociated and 

undissociated forms in a basic or weak acidic condition but dissociated forms are high 

favor. While a neutral extractant like Cyanex 471 (tri-isobutylphosphine sulfide: 

TIBPS), which is classified by a hard soft acid base theory [28,29] as a soft base, 

normally reacts with undissociated forms but in an acidic condition it can react with 

dissociated forms [12,17,28–32]. The extraction reaction of (CH3R3N+)Cl− with H2AsO4
− 

and HgCl42− in co-produced water are shown in Eqs. (2.1) and (2.2), and by 

(CH3R3N+)Cl− mixed with TIBPS are in Eqs. (2.3) and (2.4): 

 

  )ClNRCH(AsOH +
3342                     Cl)AsO(H)NR(CH 42

+
33                     (2.1) 

  )ClNR2(CHHgCl +
33

2
4                     Cl2)(HgCl)NR(CH 2

42
+

33                    (2.2) 

(TIBPS)NRCHAsOH 3342 m              m(TIBPS))AsO(H)NR(CH 4233                (2.3) 

(TIBPS))NR2(CHHgCl 33
2
4 n             n)TIBPS()(HgCl)NR(CH 2

4233                (2.4) 

 

where the over bars represent the complex species, m and n are the stoichiometric 

coefficients to be calculated from the distribution coefficients of the relevant ions at 

various concentrations of the extractant used. 
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To enhance the extraction of undissociated forms by either basic or neutral 

extractant, commonly, it is recommended to add acid solution as a co-extractant  

[6,16–18,31]. Thus, the reaction of undissociated arsenic of H3AsO3 and H3AsO4 from 

co-produced water with TIBPS is as follows: 

 

TIBPSHSOHM 4                      TIBPSSOHM 42                        (2.5) 

  

where M stands for H3AsO3 or H3AsO4 and the over bar is the complex species. 

 

 )ClNR(CH 33

-Cl

-

42AsOH m(TIBPS)

m

-

4233 (TIBPS))AsO(H)NR(CH 

 

 TIBPS

TIBPSSOH M 42 

OH2

 M

4HSOH

22CSNHNH

M

2

4HgCl

Cl2

 )CSNHy(NH 22

Liquid Membrane

n(TIBPS)

Stripping PhaseFeed Phase

 )ClNR2(CH 33

n

2-

4233 (TIBPS))(HgCl)NR(CH 

y)CSNH(NHHgCl 222 



4HSOH

 

Figure 2. 1 Schematic mechanisms of the extraction and stripping of H2AsO4
−, H3AsO3, 

H3AsO4 and HgCl42− by a mixture of Aliquat 336 and TIBPS (Cyanex 471) with thiourea 
as the stripping solution. 
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Figure 2.1 shows the descriptive schematic mechanisms of H2AsO4
− and 

HgCl42− with the synergistic extractant and stripping solution. The complex species 

reacted with the stripping solution. Large anion in the structure of thiourea 

(NH2CSNH2) was strong enough to strip mercury complex ion from Aliquat 336, which 

was composed of a large organic cation associated with a chloride ion [15]. The 

undissociated complex form of H3AsO3 or H3AsO4 was stripped by an aqueous 

solution of thiourea. Water in thiourea solution was presumed to take part as the 

stripping solution same as Prapasawat et al. used pure water in As(III) and As(V) 

separation [17]. The stripping reactions can be proposed in Eqs. (2.6) and (2.7): 

 

)CSNHNH()TIBPS()(HgCl)NR(CH 22n
2
4233 y   

                                      )TIBPS()CSNHNH(HgCl)ClNR2(CH 22233 ny        (2.6) 

 

OHTIBPSSOHAsOH 24243                       OHTIBPSSOHAsOH 24243        (2.7) 

 

Luo et al. determined the synergistic coefficient (R) in terms of the 

distribution coefficients [25].   

 

)D(D

D
R

21

max


                                                               (2.8) 

 

where Dmax is the maximum distribution coefficient or distribution ratio of the 

synergistic system to extract the specifed ions. For example, the synergistic systems 

are the mixture of the extractants A and B or A and C to extract arsenic ions.  
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(D1 + D2) is the summation of the distribution coefficient in each single extraction 

system, viz. A, B or A, C. The greater synergistic coefficient of A and B system than 

that of A and C system is, the higher extraction of arsenic by the mixture of A and B 

was obtained. 

 

The extraction equilibrium constants (Kex) of arsenic and mercury ions are as 

follows: 

 

m
m

exK
]TIBPS][NRCH][AsOH[

])(TIBPS)AsO(H)NRCH([

3342

-
4233

As, 

 
                                               (2.9) 

 

n
n

exK
 [TIBPS]]NR][CH[HgCl

](TIBPS))(HgCl)NR(CH[
2

33
2
4

2
4233

Hg, 

 
                                           (2.10) 

 

 The distribution coefficients (D) for arsenic and mercury extractions by the 

mixture of Aliquat 336 and Cyanex 471 can be calculated by 

 

m
ex,

m KD  ][TIBPS]NR[CH
]AsO[H

](TIBPS))AsO(H)NR(CH[
33As

42

4233
As










                   (2.11) 

n
ex,

n KD  [TIBPS]]NR[CH
][HgCl

](TIBPS))(HgCl)NR(CH[ 2
33Hg2

4

2
4233

Hg









                   (2.12) 

 

The permeability coefficient (P) by Denesi [33] is expressed as 
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where 

 

i

f

PLεLεπ

Q
β                                                                      (2.14) 

 

where P is the permeability coefficient (cm/s); Vf is the volume of the feed (cm3); Cf,o 

is the mercury ion concentration at time 0 (mol/L); Cf is the mercury ion 

concentration at time t (mol/L); A is the effective area of the hollow fiber module 

(cm2); t is the time (min); Qf is the volumetric flow rate of feed solution (cm3/s); L is 

the length of the hollow fiber (cm); ε is the porosity of the hollow fiber (%); N is the 

numbers of hollow fibers in the module; ri is the internal radius of the hollow fiber 

(cm).  

  

 The relevant mass transfer coefficients (ki and ks) and permeability coefficient 

are as follows: 

 

so

i

mlm

i

i kr

r

Pr

r

kP

1111
                                           (2.15) 

 

rlm and ro are the log-mean and external radius of the hollow fiber. Pm is the 

membrane permeability coefficient which is related to the distribution coefficient as 

shown [34]: 
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mm DkP                                                                     (2.16) 

 

 Therefore, the membrane permeability coefficients for arsenic (Pm,As) and 

mercury (Pm,Hg) are as follows: 

 

m
mex,m, kKP ][TIBPS]NR[CH 33AsAs

                                                (2.17) 

 

n
mex,m, kKP [TIBPS]]NR[CH 2

33HgHg
                                          (2.18) 

 

where km is the membrane mass transfer coefficient.  

 

2.4 Experimental 

 

2.4.1 Reagents and materials 

 

The feed solution was co-produced water from the gas separation plant in 

the Gulf of Thailand and supplied by the PTT Exploration and Production Public 

Company Limited (PTTEP). The compositions of the co-produced water, shown in 

Table 2.1, were analyzed by the inductively coupled plasma spectroscopy (ICP). 

Different types of extractants dissolved in toluene were Aliquat 336 (tri-octyl methyl 

ammonium chloride, 94% purity from Cognis Ltd.), Bromo-PADAP (2-(5-bromo-2-

pyridylazo)-5-(diethylamino)phenol, 98% purity from Sigma–Aldrich PTE Ltd.), Cyanex 

471 (tri-isobutylphosphine sulfide, 98% purity from Cytec Canada Inc.) and Cyanex 

923 (trioctylphosphine oxide, 94% purity from Cytec Canada Inc.). Sulfuric acid, 
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analytical grade, was used as the co-extractant. Four stripping solutions from Merck 

Ltd. were sodium hydroxide (98% purity), nitric acid (65% purity), sulfuric acid (97% 

purity) and thiourea (98% purity). All stripping solutions were aqueous solutions 

except thiourea was dissolved in dilute HCl acid solution. 

 

Table 2. 1 Compositions of co-produced water (pH  6). 

Compositions Concentration (ppm) 

As 3.984  

Hg 0.279 

Fe 0.169 

Mg 2.014 

Ca 15.167  

Na 1821.5  

 

2.4.2 Apparatus 

 

The hollow fiber supported liquid membrane (HFSLM) system fromLiqui-Cel® 

Laboratory Liquid/Liquid Extraction System, which was composed of two gear 

pumps, two variable flow rate controllers, two rotameters and four pressure gauges, 

was used. This hollow fiber module was Celgard® microporous polypropylene fibers 

woven into fabric and wrapped around a central-tube feeder to supply the shell side 

fluid. The property of hollow fiber module is shown in Table 2.2. The concentrations 

of arsenic and mercury were determined by the ICP. 

Table 2. 2 Properties of the hollow fiber module. 
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Properties Descriptions 

Material  

Number of fibers 

Module length  

Module diameter 

Porosity 

Pore size 

Contact area 

Area per unit volume 

Fiber ID 

Fiber OD 

Polypropylene 

10,000 

20.3 cm 

6.3 cm 

30% 

0.03 µm 

1.4 m2 

29.3 cm2/cm3 

240 μm 

300 μm 

 

2.4.3 Procedures  

 

The potential extractants from literature reviews to remove arsenic and 

mercury were tested by solvent extraction using various concentrations to select a 

suitable type of the extractant and its concentration of the highest arsenic and 

mercury extractability for further study in the HFSLM system. The single-module 

HFSLM operation is shown in Figure 2.2.  

 

 

 

 

 

 

 
 

 
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Figure 2. 2 Schematic counter-current flow diagram for one-through-mode separation 
by hollow fiber supported liquid membrane: (1) inlet feed reservoir, (2) gear pumps,  
(3) inlet pressure gauges, (4) outlet pressure gauges, (5) flow meters,  
(6) outlet stripping reservoir, (7) hollow fiber module, (8) inlet stripping reservoir,  
(9) outlet feed reservoir [13]. 

 

The selected organic extractant was circulated in shell and tube sides of the 

hollow fiber module for 20 min to ensure the extractant was entirely embedded in 

micropores of the fibers. The co-produced water feed solution and stripping solution 

were pumped counter-currently into the tube side and shell side of the HFSLM, 

respectively. The effects of types of the extractants, concentration of the synergistic 

extractant, concentration of H2SO4 (a co-extractant) in feed solution from 0 to 0.9 M, 

types of stripping solutions (NaOH, DI water, HNO3, H2SO4 and thiourea), and the 

number of separation cycles on arsenic and mercury removal were studied. 

According to our previous work, the optimum flow rates of feed and stripping 

 
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solutions of 100 ml/min for the highest mass transfer by HFSLM were fixed [18]. The 

operating time for each separation cycle was 40 min. A 10-ml sample was taken from 

the feed and recovery reservoirs to determine arsenic and mercury ion 

concentrations by the ICP. 

 

2.5 Results and discussion  

 

2.5.1 The effects of extractants on the extraction of arsenic and mercury 

by solvent extraction 

 

 The maximum percentages of arsenic and mercury extraction from co-

produced water (pH about 6) of each potential extractant at its concentration are 

shown in Figure 2.3. It was found that all of the extractants had much higher 

extractability of mercury than arsenic. The single basic extractants, 0.22 M Aliquat 336 

and 0.002 M bromo-PADAP, could extract arsenic more than the single neutral  

extractants of 0.06 M Cyanex 471 and 0.51 M Cyanex 923 due to the extractive 

capability of both dissociated and undissociate arsenic forms [32]. When Cyanex 471 

was added with Aliquat 336, the percentage of arsenic extraction abruptly increased. 

This is because of synergistic effect of Cyanex 471 with the synergistic coefficient (R) 

to arsenic ions of 2.8 by Eq. (2.8) [25] and Figure 2.4. Higher synergistic coefficient of 

Aliquat 336 and Cyanex 471 system than 1 means that the system has the synergism 

on arsenic extraction. The combination of these extractants is considered to generate 

the complex species, m(TIBPS))AsO(H)NR(CH 4233    in the membrane phase (see 

Figure 2.1), that are more hydrophobic than the species obtained by the single 
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extractant of Aliquat 336 or Cyanex 471. This agreed with those found and explained 

by Atanassova and Gaikwad [35,36]. As a result, by using a binary mixture of  

Aliquat 336 (a hard base extractant) and Cyanex 471 (a neutral extractant classified as 

a soft base) in this study, the amount of As which could not be extracted much by 

only one extractant increased due to the synergistic effect. 

 

 

Figure 2. 3 The maximum percentages of metal ions extraction from co-produced 
water against types of the extractants by solvent extraction: (a) 0.22 M Aliquat 336,  
(b) 0.002 M Bromo-PADAP, (c) 0.06 M Cyanex 471, (d) 0.51 M Cyanex 923,  
(e) 0.22M Aliquat 336-0.06 M Cyanex 471. 
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Figure 2. 4 The distribution coefficients of As(V) against types of the extractants. 

 

The sequences of percentages extraction of metal ions were shown as 

follows: 

As: Aliquat 336-Cyanex 471 > Aliquat 336 > Bromo-PADAP >Cyanex 471>Cyanex 923, 

Hg: Aliquat 336-Cyanex 471 > Aliquat 336 > Cyanex 923 >Bromo-PADAPCyanex 471. 

 

2.5.2 The effect of synergistic extractant concentration 

 

Figure 2.5 shows the correlation between the percentages of extraction and 

recovery against the concentration of the mixture of the synergistic extractant of 

Aliquat 336 and Cyanex 471. From Figure 2.5(a), the percentages of arsenic and 

mercury extractions increased when the concentration of Aliquat 336 in the 

synergistic extractant increased. The same phenomena were observed in case of 
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Cyanex 471 in Figure 2.5(b). The percentage of mercury extraction was slightly 

increased while that of arsenic was distinctly increased because most of mercury ions 

was almost completely extracted by a single extractant of Aliquat 336 and Cyanex 

471; while arsenic ions could be extracted actively by the synergistic effect of the 

selected extractants [25,37]. This could be explained by Le Chatelier’s principles that 

the extraction increased when the concentration of the extractant increased. The 

maximum arsenic extraction was attained at the concentrations of Aliquat 336 and 

Cyanex 471 in the mixture of synergistic extractant of 0.22 M and 0.06 M, 

respectively. The percentage of arsenic extraction was then decreased due to the 

excessive viscosity from high concentration. According to the molecular kinetic 

interpretation by Stokes and Einstein, the increase in high viscosity leads to lower 

diffusion coefficient resulting in lower extraction. Chakrabarty et al. [38] also 

observed that the viscosity of membrane phase increased with the extractant (TOA) 

concentration, resulting in the decrease of flux. 

 

2.5.3 The effect of H2SO4 concentration in feed solution 

 

The results in Figure 2.6 imply that by adding H2SO4 (0–0.9 M) in feed solution 

of co-produced water helps increase the extraction and recovery of arsenic and 

mercury by the mixture of basic and neutral extractant. It is reported that the highest 

extraction of mercury was obtained by using TOA, a basic extractant, with a weak 

acidic feed containing 0.2 M HCl [16]. Perez et al. [31] found that a neutral extractant 

(Cyanex 921) reacted well with arsenic in feed added 1.6 M H2SO4. The extraction 

percentage was lower at very low concentration of H2SO4.  
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Figure 2. 5 Percentages of metal ions extraction and recovery against the 
concentrations of the extractants via HFSLM by using 0.5 M NaOH as the stripping 
solution without the co-extractant: (a) Aliquat 336 mixed with 0.06 M Cyanex 471, (b) 
Cyanex 471 mixed with 0.22 M Aliquat 336. 
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In accordance with the results shown in Figure 2.6, a basic extractant as 

Aliquat 336 performed effectively in a basic solution in general, or in weak acidic 

solution (low acid concentration in feed solution). Therefore, we recommend to add 

a little H2SO4 (0.2 M) in feed solution to enhance the extractability for arsenic and 

mercury of the extractant as found in this work and for a longer lifetime of the 

membrane. 

 

 

Figure 2. 6 Percentages of metal ions extraction and recovery against H2SO4 
concentration in feed solution as the co-extractant via HFSLM by using the mixture of 
0.22 M Aliquat 336 and 0.06 M Cyanex 471 as the extractant and 0.5 M NaOH as the 
stripping solution.  
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2.5.4 The effects of stripping solutions  

 

 Among the stripping solutions used in this work, i.e., NaOH, DI water, HNO3 

H2SO4, and thiourea (NH2CSNH2) was found to be the best stripping solution for 

arsenic and mercury as seen in Figure 2.7. With large anion in the structure, thiourea 

was strong enough to strip mercury complex ion. NaOH showed less performance in 

metal ion stripping than thiourea, moreover, it yielded precipitates of HgO or Hg that 

could cause membrane fouling leading to low transport of mercury ions while no 

precipitates were found by using thiourea [6,15].    

 

 

Figure 2. 7 Percentage of metal ions recovery against types of stripping solutions via 
HFSLM by using the mixture of 0.22 M Aliquat 336 and 0.06 M Cyanex 471 as the 
extractant with 0.2 M H2SO4 as the co-extractant. 
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 The effect of thiourea concentration of 0.01–0.4 M on the recovery of 

mercury and arsenic ions were shown in Figure 2.8. The percentage of mercury 

recovery progressively increased with thiourea concentration up to 0.1 M, 

subsequently decreased. Based on Le Chatelier’s principle the stripping reaction 

moved forward when the concentration of the stripping solution increased. The 

percentage of mercury recovery is much higher than arsenic due to higher 

extractability of mercury than arsenic in the extraction stage. From Figure 2.8, for 1-

cycle separation, the highest percentage of mercury recovery about 46% was 

achieved at 0.1 M thiourea. 

 

 

Figure 2. 8 Percentage of metal ions recovery against the concentration of thiourea 
via 1-cycle HFSLM separation by using the mixture of 0.22 M Aliquat 336 and  
0.06 M Cyanex 471 as the extractant and thiourea as the stripping solution with  
0.2 M H2SO4 as the co-extractant. 
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2.5.5 The effect of the number of separation cycles through the hollow 

fiber module  

  

It was found that by 1-cycle separation using the synergistic extractant via 

HFSLM, the percentages of extraction of arsenic and mercury were 62% and 97%, 

whereas the percentages of recovery were 11% and 46%, respectively. The mercury 

level in co-produced water reached the regulation of wastewater discharge issued by 

the Ministry of Industry, Thailand, i.e., less than 5 ppb. From Figure 2.9, to enhance 

the extractability and recovery, a multiple-cycle was investigated. The results were 

obtained with highly achievement. By 3-cycle separation, 94% arsenic was removed; 

the arsenic level in co-produced water decreased below the legislation discharge of 

250 ppb. 

Table 2.3 summarises previous studies on arsenic and mercury treatment 

using different methods. It is obvious that HFSLM is an efficient method to separate a 

very low concentration of arsenic and mercury from the feeds containing the 

contaminations, e.g., co-produced water in this work. It is worth to be noted that for 

the feed having more than one contaminated metals or the same metal with 

different oxidation states, by using a single extractant may not be enough to 

accomplish the treatment. The well-matched extractants must be considered for 

their synergism. 
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Table 2. 3 The reviewed methods for arsenic and mercury ions removal. 

Note: IE, ion exchange; LL, liquid-liquid extraction; BLM, bulk liquid membrane;  
SLM, supported liquid membrane; and HFSLM, hollow fiber supported liquid membrane. 

 

Authors Feed solutions Ions removal 

(concentration of 

feed solutions: 

ppm) 

Extractants Methods Separation(%) 

Arpa et al. [39] Synthetic water Pb(II), Hg(II), Cd(II) 
(100 each) 

- IE 1.81 for Hg 
and Pd, and 
1.4 for Cd 

Wisniewski [30] Synthetic water As(IIl) (5,000),  
As(V) (5,000) 

Cyanex 923 LL 40 for As(III) 
63 for As(V) 

Francis et al. [40] Wastewater from 
Board of Radiation 
and Isotope 
Technology (BRIT), 
India 

Hg(II) (20) Cyanex 471X LL ≈100 

Meera et al. [41] Synthetic water Hg(II) (20) Cyanex 923 LL ≈100 

Huebra et al. [42] Contaminated 
sludge 

Hg(II) (4.75) LIX 34 LL 95 

Fabrega and 
Mansur [15] 

Synthetic water Hg(II) (401.2) Aliquat 336 LL ≈100 

Jabbari et al. [43] Synthetic water Hg(II) (10) DC18C6 BLM 95 

Perez [31] Synthetic water As(V) (75) Cyanex 921 SLM 94 

Fontas et al. [44] Synthetic water, 
Sea water 

Hg(II) (10) N-benzoyl-N/,N/-
diheptadecylthiourea 

HFSLM 100 

Sangtumrong et al. 
[16] 

Synthetic water Hg(II) (20),  
As(III) (20) 

TOA HFSLM 100 

Prapasawat et al. 
[17] 

Synthetic water As(III) (20),  
As(V) (20) 

Cyanex 923 HFSLM 46 

Pancharoen et al. 
[12] 

Co-produced water  As(III) (1.2842) Aliquat 336 HFSLM 91 

Pancharoen et al. 
[13] 

Co-produced water  Hg(II) (1.248) TOA HFSLM ≈100 

This work Co-produced water 
 

As(V) (0.279),  
Hg(II) (3.982) 

Mixture of  
Aliquat 336 and 
Cyanex 471 

HFSLM 98 for As 
100 for Hg 
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Figure 2. 9 Percentages of metal ions extraction and recovery against the number of 
separation cycles through HFSLM by using the mixture of 0.22 M Aliquat 336 and  
0.06 M Cyanex 471 as the extractant and 0.1 M thiourea as the stripping solution with  
0.2 M H2SO4 as the co-extractant. 
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arsenic and mercury were attained at 0.06 M Cyanex 471 and 0.07 M Cyanex 471, 

respectively. 

  

Table 2. 4 The distribution coefficients of arsenic and mercury at Cyanex 471 
concentration from 0.02 to 0.07 M mixed with 0.22 M Aliquat 336 (0.5 M NaOH as the 
stripping solution). 

Cyanex 471 (M) Distribution coefficients 

Arsenic  Mercury 

0.02 0.63  – 

0.04 1.13  4.52 

0.05 1.32  5.57 

0.06 1.47  6.59 

0.07 –  8.72 

 

 The distribution coefficients in Eqs. (2.11) and (2.12) were rewritten as follows: 

 

[TIBPS] log])NR[CH( log log 33AsAs mKD ex,                               (2.19) 

][TIBPS log)]NR[CH( log log 2
33HgHg nKD ex,                                  (2.20) 

 

The stoichiometric coefficients (m and n) were calculated from the plots of 

log DAs and log DHg against log [TIBPS]. The linear relationships with slopes m = 0.7917 

or 4/5 for arsenic extraction and n = 1 for mercury were obtained. The slopes, m and 

n, were substituted in the synergistic extraction equations (Eqs. (2.3) and (2.4)). The 

equilibrium constants of arsenic (Kex,As) and mercury (Kex,Hg) were determined by Eqs. 
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(2.9) and (2.10) and the slopes obtained in Figure 2.10(a) and (b). The equilibrium 

constant of mercury (1622 (l/mol)3) was much higher than that of arsenic (62.7 

(l/mol)9/5) suggesting that the extraction of mercury was higher than arsenic which 

was in accordance with the results obtained from the pilot scale. 

 

2.5.7 Permeability and mass transfer coefficients  

 

The permeability coefficients of arsenic and mercury, which related to the 

concentration of Cyanex 471 from 0.02 to 0.07 M, were obtained from Eqs. (2.13) and 

(2.14) and the slopes (APβ/(β+1)) of the plot between −Vf ln(Cf /Cf,o) versus t. From 

Table 2.5, it could be observed that the permeability coefficients increased with the 

concentration of TIBPS. The permeability coefficients of mercury were higher than 

those of arsenic, implying higher mass transfer or higher extraction of mercury ions.

 Eqs. (2.21) and (2.22) were attained by substituting the membrane 

permeability coefficients (Pm,As) and (Pm,Hg) in Eqs. (2.17) and (2.18) to Eq. (2.15); 

assuming the stripping reactions of arsenic and mercury were instantaneous and no 

contribution of the stripping phase: 

 

54
33 ][TIBPS]NR[CH

111



mex,Aslm

i

im,As kKr

r

kP
                         (2.21) 

[TIBPS]]NR[CH

111
2

33



mex,Hglm

i

im,Hg kKr

r

kP
                            (2.22) 
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The organic-phase and aqueous-phase mass transfer coefficients (km and ki) of 

arsenic were determined from the plot of 1/Pm,As against 1/([CH3R3N+]][TIBPS]4/5). The 

slope and the ordinate were (ri/rlm)(1/Kex,As km) and 1/ki. Accordingly, km and ki of 

arsenic were 1.02 × 10−4 and 0.0392 cm/s. Similarly, the values of mercury were  

1.27 × 10−5 and 2.210 cm/s from the plot of 1/ Pm,Hg against 1/([CH3R3N+]2[TIBPS]). The 

organic-phase mass transfer coefficients were lower than the aqueous-phase mass 

transfer coefficients showing that the mass transfer within the membrane was the 

rate controlling step.  

 

Table 2. 5 The permeability coefficients of arsenic and mercury at TIBPS 
concentration from 0.02 to 0.07 M mixed with 0.22 M Aliquat 336 and 0.5 M NaOH as 
the stripping solution. 

TIBPS (M) P (×103 cm/s)  P (×103 cm/s) 

Arsenic  Mercury 

0.02 5.47  – 

0.04 8.90  33.98 

0.05 9.81  40.94 

0.06 11.54  48.37 

0.07 –  53.14 
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Figure 2. 10 The equilibrium constants: (a) plot of [(CH3R3N+)2(H2AsO4
−)(TIBPS)4/5] and 

[H2AsO4
−][CH3R3N+][TIBPS]4/5 at equilibrium for As(V), (b) plot of  

[(CH3R3N+)2(HgCl42−)(TIBPS)] and [HgCl42−][CH3R3N+]2[TIBPS] at equilibrium for Hg(II). 
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2.6. Conclusion 

 

 The outstanding feature of HFSLM technique is its ability to treat metal ions 

of a very low concentration that are hardly treated or not possible by general 

separation techniques. Moreover, the target metal ions can be extracted and 

stripped simultaneously in a single step. In this work, the mercury contaminated in 

co-produced water was almost totally extracted by every single organic extractant 

used. A greater mercury extraction was observed than arsenic extraction. Of all the 

single extractants, Aliquat 336 showed superior mercury extraction. However, the 

synergistic effect on arsenic extraction was obviously found by using the mixture of 

0.06 M Cyanex 471 and 0.22 M Aliquat 336. The calculated synergistic coefficient to 

arsenic ions was 2.8. Thiourea was found to be the best stripping solution. The 

discharge concentrations of mercury and arsenic in co-produced water to the 

environment complied with the legislation limits determined by 1-cycle separation 

and 3-cycle separation, respectively. The highest percentages of arsenic and mercury 

extractions were achieved by using 0.2 M H2SO4 in feed solution, the synergistic 

extractant of 0.22 M Aliquat 336 mixed with 0.06 M Cyanex 471, and 0.1 M thiourea 

as the stripping solution at 4-cycle separation  
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3.1 Abstract  

 

This work presents an experimental investigation and mathematical model of 

Pb(II) separation and stripping from relatively low-level lead-containing synthetic 

solutions through a hollow fiber supported liquid membrane (HFSLM) by using  

di-2-ethylhexyl phosphoric acid (D2EHPA) in toluene as an extractant or carrier. The 

separation was studied on several variables: concentration of D2EHPA, types of 

stripping solutions (distilled water, HNO3, H2SO4 and HCl), concentration of the 

selected stripping solution, flow patterns of feed and stripping solutions, types of 

lead-containing solutions (Pb(NO3)2 and PbCl2), and flow rates of feed and stripping 

solutions. The results remarkably showed that HFSLM could successfully reduce a 

very low concentration of Pb(II) in feed solution to less than the regulatory discharge 

limit of 0.2 mg/L issued by the Ministry of Industry and the Ministry of Natural 

Resource Environment, Thailand. The highest extraction and stripping results were 

achieved by using 0.03 M D2EHPA, 0.9 M HCl at equal flow rates of feed and stripping 

solutions of 100 mL/min using a single-pass of feed solution and circulating of 

stripping solution. High percentages of extraction and stripping were observed from 

both (Pb(NO3)2 and PbCl2 solutions. The kinetics of (Pb(NO3)2 and PbCl2 separation 

were corresponded to second-order reaction with the rate constants of 1.49 and 1.51 

L/mg min, respectively. The prediction of Pb(II) concentrations in the outlet (Pb(NO3)2 

and PbCl2 feed solutions obtaining from mathematical model were in good 

agreement with the experimental results at the average percent deviations of 4% for 

(Pb(NO3)2 solution and 8% for PbCl2 solution. 
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Keywords: Uphill transport; Mathematical model; Lead ions; Liquid membrane;  

                 Hollow fiber. 

 

3.2 Nomenclature 

 

Ac   cross-sectional area of the hollow fiber 

CA  concentration of lead ions  

CExpt.   experimental concentration 

CTheo   theoretical concentration from the model 

di   effective module inside diameter 

do  effective module outside diameter 

DPb  diffusion coefficient of lead ions in the solution 

Expt.   experimental value 

Fi  inlet feed solution 

Fo  outlet feed solution 

kf   reaction rate constant 

km   mass transfer coefficient in membrane phase of the HFSLM 

ks   mass transfer coefficient in shell side of the HFSLM 

kt   mass transfer coefficient in tube side of the HFSLM 

L   effective length of the hollow fiber 

M   molecular weight of solvent  

N   number of hollow fibers in the membrane module  

n   reaction order 

q  volumetric flow rate of feed and stripping solutions 
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rA  reaction rate 

Re  Reynolds number 

ri   internal radius of the hollow  fiber 

ro   outside radius of the hollow fiber  

Sc   Schmidt number  

Sh   Sherwood number 

So  outlet stripping solution 

T   temperature  

t  time 

Theo.  theoretical value 

VA   molar volume of solute A at its boiling temperature  

x  direction of hollow fiber axis 

 

Greek letters 

 

ε  porosity of the hollow fiber module 
η    dynamic viscosity of solvent  

v    linear velocity of feed solution in the tube side  

   solvent association factor 

ρ  density of feed and stripping solutions 

τ  tortuosity of the hollow fiber module 
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3.3 Introduction  

 

Lead is extensively used in many manufacturing processes, therefore without 

an appropriate treatment of lead-containing wastewaters it may contaminate the 

ecosystem through surface water, underground water and soil. As it is non-

biodegradable, long-term exposures to lead or its compounds even at very low 

levels can affect a gene function and induce a variety of adverse physiological 

responses in human, nephrotoxic, neurotoxic, including carcinogenesis, reproductive 

and developmental defects [1,2]. As a result, to lower its impact, many countries as 

well as the Ministry of Industry and the Ministry of Natural Resources and 

Environment, Thailand have been issuing the regulatory discharge limit of lead from 

industrial wastewaters not higher than 0.2 mg/L [3]. Examples of the methods for 

lead treatment are shown in Table 3.1. 

Generally, chemical precipitation, carbon adsorption, solvent extraction and 

ion exchange are conventional methods for metal ions separation. However, they are 

always ineffective at a very low concentration in ppm or ppb level, e.g., lower than 

100 mg/L [12]. Furthermore, one of the main handicaps of adsorption is its powder 

adsorbents, which is inconvenient for recycling, and the adsorption is not a 

continuous process [13]. Although, adsorption is an easy operation, simple 

maintenance and low-energy consumption, it requires many steps, particularly 

common absorbents (e.g., activated carbons, silica gel) are nonselective and suffer 

from long equilibrium time and mechanical and thermal stability leading to difficult 

application for recovery or reuse of target species. In addition, pore sizes of zeolites 

(size-selective absorbent) are close to the sizes of hydrated metal ions, thus they are 
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not suitable for heavy metal separation [13]. In recent years, several works have 

been done to resolve these limitations, e.g., most of Yeung’s group by using new 

adsorbents and surface-modified MCM-41 (LUS-type) membranes for toxic metal 

removal and precious metal recovery [13–16]. Chen et al. [14] reported that chitosan 

biosorbent showed high selectivity for gold adsorption from multi-component 

solutions. The residual gold concentration of 1.5 ppm was attained. Chen et al. [15] 

separated chromium(VI) oxyanions selectively from various aqueous systems by 

magnetic MCM-41 nanosorbents. However, the remaining concentration of 

chromium(VI) oxyanions in the sample of 4.8 ppm was still over water-quality 

standard. Thus, supported liquid membrane, particularly hollow fiber supported 

liquid membrane (HFSLM), is also an alternative method to cope with the drawbacks 

of the conventional methods, and the constraint due to very low-level metal 

concentration. The HFSLM is a secondary treatment using after the conventional 

methods to reduce the trace metal concentrations to meet the mandatory water-

quality standards. In case of precious metal ions, it is in practice to recover as the 

HFSLM system combines simultaneous separation and recovery steps in one single-

step operation that makes the process very compact [17,18]. As an intraphase-mass-

transfer process at low capital and operating costs without the energy-intensive step 

of creating or introducing a new phase [19,20], the HFSLM can be applied for 

industrial applications such as food and biological processing [21–23] and industrial 

water treatment [24–27]. Recent development and commercialization of 

hydrophobic hollow fiber membrane contactors to use a porous support and to 

reach high membrane surface area per unit volume with satisfactory membrane 

stability was reported by Kocherginsky et al. [21]. High surface area of these systems 
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gives the sufficient separation rates for industrial purposes. This technology is easily 

scalable and payback time is decreased with the plant size increase. For a large scale 

capacity or industrial purposes, the hollow fiber modules are connected 

consecutively in series or parallel and able to reduce a very low concentration of 

metal ions to a regulatory environmental acceptance permits [28,29]. The literature 

reviews on metal ions separation by using HFSLM are described in Table 3.2. 

 

Table 3. 1Examples of lead ions removal methods. 

Note: AC, activated carbon; ACM, activated composite membrane; PIM, polymer inclusion membrane;  

ELM, emulsion liquid membrane; BLM, bulk liquid membrane; IE, ion exchange. 

 

Methods Metal ions  

(conc. in mg/L) 

Feed solutions Reducing agents %  Separation Refs. 

ACM Pb(II) (10) 

Cd(II) (10) 

Synthetic water D2EHPA ≈100 [4]  

Precipitation Pb, Cu, Cr, and 

Zn (100 each) 

Synthetic water Lime  ≈100 [5] 

PIM Pb(II) (120) Synthetic water D2EHPA  99 [6] 

Biomaterial 

 

Pb(II) (100) Wastewater from lead acid 

battery recharge unit 

AC of Biomaterial 98 [7] 

ELM Pb(II) (4.2) Wastewater from storage 

battery industry 

D2EHPA 98 [8] 

Adsorption Pb(II) (250) 

Cd(II) (50) 

Synthetic water Clay 96 (Pb) 

78 (Cd) 

[9] 

BLM Pb(II) (20.72) Synthetic water BzA12C4+Oleic 95 [10] 

IE Pb(II) (14.45) 

Hg(II) (0.85) 

Cd(II) (2.95) 

Wastewater from mining 

industry plant 

Low rank coal 75 (Pb) 

73 (Hg) 

67 (Cd) 

[11] 
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Table 3. 2Literature reviews on metal ions removal by HFSLM. 

 

Despite the numerous advantages, a major limitation in applying HFSLM is 

fouling of suspended or dissolved substances and/or non-dissolved substances on 

the surface of the hollow fibers or deposition inside pore mouths of the hollow 

Authors Initial ion concentration (mg/L) Extractants/ Stripping solutions % Separation 

Guell et al. [24] Cr(VI): 

in electroplating rinse water (0.12) 

in spiked river water (0.15) 

in spiked tap water (0.0132) 

Aliquat 336/ HNO3  

90 

81 

78 

Ansari et al. [25] Am(III) in wastewater from Bhabha 

Atomic Research Centre (n/a) 

Mixture of TODGA and DHOA/ 

distilled water 

≈ 100 

Lothongkum et al. [26] As (3.984) and Hg(II) (0.279) 

in produced water 

Mixture of Aliquat 336 and 

Cyanex 471/ thiourea 

≈ 100 (Hg) 

94 (As) 

Rathore et al. [27] Pu(IV) in acidic waste from 

nuclear chemical facility (8) 

TBP/ NH2OH·HCl in HNO3 90 

Fontas et al. [30] Hg(II) in synthetic water,  

sea water (10) 

N-benzoyl-N/,N/-

diheptadecylthiourea/ thiourea 

≈ 100 

Pancharoen et al. [31] Hg(II) in produced water (1.248) TOA/ NaOH ≈ 100 

Yang et al. [32] Cu(II) in spent ammoniacal etching 

solution (150,000) 

LIX 54/ H2SO4 ≈ 100 

Lothongkum et al. [33] U(VI) in trisodium phosphate from 

monazite processing (45) 

Mixture of TBP and Aliquat 336/ 

HNO3 

99 

Pancharoen et al. [34] As(III) in produced water (1.2842) Aliquat 336/ NaOH 91 

Lothongkum et al. [35] Ni(II) in wastewater from the 

stainless steel industry (8.12) 

LIX 860-I/  H2SO4 87 

Usapein et al. [36] Cr(VI) spent pickling solution 

(342.2) 

Aliquat 336/ NaCl 70 

Kumar et al. [37] Au(I) synthetic water (5000) Mixture of TOPO and LIX 79/ 

NaOH 

80 
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fibers. It is noted that membrane stability depends largely on nature and 

concentration of solutes and solvents, molecular structure of the extractant, 

membrane type, pore structure and pore size distribution, surface characteristics, and 

material of membranes [38,39]. Authors such as Neplenbroek et al. [40] studied the 

instability effects on supported liquid membranes. Thus, to control fouling and 

enhance membrane stability for industrial use, a careful choice of membrane 

conditions and materials is significant. Different approaches have been used 

separately or in combination: feed pretreatment, membrane surface modification, 

back flushing, pulsing, membrane cleaning, etc. [38,41]. 

The present work studies the effects of parameters which influence the 

effectiveness separation of low-level lead ions of 1 mg/L from synthetic solutions by 

HFSLM. Di-2-ethylhexyl phosphoric acid (D2EHPA) was selected as the extractant due 

to high lead extractability based on previous literature [4,6,8,42]. Finally, the 

experimental data of Pb(II) concentrations in outlet feed solution after treatment 

were compared with the results from the mathematical model based on hollow 

fiber system. 

 

3.4 Theoretical background 

 

3.4.1 Mathematical model for Pb(II) uphill transport through the hollow 

fiber system 

 

Wastewaters contaminated by lead ions are mostly generated from battery 

manufacturing industries, activities of offshore oil and gas production, production of 

lead compounds and pigments [7,8,43]. To develop a mathematical model 
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describing mass transport across the hollow fiber module, synthetic wastewater 

solutions of Pb(NO3)2 and PbCl2 were represented feed solutions. Feed and stripping 

solutions in the HFSLM operation are separated by the supported liquid membrane 

embedded with an organic extractant. For schematic mass transport in Figure 3.1, 

Pb(II) in feed solution as target ions reacts with the organic extractant (D2EHPA, HR ) 

at the feed-membrane interface to form complex species ( 2PbR ). Subsequently, the 

complex species diffuse across the liquid membrane to the membrane-striping 

interface and react with the stripping solution. As a result, Pb(II) releases into the 

stripping phase, while the free anions of HR  combine with the hydrogen ions in the 

stripping solution and diffuse back to the feed-membrane interface to react again 

with free ion of Pb(II). Over a period of time, as long as the concentration of 

hydrogen ion in the stripping solution is higher than that in feed solution, the 

continuous transport of Pb(II) from feed solution across the membrane to stripping 

solution can occur despite higher Pb(II) concentration in the stripping solution. This is 

referred to as the uphill transport [28,44].  

 

Pb2+ HR2

2PbR+2H +2H

Pb2+

Feed phase Stripping phaseLiquid membrane

 

Figure 3. 1 Schematic mechanisms of the extraction and stripping of Pb(II) by using 
D2EHPA as the extractant and HCl as the stripping solution. 
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 The extraction of Pb(II) from feed solution by D2EHPA is shown in Eq. (3.1). 

 

HR2Pb2                   +
2 2H+PbR                (3.1) 

 

The overbar denotes the species in the organic liquid membrane phase.  

 

The complex species, 2PbR , react continuously with hydrogen ion at the 

membrane-stripping interface to strip Pb(II) to the stripping phase as follows: 

 

2H+PbR2                   HR2Pb2                 (3.2) 

 

Eq. (3.1) can be simplified as follows: 

 

DCBA dcba fk
                  (3.3) 

 

where, A is lead ion, B is extractant (HR ), C is complex species, D is hydrogen ion. a, 

b, c and d represent stoichiometric coefficients. Thus, the reaction rate (rA) is 

 

),( txCkr n
AfA                    (3.4) 

 

where CA is concentration of lead ions (mg/L); kf is the reaction rate constant; n is 

reaction order; x is direction of hollow fiber axis (dm); and t is time (min).  
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According to the hollow fiber model derived by Pancharoen et al. [45], the 

mass balance in hollow fiber can be described as follows: 

 

t

txC
txr

x

txC

A

q A
A

A

C 









),(
),(

),(
               (3.5) 

 

where q is volumetric flow rate (mL/min) and Ac is cross-sectional area of the hollow 

fiber (dm2). 

 

In the case of n  0, 1, Eq (3.5) can be: 

at initial condition (t = 0)  

 

nCfn
AA x

q

Akn
CxC











 


1

1

1 )1(
)0,0()0,(                (3.6) 

 

at any time t (t  0) 

 

)(),(),( 00    tutLCetLC AA                (3.7) 

 

where 

 

)0,(),(),( xCtxCtxC AAA   
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
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L is an effective length of the hollow fiber (cm) and )( 0tu  is a unit function. 

 

The percentage of deviation can be calculated by Eq. (3.8) 

 

100Deviation%
1 .

..















 






j

C

CCj

i
iExpt

TheoExpt

                       (3.8) 

 

CExpt. and CTheo in mg/L are concentrations obtaining from the experiment and the 

model.  

 

3.4.2 The mass transfer coefficients 

 

Mass transfer coefficients in the tube side (kt), membrane phase (km) and shell 

side (ks) of the HFSLM can be determined based on empirical correlations [46,47]. 

The mass transfer coefficient in the tube side with laminar flow of feed solution can 

be calculated as:  
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                 (3.9)

  

where DPb is the diffusion coefficient of lead ions in the solution and can be 

approximated by the equation of Wilke and Chang [48] as shown in Eq. (3.10); ri is 

internal radius of the hollow fiber (cm); v  is the linear velocity of feed solution in 

the tube side (cm/s). 

 

 
6.0

2/18

Pb

104.7

AV

TM
D




                (3.10)

  

where  is the solvent association factor which is equal to 2.6; M is the molecular 

weight of the solvent (g/mol); T is the temperature (K); η  is the dynamic viscosity of 

the solvent (cP); VA is the molar volume of solute A at its boiling temperature 

(cm3/mol).  

 

The mass transfer coefficient in the membrane phase can be approximated as 

follows: 

 

)/ln(
Pb

ioi
m rr

D
k

r


                             (3.11) 

 

where ε is porosity of the hollow fiber; τ is tortuosity of the hollow fiber; ro is outside 

radius of the hollow fiber. 
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The mass transfer coefficient in the shell side can be determined by the shell 

side mass transfer correlations in a cross-flow module which was developed by 

Schoner et al. [49] as shown below: 

 

o

oios

NrD

Nrddk

Pb

222

2

)4(
Sh


                   (3.12)

  

where Sh is Sherwood number; do and di are effective module outside and inside 

diameters; N is number of fibers in the membrane module.  

 

The Sherwood number can be determined by the following correlation [47]: 

 

0.3382.0 ScRe76.1Sh                    (3.13) 

 

where  

 

o

ioio

LNr

dddd

πη

qρ )/ln()(
Re


                  (3.14) 

Pb

Sc
D


                              (3.15) 

 

Re and Sc are Reynolds and Schmidt numbers, and ρ is density of feed and stripping 

solutions. 
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3.5 Experimental 

  

3.5.1 Reagents 

 

AR grades of D2EHPA as the extractant, toluene (99.5%), and the stripping 

solutions (HNO3, H2SO4 and HCl) were obtained from Merck Ltd. Pb(NO3)2 and PbCl2 

for feed solutions were obtained from Merck Ltd. and Sigma–Aldrich Co. LLC. 

 

Table 3. 3 Characteristics of the hollow fiber module 

Characteristics Descriptions 

Material 

Module diameter  

Module length 

Number of hollow fibers 

Inside diameter of the hollow fiber  

Outside diameter of the hollow fiber 

Effective length  of the hollow fiber 

Contact area 

Area per unit volume 

Pore size 

Porosity 

Tortuosity  

Polypropylene 

6.3 cm 

20.3 cm 

10,000 

240 μm 

300 μm 

15 cm 

1.4 m2 

29.3 cm2/cm3 

0.03 µm 

25% 

2.6 
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3.5.2 Apparatus  

 

The single-module HFSLM operation in this study, shown in Figure 3.2, 

consisted of a hollow fiber module, two gear pumps, two rotameters with variable 

flow rate controllers, and four pressure gauges as seen in Figure 3.2. The hollow fiber 

module was Celgard® microporous polypropylene fibers woven into fabric and 

wrapped around a central-tube feeder to supply the shell side fluid. The 

characteristics of the hollow fiber module are listed in Table 3.3. The magnetic stirrer 

(model CMT-V1) from Protronics Intertrade Co., Ltd. was used for stir feeding and 

stripping solutions. The Pb(II) concentrations were analyzed by atomic absorption 

spectrometer (AAS, model AA280FS) from Unicam Ltd.  

 



















Outlet stripping

reservoir

Inlet feed

reservoir

Inlet stripping

reservoir

Outlet feed

reservoir  

Figure 3. 2 Schematic diagram of separation via HFSLM by counter-current 
continuous flow of feed and stripping solutions: (1) gear pumps, (2) flow meters, (3) 
inlet pressure gauges, (4) outlet pressure gauges, (5) hollow fiber module. 
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3.5.3 Procedures 

 

Synthetic wastewater (feed solution) was prepared by dissolving Pb(NO3)2 or 

PbCl2 in distilled water. D2EHPA was selected as the extractant. D2EHPA dissolving in 

500 mL of toluene (liquid membrane phase) was circulated along shell and tube 

sides of the hollow fiber module for 25 min to assure perfect trapping in the 

micropores of the hollow fibers. Distilled water was subsequently fed through the 

hollow fibers to remove the excess liquid membrane. The separation was studied on 

the following variables: concentration of D2EHPA, types of stripping solutions 

(distilled water, HNO3, H2SO4 and HCl), concentration of the selected stripping 

solution, flow patterns of feed and stripping solutions, types of lead-containing 

solutions (Pb(NO3)2 and PbCl2), and flow rates of feed and stripping solutions. To 

study the effects of concentration of D2EHPA, types of stripping solutions and 

concentration of the selected stripping solution, the single-pass modes using 1 L of 

feed and stripping solutions were applied. Feed and stripping solutions (10 mL each) 

were sampled at 10 min to analyze Pb(II) concentrations by the AAS. In the case of 

flow patterns and flow rates of feed and stripping solutions, and types of lead-

containing solutions, the single-pass and the circulating modes were used. Feed and 

stripping solutions were sampled at every 10 min up to 70–80 min. Three 

experiments were made for each variable and the results were averaged. The 

reaction order and rate constant were estimated from Pb(II) extraction by the 

circulating modes using equal volumes of Pb(NO3)2 and PbCl2 feed solutions, and the 

selected concentration of D2EHPA. The average results from the experiments were 

compared with those from the mathematical model. 
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3.6 Results and discussion 

 

3.6.1 Effect of extractant concentration  

 

 

Figure 3. 3 Pb(II) concentration in feed and stripping solutions against concentration 
of D2EHPA at continuous feed and stripping solutions of 100 mL/min (1 mg/L 
Pb(NO3)2 and 0.5 M HNO3). 

 

As shown in Figure 3.3, the concentration of Pb(II) in outlet feed solution 

decreased with the concentration of D2EHPA. This corresponded to Le Chatelier’s 

principles that the increase in extractant concentration resulted in higher fluxes, 

subsequently the flux decreased apparently because the increase in film viscosity 

became dominant and obstructed mass transfer. The initial Pb(II) concentration of 1 

mg/L in feed solution decreased to 0.03 mg/L at a concentration of D2EHPA up to 
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0.03 M (log [D2EHPA] = −1.52). Thus, 0.03 M of D2EHPA was used in the following 

studies on other variables. 

 

3.6.2 Effects of stripping solutions 

 

 Distilled water, HNO3, H2SO4 and HCl of 0.5 M were investigated to determine 

a suitable stripping solution. The role of the stripping solution is providing hydrogen 

ions for continuous uphill transport. The results are shown in Figure 3.4. HCl was 

found to be the best stripping solution for Pb(II) while distilled water showed an 

opposite result. This attributed to lower pH of the stripping phase or more hydrogen 

ions by acid stripping solutions (HNO3, H2SO4 and HCl) resulting in higher mass 

transport. Hydrogen ions in acid stripping solutions reacted with the complex species 

( 2PbR ) in liquid membrane at the membrane-striping interface to Pb(NO3)2 and 

PbSO4 in case of using HNO3, H2SO4. Correspondingly, the Pb(NO3)2 and PbSO4 in the 

stripping solution dissociated to Pb2+ and subsequently reacted with the extractant (

HR ), a reversible reaction in Eq. (3.2), leading to a decrease in Pb2+ in the stripping 

solution. In case of HCl, hydrogen ions reacted with 2PbR  to PbCl2. With excess HCl 

concentration, PbCl2 continued converting to undissociated PbCl42− [50], which could 

not react with the extractant (HR ). As a result, compared to HNO3 and H2SO4, higher 

amount of Pb(II) in the stripping phase was observed. Therefore, HCl was selected as 

the stripping solution for further studies on other relevant variables. 
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Figure 3. 4 Pb(II) concentration in stripping solution against types of stripping 
solutions at continuous feed and stripping solutions of 100  mL/min (1 mg/L Pb(NO3)2 
and 0.03 M D2EHPA). 

 

3.6.3 Effect of stripping solution concentration 

 

The effect of the concentration of stripping solution was studied by varying 

HCl concentration from 5 × 10−6 to 0.9 M using single-pass flow patterns of feed and 

stripping solutions. From Figure 3.5, the amount of Pb(II) stripped by HCl increased 

with HCl concentration. This corresponded to the chemical kinetics that the tripping 

rate of Pb(II) increased with HCl concentration. However, for a longer lifetime of 

polypropylene hollow fibers, 0.9 M of HCl was recommended.  

 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

Distilled water 0.5 M HNO3 0.5 M H2SO4 0.5 M HCl

Types of stripping solutions

P
b

(I
I)

 c
o

n
c
e
n

tr
a

ti
o

n
 (

m
g

/L
) 

- 

0.5 M HNO3 0.5 M H2SO4 0.5 M HClDistilled water



89 

 

Figure 3. 5 Pb(II) concentration in stripping solution against HCl concentration at 
continuous feed and stripping solutions of 100 mL/min (1 mg/L Pb(NO3)2 and 0.03 M 
D2EHPA). 

 

3.6.4 Effects of flow patterns of feed and stripping solutions 

 

The effects of three types of flow patterns of feed and stripping solutions 
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were used, respectively. Equal flow rates of feed and stripping solutions of 100 

mL/min were applied to avoid a leakage of liquid membrane due to unbalanced 
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fast, the stripping reaction took a longer time due to high mass transfer resistance. 

Thus, for high performance extraction and stripping but less-solution consumption, 

the circulating mode was used.  
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Figure 3. 6 Pb(II) concentration of different flow patterns of feed and stripping 
solutions at equal flow rates of 100 mL/min against time (1 mg/L Pb(NO3)2, 0.03 M 
D2EHPA, 0.9 M HCl). 
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continuously with time and was apparently higher than in feed solution due to 

excesss HCl and the continuing Pb(II) accumulation. Therefore, it is recommended to 

use the single-pass flow pattern of feed solution and circulating flow pattern of 

stripping solution to attain high separation and stripping. 

 

3.6.5 Effects of lead species  

  

Pb(NO3)2 and PbCl2 solutions were selected to study because these 

compounds mostly contaminated in wastewaters. As seen in Figure 3.7, Pb(II) in both 

solutions could react well with D2EHPA and decreased to about 0.03 mg/L in 80 min. 

The maximum concentration of Pb(II) in the stripping solution of about 3.07 mg/L 

was achieved accordingly. 

 

 

Figure 3. 7 Pb(II) concentration in outlet Pb(NO3)2 and PbCl2 feed solutions and 
stripping solution against time of continuous feed solution and circulating stripping 
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solution at equal flow rates of 100 mL/min (0.03 M D2EHPA, 0.9 M HCl, blank 
symbol: outlet feed solution, bold symbol: outlet stripping solution). 

 

3.6.6 Effects of flow rates of feed and stripping solutions  

 

Equal flow rates of the single-pass feed solution and circulating stripping 

solution were varied from 60 to 400 mL/min. The effects of the flow rates were 

shown in Figure 3.8. The concentrations of Pb(II) in Pb(NO3)2 and PbCl2 solutions were 

nearly constant. Percentages of Pb(II) extraction from both solutions were 96–97%. 

The concentrations of Pb(II) in stripping solutions were almost constant up to100 

mL/min and slowly decreased with higher flow rates of feed and stripping solutions 

due to less residence time same as stated by Uedee et al. [51]. According to this 

work for high extraction, high Pb(II) concentration in stripping solution and less 

separation time, the flow rates of feed and stripping solutions of 100 mL/min were 

approached. 

 

3.6.7 Reaction order and reaction rate constant 

 

The reaction order and rate constant in Eq. (3.4) were determined by 

integration and graphical method. The results from the plots between integral 

concentration of Pb(II) in feed solution (1/CA − 1/CA0) versus time, shown in Table 3.4, 

represented the second-order reaction of highest R2. The reaction rate constants of 

1.49 L/mg min for Pb(NO3)2 solution and 1.51 L/mg min for PbCl2 solution were 

obtained. 
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Figure 3. 8 Pb(II) concentration in outlet feed and stripping solutions against flow 
rates of feed and stripping solutions of continuous feed solution and circulating 
stripping solution (0.03 M D2EHPA, 0.9 M HCl, blank symbol: outlet feed solution, 
bold symbol: outlet stripping solution). 
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3.6.8 Prediction of Pb(II) concentration by mathematical model 

 

Figure 3.9 shows the experimental Pb(II) concentration in Pb(NO3)2 and PbCl2 

solutions and theoretical values calculated by Eqs. (3.6) and (3.7). The results 

estimated by mathematical model based on hollow fiber system fitted well with the 

experimental results at average percentage of deviation about 4% for Pb(NO3)2 

solution and 8% for PbCl2 solution. Nevertheless, the model was unsatisfactory at 

flow rates of feed and stripping solutions lower than 200 mL/min. Because the lower 

flow rates generated the lower shear force and increased the mass transfer resistance 

[52]. In other words, mass transfer in terms of the diffusion in tube and shell sides 

decreased with flow rates of the solutions. As a result, the experimental results of 

Pb(II) concentration observed from outlet feed solutions at flow rates lower than 200 

mL/min were higher than the values from the model, which did not consider the 

mass transfer resistance due to diffusion, as shown in Figure 3.9. From Table 3.5, at 

the flow rates of feed and stripping solutions of 60–400 mL/min, mass transfer 

coefficients in tube and shell sides increased gradually while the residence time 

extremely decreased. Hence, the separation of Pb(II) from Pb(NO3)2 and PbCl2 

solutions decreased gradually with flow rates higher than 200 mL/min. This 

corresponded to Yang et al. that described detailed theoretical mechanisms of the 

facilitated transport of Cu(II) from ammonium wastewater through HFSLM of which its 

mass transfer in tube sides decreased with flow rate of feed solution [32]. 
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Figure 3. 9 Outlet Pb(II) concentration in Pb(NO3)2 and PbCl2 solutions of continuous 
feed solution and circulating stripping solution against equal flow rates of feed and 
stripping solutions (0.03 M D2EHPA, 0.9 M HCl). 
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Table 3. 5 Influences of equal flow rates of feed and stripping solutions on mass 
transfer coefficients. 

Flow rate, q 

(mL/min) 

Residence time 

(s) 

Mass transfer coefficients (104 cm/s) 

Tube side, kt  Liquid membrane, km Shell side, ks 

60 238 8.3 18 0.32 

80 178 9.7 18 0.47 

100 143 11.1 18 0.50 

150 95 12.0 18 0.79 

200 71 13.2 18 1.01 

250 57 14.2 18 1.21 

300 48 15.1 18 1.40 

350 41 15.9 18 1.59 

400 36 16.6 18 1.78 

 

3.7 Conclusion 

 

HFSLM using D2EHPA dissolving in toluene as the extractant can successfully 

reduce a relatively low concentration of Pb(II) from Pb(NO3)2 and PbCl2 solutions (1 

ppm) to meet the regulatory discharge limit of 0.2 mg/L. The highest Pb(II) extraction 

from both solutions (approximately 96–97%) were obtained by using 0.03 M D2EHPA 

as the extractant, 0.9 M HCl as the stripping solution, and single-pass flow pattern of 

feed solution and circulating flow pattern of stripping solution of 100 mL/min. To 

obtain a high concentration of Pb(II) in the stripping solution and less-solution 

consumption, the single-pass feed solution and circulating stripping solution are 
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recommended. The extraction of Pb(NO3)2 and PbCl2 were second-order reaction 

with respect to the rate constants of 1.49 and 1.51 L/mg min. The final Pb(II) 

concentrations in outlet feed solutions predicted by mathematical model were in 

good agreement with the experimental results at the average percent deviation of 

4% for Pb(NO3)2 solution and 8% for PbCl2 solution. 
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4.1 Abstract 

 

An investigation on the separation of Pb(II) from synthetic wastewater via a 

hollow fiber supported liquid membrane (HFSLM) and its model is presented. 

Maximum percentages of Pb(II) extraction and stripping achieved were 97% and 30% 

using 0.03 M D2EHPA as the extractant, 0.9 M HCl as the stripping solution. The 

extraction and stripping of Pb(II) were second-order reaction with reaction rate 

constants of  0.03 and 0.19 L/mg s, respectively. A mathematical model is developed 

and shows that the model results fit in well with the experimental results. Average 

percent deviation was 3% for predictions in both feed and stripping sides. 

 

Keywords: Extraction; Stripping; Lead ion; Model; HFSLM.  

 

4.2 Introduction  

 

Many industries, in the process of manufacturing storage batteries, leaded 

glass, fuels, pigments, matches, photographic materials, explosives, etc. as well as 

offshore oil and gas industries, generate wastewater contaminated with lead [1–3]. 

Lead leaks continuously into the environment because of inappropriate treatment of 

wastewater. Lead or its compounds contaminate the ecosystem via surface water, 

soil and underground water. Its pollution can cause acute and chronic disease in 

humans [4,5]. Discharge limits for lead from industrial wastewaters are regulated by 

the Thailand Ministry of Industry as well as the Ministry of Natural Resources and 

Environment. Discharge limits for lead should not be higher than 0.2 mg/L [6]. 
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Traditional methods currently used to remove lead ions from wastewater are 

precipitation, coagulation, ion exchange, solvent extraction and adsorption [7–11]. 

However, these methods are always ineffective when the concentration of 

contaminated metal ions is at a very low mM or nM level [12]. 

Accordingly, a hollow fiber supported liquid membrane (HFSLM) was used to 

separate trace metal ions from various solutions. HFSLM is an effective method for 

separating diluted concentrations of metal ions. This system has specific 

characteristics that allow simultaneous extraction and stripping processes of target 

ions in a single-step operation, with high selectivity [13]. HFSLM has many advantages 

over conventional methods. For example, it has lower energy consumption, lower 

capital and operating costs and less solvent is used [14]. The high surface area of the 

HFSLM system attains high separation rates [15]. Hollow fiber modules can be 

connected in series or in parallel for a larger capacity [16]. HFSLM, therefore, is most 

suitable to use as a secondary method in order to manage a very low concentration 

of metal ions. 

Recently, several studies have investigated the use of HFSLM for separating 

various trace metal ions from aqueous solutions or wastewater. Güell et al. for 

instance [17], used HFSLM to separate Cr(VI) at low concentration of nM level from 

various aqueous matrices. The extractant used was trioctyl methyl ammonium 

chloride (Aliquat 336). Results showed that HFSLM was most efficient in separating 

Cr(VI) from various aqueous samples. The liquid membrane was found to be stable 

through 8 days operation non-stop. Buachuang et al. [18] investigated the separation 

of Ta(V) and Nb(V) from hydrofluoric media via HFSLM. The liquid membrane used 



109 

was Aliquat 336 diluted in kerosene. Optimum tantalum extraction of 80% was 

achieved at 3% (v/v) Aliquat 336 using 0.2 M NaClO4 as stripping solution. 

Mafu et al. [19] studied the separation of As(III) from wastewater via HFSLM. 

The liquid membrane used was the mixture of n-undecane and di-n-hexyl ether  

(3:1%, v/v). Stripping solution used was H2SO4. Percentage of As(III) separation 

achieved was 50%. Ansari et al. [20] reported that Am(II) was totally separated from 

synthetic wastewater by using HFSLM with 0.1 M TODGA (N,N,N,N-tetraoctyl 

diglycolamide) and 0.5 M DHOA (N,N-di-n-hexyl octanamide) mixtures as the 

extractant and distilled water as the stripping solution. Furthermore, Mtibe et al. [21] 

separated dibutyl phthalate (DBP), benzyl butyl phthalate (BBP) and diethylhexyl 

phthalate (DEHP) from wastewater via HFSLM. 

HFSLM is widely used for the separation of several components. Most 

models, however, have been established to describe the transport of target ions only 

on the feed side. To this end, mathematical models were developed which focus on 

describing the transport mechanism of target components across the liquid 

membrane from feed phase to stripping phase. The models aid in the scaling-up of 

the HFSLM system [22]. The transport of target ions across liquid membrane 

correspond to the following parameters i.e. diffusion transport, convection transport, 

mass accumulation and reaction. Some parameters, though, were neglected in order 

to develop and simplify the mathematical model. Examples of mathematical models 

developed, describing the transport of target ions, are shown in Table 4.1. 

On the stripping side, mathematical models are mostly lacking since they are 

difficult to resolve. Chaturabul et al. [23] refined a mathematical model for feed and 
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stripping sides based on chemical reactions at the liquid membrane interfaces. This 

model, however, did not fit well with the experimental results. 

 

Table 4. 1 Literature reviews on mathematical model for HFSLM. 

Authors Transport ions Extractants/ 

Strippings 

Considered 

parameters 

Model described in/ 

%deviation 

  DT CT MA R 

Vernekar et al. [22] Co(II) D2EHPA/ H2SO4   - - feed side/ n/a 

Chaturabul et al. [23] Pd(II) TRHCl–OA/NaNO2 -    feed and stripping 

sides/ 11% and 2%  

Kandwal et al. [24]  Cs(I) CNC/ distilled water   - - feed side/ n/a 

Ramakul et al. [25] Ce(IV) and La(II)  D2EHPA/ H2SO4  - - - feed side/ n/a 

Zhang et al. [26] Cu(II) D2EHPA/ HCl   - - feed side/ n/a 

Choi et al. [27] Co(II) and Ni(II) HEH/ H2SO4    - feed side/ n/a 

Yang and 

Kocherginsky [28] 

Cu(II) LIX54/ H2SO4   -  feed side/ n/a 

Pancharoen et al. [29] Cu(II) LIX84/ H2SO4 -    feed side/ 2% 

This work Pb(II) D2EHPA/ HCl -    feed and stripping 

sides/ 3% for both 

sides 

Note: DT; diffusion transport, CT; convection transport, MA; mass accumulation, R; reaction. 

 

This work studied the separation of Pb(II) at a very low concentration from 

synthetic wastewater. Di-(2-ethylhexyl)phosphoric acid (D2EHPA) – which is shown to 

be effective for the extraction of lead ions [1,30–32] and has low solubility in acid 

solution [33] – was used as the extractant. Concentration of the extractant, types and 

concentration of the stripping solutions, types of lead-containing solutions as well as 
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flow rates of both feed and stripping solutions were studied. A mathematical model 

concerning convection transport, mass accumulation and reactions at liquid-

membrane interfaces was improved to predict Pb(II) concentration in both feed and 

stripping phases. The model equation was verified by the results obtained from the 

experiment. 

 

4.3 Modeling of lead ion transport 

 

4.3.1 Mechanism of lead ion transport across the liquid membrane phase 

 

PbCl2 and Pb(NO3)2 dissolved in distilled water were used as aqueous feed 

solutions. In the aqueous solution, they dissociated to cations. In the operation of 

HFSLM, feed and stripping solutions are fed into the tube and shell sides of the 

hollow fibers, respectively. Both solutions are separated by the supported liquid 

membrane filled with an organic extractant.  

Figure 4.1 shows the schematic mass transport of Pb(II) via the liquid 

membrane phase. The target Pb(II) in the feed solution reacts with the extractant 

(D2EHPA, HR ) at the feed–liquid-membrane interface forming the lead-extractant 

complex ( 2PbR ). Subsequently, the complex diffused across the liquid membrane 

phase to the liquid-membrane–stripping interface because of its concentration 

gradient. Then, it reacted with H+ from the stripping phase. Finally, Pb(II) was released 

into the stripping phase while the extractant diffused back toward the feed–liquid-

membrane interface and reacted once again with the Pb(II) from the feed phase. 
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The extraction of Pb(II) from the feed phase by D2EHPA, as illustrated in  

Figure 4.1, is expressed in Eq. (4.1) [31]: 

 

HR2Pb2                            +
2 2H+PbR                     (4.1) 

 

The overbar represents the species in the liquid membrane phase. 

 

 

 
PbR2  

 2HR Liquid membrane phase

  
Feed phase

Stripping phase

x
 

Pb2+ 2H+

2H+Pb2+

 

Pb2+

H+

 

Figure 4. 1 Schematic mechanism of Pb(II) transport across the liquid membrane 
phase using D2EHPA as the extractant. 

 

The stripping reaction of complex 2PbR  and H+ at the liquid-membrane–

stripping interface is represented as follows [32]: 

 

2H+PbR2                       HR2Pb2                                (4.2) 

 

kEx 

kSt 
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Since, in the hollow fiber operation, Pb(II) is stripped out continuously by H+ 

at the liquid-membrane–stripping interface, the overall reaction in Eq. (4.1) is taken 

into account as the forward reaction. 

The reaction rate of lead ion extraction ),(, txr ExA  can be expressed as follows: 

 

),(),( ,, txCktxr m
FAExExA                                                (4.3) 

 

where x is the longitudinal axis of the hollow fiber in the tube side, Exk is the 

reaction rate constant of extraction, t is the separation time, CA,F  (x,t) is the 

concentration of lead ions in the feed solution and m is the order of extraction 

reaction. 

 

In order to strip the lead ions, hydrogen ions (H+), in the stripping solution, is 

kept in plentiful supply higher than that in the feed solution resulting in a higher 

forward reaction than a backward reaction. Therefore, the overall reaction of Pb(II) 

stripping in Eq. (4.2) can be considered as the forward reaction. Thus, the reaction 

rate of lead ion stripping, ),(, txr StA , is represented as: 

 

),(),( ,, txCktxr n
StAStStA                                     (4.4) 

 

where x  is the longitudinal axis of the hollow fiber in the shell side and equal to        

L – x, Stk  is the reaction rate constant of stripping, ),(, txC StA is the concentration of 

lead ions in the stripping solution and n is the order of stripping reaction. 
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Using Taylor series to linearize the reaction rates of extraction and stripping in 

Eqs. (4.3) and (4.4), the following equations are obtained: 

 

   ),(),( ,, txCtxr iFAiExA                                   (4.5) 

 

where ),( 00
1

,
 m
FAExCmk  

),()1( 00,
m

FAExCkm  

 

  ),(),( ,, txCtxr iStAiStA                                         (4.6) 

 

given  )( 0,0
1

, xCnk n
StASt
  

)()1( 0,0, xCkn n
StASt   

   

4.3.2 Developing the mathematical model 

 

A mathematical model based on the conservation of mass was improved in 

order to predict the concentration of lead ions in both feed and stripping solutions. 

Parameters considered in the model were axial convection, mass accumulation and 

reactions at the liquid-membrane interfaces.  

In the feed phase, the mathematical model was developed under the 

following assumptions: 

1. The feed-phase physical properties e.g. volume, temperature and pressure are 

constant. 
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2. The hollow-fiber inside diameter is very small. Therefore, the radial 

concentration profile of lead ions is constant. 

3. The extraction reaction occurring at the feed–liquid-membrane interface is slow. 

This means that the diffusion fluxes of lead ions in the feed phase occurring in 

the axial direction can be neglected. 

4. Only the lead-extractant complex arising from the extraction reaction, not lead 

ions, can transport into the liquid membrane phase. 

 

For the stripping phase, the mathematical model was developed as follows:  

1. The stripping-phase physical properties e.g. volume, temperature and pressure 

are constant. 

2. The stripping reaction occurring at liquid-membrane–stripping interface is also 

slow. Then, the diffusion fluxes of lead ions in the stripping phase occurring in 

the axial direction can also be neglected.  

3. Only lead ions resulting from the stripping reaction at the  

liquid-membrane–stripping interface, not lead-extractant complex, can transport 

into the stripping phase. 

 

In order to determine the model equation, the tube and shell sides of the 

hollow fiber are dissected into segments. Each segment is very small as shown in  

Figure 4.2. 
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Figure 4. 2 Schematic transport mechanism of lead ions through the small segments: 
(a) feed phase (tube side), (b) stripping phase (shell side). 

 

Upon examining a small segment in the tube side of the hollow fiber, the 

conservation of mass for lead ions can be represented as below: 

 

dt

txdC
VVtxrtxCqtxCq iFA

tPiExAiFAFiFAF

),(
),(),(),( ,

,,1,              (4.7) 

 

where 

 

xrV it  2  

 xrrV ioP  )( 22  

(b) 

(a) 
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i

L
x   

 

given Fq  is the volumetric flow rate of the feed solution, i is the number of small 

segments, VP is the pore volume of a small segment of the hollow fiber, Vt is the 

volume of a small segment of the tube side of the hollow fiber, ri and ro are the 

inner and outer radius of the hollow fibers,   is the porosity of the hollow fiber and 

L is the effective length of the hollow fiber.  

 

Eq. (4.7) is solved through Laplace transform as described in detail in 

Appendix A. Thus, the concentration of lead ions in the outlet feed solution, 

),(, txC iFA , can be calculated: 
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where 

           


F

P

q

V
a  1   
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
F

P

q

V
b   

 

For the stripping phase, mass conservation of lead ions was examined for 

each small segment in the shell side of the hollow fiber as shown below: 

 

dt

txdC
VVtxrtxCqtxCq iStA

sPiStAiStAStiStASt

),(
),(),(),( ,

,,1,                        (4.9) 

 

given  

  

x
r

dV o
oS 










24

3 2
2 

 

i

L
x   

 

where Stq  represents the volumetric flow rate of the stripping solution and Vs is the 

volume of a small segment on the shell side of the hollow fiber, do is the outer 

diameter of the hollow fiber. 

 

Solving Eq. (4.9) using Laplace transform, as described in detail in Appendix A, 

results in an equation for the calculation of lead ion concentration in the outlet 

stripping solution, ),(, txC iStA , as shown below: 
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where  

 


St

P

q

V
g  1    


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P

q

V
h   

 

4.4 Experimental 

 

4.4.1 Reagents and solutions  

 

For the feed solutions, PbCl2 and Pb(NO3)2 were used to prepare the 

synthetic wastewater. Di-(2-ethylhexyl)phosphoric acid  (D2EHPA), diluted in toluene, 

was used as the extractant. The stripping solutions were HCl, H2SO4 and HNO3. All 

chemicals used were AR grade obtained from Merck (Germany). 
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4.4.2 Apparatus  

 

The hollow fiber module used in studying the separation of Pb(II) consisted of 

microporous polypropylene fibers woven into fabric and wrapped around a central 

feeder tube to supply the shell-side fluid. The HFSLM system is comprised of a 

hollow fiber module, gear pumps, rotameters with variable flow rate controllers and 

pressure gauges, as shown in Figure 4.3. The attributes of the hollow fiber module 

are shown in Table 4.2. The concentration of Pb(II) was determined using an 

inductively coupled plasma optical emission spectrometer (ICP-OES) (model JY-2000; 

HORIBA Jobin Yvon, Edison, NJ, USA).  

 

Table 4. 2 Attributes of the hollow fiber module.   

Attributes Details 
Material 

Module diameter  

Number of hollow fibers 

Inside diameter of a hollow fiber   

Outside diameter of a hollow fiber 

Effective length of a hollow fiber 

Contact area 

Area per unit volume 

Pore size 

Porosity 

Tortuosity  

Polypropylene 

0.063 m 

10,000 

2.410–4 m 

3.010–4 m 

0.203 m 

1.4 m2 

2.93103 m2/m3 

310–8 m 

25% 

2.6 
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Figure 4. 3 Schematic diagram of separated lead ions through HFSLM by continuous 
counter-current flow patterns of feed and stripping solutions: (1) gear pump, (2) flow 
meters, (3) inlet pressure gauges, (4) outlet pressure gauges, (5) hollow fiber module. 

 

4.4.3 Procedures 

 

Feed solutions were prepared by dissolving PbCl2 and Pb(NO3)2 in distilled 

water at a concentration of 1 mg/L. D2EHPA dissolved in toluene was used as the 

liquid membrane. Then, it was simultaneously circulated along the tube and shell 

sides of the hollow fibers until it was entirely embedded in the hollow-fiber 

micropores. Subsequently, distilled water was fed through both sides of the hollow 

fibers to flush out excess liquid membrane. After that, both feed and stripping 

solutions were fed into the tube and shell sides of the hollow fibers with single-pass 

modes. Finally, 10 cm3 of feed and stripping solutions were collected at 600 s in 

order to determine the concentration of lead ions by ICP-OES.  
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Further, the influence of the concentration of D2EHPA, the type and 

concentration of stripping solutions, the lead-containing solutions as well as flow 

rates of both feed and stripping solutions were studied. The optimum condition 

obtained from the experiment was used to verify the validity of the model as shown 

by the average percent deviation in Eq. (4.19). The reaction order and reaction rate 

constant of Pb(II) extraction and stripping were carried out in batch liquid–liquid 

extraction. The standard uncertainty of the experiment was 3%. The hollow fiber 

module can be regenerated for a new separation cycle by feeding the surfactant 

through the hollow fibers to eliminate the liquid membrane in the tubes, shells and 

pores of the hollow fibers. Subsequently, distillated water flowed into the hollow 

fibers which then were dried with isopropyl alcohol. 

 

 
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/)(
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
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



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k kExptModelExpt
                        (4.19) 

 

where N is the number of experimental data, .ExptC  is the concentration of lead ions 

observed from the experiment and ModelC  is the concentration of lead ions 

calculated from the model. 

 

 

 

 

 



123 

4.5 Results and discussion 

  

4.5.1 Influence of extractant concentration 

 

 

Figure 4. 4 Influences of D2EHPA concentration on Pb(II) extraction and stripping at 
flow rates of feed and stripping solutions of 1.7 × 10–6 m3/s with 1 mg/L PbCl2 as the 
feed solution and 0.5 M HNO3 as the stripping solution. 

 

The influence of extractant concentration on the extraction of lead ions was 

investigated by varying D2EHPA concentration from 5.0 × 10–6 to 0.5 M (log [D2EHPA] 

from –5.3 to –0.3). As shown in Figure 4.4, the percentage of Pb(II) extraction 

increased when the concentration of D2EHPA was increased. This agreed with Le 

Chatelier’s principle that if any reactant in a system is added, the system reacts in a 

way to reduce it. The percentage of Pb(II) extraction achieved reached 97% at 
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D2EHPA concentration up to 0.03 M (log [D2EHPA] = –1.52). Therefore, 0.03 M 

D2EHPA was chosen in order to investigate other variables.  

 

4.5.2 Influences of stripping solutions 
 

Hydrogen ions, in the stripping solution, play an important role in the 

continuous transport of Pb(II) from feed phase to stripping phase. Therefore, HCl, 

H2SO4 and HNO3, which provide hydrogen ions, were investigated to find out the 

most suitable stripping solution. As shown in Figure 4.5, HCl was found to be the best 

stripping solution for Pb(II) stripping. This can be explained by the fact that the 

hydrogen ions in the acid stripping solutions reacted with the lead-extractant 

complex ( 2PbR ) at the liquid-membrane–stripping interface forming PbCl2, Pb(NO3)2 

and PbSO4 when HCl, HNO3 and H2SO4 were used [34]. PbCl2 in excess HCl 

concentration continued converting to anions [35] which could not react with the 

extractant (HR ). In the case of Pb(NO3)2 and PbSO4 in HNO3 and H2SO4, respectively, 

they dissociated to cations. Subsequently, they reacted with the extractant at the 

liquid-membrane–stripping interface resulting in a reversible reaction, as shown in Eq. 

(4.2). This caused Pb(II) in the stripping solution to decrease.  

Finally, it was noted that when the concentration of stripping solutions was 

increased, the percentage of Pb(II) stripping increased. This corresponds to chemical 

kinetics that the rate of Pb(II) stripping increased when the concentration of stripping 

solutions was increased. However, a high concentration of acid can destroy the 

polypropylene hollow fibers. Therefore, in order to ensure a longer lifetime of the 

polypropylene hollow fibers, only 0.9 M (log [H+] = −0.05) of each stripping solution 
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was investigated. Optimum percentage of stripping solution was obtained at 0.9 M 

HCl. Thus, 0.9 M HCl was recommended. 

 

 

Figure 4. 5 Influences of types of stripping solutions on Pb(II) stripping at flow rates 
of feed and stripping solutions of 1.7 × 10–6 m3/s with 1 mg/L PbCl2 as the feed 
solution and 0.03 M D2EHPA as the extractant. 

 

4.5.3 Influences of types of lead-containing solutions  

 

PbCl2 and Pb(NO3)2 solutions were selected in order to study the influence of 

lead-containing solutions. PbCl2 generally contaminates water produced by the 

activities of offshore oil and gas production. Pb(NO3)2 is widely used as raw material 

in chemical production. As shown in Figure 4.6, Pb(II) in both solutions reacted well 

with D2EHPA. It can be stated that D2EHPA and HCl can extract and strip Pb(II) 

whether Pb(II) in feed solution was PbCl2 and Pb(NO3)2. The percentages of Pb(II) 
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extraction and stripping for both Pb(NO3)2 and PbCl2 solutions were 97% and 30%, 

respectively. 

 

 

Figure 4. 6 Influences of types of lead-containing solutions on the extraction and 
stripping of Pb(II) using flow rates of feed and stripping solutions at 1.7 × 10–6 m3/s 
with 0.03 M D2EHPA as the extractant and 0.9 M HCl as the stripping solution. 

 

4.5.4 Influences of flow rates of feed and stripping solutions 

 

The influence of flow rates of feed and stripping solutions were investigated 

using PbCl2 solution as feed solution. Flow rates were varied from 1.7 × 10–6 to 6.7 × 10–6 

m3/s. As shown in Figure 4.7, the percentages of Pb(II) extraction and stripping slowly 

decreased when the flow rates of feed and stripping solutions were increased. This was 

because of less residence time, as mentioned by Uedee et al. [36]. Optimum 
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percentages of Pb(II) extraction and stripping were obtained at flow rates of feed and 

stripping solutions of 1.7 × 10–6  m3/s where the Reynolds Number [28] was equal to 0.2. 

 

 

Figure 4. 7 Influences of flow rates of feed and stripping solutions on the extraction 
and stripping of Pb(II) using 0.03 M D2EHPA as the extractant with 0.9 M HCl as the 
stripping solution and 1 mg/L PbCl2 as feed solution. 

 

4.5.5 Reaction order and reaction rate constant 
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extraction and stripping were second-order with reaction rate constants of 0.03 and 

0.19 L/mg s, respectively. 

 

Table 4. 3 Reaction orders (m/n) and reaction rate constants of Pb(II) extraction and 
stripping (kEx and kSt). 

m/n Reaction Plot Reaction rate constant R2 

1 Extraction 
A

A

C

C 0ln and t 9.50×10–3 s–1 0.6920 

 Stripping 
SCO

CO

CC

C


ln  and t 2.37×10–2 s–1 0.0878 

2 Extraction 
0

11

AA CC
  and t 0.03 L/mg s 0.9812 

 Stripping 
COSCO CCC

11



 and t 0.19 L/mg s 0.9796 

3 Extraction 2
0

2 2

1

2

1

AA CC
  and t  0.08 L2/mg2 s 0.8263 

 Stripping 
  22 2

1

2

1

COSCO CCC



 and t 3.60 L2/mg2 s 0.8252 

Note:  CA, concentration of lead ions in the feed solution at time t; CA0, initial 
concentration of lead ions in the feed solution; CC0, initial concentration of lead ions 
in the organic extractant; CS, concentration of lead ions in the stripping solution at 
time t. 
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Figure 4. 8 Plots of integral concentrations of Pb(II) versus time: (a) extraction 
reaction, (b) stripping reaction. 
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4.5.6 Validation of the model with experimental results 

 

Results from the experiment, under various flow rates of feed and stripping 

solutions, were used to validate the model equations for predicting lead ion 

concentration in both feed and stripping solutions. These equations can be found in 

Eqs. (4.12) and (4.18), respectively. Flow rates of feed and stripping solutions were 

varied from 1.7 × 10–6 to 6.7 × 10–6 m3/s. Operating time was 600 s. As shown in  

Figure 4.9, concentrations of Pb(II) in feed and stripping solutions, calculated from the 

model of this work, were in line with the results observed from the experiment. 

Average percent deviation was 3% for both feed and stripping sides. Low average 

percent deviation indicated that lead-ion transport from the feed to stripping phases 

depended on axial convection, mass accumulation and reactions at liquid-membrane 

interfaces. 

In Figure 4.9, the models of this work along with Chaturabul et al. [23] (based 

on convection transport, mass accumulation and reaction – neglecting diffusion) 

were compared with the model based on diffusion and convection transport 

(neglecting mass accumulation and reaction) of Kandwal et al. [24]. Our models, as 

stated, as well as Chaturabul et al. were improved in order to predict the 

concentration of metal ions in both feed and stripping solutions. Average percent 

deviation in the feed side was found to be 3% for our model and 8% for 

Chaturabul’s model. This indicated again that lead-ion transport along the hollow 

fibers depended on axial convection, mass accumulation and reaction at liquid-

membrane interfaces.  
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Figure 4. 9 Comparison of Pb(II) concentration in the outlet feed and stripping 
solutions from  the model and from the experiment at various flow rates of feed and 
stripping solutions using 0.03 M D2EHPA as the extractant with 0.9 M HCl as stripping 
solution and 1 mg/L PbCl2 as feed solution. 
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4.6 Conclusion 

 

It was noted that HFSLM using D2EHPA as the extractant can successfully 

separate a very low concentration of Pb(II) from both PbCl2 and Pb(NO3)2 solutions  

(1 mg/L). Thus, the discharge limit for the synthetic wastewater after treatment was 

found to be less than the regulatory limit of 0.2 mg/L. Using 0.03 M D2EHPA as the 

extractant, 0.9 M HCl as the stripping solution, and flow rates of feed and stripping 

solutions of 1.7 × 10–6 m3/s, the maximum percentage of Pb(II) extraction and 

stripping were 97% and 30%. Extraction and stripping of Pb(II) was second-order 

reaction. Reaction rate constants of extraction and stripping were 0.03 and 0.19 L/mg 

s, respectively. The concentration of Pb(II) predicted by the developed model in this 

work, based on axial convection, mass accumulation and reaction, was in good 

agreement with the experimental results. For predictions, in both feed and stripping 

phases, average percent deviation was 3%. This indicated that the transport of lead 

ions along the hollow fibers depended on axial convection, mass accumulation and 

reactions at liquid-membrane interfaces. 
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4.8 Appendix A. Solving mathematics for the model of lead ions transport via 

HFSLM 

 

The conservation of mass for lead ions, with regards to a small segment in 

the tube side (∆x) of the hollow fiber, is shown as:  

 

dt

txdC
VVtxrtxCqtxCq iFA

tPiExAiFAFiFAF

),(
),(),(),( ,

,,1,                        (A1) 

 

Substituting Eq. (4.5) in Eq. (A1) and dividing by the volumetric flow rate of 

feed solution, the mass conservation in segments 1, 2, 3, …, i can be written as: 

  

dt

txdC

q

V

q

V
txC

q

V
txCtxC FA

F

t

F

P
FA

F

P
FAFA

),(
),(),(),( 1,

1,1,0,                    (A2) 

dt

txdC

q

V

q

V
txC

q
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txCtxC FA

F

t

F

P
FA

F

P
FAFA

),(
),(),(),( 2,
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F

t

F

P
FA

F

P
FAFA

),(
),(),(),( 3,

3,3,2,              (A4) 
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. 

. 

dt

txdC

q

V

q

V
txC
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F

t

F

P
iFA

F

P
iFAiFA

),(
),(),(),( ,

,,1,              (A5) 

 

Defining )/(1 FP qVa   and )/( FP qVb  , Eqs. (A2)–(A5) can be 

rewritten as:  
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dt

txdC

q

V
btxaCtxC FA

F

t
FAFA

),(
),(),( 1,

1,0,                              (A6) 

dt

txdC

q

V
btxaCtxC FA

F

t
FAFA

),(
),(),( 2,

2,1,                  (A7) 

dt

txdC

q

V
btxaCtxC FA

F

t
FAFA

),(
),(),( 3,

3,2,                          (A8) 

. 

. 

. 

dt

txdC

q

V
btxaCtxC iFA

F

t
iFAiFA

),(
),(),( ,

,1, 
                         (A9) 

  

Defining: 

 

F

t
F aq

V
                  (A10) 

 

Using Eq. (A10) and taking Laplace transform of Eqs. (A6)–(A9), the following 

equations are obtained: 
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Substituting Eq. (A11) in Eq. (A12) gives: 
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Substituting Eq. (A15) in Eq. (A13) gives: 
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Substituting Eq. (A10) in Eq. (A27), the equation for calculating concentration 

of lead ions in the outlet feed solution, ),(, txC iFA , is achieved: 
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For the stripping phase, the conservation of mass for lead ions, with regards 

to a small segment in shell side ( x ) of the hollow fiber, is shown below: 
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Substituting Eq. (4.6) in Eq. (A29) and dividing by the volumetric flow rate of 

stripping solution, the mass conservation in segments 1, 2, 3, …, i can be written as follows:  
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Defining: 
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Eqs. (A30)–(A33) can be rewritten as: 
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Using Eq. (A38) and taking Laplace transform of Eqs. (A34)–(A37) gives:  
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Solving Eqs. (A39)–(A42) by the same concept described in Eqs. (A15)–(A27) 

results in the following equation: 
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Substituting Eq. (A38) in Eq. (A43) gives an equation for the calculation of lead 

ions concentration in the outlet stripping solution, ),(, txC iStA  , as shown below: 
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5.1 Abstract 
 

The separation of Pb(II) and Hg(II) via a hollow fiber supported liquid 

membrane (HFSLM) is presented. The experiment studied the influence of types of 

extractants, the concentration of selected extractants, setting modules, operating 

time together with flow rates of feed and stripping solutions. The mathematical 

model used to predict the concentration of Pb(II) and Hg(II) in both feed and 

stripping solutions was developed based on chemical reactions. The results clearly 

showed that a double-module HFSLM can selectively separate Pb(II) and Hg(II) at a 

very low concentration. Optimum condition was achieved using 0.03 M D2EHPA and 

0.06 M Aliquat 336 as the extractant for first and second modules. The flow rates of 

the feed and stripping solutions were 100 mL/min. The complicated series of 

differential equations arising from the model was solved using the concept of 

Generating Function. The concentration of Pb(II) and Hg(II) in feed and stripping 

solutions, obtained from the model, fitted well with that from the experimental 

results as shown in Figure 5.10. This indicated that the extraction and stripping 

reactions were important factors that governed the rate of Pb(II) and Hg(II) transport 

across the liquid membrane phase. 

 

Keywords: Generating Function; Separation; Pb(II); Hg(II); HFSLM.  
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5.2 Introduction 

 

Wastewater from offshore oil and gas production is usually contaminated 

with toxic metals such as lead and mercury. Quantities of lead and mercury exposed 

to the environment continuously intensify with the quantity of wastewater generated 

by the activities of offshore oil and gas production. Lead and mercury can cause 

acute and chronic poisoning in humans [1–4]. The Thailand Ministry of Industry and 

the Ministry of Natural Resources and Environment [5] established regulatory 

discharge limits for lead and mercury from industrial wastewaters. The Ministry 

stipulated that limits should be no higher than 0.2 and 0.05 mg/L. In practice, 

conventional methods, i.e. adsorption, ion exchange, coagulation and precipitation, 

are used to treat toxic metals in wastewater. Wastewater treatment is controlled by 

on-line monitors. However, sometimes the concentration of toxic metals in 

wastewater, after treatment, is over the water-quality standard [6,7]. Inbaraj et al. [8] 

reported that conventional methods are always ineffective in treating a very low 

concentration of metal ions contaminated in mg/L or μg/L level. 

Several studies have shown that hollow fiber supported liquid membrane 

(HFSLM) is an effective method for separating a very low concentration of metal ions 

from various aqueous solutions. This method allows for both simultaneous extraction 

and stripping processes of target ions in one single-step operation, with high 

selectivity [9,10]. Many advantages of HFSLM over traditional methods include lower 

energy consumption, lower capital and operating costs and less solvent used [11]. 

HFSLM has a high surface area that contributes to the adequate rates of separation 

for industrial purposes [12,13]. It can be utilized in many applications in industries, 
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such as chemical, food and pharmaceutical processing [12,14,15]. Hollow fiber 

modules can be connected in parallel or in series for a larger capacity [16]. 

Therefore, HFSLM is suitable for use as a secondary method in order to effectively 

manage a very low concentration of metal ions. 

Recent studies have investigated the use of HFSLM for separating various 

trace metal ions from aqueous solutions or wastewater. Güell et al. [17] for example, 

reported on the separation of Cr(VI) at a concentration level of μg/L from different 

aqueous matrices via HFSLM using trioctyl methyl ammonium chloride (Aliquat 336) 

as the extractant. Results demonstrated that this system was most efficient in 

removing Cr(VI) from different aqueous samples: liquid membrane was stable during 

an operating time of 8 days non-stop. Buachuang et al. [18] separated tantalum ions 

from dilute hydrofluoric media across HFSLM. Aliquat 336 diluted in kerosene was 

used as the liquid membrane. The percentage of tantalum extraction was 80% using 

0.3 M HCl in the feed solution, 0.06 M Aliquat 336 in the liquid membrane and 0.2 M 

NaClO4 as the stripping solution. Mafu et al. [19] separated As(III) from wastewater by 

HFSLM. Results showed that 50% of As(III) was removed using n-undecane and di-n-

hexyl ether mixtures (3:1%v/v) as the liquid membrane and H2SO4 as the stripping 

solution. Mtibe et al. [20] applied HFSLM in conjunction with high-performance liquid 

chromatography (HPLC) to separate dibutyl phthalate (DBP), benzyl butyl phthalate 

(BBP) and diethylhexyl phthalate (DEHP) from wastewater. 

HFSLM has many advantages and researchers are interested in using HFSLM in 

order to manage a large volume of wastewater contaminated with a very low 

concentration of toxic ions [21]. Since the reliable mathematical models provide an 

understanding of the transport mechanism of the target species across the liquid 
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membrane from the feed side to the stripping side, they therefore, are required. The 

models also help in the scale-up of the HFSLM system [22]. 

Most models have been developed based on the principle of a facilitated 

diffusional transport mechanism neglecting the chemical reactions in the system. 

Kandwal et al. [23] established a mathematical model describing the transport of 

Cs(I) through HFSLM based on the facilitated diffusional transport mechanism: the 

chemical reactions were neglected. Results showed that the said mathematical 

model was acceptable. Vernekar et al. [22] developed a model for the transport of 

Co(II) across HFSLM diffusional transport, neglecting the complexation and de-

complexation reactions. Results indicated that the controlling step of Co(II) transport 

was the diffusion in the liquid membrane phase. However, Yang and Kocherginsky 

[24] found that the transport of Cu(II) across the liquid membrane also depended on 

the chemical reactions. Pancharoen et al. [21] developed a mathematical model 

describing the transport of Cu(II) via HFSLM. The model was developed based on 

chemical reaction at the feed–liquid-membrane interface, neglecting the diffusion. 

The modeled results fitted well with the experimental data. This confirmed that the 

transport of Cu(II) via HFSLM was controlled by the chemical reaction. However, this 

model describes the transport of target ions only in the feed side. A mathematical 

model, therefore, based on chemical reaction was developed in this work to 

describe the transport of target ions across HFSLM from feed side to stripping side. 

Developing a mathematical model based on chemical reactions leads to a 

complicated series of differential equations. The concept of Generating Function has 

been used to solve the series of differential equations in catalytic polymerization 
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which are not easy to solve due to difficulty in integrating. By using this concept, 

chemical kinetic problems have been overcome in many cases [25]. 

This work studied the selective extraction and stripping of a very low 

concentration of lead and mercury ions from synthetic wastewater in order to 

comply with the regulatory discharge limit. Types of extractants, concentration of the 

selected extractants, setting modules, operating time together with the flow rates of 

feed and stripping solutions were investigated. A mathematical model based on 

chemical reactions was developed to describe the transport of lead and mercury 

ions in both feed and stripping sides. The complicated series of differential equations 

arising from the model was solved by the concept of the Generating Function. The 

results achieved by the experiment were compared to those obtained from the 

model. 

  

5.3 Modeling of lead and mercury ions transport 

 

5.3.1 Transport mechanisms of lead and mercury ions across the liquid 

membrane phase 

 

PbCl2 and HgCl2 dissolved in NaCl solution were used as feed solution. PbCl2 

dissociates to cations while HgCl2 in the presence of chloride ions associates to 

anions [26]. In HFSLM operation, both feed and stripping solutions are fed into the 

tube and shell sides of the hollow fibers, respectively. Both solutions are separated 

by an organic extractant embedded in the supported liquid membrane. Figs. 5.1 and 

5.2 show the schematics of the mass transports of target metal ions (Pb(II) and Hg(II)) 
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across the liquid membrane phase. The target metal ions in the feed solution react 

with the organic extractant at the feed–liquid-membrane interface resulting in the 

formation of a metal–extractant complex. Then, the complex species diffuses across 

the liquid membrane phase to the liquid-membrane–stripping interface due to its 

concentration gradient. Subsequently, it reacts with the stripping solution. After that, 

the target metal ions are released into the stripping phase while the extractant 

diffuses back towards the feed–liquid-membrane interface and reacts once again 

with the target metal ions from the feed phase. 

The extraction of Pb(II) by di-(2-ethylhexyl)phosphoric acid (D2EHPA, HR ) at 

the feed–liquid-membrane interface, as shown in Figure 5.1, is described by [27] 

 

HR2Pb2                            +
2 2H+PbR                           (5.1) 

 

The overbar represents the species in the liquid membrane phase. 

 

The extraction of Hg(II) by  )ClNRCH( 33  (Aliquat 336) at the feed–liquid-

membrane interface, as shown in Figure 5.2, is described by [28] 

 

 )ClNR(CH2HgCl 33
-2

4                             2ClHgCl)NR(CH 2
4233            (5.2) 

 

At the liquid–membrane–stripping interface, the complex species 2PbR  reacts 

continuously with H+ from the stripping solution and then releases Pb(II) into the 

stripping phase as follows: 

kEx 

kEx 
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2H+PbR2                        HR2Pb2                                  (5.3) 

 

  

 
PbR2  

  

 2HR Liquid membrane phase

  

 

Feed phase

Stripping phase

x
 

Pb2+ 2H+

2H+Pb2+

 

Figure 5. 1 Schematic of mass transport of Pb(II) across the liquid membrane phase 

using HR  (D2EHPA) as the extractant and HCl as the stripping solution. 

 

  

 

  

  

Liquid membrane phase
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Stripping phase
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 )ClNR(CH2 33
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4HgCl 2Cl

 2

4233 HgCl)NR(CH

)CSNH(NH 22yy)CSNH(NHHgCl 222

 

Figure 5. 2 Schematic of mass transport of Hg(II) across the liquid membrane phase 

using  )ClNRCH( 33 (Aliquat 336) as the extractant and NH2CSNH2 (thiourea) as the 

stripping solution. 

kSt 
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In the case of the species   2
4233 HgCl)NR(CH , at the liquid-membrane–

stripping interface, it reacts continuously with NH2CSNH2 (thiourea) from stripping 

solution and then releases Hg(II) into the stripping phase as follows [28]: 

 

)CSNH(NHHgCl)NR(CH 22
2
4233 y         

                                        y)CSNH(NHHgCl)ClNR(CH2 22233                       (5.4) 

 

In the hollow fiber operation, metal ion in the complex, occurring at the  

feed–liquid-membrane interface, is stripped out continuously by the stripping agent 

at the liquid-membrane–stripping interface. Therefore, the total reaction in Eqs. (5.1) 

and (5.2) can be considered as the forward reaction. 

The reaction rate of extraction of Pb(II) and Hg(II) ( ExAr , ) can be described as 

follows: 

 

),(),( ,, txCktxr m
FAExExA                                        (5.5) 

 

where x is the longitudinal axis of the hollow fiber in the feed phase, Exk is the 

reaction rate constant of extraction, t is the extraction time, CA,F  is the concentration 

of metal ions in the feed solution (mg/L) and m is the reaction order of extraction. 

 

To strip metal ions, the stripping solution is kept at an excess concentration. 

Therefore, the total reaction of stripping of Pb(II) and Hg(II) in Eqs. (5.3) and (5.4) can 

kSt 
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be considered as the forward reaction. Thus, the reaction rate of stripping of Pb(II) 

and Hg(II) ( StAr , ) can be written as 

 

),(),( ,, txCktxr n
StAStStA                   (5.6) 

 

where x is the longitudinal axis of the hollow fiber in the stripping phase, Stk is the 

reaction rate constant of stripping, CA,St is the concentration of metal ions in the 

stripping solution and n is the reaction order of stripping. 

 

5.3.2 Developing the mathematical model 

 

A mathematical model based on the chemical reaction was developed to 

predict the concentration of lead and mercury ions in both feed and stripping 

solutions for extraction and stripping via HFSLM. 

The mathematical model for the feed phase was developed based on the 

following assumptions: 

1. The feed-phase physical properties viz. temperature, pressure and volume are 

constant. 

2. The hollow-fiber inside diameter is very small. Thus, the concentration profiles 

of lead and mercury ions in the radial direction are constant, meaning that the 

diffusion fluxes of these ions in the feed phase occur only in the axial direction. 

3. Only the complex species which occurs from the extraction reaction, not metal 

ions, can transport into the liquid membrane phase. 
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4. The rate of transport of lead and mercury ions from the feed phase to the liquid 

membrane phase is controlled by the extraction reaction at the feed–liquid-

membrane interface. 

 

For the stripping of lead and mercury ions into the stripping phase, a 

mathematical model was developed under the following assumptions:  

1. The stripping-phase physical properties viz. temperature, pressure and volume 

are constant. 

2. Only the lead and mercury ions which result from the stripping reaction at the 

liquid-membrane–stripping interface, not complex species, can be stripped into 

the stripping phase. 

3. The rate of transport of lead and mercury ions from the liquid-membrane–

stripping interface to the stripping phase is controlled by the stripping reaction at 

the liquid-membrane–stripping interface. 

 

The conservation of mass for the transport of metal ions in the feed and 

stripping phases is considered at small segments of the hollow fibers, as shown in  

Figure 5.3. 

In the feed phase, the conservation of mass for metal ions in each small 

segment (Δx) is described by  

 

dt

txdC
VVtxrtxCqtxCq iFA

tPiExAiFAFiFAF

),(
),(),(),( ,

,,1,                       (5.7)  
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where Fq  is the volumetric flow rate of the feed solution, i is the number of small 

segments, VP is the pore volume of a small segment of the hollow fiber and Vt is the 

volume of a small segment on the tube side of the hollow fiber. 
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Figure 5. 3 Schematic of the transport mechanism of metal ions through small 
segments: (a) feed phase (tube side), (b) stripping phase (shell side). 

 

Solving Eq. (5.7) by the concept of the Generating Function, as described in 

detail in Appendix A, the equation for estimating the concentration of metal ions in 

the outlet feed ( ),(, txC iFA ) is obtained as shown below: 

 

 

 

(b) 

(a) 
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The parameters in Eq. (5.8) are described in detail in Appendix A. 

 

 In the case of the stripping phase for counter-current flow, the conservation 

of mass of metal ions at segment i can be expressed as follows: 

 

dt

txdC
VVtxrtxCqtxCq iStA

sPiStAiStAStiStASt

),(
),(),(),( ,

,,1,




             (5.9) 

 

where Stq  denotes the volumetric flow rate of the stripping solution and Vs is the 

volume of a small segment on the shell side of the hollow fiber. 

 

Solving Eq. (5.9) by the concept of Generating Function, the equation for 

estimating the concentration of metal ions in the outlet stripping solution  

( ),(, txC iStA  ) is obtained as shown below:  
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  (5.10) 

 

where )0,( 0, xC StA   is the initial concentration of metal ions in the stripping solution at 

position 
0x . The other parameters in Eq. (5.10) are described in detail in Appendix A.  

 

5.4 Experimental 

 

5.4.1 Reagents and solutions  

 

The four types of extractants studied were D2EHPA (Merck Ltd.), Cyanex 471 

(tri-isobutylphosphine sulfide, Cytec Canada Inc.), Aliquat 336 (Cognis Ltd.) and TOA 

(tri-n-octylamine, Sigma-Aldrich) all of which were uniformly mixed with the diluent 

i.e. toluene (Merck Ltd). Synthetic wastewater as feed solution was prepared by 

dissolving PbCl2 (Sigma-Aldrich Co.LLC), HgCl2 (Ajax Finechem Pty Ltd.) and NaCl 

(LobaChemie) in distilled water at a concentration of 1.0 mg/L of PbCl2 and HgCl2 

together with a concentration of 1000 mg/L of NaCl. Hydrochloric acid (Merck Ltd.) 

and thiourea (RFLC) were found to be the best stripping for recovery of lead and 

mercury ions [29,30] and were further selected as the stripping solutions. The 

concentration of HCl was 0.9 M and that of thiourea was 0.1 M. These concentrations 

were selected because they were found to be the most suitable [29,30]. 
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5.4.2 Apparatus  

 

Table 5. 1 Attributes of the hollow fiber module. 

Attributes Details 

Material 

Module diameter  

Number of hollow fibers 

Inside diameter of a hollow fiber  

Outside diameter of a hollow fiber 

Effective length of a hollow fiber 

Contact area 

Area per unit volume 

Pore size 

Porosity 

Tortuosity  

Polypropylene 

6.3 cm 

10,000 

0.024 cm 

0.030 cm 

20.3 m 

1.4  104 cm2 

29.3 cm2 cm-3 

3  10-6 cm 

25% 

2.6 

 

The hollow fiber module (Liqui-Cel Extra-flow 2.5 in. × 8 in.; Hoechst 

Celanese, Bridgewater, NJ) – consisting of 10,000 microporous polypropylene fibers 

which are woven into fabric and wrapped around a central feeder tube in order to 

supply the shell-side fluid – was used to study the separation of Pb(II) and Hg(II). Its 

attributes are listed in Table 5.1 [31]. Feed and stripping solutions were agitated by a 

magnetic stirrer (model CMT-V1) from Protronics Intertrade Co. Ltd. (Thailand). An 

inductively coupled plasma optical emission spectrometer (ICP-OES) (model JY-2000; 



160 

HORIBA Jobin Yvon, Edison NJ, USA) was used to determine the concentration of 

metal ions. 
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Figure 5. 4 Schematic diagram of lead and mercury ion separation via HFSLM by 
counter-current flow patterns of feed and stripping solutions: (1) gear pumps,  
(2) flow meters, (3) inlet pressure gauges, (4) outlet pressure gauges, (5) hollow fiber 
modules. 
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5.4.3 Procedures 

 

Liquid membrane – an extractant mixed with toluene – was circulated along 

the tube and shell sides of the hollow fibers simultaneously, until it filled in the 

hollow-fiber micropores with a total volume of about 52 mL. After that, distilled 

water was fed through the tube and shell sides of the hollow fibers to remove the 

excess liquid membrane. Subsequently, feed (synthetic wastewater) and stripping 

solutions were fed counter-currently into the tube and shell sides of the hollow 

fibers. The flow patterns of feed and stripping solutions were single-pass flow and 

circulating flow which were the best flow patterns observed from previous work [29]. 

The influence of types of extractants and the concentration of the selected 

extractant were investigated using single module HFSLM, as shown in Figure 5.4(a), 

with 0.9 M HCl as stripping solution. The volume of feed and stripping solutions was 

1 L. Samples of feed and stripping solutions of 10 mL each were taken at 10 min. 

A double-module HFSLM, as shown in Figure 5.4(b), was applied in order to 

selectively separate lead and mercury ions. One module was used to selectively 

separate lead ions. The other module was used to selectively separate mercury ions. 

In the double-module HFSLM, modes of setting modules, operating time and flow 

rates of both feed and stripping solutions were studied using 8 L of feed solution and 

1 L of stripping solution. Feed and stripping solutions were collected every 10 min 

for 80 min. All samples collected from the experiment determined the concentration 

of metal ions by ICP-OES. The results of both flow rates of feed and stripping 

solutions were used in order to verify the validity of the model which is shown by 

the average percent deviation: 



162 

100
)/)((

Deviation %
1 ..

l

CCCl
j jExptModelExpt  

                                (5.11) 

 

5.5 Results and discussion 

 

5.5.1 Influences of extractants 

 

 From a review of the literature, D2EHPA showed high performance in the 

extraction of lead ions [27,32–34]. On the other hand, Cyanex 471, Aliquat 336 and 

TOA showed high efficiency in the extraction of mercury ions [30,35,36]. Thus, all of 

the above were chosen to study the selective extraction of lead and mercury ions. 

The experiment was conducted using a single-module hollow fiber with 0.9 M HCl as 

stripping solution. As shown in Figure 5.5, D2EHPA was the best extractant for the 

selective extraction of lead ions. This corresponded to the fact that D2EHPA is an 

acidic extractant which reacts well with Pb(II) cations. Mercury in anions form does 

not react with an acid extractant i.e., D2EHPA [37]. In the case of the extraction of 

mercury ions, Cyanex 471 was the best extractant. TOA and Aliquat 336, however, 

attained a higher selective extraction of mercury ions than Cyanex 471 did. It can be 

explained that TOA and Aliquat 336 are basic extractants which react well with 

anions but do not react with cations. The extraction percentage of mercury ions by 

Aliquat 336 was higher than that by TOA. This is because Aliquat 336 has a higher 

basicity than TOA [38]. D2EHPA and Aliquat 336 were chosen for further study with 

regards to their relevant variables of concentrations, setting modules and operating 

time in order to selectively extract lead and mercury ions, respectively. 
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Figure 5. 5 Percentages of metal ions versus types of extractants (0.03 M each) by 
single-module hollow fiber at flow rates of feed and stripping solutions of 100 
mL/min with 0.9 M HCl. 

 

5.5.2 Influence of D2EHPA concentration on the selective extraction of 

lead ions 

 

To selectively extract Pb(II) from synthetic wastewater containing Pb(II) and 

Hg(II) and Na(I), D2EHPA was selected. Its concentration varied from 5 × 10–8 to  

0.09 M. Results are shown in Figure 5.6. Extraction percentage of Pb(II) dramatically 

increased as D2EHPA concentration increased. This was in agreement with the 

chemical kinetics where reaction rate of extraction of Pb(II) increased when the 

concentration of D2EHPA was increased. Extraction percentage of Pb(II) increased to 

98% at D2EHPA concentration up to 0.03 M. Percentage of Pb(II) stripping was lower 
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than that of Pb(II) extraction since there was an accumulation of metal–extractant 

complex in the liquid membrane. Only some metal–extractant complexes reached 

the liquid-membrane–stripping interface to react with the stripping solution. In order 

to study the other variables, 0.03 M D2EHPA was selected. 

 

 

Figure 5. 6 Percentages of metal ions versus concentration of D2EHPA by single-module 
hollow fiber at flow rates of feed and stripping solutions of 100 mL/min with 0.9 M HCl. 

 

5.5.3 Influence of Aliquat 336 concentration on the selective extraction 

of mercury ions 

 

Aliquat 336 and thiourea were used as the extractant and the stripping 

solution, respectively, to study the selective separation of Hg(II). The concentration of 
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Aliquat 336 varied from 0.01 to 0.09 M but that of thiourea was fixed at 0.1 M. As 

shown in Figure 5.7, extraction percentage of Hg(II) increased when Aliquat 336 

concentration increased in accordance with chemical kinetics. The extraction 

percentage of Hg(II) increased to about 100% at Aliquat 336 concentration up to  

0.06 M. Thus, 0.06 M Aliquat 336 was chosen to study further variables. 

 

 

Figure 5. 7 Percentages of metal ions versus concentration of Aliquat 336 by single-
module hollow fiber at flow rates of feed and stripping solutions of 100 mL/min with 
0.1 M thiourea. 
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5.5.4 Influences of setting modules 

 

To selectively separate Pb(II) and Hg(II) from synthetic wastewater containing 

Pb(II), Hg(II), and Na(I), a double-module HFSLM was applied. One module was used 

to selectively separate Pb(II) and another module was used to selectively separate 

Hg(II). The percentages of lead and mercury extractions versus setting modules are 

shown in Figure 5.8.  

Figure 5.8(a) shows the percentages of lead and mercury extractions using 

0.03 M D2EHPA as the extractant for the first module and 0.06 M Aliquat 336 as the 

extractant for the second module. 0.9 M HCl and 0.1 M thiourea were used as the 

stripping solutions for the first and second modules, respectively. It was observed 

that lead ions were almost totally extracted in the first module while mercury ions 

were almost completely extracted in the second module. This was because the first 

module contained D2EHPA which has a small value of acid dissociation constant. It 

reacts with only cations like Pb(II). The second module contained Aliquat 336 having 

a small value of base dissociation constant which reacts well with anions like Hg(II).  

In Figure 5.8(b), for the first module, 0.06 M Aliquat 336 was used as the 

extractant with 0.1 M thiourea as the stripping solution. In the second module, 0.03 

M D2EHPA was used as the extractant with 0.9 M HCl as the stripping solution. 

Results clearly showed that mercury ions were almost completely extracted in the 

first module, without extraction of lead ions because this module contained Aliquat 

336. As for lead ions, in the second module, they were highly extracted since this 

module contained D2EHPA. 
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Figure 5. 8 Percentages of extraction of metal ions versus setting modules with flow 
rates of feed and stripping solutions of 100 mL/min: (a) 0.9 M HCl and 0.1 M thiourea 
as the stripping solution for the first module and the second module, respectively, 
(b) 0.1 M thiourea and 0.9 M HCl as the stripping solution for the first module and 
the second module, respectively. 
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5.5.5 Influence of operating time 

 

The influence of operating time was investigated using double-module 

hollow fiber. The first and second modules were set to selectively separate lead ions 

and mercury ions, respectively. In the first module, 0.03 M D2EHPA was used as the 

extractant and 0.9 M HCl was used as the stripping solution. For the second module, 

the extractant and stripping were 0.06 M Aliquat 336 and 0.1 M thiourea, 

respectively. Concentration of lead and mercury ions in inlet feed solution was 1 

mg/L. The results are shown in Figure 5.9(a)–(d).  

With regards to the separation of Pb(II), in the first module (Figure 5.9(a) and 

(b)), Pb(II) was extracted immediately from the feed solution. Moreover, its 

concentration in the stripping solution increased continuously with operating time. 

This resulted from the continual accumulation of Pb(II) due to the circulation of 

stripping solution. After 20 min, Pb(II) concentration in the stripping solution reached 

a higher level than that in the inlet feed solution. This was because Pb(II) in excess 

HCl is converted to anions [39] which cannot recombine with D2EHPA extractant. 

In the case of Hg(II) separation, in the second module (Figure 5.9(c) and (d)), 

Hg(II) was also extracted immediately from the feed solution. Hg(II) was then stripped 

continuously into the stripping solution. Its concentration in the stripping solution 

reached a higher level than that in the inlet feed solution after 60 min. 
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Figure 5. 9 Concentration of metal ions versus operating time with flow rates of feed 
and stripping solutions of 100 mL/min, first module (a and c) using 0.03 M D2EHPA 
and 0.9 M HCl as the extractant and stripping solution, second module (b and d) 
using 0.06 M Aliquat 336 and 0.1 M thiourea as the extractant and stripping solution: 
(a) and (b) for Pb(II), (c) and (d) for Hg(II). 
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5.5.6 Parameters used in the model  

 

Table 5. 2 Reaction orders (m/n) versus reaction rate constants of Pb(II) and Hg(II) 
extraction and stripping (kEx and kSt). 

m/n Reaction Plot Reaction rate constant*  R2 

   Pb(II) Hg(II)  Pb(II) Hg(II) 

1 Extraction 
A

A

C

C 0ln and t 0.57 min-1 0.72 min-1 
 

0.5667 0.2396 

 Stripping 
SCO

CO

CC

C


ln  and t 1.42 min-1 1.98 min-1 

 
0.0841 0.5972 

2 Extraction 
0

11

AA CC
  and t 1.51 L/mg min 1.20 L/mg min 

 
0.9788 0.9980 

 Stripping 
COSCO CCC

11



 and t 11.20 L/mg min 9.25 L/mg min 

 
0.9801 0.9997 

3 Extraction 2
0

2 2

1

2

1

AA CC
  and t  5.00 L2/mg2 min 2.70 L2/mg2 min 

 
0.8263 0.9036 

 Stripping   22 2

1

2

1

COSCO CCC



 

and t 

219.16 L2/mg2 min 104.12 L2/mg2 min 

 

0.8113 0.7745 

* Reaction rate constant of Pb(II) extraction obtained from previous work [29]; CA, concentration of metal 
ions in the feed  solution at time t; CA0, initial concentration of metal ions in the feed solution;  
CCO, initial concentration of metal ions in the organic extractant; and CS, concentration of metal ions in 
the stripping solution at time t. 

 

The reaction rate constant and reaction order for extraction and stripping of 

Pb(II) and Hg(II) in Eqs. (5.5) and (5.6) were determined using integration and graphical 

methods plotted between the integral concentrations of Pb(II) and Hg(II) versus time. 

Results are shown in Table 5.2. It was clear that the highest R2 of extraction and 
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stripping reactions was obtained at second-order reactions. Thus, both extraction and 

stripping reactions of Pb(II) and Hg(II) were second-order. The other relevant 

parameters to be used in the model, as described in detail in Appendix A, are listed 

in Table 5.3.  

 

Table 5. 3 Values of relevant parameters used in the model. 

Parameters Prediction 

 Pb(II) Hg(II) 

CA,F(0,0) (mg/L) 1.0 1.0 

Vt (104 cm3) 4.59 4.59 

Vs (105 cm3) 3.68 3.68 

i (dimensionless) 100 100 

α (mg/L min) –0.457 –0.190 

β (min-1) 1.661 0.960 

γ (mg/L min) –0.038 –0.024 

φ (min-1) 1.301 0.941 
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Figure 5. 10 Concentrations of Pb(II) and Hg(II) versus flow rates of feed and stripping 
solutions: (a) first module using 0.03 M D2EHPA and 0.9 M HCl as the extractant and 
stripping solution, respectively, (b) second module using 0.06 M Aliquat 336 and 0.1 
M thiourea as the extractant and stripping solution, respectively. 
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Figure 5. 11 Comparison of concentrations of Pb(II) and Hg(II) in the feed solution, 
obtained from experimental results and mathematical model results: (a) first module 
using 0.03 M D2EHPA and 0.9 M HCl as the extractant and stripping solution, 
respectively, (b) second module using 0.06 M Aliquat 336 and 0.1 M thiourea as the 
extractant and stripping solution, respectively. 
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5.5.7 Validation of the model with the experimental results 

 

 The experiment, under various flow rates of both feed and stripping solutions, 

was carried out in order to validate model prediction. It was investigated by using a 

continuous flow of both feed and circulating flow of stripping solutions at flow rates 

between 100 and 400 mL/min. Operating time was 80 min. The concentration of 

Pb(II) and Hg(II) in feed and stripping solutions, from both experimental results and 

model results calculated by Eqs. (5.8) and (5.10), are shown in Figure 5.10. Results 

showed that the concentration of Pb(II) and Hg(II) in feed solutions slowly increased 

with higher flow rates of feed and stripping solutions, while their concentration in the 

stripping solutions showed opposite results. This was because of less residence time, 

as reported by Uedee et al. [40]. Therefore, flow rates of both feed and stripping 

solutions at 100 mL/min are recommended.  

Concentration of Pb(II) and Hg(II) in feed and stripping solutions predicted by 

the model fitted well with the experimental results. Average percent deviation was 

2% and 5% for predictions in the feed and stripping phases, respectively. Results 

indicated that the extraction and stripping reactions at both feed–liquid-membrane 

and liquid-membrane–stripping interfaces are important factors that govern the rate 

of lead and mercury ions transport across the liquid membrane. 

 

5.5.8 Comparison of the models  

 

Figure 5.11 shows the comparison of concentration of lead and mercury ions 

in feed solutions obtained from the experimental results and from the models (this 



175 

work and Kandwal et al. [23]). The model of Kandwal et al. was developed based on 

the principle of a facilitated diffusional transport mechanism (neglecting mass 

accumulation and chemical reactions). It can be seen that the model results, from 

the present work, were in good agreement with the experimental results. Average 

percent deviations were about 2% for both PbCl2 and HgCl2 solutions; whereas the 

results of the model by Kandwal et al. did not match the experimental results. This 

confirmed that the chemical reaction is a very important factor in controlling the rate 

of transport of lead and mercury ions along the hollow fibers. 

 

5.6 Conclusion 

 

Double-module HFSLM showed a high selective separation of Pb(II) and Hg(II) 

from synthetic wastewater containing Pb(II), Hg(II), and Na(I). D2EHPA and  

Aliquat 336 were found to be the best extractants for the selective extraction of 

Pb(II) and Hg(II), respectively. Optimum condition was achieved using 0.03 M D2EHPA 

and 0.9 M HCl as the extractant and stripping solution for the first module with 0.06 

M Aliquat 336 and 0.1 M thiourea as the extractant and stripping solution, 

respectively, for the second module. The concentration of lead and mercury ions in 

the stripping solutions increased linearly with operating time. Their concentration in 

the stripping solutions reached a higher level than that in the inlet feed solution 

after 20 and 60 min, respectively. 

Reaction rate constants of extraction and stripping of Pb(II) were 1.51 and 

11.20 L/mg min and of Hg(II) were 1.20 and 9.25 L/mg min. Concentration of Pb(II) 

and Hg(II) predicted by the developed model, based on the chemical reactions and 
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solved by the concept of Generating Function, were in good agreement with the 

experimental results. Average percent deviations were 2% and 5% for predictions in 

the feed and stripping phases. This indicated that chemical reactions at the liquid 

membrane interfaces were important factors that govern the rate of Pb(II) and Hg(II) 

transport across the liquid membrane phase. 
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5.8 Appendix A. The developed-model mathematics and assumptions for 

metal-ion transport through HFSLM 

 

The conservation of mass of metal ions in each small segment for feed phase 

is as shown below: 

 

dt

txdC
VVtxrtxCqtxCq iFA

tPiExAiFAFiFAF

),(
),(),(),( ,
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Linearization of the reaction rate of extraction ( ),(, txr iExA ) in Eq. (A.1) using 

the Taylor series gives the following equation: 

 

 ),(),( ,, txCtxr iFAiExA                                     (A.2) 

 

where  
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CA,F (0,0) is the initial concentration of metal ions in the feed solution.  

 

By substituting Eq. (A.2) into Eq. (A.1) and dividing by the volumetric flow rate, 

the following equation is obtained:   
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where ri and ro are the inner and outer radius of the hollow fibers,   is the porosity 

of the hollow fiber and L is the effective length of the hollow fibers. 
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Considering the conservation of mass in segments 1, 2, 3, …, i based on  

Eq. (A.3), the following series of differential equations is obtained:  
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The series of differential equations in Eqs. (A.4)–(A.7) can be solved by using 

the concept of Generating Function. The definition of Generating Function [25,41] is 
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and Z is a complex quantity.  
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Eq. (A.8) can be represented as 
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By multiplying the series of differential equations in Eqs. (A.4)–(A.7) by Z1, Z2, 

Z3, …, Zi, and then summing them up, the following equation is obtained: 
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where ))/(1(  Ft qV . 

 

From the definition of the Generating Function, Eq. (A.10) can be rewritten as 

follows: 
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By integrating Eq. (A.11) and using the boundary condition from Eq. (A.8), the 

following equation is obtained: 
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By the distribution of Z function in Eq. (A.12) into polynomial form and using 

the method of undetermined coefficients, an equation for estimating the 

concentration of metal ions in the outlet feed solution ( ),(, txC iFA ) is obtained, as 

shown in Eq. (A.13): 
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At the stripping phase, the conservation of mass of metal ions in segment i is 

shown below: 
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To linearize the term of ),(, txr iStA   in Eq. (A.14), the Taylor series is applied: 
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Substituting Eq. (A.15) in Eq. (A.14) and dividing by the volumetric flow rate of 

stripping solution, the following equation is obtained: 
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where do is the outer diameter of the hollow fiber.   

 

The conservation of mass in the stripping phase at segments 1, 2, 3, ..., i 

based on Eq. (A.16) can be expressed by the following series of differential 

equations:  
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Solving the series of differential equations in Eqs. (A.17)–(A.20) by the same 

concept described in Eqs. (A.4)–(A.13), the equation for estimating the concentration 

of metal ions in the outlet stripping solution  ( ),(, txC iStA  )  is obtained as shown in  

Eq. (A.21): 
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where ))/(1(  StP qV . 
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)0,( 0, xC StA   is estimated from the experimental mass-transfer flux of metal-ion 

transport across the liquid membrane phase from the feed phase to the stripping 

phase )( .ExptJ . The experimental mass-transfer flux can be estimated from [42] 
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where A is the effective mass-transfer area and StAC , is the difference in the 

concentration of metal ions between the outlet and inlet stripping solutions 

obtained from the experiment.  

 

The experimental mass-transfer flux can also be estimated from [42] 
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Applying Eq. (A.23), the following equation is obtained: 
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where 
ixStV ,  is the volume of the stripping phase at position

ix . 
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Considering the small segment at position 0x , ),(, txC iStA   is equal to 

)0,( 0, xStAC  . Therefore, from Eqs. (A.22) and (A.24), )0,( 0, xStAC  in Eq. (A.21) can be 

calculated, as shown below: 
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where 
oxStV ,  is the volume of the stripping phase at position

0x  and 0A  is the 

effective mass-transfer area at position
0x .   

 

5.9 References 
 

[1]  M.Z. Barciszewska, M. Szymanski, E. Wyszko, J. Pas, L. Rychlewski,  

J. Barciszewski, Lead toxicity through the leadzyme, Mutation Research: Reviews 

in Mutation Research 589 (2005) 103–110. 

[2]  E.K. Silbergeld, Facilitative mechanisms of lead as a carcinogen, Mutation 

Research: Fundamental and Molecular Mechanisms of Mutagenesis 533 (2003) 

121–133. 

[3]  S. Díez, Human health effects of methyl mercury exposure, Reviews of 

Environmental Contamination and Toxicology 198 (2009) 111–132. 

[4]  W.L. Hughes, A physicochemical rationale for the biological activity of mercury 

and its compounds, Annals of the New York Academy of Sciences 65 (2006) 

454–460. 



185 

[5]  Thailand Regulatory Discharge Standards 2, Ministry of Industry, Thailand, 1996. 

[6]  D.L. Gallup, J.B. Strong, Removal of mercury and arsenic from produced water, 

Chevron Corporation (2007) 1–9. 

[7]  S. Gupta, M. Chakraborty, Z.V.P. Murthy, Optimization of process parameters for 

mercury extraction through pseudo-emulsion hollow fiber strip dispersion 

system, Separation and Purification Technology 114 (2013) 43–52. 

[8]  B.S. Inbaraj, J.S. Wang, J.F. Lu, F.Y. Siao, B.H. Chen, Adsorption of toxic mercury 

(II) by an extracellular biopolymer poly([gamma]-glutamic acid), Bioresource 

Technology 100 (2009) 200–207. 

[9]  I.M. Coelhoso, M.M. Cardoso, R.M.C. Viegas, J.P.S.G. Crespo, Transport 

mechanisms and modelling in liquid membrane contactors, Separation and 

Purification Technology 19 (2000) 183–197. 

[10]  P.C. Rout, K. Sarangi, A comparative study on extraction of Mo(VI) using both 

solvent extraction and hollow fiber membrane technique, Hydrometallurgy 133 

(2013) 149–155. 

[11]  M.F. San Roman, E. Bringas, R. Ibanez, I. Ortiz, Liquid membrane technology: 

fundamentals and review of its applications, Journal of Chemical Technology 

and Biotechnology 85 (2010) 2–10. 

[12]  N.M. Kocherginsky, Q. Yang, L. Seelam, Recent advances in supported liquid 

membrane technology, Separation and Purification Technology 53 (2007) 171–

177. 

 

 



186 

[13]  P.K. Mohapatra, V.K. Manchanda, Liquid membrane-based separations of 

actinides, in: A.K. Pabby, S.S.H. Rizvi, A.M. Sastre (Eds.), Handbook of Membrane 

Separations: Chemical, Pharmaceutical, Food and Biotechnological Applications, 

CRC Press, United States, 2009, pp. 883–918. 

[14]  B.F. Jirjis, S. Luque, Chapter 9—practical aspects of membrane system design in 

food and bioprocessing applications, in: Z.F. Cui, H.S. Muralidhara (Eds.), 

Membrane Technology, Butterworth-Heinemann, Oxford, 2010, pp. 179–212. 

[15] Z. Lazarova, B. Syska, K. Schügerl, Application of large-scale hollow fiber 

membrane contactors for simultaneous extractive removal and stripping of 

penicillin G, Journal of Membrane Science 202 (2002) 151–164. 

[16]  U. Pancharoen, A.W. Lothongkum, S. Chaturabul, Mass transfer in hollow fiber 

supported liquid membrane for As and Hg removal from produced water in 

upstream petroleum operation in the gulf of Thailand, in: M. El-Amin (Ed.), Mass 

Transfer in Multiphase Systems and its Applications, InTech, India, 2011,  

pp. 499–524. 

[17]  R. Guell, E. Antico, V. Salvado, C. Fontas, Efficient hollow fiber supported liquid 

membrane system for the removal and preconcentration of Cr(VI) at trace 

levels, Separation and Purification Technology 62 (2008) 389–393. 

[18]  D. Buachuang, P. Ramakul, N. Leepipatpiboon, U. Pancharoen, Mass transfer 

modeling on the separation of tantalum and niobium from dilute hydrofluoric 

media through a hollow fiber supported liquid membrane, Journal of Alloys 

and Compounds 509 (2011) 9549–9557. 



187 

[19]  L.D. Mafu, T.A.M. Msagati, B.B. Mamba, The enrichment and removal of arsenic 

(III) from water samples using HFSLM, Physics and Chemistry of the Earth 50–52 

(2012) 121–126. 

[20]  A. Mtibe, T.A.M. Msagati, A.K. Mishra, B.B. Mamba, Determination of phthalate 

ester plasticizers in the aquatic environment using hollow fibre supported 

liquid membranes, Physics and Chemistry of the Earth 50–52 (2012) 239–242. 

[21]  U. Pancharoen, T. Wongsawa, A.W. Lothongkum, A reaction flux model for 

extraction of Cu(II) with LIX84I in HFSLM, Separation Science and Technology 46 

(2011) 2183–2190. 

[22]  P.V. Vernekar, Y.D. Jagdale, A.W. Patwardhan, A.V. Patwardhan, S.A. Ansari,  

P. K. Mohapatra, V.K. Manchanda, Transport of cobalt(II) through a hollow fiber 

supported liquid membrane containing di-(2-ethylhexyl) phosphoric acid 

(D2EHPA) as the carrier, Chemical Engineering Research and Design 91 (2013) 

141–157. 

[23]  P. Kandwal, S. Dixit, S. Mukhopadhyay, P.K. Mohapatra, Mass transport modeling 

of Cs(I) through hollow fiber supported liquid membrane containing  

calix-[4]-bis(2,3-naptho)-crown-6 as the mobile carrier, Chemical Engineering 

Journal 174 (2011) 110–116. 

[24]  Q. Yang, N.M. Kocherginsky, Copper removal from ammoniacal wastewater 

through a hollow fiber supported liquid membrane system: modeling and 

experimental verification, Journal of Membrane Science 297 (2007) 121–129. 

[25]  K.W. McLaughlin, C.M. Bertolucci, Applications of generating functions to 

polymerization kinetics. 3.: general procedure illustrated for propagation with 

monomer conversion, Journal of Mathematical Chemistry 14 (1993) 71–78.  



188 

[26] Y. Kawamura, M. Mitsuhashi, H. Tanibe, H. Yoshida, Adsorption of metal ions on 

polyaminated highly porous chitosan chelating resin, Industrial and Engineering 

Chemistry Research 32 (1993) 386–391. 

[27]  T. Gumi, M. Oleinikova, C. Palet, M. Valiente, M. Munoz, Facilitated transport of 

lead(II) and cadmium(II) through novel activated composite membranes 

containing di-(2-ethyl-hexyl)phosphoric acid as carrier, Analytica Chimica Acta 

408 (2000) 65–74. 

[28]  F.d.M. Fabrega, M.B. Mansur, Liquid-liquid extraction of mercury (II) from 

hydrochloric acid solutions by Aliquat 336, Hydrometallurgy 87 (2007) 83–90. 

[29]  S. Suren, T.Wongsawa, U. Pancharoen, T. Prapasawat, A.W. Lothongkum, Uphill 

transport and mathematical model of Pb(II) from dilute synthetic 

leadcontaining solutions across hollow fiber supported liquid membrane, 

Chemical Engineering Journal 191 (2012) 503–511. 

[30]  A.W. Lothongkum, S. Suren, S. Chaturabul, N. Thamphiphit, U. Pancharoen, 

Simultaneous removal of arsenic and mercury from natural-gas-co-produced 

water from the Gulf of Thailand using synergistic extractant via HFSLM, Journal 

of Membrane Science 369 (2011) 350–358. 

[31]  Membrana–Charlotte, Celgard, LLC, 13800 South Lakes Drive, Charlotte, North 

Carolina 28273, USA. 

[32]  A. Escobar, K.A. Schimmel, J. de Gyves, E.R. de San Miguel, Hollow-fiber 

dispersion-free extraction and stripping of Pb(II) in the presence of Cd(II) using 

D2EHPA under recirculating operation mode, Journal of Chemical Technology 

and Biotechnology 79 (2004) 961–973. 



189 

[33]  C.-V.I. Gherasim, G. Bourceanu, R.-I. Olariu, C. Arsene, Removal of lead(II) from 

aqueous solutions by a polyvinyl-chloride inclusion membrane without added 

plasticizer, Journal of Membrane Science 377 (2011) 167–174. 

[34]  L. Gurel, L. Altas, H. Buyukgungor, Removal of lead from wastewater using 

emulsion liquid membrane technique, Environmental Engineering Science 22 

(2005) 411–420. 

[35]  U. Pancharoen, S. Somboonpanya, S. Chaturabul, A.W. Lothongkum, Selective 

removal of mercury as HgCl42– from natural gas well produced water by TOA 

via HFSLM, Journal of Alloys and Compounds 489 (2010) 72–79. 

[36]  K. Chakrabarty, P. Saha, A.K. Ghoshal, Simultaneous separation of mercury and 

lignosulfonate from aqueous solution using supported liquid membrane, 

Journal of Membrane Science 346 (2010) 37–44. 

[37]  L. Iberhan, M. Wisniewski, Extraction of arsenic(III) and arsenic(V) with  

Cyanex 925, Cyanex 301 and their mixtures, Hydrometallurgy 63 (2002) 23–30. 

[38]  B. Wassink, D. Dreisinger, J. Howard, Solvent extraction separation of zinc and 

cadmium from nickel and cobalt using Aliquat 336, a strong base anion 

exchanger, in the chloride and thiocyanate forms, Hydrometallurgy 57 (2000) 

235–252. 

[39]  C.W. Wood, A.K. Holliday, Inorganic Chemistry, third ed., Butterworth, England, 

1967. 

[40]  E. Uedee, P. Ramakul, U. Pancharoen, A.W. Lothongkum, Performance of 

hollow fiber supported liquid membrane on the extraction of mercury(II) ions, 

Korean Journal of Chemical Engineering 25 (2008) 1486–1494. 

[41]  I. Pázsit, L. Pál, Neutron Fluctuations, 2008, Elsevier; Amsterdam, 315–329. 



190 

[42]  Z. Ren, W. Zhang, Y. Liu, Y. Dai, C. Cui, New liquid membrane technology for 

simultaneous extraction and stripping of copper(II) from wastewater, Chemical 

Engineering Science 62 (2007) 6090–6101. 



 
 

CHAPTER VI  

MEASUREMENT ON THE SOLUBILITY OF ADIPIC ACID IN VARIOUS 

SOLVENTS AT HIGH TEMPERATURE AND ITS  

THERMODYNAMICS PARAMETERS 

 

 

Sira Suren a,b, Niti Sunsandee a,b, Magdalena Stolcova b, Milan Hronec b,  

Natchanun Leepipatpiboon c, Ura Pancharoen a,*, Soorathep Kheawhom a,** 

 

 

a Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn 

University,   Bangkok 10330, Thailand  

b Department of Organic Technology, Faculty of Chemical and Food Technology, 

Slovak University of Technology in Bratislava, Bratislava 81237, Slovak Republic  

c Chromatography and Separation Research Unit, Department of Chemistry, Faculty 

of Science, Chulalongkorn University, Patumwan, Bangkok 10330, Thailand 

 

 

 

 

 

This article has been published in Journal: Fluid Phase Equilibria. 

Page: 332–337. Volume: 360. Year: 2013. 

 



192 

6.1 Abstract 

 

This work presents measurements of the solubility of adipic acid in water, 

acetic acid, acetic acid-water mixture (ratio of 1:1, v/v), cyclohexanol and 

cyclohexanone at the temperatures ranging from 303.0 to 403.0 K. The reliability 

experimental method used in this work for studying the solubility of adipic acid was 

verified using the published solubility data at low temperatures. The modified 

Apelblat equation was applied in order to correlate the solubility of adipic acid in 

the above mentioned solvents. The results showed that our method was found to 

be acceptable for measuring the solubility of adipic acid at high temperatures. The 

solubilities of adipic acid obtained from the modified Apelblat equation fitted well 

with the experimental data. The total average relative deviation was 2.55%. 

Moreover, the molar enthalpy and the molar entropy of dissolutions of adipic acid in 

water, acetic acid, acetic acid–water mixtures, cyclohexanol and cyclohexanone at 

temperatures ranging from 303.0 to 403.0 K were calculated. 

 

Keywords: Adipic acid; Solubility; Apelbat equation; Enthalpy of solution;  

Entropy of solution. 

 

6.2 Introduction 

 

Adipic acid is an important substance in chemical industries. It is ranked in the 

top ten by the term of volume used [1]. It is used as a raw material in the 

productions of polyamide [2,3], polyurethane, polyester resins, plasticizers, lubricants 
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[4], carpet fibers, specialty foams, reinforcements, and several items of clothing [5]. 

Oxidation of cyclohexanone-cyclohexanol mixture with nitric acid is the conventional 

route for preparing adipic acid [1]. In the industry, it is mainly produced by oxidation 

of cyclohexane with air and nitric acid [6]. After oxidization process, crude adipic acid 

has to be purified to obtain pure adipic acid [7]. 

Crystallization is one of the most purification methods for recovering the 

target components from the solution. To recover the target component by 

crystallization, its solubility data is required [8,9]. For separation by crystallization, a 

suitable solvent system should yield an adequately high solubility at the starting 

conditions in order to entirely dissolve the product without a dramatic increase in 

the volume of solution but also allow a significant decrease in solubility at the end 

of the process to reduce the product losses and increase the process yield [10]. 

The solubility of substances is one of the most considerable parameters in 

the development of solution theory [11–18]. However, the solubility data of some 

substances that have been reported are limited [19–21]. This lack of data results 

from the problems in the sampling of solutions at high temperatures and pressures 

[22]. 

To obtain the solubility data of compounds at high temperatures, it requires a 

high experimental effort which is very sophisticated and time consuming [23,24]. 

Some thermodynamic models have been developed to predict the solubility of 

certain substances to reduce this effort to a minimum. The modification of the 

Apelblat equation model is widely used to correlate the solubility data of some 

substances. It provides the acceptable data of solubility at different temperatures 
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[25–28]. Moreover, it can also be applied to calculate the molar enthalpy and the 

molar entropy of dissolutions of compounds [28]. 

As far as we know, only a few data of the solubility of adipic acid in several 

organic solvents and aqueous solutions [7,29–31] was measured at low 

temperatures. However, this solubility data is far from the industrial conditions. 

Therefore, in this work, the solubility data of adipic acid was measured in various 

solvents (water, acetic acid, acetic acid–water mixture (ratio of 1:1, v/v), cyclohexanol 

and cyclohexanone) in the temperatures ranging from 303.0 to 403.0 K. The modified 

Apelblat equation model was applied to correlate the solubility data of adipic acid. 

The model was verified by comparing the solubility data obtained from the model 

with those gained from the experimental results. 

 

6.3 Experimental  

 

6.3.1 Materials 

 

Adipic acid (C6H10O4, MW 146.14 g/mol, melting point 424.0–425.0 K [32]) and 

acetic acid (CH3CO2H, MW 60.05 g/mol) were purchased from Sigma–Aldrich. 

Cyclohexanol (C6H12O, MW 100.16 g/mol) and cyclohexanone (C6H10O, MW 98.15 

g/mol) were bought from Mikrochem®, Slovakia. Water used in the experiments was 

distilled water. All chemicals were used without further purification. The source and 

mass fraction purity of chemicals are concluded in Table 6.1. 
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Table 6. 1 Source and mass fraction purity of chemicals. 

Chemical name Source Purity /% mass Analysis method 

Adipic acid Sigma–Aldrich   99 HPLC 

Acetic acid Sigma–Aldrich 99 HPLC 

Cyclohexanol Mikrochem 95 HPLC 

Cyclohexanone   Mikrochem 99 HPLC 

 

6.3.2 Apparatus and procedures 

 

The solubility of adipic acid in various solvents was measured by our 

published method [33,34] which is the equilibrium method. The experiment was 

performed in a 50-mL reactor made from stainless steel as shown in Figure 6.1. 

Within the reactor, the Teflon® container, which has a hole of 0.5 cm3, was kept over 

the solution level. Before each experiment was carried out, both solvent (25 mL) and 

excess adipic acid had been measured and subsequently deposited into the reactor. 

A magnetic stirring rotor was put into the reactor so that adipic acid and solvent 

could be adequately mixed. After the reactor containing adipic acid and solvent has 

been firmly closed, it was heated in a thermostated silicone oil bath. This silicone oil 

bath was linked with the stirrer and thermocouple with an uncertainty ±0.1 K so that 

the system could reach the required temperature. The preliminary experiments 

showed that equilibrium could be achieved when the concentration of adipic acid in 

the liquid-phase solution become unchanging after stirring for 90 min. Therefore, the 

system was retained in the static state for 180 min until the solution become 

homogeneous and all of the suspended particles deposited on the bottom. 
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Figure 6. 1 The experimental apparatus: (1) temperature control, (2) Teflon® 
container holder, (3) silicone oil bath, (4) stainless steel reactor, (5) Teflon® container, 
(6) Teflon® container hole, (7) magnetic bar, (8) stirrer controller. 
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At the experimental temperature, about 0.5 mL of a solution sample was 

withdrawn by pushing a Teflon® container into the solution. Then, the Teflon® 

container hole was opened by rotating the Teflon® container holder to the sampling 

position and waiting for 1 min so that the sample solution flowed in to the Teflon® 

hole. After that, the sampler hole was closed by turning the Teflon® container 

holder back and pulled from the middle of solution to over the solution level. 

Subsequently, the reactor was cooled to the ambient temperature by cooling water 

(most of the solute would crystallize) to avoid the vaporization of the solvent. After 

that, the reactor was opened. The closed Teflon® container was washed three times 

with 100-mL distilled water and then air-dried. The amount of the sample withdrawn 

into the Teflon® container was determined as the weight difference of the container 

– before and after sampling. Then, the Teflon® container was opened. The collected 

sample was transferred into the volumetric flask and analyzed by high-performance 

liquid chromatography (HPLC). Each experiment was repeated at least three times. 

 

6.3.3 Analyses 

 

HPLC was used to analyze the concentrations of adipic acid in various 

solvents. A Shimadzu (Japan) instrument consisting of a LC10AD high-pressure binary 

solvent delivery system, a Rheodyne injector equipped with 20-μL sample loop and 

a Shimadzu SPD-M10Vp photodiode-array detector was used. The Class-10 software 

was used to control the system, data acquisition and integration. The compounds 

were separated on the LiChrospher 100 RP-18e column (250  4.0 mm, 5 μm) 

(Merck, Germany) at the ambient temperature. A mixture of acetonitrile and 10-
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mmol/L aqueous solution of monosodium dihydrogen phosphate buffer adjusted to 

pH of 2.9 at a ratio of 10:90% (v/v) was used for elution. The flow rate of mobile 

phase was 1.0 mL/min. The compounds were detected at 210 nm. For sample 

quantification, external calibration was used. To obtain the calibration standards, 

serial dilution of adipic acid in the mobile phase was used. The linearity was assessed 

by standard solution preparation from 0.4 to 2 mg/mL. The determination precision 

was calculated from triplicated injections. The pH of the aqueous mobile phase was 

measured by a pH meter SevenMulti™ Modular Expansion model (Mettler-Toledo, 

Greifensee, Switzerland). An analytical balance (Mettler ae-260 type) with an 

uncertainty of 0.0001 g was used for all the mass measurements. 

 

6.4 Results and discussion 

 

6.4.1 Verification of the experimental method 

 

The reliability of the experimental method used in this work for studying the 

solubility of adipic acid was verified using the published solubility data obtained in 

water [30], acetic acid, cyclohexanol and cyclohexanone [29] at low temperatures. 

The results are shown in Figure 6.2, the mole fractions of adipic acid solubilities (xi) in 

these solvents measured by our method are in accordance with those available in 

the literature. 
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Figure 6. 2 Comparison of the literature and experimental mole fraction of adipic 
acid solubility (xi) against temperature: (a) in acetic acid and water, (b) in 
cyclohexanol and cyclohexnone. 
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6.4.2 Solubility of adipic acid in various solvents 

 

Table 6. 2 Mole fraction of adipic acid solubility (xi ) in solvents at different 
temperature (T).a 

T (K) xi 

 Water  Acetic acid Acetic acid+water 

(ratio 1:1, v/v) 

Cyclohexanol  Cyclohexanone 

303.0 0.004  0.026  0.006  0.015  0.013  

313.0 0.006 0.037  0.016  0.034  0.019  

323.0 0.009  0.059  0.016  0.064  0.032  

333.0 0.015  0.085  0.026  0.087  0.049  

343.0 0.022  0.116  0.040  0.125  0.074  

353.0 0.031  0.147  0.051  0.154  0.100  

363.0 0.040  0.207  0.070  0.195  0.136  

373.0 0.048  0.263  0.085  0.237  0.178  

383.0 0.058  0.322  0.096  0.287  0.214  

393.0 0.068    0.108  0.331  0.252  

403.0 0.082      

a Standard uncertainties u are u(T) =  ±0.1K,  u(xi) = ±0.001. 

 

The mole fractions of adipic acid solubilities in water, acetic acid, acetic  

acid-water mixture (ratio of 1:1, v/v), cyclohexanol and cyclohexanone were 

measured in the temperatures ranging from 303.0 to 403.0 K. The results shown in 

Table 6.2 indicates that the mole fraction of adipic acid solubility in all studied 
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solvents increases with temperature. The different solubility of adipic acid in various 

solvents results mainly from the structure and solvent polarity. The solubility of 

adipic acid in cyclohexanol and cyclohexanone is lower than that in acetic acid. This 

probably attributes to the incompatible structures. Adipic acid has a chain structure 

while cyclohexanol and cyclohexanone have a ring structure [29]. Moreover, the 

polarities of cyclohexanol and cyclohexanone are lower than that of acetic acid [35]. 

 

6.4.3 Modeling of solubility data  

 

To predict the concentration of adipic acid in saturated aqueous and organic 

solutions, the modified Apelblat equation was used. This equation (assuming that the 

enthalpy of solution depends directly on the temperature [36,37]) is widely used to 

calculate the solubilities of some organic compounds in various solvents. The 

modified Apelblat equation is expressed as shown below:  

 

 TC
T

B
Ax i lnln                     (6.1) 

 

where xi is the mole fraction of adipic acid solubility in a solution; A, B and C are the 

parameters obtained from the curve fitting of experimental solubility data using a  

non-linear optimization method [33]; and T is the temperature in Kelvin (K). 

 For prediction of the solubility of adipic acid in the predetermined solutions, 

by fitting of experimental solubility data – shown in Table 6.2 – the parameters A, B 

and C were obtained. The values of these are listed in Table 6.3. 
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Table 6. 3 Parameters (A, B and C) in the modified Apelblat equation model 
obtained by curve fitting the experimental solubility data and validity of the model 
for prediction of the adipic acid solubility in various solvents.a 

Solvents A B C Average relative  

deviation (E, %) 

Water 273.24 -17313.30 -38.82 1.87 

Acetic acid 101.16 -8316.00 -13.55 2.22 

Acetic acid+water (ratio 1:1 v/v) 309.24 -19015.00 -44.04 2.58 

Cyclohexanol 398.50 -23581.00 -56.86 4.06 

Cyclohexanone 

 

171.06 -12117.00 -23.70 2.01 

Total average relative deviation (%) 2.55 

a Standard uncertainties u are u(A) = u(B) = u(C) = u(E) = 0.01. 

 

The validation of the modified Apelblat equation was verified by the average 

relative deviation (ARD) [28], as shown in Eq. (6.2): 
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ARD                         (6.2) 

 

where N is the number of experimental data; xExp. and xCal. are the experimental and 

calculated mole fraction solubilities, respectively. 

 

Using Eq. (6.1), the solubility of adipic acid in water, acetic acid, acetic  

acid-water mixture (ratio of 1:1, v/v), cyclohexanol and cyclohexanone can be 
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estimated. The results, as seen in Figure 6.3, show that the solubility data calculated 

using the modified Apelblat equation model fit well with the measured experimental 

results. The validity of the modified Apelblat equation is summarized in Table 6.3. 

 

 

Figure 6. 3 Mole fraction of adipic acid solubility (xi) in various solvents against 
temperature obtained from experimental results and from the modified Apelblat 
equation model. 

 

As shown in Table 6.3, the modified Apelblat equation is well agreed with the 

experimental results. The average relative deviations between experimental results 

and results gained from the modified Apelblat equation are lower than 4.06%, and 

the total average relative deviation is 2.55%. Therefore, this model can be used to 

calculate the solubility of adipic acid in the studied solvents. 
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6.4.4 Molar enthalpy and molar entropy of dissolutions  

 

Modified Apelblat equation can be applied to calculate the molar enthalpy 

and molar entropy of dissolutions (ΔsolH and ΔsolS) of solid compounds [28]. Due to a 

process of pseudochemical reaction, the relationship between equilibrium constant 

and activities of the dissolution process of solid in liquid can be expressed as [38]:  

 

ws

i
i

aa

a
K                                         (6.3) 

 

where Ki is the solid dissolution equilibrium constant; ai is the activity of adipic acid 

in the solution; as is the activity of pure solid; and aw is the activity of pure liquid.  

 

Due to standard-state solid and liquid, it is considered that each of as and aw 

is a constant, and Ki can be written as [28]: 

 

ws

ii
i aa

x
K


                                  (6.4) 

 

where γi is the activity coefficient of adipic acid in the solution. 

 

It is assumed that γi is independent of composition. When the temperature 

derivative is taken, the temperature dependence of γi is ignored also. Therefore, γi in  
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Eq. (6.4) can be merged into asaw [27]. By taking a logarithm of Eq. (6.4), the following 

equation can be obtained: 

 

JxK ii  lnln                                     (6.5)  

 

where wsi aaJ lnln   . J is a temperature-independent constant.  

 

According to the modified Van't Hoff method together with the basis of the 

Gibbs equation [39] and using Eq. (6.5), the molar enthalpy of dissolution ΔsolH can 

be obtained as:  

    

1

ln



dT

xd
RH i

sol                                          (6.6) 

 

where R is the gas constant. 

 

Substituting Eq. (6.1) into Eq. (6.6) and using values of parameters B and C in 

Table 6.3, the molar enthalpy of dissolution, as shown in Table 6.4, is obtained. 
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Table 6. 4 Molar enthalpy of dissolution ( Hsol ) of adipic acid in various solvents.a 

 
T (K) Hsol  (kJ/mol) 

 

Water Acetic acid Acetic acid+water 

(ratio 1:1, v/v) 

Cyclohexanol Cyclohexanone  

303.0 46.1 35.0 47.1 52.8 41.0 

313.0 42.9 33.9 43.4 48.0 39.0 

323.0 39.7 32.7 39.8 43.3 37.1 

333.0 36.4 31.6 36.2 38.6 35.2 

343.0 33.2 30.5 32.5 33.9 33.1 

353.0 30.0 29.4 28.8 29.1 31.2 

363.0 26.8 28.2 25.1 24.4 29.2 

373.0 23.5 27.1 21.5 19.7 27.2 

383.0 20.3 26.0 17.8 14.9 25.3 

393.0 17.1 24.9 14.2 10.2 23.3 

403.0 13.9 23.7 10.5 5.5 21.3 

a Standard uncertainties u are u(T) =  ±0.1 K, u(∆solH) = 0.1 kJ/mol. 

 

As shown in Table 6.4, Hsol is higher than zero. It indicates that the course 

of adipic acid dissolving in water, acetic acid, acetic acid-water mixture (ratio of 1:1, 

v/v), cyclohexanol and cyclohexanone was endothermic [28]. This means that the 

energy of the mixture is higher than the energy of the components. 

According to the fundamental thermodynamic relation [40], the molar 

entropy of dissolution of adipic acid can be calculated as shown in the following 

relation [28]. 
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
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T

B
CRSsol                                            (6.7) 

 

Table 6. 5 Molar  entropy  of  dissolution  ( Ssol )  of  adipic  acid  in  various  

solvents.a 
 

T (K)  ΔsolS  (J/mol K) 

 

 Water            Acetic acid Acetic 

acid+water 

(ratio 1:1, v/v) 

Cyclohexanol Cyclohexanone 

303.0  152.1 115.4 155.4 174.0 135.3 

313.0  136.9 108.2 138.7 153.4 124.7 

323.0  122.7 101.3 123.1 135.0 114.7 

333.0  109.5 94.9 108.4 115.8 105.4 

343.0  96.8 88.9 94.6 98.6 96.5 

353.0  84.9 83.1 81.5 82.5 88.2 

363.0  73.7 77.8 69.2 67.2 80.4 

373.0  63.0 72.7 57.6 52.7 72.9 

383.0  53.0 67.8 46.5 39.0 65.9 

393.0  43.4 63.2 36.0 26.0 59.2 

403.0  34.3 58.7 26.0 13.6 52.9 

a Standard uncertainties u are u(T) =  ±0.1 K, u(∆solS) = 0.1 J/mol K. 

 

Adding values of parameters C and B in Table 6.3 into Eq. (6.7), the molar 

entropy of dissolution can be calculated. The results are shown in Table 6.5.  
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As shown in Table 6.5, molar entropy of dissolution for adipic acid in studied 

solvent is higher than zero. Tables 6.4 and 6.5 show that Hsol  and Ssol  are 

positive. It indicates that dissolving of adipic acid in studied solvents is an entropy-

driving process [28]. 

 

6.5 Conclusion 

 

This work presents the measurement of adipic acid solubility in water, acetic 

acid, acetic acid-water mixture (ratio of 1:1, v/v), cyclohexanol and cyclohexanone at 

temperatures ranging from 303.0 to 403.0 K. The reliability experimental method 

used in this work for studying the solubility of adipic acid was verified by the 

published solubility data at low temperatures. The solubility of adipic acid in the 

studied solvents was correlated with the modified Apelblat equation. The results 

clearly showed that the solubility data obtained from our method were acceptable 

for measuring the solubility of adipic acid. The solubilities of adipic acid obtained 

from the modified Apelblat equation fitted well with the experimental data. The 

total average relative deviation was 2.55%. The molar enthalpy and the molar 

entropy of dissolutions of adipic acid in water, acetic acid, acetic acid-water mixture 

(ratio of 1:1, v/v), cyclohexanol and cyclohexanone at the temperatures ranging from 

303.0 to 403.0 K were calculated. The results showed that their values were positive, 

indicating that the system was endothermic and entropy-driving process. 
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6.6 List of symbols 
 

A   parameter in the modified Apelblat equation 

ai   activity of adipic acid in the solution 

ARD   average relative deviation (%) 

as   activity of pure solid 

aw   activity of pure liquid 

B  parameter in the modified Apelblat equation 

C   parameter in the modified Apelblat equation 

J    temperature-independent constant  

Ki   solid dissolution equilibrium constant 

N   number of experimental data 

R  gas constant (J/mol K) 

T   temperature (K) 

xCal.   calculated mole fraction solubility 

xExp.   experimental mole fraction solubility 

xi   mole fraction of adipic acid solubility 

 

Greek letter 

 

γi   activity coefficient of adipic acid in the solution 
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Symbol  

 

ΔsolH   molar enthalpy of dissolution (kJ/mol) 

ΔsolS   molar entropy of dissolution (J/mol K) 
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7.1 Abstract  

 

This work concerns the solubility measurement of 4-alkyl benzoic acids  

(4-iso-propylbenzoic, 4-methylbenzoic and 4-tert-butylbenzoic acids) in aqueous 

solutions at temperatures ranging from 303.2 to 433.2 K. The reliability of the 

experimental method used for studying the solubility of the above mentioned acids 

was verified using the published solubility data of 4-methylbenzoic acid in water at 

low temperatures. The results showed that the data obtained by means of our 

apparatus are acceptable for measuring the solubility of acids at high temperatures. 

Both the H equation and the modified Apelblat equation model were utilized to 

correlate the solubility of 4-alkyl benzoic acids in aqueous solutions. The solubilities 

of the studied acids obtained from the modified Apelblat equation were in good 

agreement with the experimental results, at total average relative deviation of 6.19%. 

The H equation did not correspond with the experimental results (total average 

relative deviation of 22.43%). Therefore, in order to predict the solubility of 4-iso-

propylbenzoic, 4-methylbenzoic and 4-tert-butylbenzoic acids in aqueous solutions, 

a modified Apelblat equation was recommended. The modified Apelblat equation 

was also applied to determine the molar enthalpy and molar entropy of dissolutions 

of such acids in various solvents. The molar enthalpy and molar entropy of 

dissolutions observed were positive indicating that the dissolving of studied acids was 

an entropy-driven process.  

 

Keywords: Solubility; 4-alkyl benzoic acids; High temperature; Enthalpy of 

dissolution; Entropy of dissolution. 
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7.2 Introduction 
 

The solubility of solids in liquids is one of the most important process 

parameters and of scientific interest for the development of solution theory [1–7]. 

However, only limited solubility data have been reported in the literature. As far as 

we know, solubility data is available only for water and a few organic solvents at low 

temperatures. Unfortunately, this solubility data was gained under conditions far 

from industrial conditions.  

The solubility data of substances is very important for chemical 

manufacturing processes and product designs [8,9]. Some processes require data for 

designing purification processes [10–12] e.g. precipitation [13] crystallization [14,15] 

chemical reaction systems [16] pollution prevention [17] as well as production and 

purification of chemical compounds [18]. For many separation and purification 

processes, a mixture of two or more solvents has been occasionally found to offer 

the best operation properties. Water mixed with alcohols or acids has been 

frequently used as solvent [9,19].  

The 4-alkyl benzoic acids including 4-iso-propylbenzoic acid (C10H12O2),  

4-methylbenzoic acid (C8H8O2) and 4-tert-butylbenzoic acid (C11H14O2) have been 

widely used in industry. In the production of medicines, 4-iso-propylbenzoic and  

4-methylbenzoic acids are used [20]. 4-tert-butylbenzoic acid is used as raw material 

in order to produce alkyd resin modifier, cutting emulsion, lubricating oil additive, 

polypropylene nucleation agent, stabilizer, anti-oxidant in mental cutting emulsion, 

rust inhibitors in resin coatings and lubricating oil [21]. Only a few solubility data of  

4-methylbenzoic acid (C8H8O2) were measured [20,22,23]. However, this data was 
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obtained only at low temperatures which are far from conditions used in industrial 

processes. There is a lack of useful solubility data of some acids because of 

problems in the sampling of solutions at high temperatures and pressures [14].  

In order to gain solubility data of substances at high temperatures, 

sophisticated and time consuming experimental efforts are required [24]. To keep 

these experiments at a minimum, some thermodynamic models have been 

developed to calculate or predict the solubility of certain substances [25]. The 

thermodynamic models that are widely considered to correlate the solubility data of 

some substances are H equation and the modified Apelblat equation. These 

models provide acceptable data of solubilities of some compounds at different 

temperatures [19,20,26–29].  

In previous work, a method to measure the solubility of methylbenzoic and  

4-tert-butylbenzoic acids in water at high temperatures was successfully developed 

[30]. For this present work, this method is utilized to measure the solubility of  

4-methylbenzoic acid and 4-tert-butylbenzoic acid in acetic acid solutions. Moreover, 

the solubility of 4-isopropyl benzoic in water and acetic acid solutions was also 

measured. Both the H equation and the modified Apelblat equation model were 

used in order to correlate the solubility of these acids at temperatures ranging from 

303.2 to 433.2 K. Thus, in order to verify the validity of the models, the solubility 

data obtained from the experiment were compared to those determined from the 

models. Finally, the molar enthalpy and molar entropy of dissolutions of such acids 

in the studied solvents was estimated. 
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7.3 Experimental 

 

7.3.1 Chemicals 

 

The chemicals used were 4-iso-propylbenzoic acid (C10H12O2, molecular 

weight 164.20 g/mol; melting point 545 K), 4-methylbenzoic acid (C8H8O2, molecular 

weight 136.15 g/mol; melting point 453 K), 4-tert-butylbenzoic acid (C11H14O2, 

molecular weight 178.23 g/mol; melting point 437 K) and acetic acid (CH3CO2H, 

molecular weight 60.05 g/mol). The source and purity of such chemicals are 

summarized in Table 7.1. All chemicals were used without further purification. 

 

Table 7. 1 Source and purity of the chemicals used. 

Chemical name Source Purity  

(% mass) 

Analytical 

method 

4-iso-propylbenzoic acid Sigma–Aldrich Co.  LLC 98 GC 

4-methylbenzoic acid Sigma–Aldrich Co.  LLC 98 n/a 

4-tert-butylbenzoic acid Sigma–Aldrich Co.  LLC 99 GC 

acetic acid Sigma–Aldrich Co.  LLC 99.7 GC 
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Figure 7. 1 Experimental apparatus: (1) temperature control, (2) container handle (3) 
silicone oil bath, (4) stainless steel vessel, (5) Teflon® container, (6) Teflon® container 
hole, (7) magnetic bar, (8) stirrer controller. 
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7.3.2 Apparatus and procedures 

 

The solubility of 4-iso-propylbenzoic, 4-methylbenzoic and 4-tert-

butylbenzoic acids in aqueous solvents was measured by our published method 

[30,31] which is the equilibrium method. The experiment was performed in a 50-mL 

reactor made from stainless steel as shown in Figure 7.1. Before each experiment 

was carried out, both the solvent (approximate 25 mL) and excess studied acids were 

measured and subsequently deposited into the reactor. A magnetic stirring rotor was 

put into the reactor so that the studied acids and solvent could be adequately 

mixed. Then, the reactor was heated in a thermostated silicone oil bath. The silicone 

oil bath was linked with a thermocouple having an uncertainty ±0.1 K, so that the 

system could reach the required temperature.  

Preliminary experiments showed that equilibrium could be achieved when 

the concentration of the 4-alkyl benzoic acids in the liquid-phase solution becomes 

constant after stirring for 90 min. Thus, the system was kept in a static state for 120 

min until the solution became homogeneous and all of the suspended particles 

were deposited on the bottom. Subsequently, at the experimental temperature, a 

sample of the solution (about 0.5 mL) was taken by pushing a Teflon® container into 

the solution. Through the rotation of the container handle, the container hole was 

uncovered and a sample of the solution flowed into the hole. After that, the Teflon® 

container was closed. Subsequently, the Teflon® container was pulled upwards 

through the solution right to the top. To avoid the vaporization of the solvent during 

sampling, the reactor was cooled to an ambient temperature by the cooling water. 

As a result, most of the solute crystallized. After the reactor was opened, the closed 
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Teflon® container was washed three times with 100-mL distilled water and then air-

dried. The amount of the sample withdrawn into the Teflon® container was 

determined by the weight difference of the container – before and after sampling. 

Finally, the withdrawn sample was transferred into the volumetric flask and analyzed 

by high-performance liquid chromatography (HPLC). Each experiment was repeated 

at least three times. 

 

7.2.3 Analyses 

 

The solubility of the 4-alkyl benzoic acids was determined using HPLC. The 

chromatographic system was equipped with a Shimadzu LC10AD high-pressure binary 

solvent delivery system, using a Rheodyne injector provided with a 20-μl sample 

loop and a Shimadzu SPD-M10Vp photodiode-array detector. Data analysis was 

carried out using Class 10 software for control of the system, data acquisition and 

integration. The analysis was conducted three times whereby the mean values were 

used for calculating the mole fraction solubility.  

 

7.4 Results and discussion 

 

7.4.1 Solubilities of 4-alkyl benzoic acids 

 

To verify the reliability of the experimental method used in this work for 

measuring the solubility of the acids, the solubility data of the 4-methylbenzoic acid 

in water from the literature [20,32], at low temperatures, was compared to the 
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experimental results as obtained through our procedures. As shown in Figure 7.2, the 

mole fraction solubilities (xi) of 4-methylbenzoic acid in water, as measured by our 

method, are in accordance with those available in the literature.   

  

 

Figure 7. 2 Comparison of mole fraction solubility (xi) of 4-methylbenzoic acid in 
water. 

 

 In this work, the solubilities of the 4-iso-propylbenzoic in water and acetic 

acid solutions, 4-methylbenzoic and 4-tert-butylbenzoic acids in acetic acid solutions 

were measured in the temperatures ranging from 303.2 to 433.2 K. As shown in 

Tables 7.2a – c, the mole fraction solubility of all the studied benzoic acids was 

found to increase with an increase in temperature and increase in the volume ratio 

of acetic acid-water mixture. Similar dependence but at lower temperatures was 

observed by Li et al. [20] and Strong et al. [30] for the solubility of 4-methylbenzoic 

acid in acetic acid and water. 
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Table 7. 2 Mole fraction solubility (xi) of 4-alkyl benzoic acids. 

a) Mole fraction solubility (xi) of 4-iso-propylbenzoic acid in various solvents. 

Temp.  

(K) 

103 xi  

Water Acetic acid+water  

(ratio 1:1, v/v) 

Acetic acid+water  

(ratio 1.5:1, v/v) 

303.2 1.33 3.97 13.10 

313.2 1.55 4.25 15.38 

318.2 1.98 4.95 15.59 

323.2 1.76 5.45 17.71 

328.2 2.68 6.36 18.68 

333.2 2.45 7.41 21.57 

338.2 3.61 8.17 23.46 

343.2 3.98 8.56 25.75 

353.2 4.89 12.26  

363.2 6.22 16.12  

368.2 8.89 18.25  

373.2 9.76 21.12  

383.2 12.83   
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b) Mole fraction solubility (xi) of 4-methylbenzoic acid in various solvents. 

Temp.  

(K) 

103 xi 

Water [30]  Acetic acid+water  

(ratio 1:1, v/v) 

Acetic acid+water  

(ratio 1.5:1, v/v) 

298.2 0.05 - - 

303.2 0.06 0.44 1.25 

313.2 0.10 0.62 1.47 

323.2 0.14 1.12 2.06 

333.2 0.19 1.50 3.00 

343.2 0.36 1.84 4.12 

353.2 0.51 3.63 6.26 

363.2 0.71 6.17 9.77 

373.2 1.83 8.93 14.23 

383.2 2.77 12.06 19.35 

393.2 4.53 15.96 27.38 

403.2 7.14 20.01 37.74 

413.2 11.23 31.60 51.14 

423.2 13.48 50.73 68.99 

433.2 39.82 72.76 98.88 
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c) Mole fraction solubility (xi) of 4-tert-butylbenzoic acid in various solvents. 

Temp.  

(K)  

103 xi  

Water [30]  Acetic acid+water  

(ratio 1:1, v/v) 

Acetic acid+water  

(ratio 1.5:1, v/v) 

303.2 0.50 1.22 3.12 

313.2 0.80 3.22 5.69 

323.2 1.53 3.36 7.68 

333.2 1.63 5.02 9.68 

343.2 2.50 7.30 12.39 

353.2 3.89 10.29 17.77 

363.2 5.56 13.57 23.43 

373.2 9.12 19.48 27.43 

383.2 10.45 27.53 41.55 

393.2 15.50 31.25 57.56 

403.2 21.20 44.15 72.06 

413.2 29.68 57.37  

 

7.4.2 Modeling of solubility data 

 

7.4.2.1 Empirical formula  

 

   In this work, an empirical formula, as shown in Eq. (7.1) [31,33] was 

used to correlate the mole fraction solubilities of 4-iso-propylbenzoic, 4-

methylbenzoic and 4-tert-butylbenzoic acids in aqueous solutions.  
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)exp( 21 Tkkx i                     (7.1) 

 

where xi is the mole fraction solubility of a solute component i in the solvent; k1 and 

k2 are constant parameters in the empirical formula and T is the temperature in 

Kelvin (K). 
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Figure 7. 3 Mole fraction solubilities (xi) of acids in various solvents against 
temperature and their empirical formula correlation: (a) mole fraction solubility of 4-
iso-propylbenzoic acid, (b) mole fraction solubility of 4-methylbenzoic acid, (c) mole 
fraction solubility of 4-tert-butylbenzoic acid. 
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The experimental solubility data of 4-alkyl benzoic acids and their empirical 

formulas are shown in Figure 7.3a – c. By comparing data from the empirical formula 

with the experimental solubility data, it was shown that all regressions attained high 

R-square (R2 > 0.99). This indicated that the experimental data is satisfactory 

described by using the above empirical formula. 

 

7.4.2.2 H equation  

 

 The model of the H equation, as shown in Eq. (7.2), is widely used to 

correlate the solubility of organic acids in saturated aqueous solutions [26]. This 

model was first derived by Buchowski et al. [34]. The H equation, which only 

includes two parameters,  and H, gives a good prediction of the solubility of many 

systems.  
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where λ and H are equation parameters; T and Tm is the equilibrium temperature 

and the melting point of the considered acid (K).   

 

λ and H are adjustable parameters which are estimated from the solubility 

data by the nonlinear regression [19]. By using Eq. (7.2) and the solubility data, as 

summarized in Table 7.2, the parameters λ and H for the prediction of the solubility 
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of 4-iso-propylbenzoic, 4-methylbenzoic and 4-tert-butylbenzoic acids in pure water 

and acetic acid-water mixture can be obtained. The optimized values for parameters 

λ and H are listed in Table 7.3.  

The solubilities of 4-iso-propylbenzoic, 4-methylbenzoic and 4-tert-

butylbenzoic acids in aqueous solvents estimated by the H equation are shown in 

Figure 7.4. As seen from the results in Figure 7.4, the solubility of considered benzoic 

acids in pure water and in mixture of acetic acid/water, as predicted by the H 

equation, did not correspond to the experimental results. It can be stated that the 

H equation cannot be applied for predicting the solubility of 4-iso-propylbenzoic, 4-

methylbenzoic and 4-tert-butylbenzoic acids in the studied solvents. 

 

Table 7. 3 Parameters used in the H  equation model for 4-iso-propylbenzoic,  
4-methylbenzoic and 4-tert-butylbenzoic acids in various solvents. 

Compound λ × 103 H × 10-3 R2 

4-iso-propylbenzoic acid:    

     in acetic acid+water (ratio 1:5, v/v) 180.76 100.40 0.9910 

     in acetic acid+water (ratio 1:1, v/v) 221.44 129.50 0.9940 

     in water 161.41 218.90 0.9900 

4-methylbenzoic acid:    

     in acetic acid-water (1.5:1) 139.34 335.47 0.9920 

     in acetic acid+water (ratio 1:1, v/v) 102.21 509.01 0.9904 

4-tert-butylbenzoic acid:    

     in acetic acid+water (ratio 1:5, v/v) 142.99 260.45 0.9900 

     in acetic acid+water (ratio 1:1, v/v) 107.78 403.63 0.9981 
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Figure 7. 4 Mole fraction solubilities (xi) of acids in various solvents against 
temperature obtained from experimental results and from the H equation model: 
(a) mole fraction solubility of 4-iso-propylbenzoic acid, (b) mole fraction solubility of 
4-methylbenzoic acid, (c) mole fraction solubility of 4-tert-butylbenzoic acid.  

 

7.4.2.3 Modified Apelblat equation 

 

  For calculation of the solubilities of some organic compounds in 

various solvents, the modified Apelblat equation was derived. This equation 

(assuming that the enthalpy of the solution is directly proportional to the 

temperature [30,35,36]) was used to predict the concentration of 4-iso-

propylbenzoic, 4-methylbenzoic, and 4-tert-butylbenzoic acids in saturated aqueous 

solution. The modified Apelblat equation is expressed by the following equation: 

 

 TC
T

B
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where A, B and C are the parameters in the modified Apelblat equation. 

 

Table 7. 4 Parameters (A, B and C) in the modified Apelblat equation model 
obtained by fitting the experimental solubility data. 

Compound A B C 

4-iso-propylbenzoic acid:    

     in acetic acid+water (ratio 1.5:1, v/v) -267.12 11,008.00 39.63 

     in acetic acid+water (ratio 1:1, v/v) -244.30 9,406.00 36.35 

     in water -256.69 9,599.00 38.21 

4-methylbenzoic acid:    

     in acetic acid+water (ratio 1.5:1, v/v) -157.27 4,065.70 23.98 

     in acetic acid+water (ratio 1:1, v/v) -134.05 2,336.00 20.75 

4-tert-butylbenzoic acid:    

     in acetic acid+water (ratio 1.5:1, v/v) -93.70 1,443.00 14.58 

     in acetic acid+water (ratio 1:1, v/v) -36.36 -1,903.00 6.33 

 

Parameters A, B and C in Eq. (7.3) can be calculated by fitting the 

experimental solubility data via a non-linear optimization method [30]. In order to 

obtain these parameters, for predicting the concentration of 4-iso-propylbenzoic, 4-

methylbenzoic and 4-tert-butylbenzoic acids in aqueous solutions, the solubility 

data, as summarized in Table 7.2a – c, were used. The calculated parameters A, B 

and C are shown in Table 7.4.  
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Figure 7. 5 Mole fraction solubilities (xi) of acids in various solvents against 
temperature obtained from experimental results and from the modified Apelblat 
equation model: (a) mole fraction solubility of 4-iso-propylbenzoic acid, (b) mole 
fraction solubility of 4-methylbenzoic acid, (c) mole fraction solubility of 4-tert-
butylbenzoic acid. 

 

Using parameters summarized in Table. 7.4 and Eq. (7.3), the mole fraction 

solubility of 4-iso-propylbenzoic, 4-methylbenzoic, and 4-tert-butylbenzoic acids in 

the studied solvents can be estimated. The results in Figure 7.5 show that the mole 

fraction solubility data calculated using the modified Apelblat equation model are in 

good agreement with the measured experimental results. 
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7.4.2.4 Comparison of the models 

 

   The validation of the H equation and the modified Apelblat equation 

models were verified by the average relative deviation (E), as shown in Eq (7.4), 
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where N is the number of experimental data; xExp. and xCal. are the experimental and 

calculated mole fraction solubility data. 

 

The comparison of the validity of the H equation and the modified Apelblat 

equation models is summarized in Table 7.5. 

As shown in Table 7.5, the data predicted from the modified Apelblat 

equation is in good agreement with the experimental results. The total average 

relative deviation between the experimental results and results predicted from the 

modified Apelblat equation is 6.19%. As regards the H equation, this did not 

correspond to the experimental results (total average relative deviation of 22.43%). 

Therefore, to predict the solubility of 4-iso-propylbenzoic, 4-methylbenzoic and 4-

tert-butylbenzoic acids in pure water and acetic acid-water mixture, the modified 

Apelblat equation is recommended. 
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Table 7. 5 Comparison of the validity of the H equation and the modified Apelblat 
equation models for the prediction of the solubility of 4-iso-propylbenzoic, 4-
methylbenzoic and 4-tert-butylbenzoic acids in various solvents. 

Compound Average relative deviation (E,%) 

 H equation Modified Apelblat equation 

4-iso-propylbenzoic acid:   

     in acetic acid+water (ratio 1.5:1, v/v) 11.80 2.55 

     in acetic acid+water (ratio 1:1, v/v) 9.67 3.90 

     in water 11.56 6.29 

4-methylbenzoic acid:   

     in acetic acid+water (ratio 1.5:1, v/v) 37.30 8.15 

     in acetic acid+water (ratio 1:1, v/v) 32.77 8.59 

4-tert-butylbenzoic acid:   

     in acetic acid+water (ratio 1.5:1, v/v) 23.78 6.48 

     in acetic acid+water (ratio 1:1, v/v) 30.10 7.39 

Total average relative deviation (%) 22.43 6.19 

 

7.4.3 Molar enthalpy and molar entropy of dissolutions  

 

The molar enthalpy and molar entropy of solid-compound dissolutions (ΔsolH 

and ΔsolS) can be calculated by the Modified Apelblat equation [37]. Due to a 

process of pseudo-chemical reaction, the relationship between the equilibrium 

constant and the activities of the dissolution process of solid in liquid can be 

expressed as [38]: 
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where Ki is the equilibrium constant of solid dissolution; ai is the activity of acids in 

the solution; as is the activity of pure solid; and aw is the activity of pure liquid.  

 

According to standard-state liquid and solid, it is regarded as each of as and 

aw is a constant, and Ki can be represented as [37]: 
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where γi is the activity coefficient of acid in the solution. 

 

It is assumed that γi is an independent composition. When the temperature 

derivative is taken, the temperature dependence of γi is ignored also. Therefore, γi in  

Eq. (7.6) can be merged into asaw [28]. Taking a logarithm of Eq. (7.6) gives: 

 

JxK ii  lnln                   (7.7)  

 

where wsi aaJ lnln    

 

J is a temperature-independent constant.  
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According to the modified Van't Hoff method together with the basis of the 

Gibbs equation [6] and using Eq. (7.7), the molar enthalpy of dissolution can be 

obtained as:  
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where R is the gas constant. 

 

Substituting Eq. (7.7) into Eq. (7.8) gives the following equation: 
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Substituting Eq. (7.3) into Eq. (7.9) obtains: 
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By using Eq. (7.10) and the values of parameters B and C from Table 7.4, the 

molar enthalpy of dissolution is achieved. These values are shown in Table 7.6.



 
 

Table 7. 6 Molar enthalpy and molar entropy of dissolutions (∆solH and ∆solS) of 4-
alkyl benzoic acids in various solvents. 

a) Molar enthalpy and molar entropy (ΔsolH and ΔsolS) of 4-iso-propylbenzoic acid in 

various solvents.  

T (K) solH (J/mol)  ΔsolS (J/mol K) 

 Water Acetic acid+water 

(ratio 1:1, v/v) 

Acetic acid+water 

(ratio 1.5:1, v/v) 

 Water Acetic acid+water 

(ratio 1:1, v/v) 

Acetic acid+water 

(ratio 1.5:1, v/v) 

303.2 13,415.4 13,415.4 83,63.0  44.3 44.3 27.6 

313.2 16,437.7 16,437.7 11,658.0  52.5 52.5 37.2 

318.2 17,948.9 17,948.9 13,305.5  56.4 56.4 41.8 

323.2 19,460.0 19,460.0 14,953.0  60.2 60.2 46.3 

328.2 20,971.2 20,971.2 16,600.5  63.9 63.9 50.6 

333.2 22,482.3 22,482.3 18,248.0  67.5 67.5 54.8 

338.2 23,993.5 23,993.5 19,895.5  71.0 71.0 58.8 

343.2 25,504.6 25,504.6 21,543.1  74.3 74.3 62.8 

353.2 27,015.8 28,526.9 23,190.6  77.6 80.8 66.6 

363.2 28,526.9 31,549.2 24,838.1  80.8 86.9 70.3 

368.2 30,038.1 33,060.4 26,485.6  83.9 89.8 74.0 

373.2 31,549.2 34,571.6 28,133.1  86.9 92.6 77.5 

383.2 33,060.4 37,593.9 29,780.6  89.8 98.1 80.9 
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b) Molar enthalpy and molar entropy (ΔsolH and ΔsolS) of 4-methylbenzoic acid 

dissolutions in various solvents. 

T (K) solH (J/mol)   ΔsolS (J/mol K) 

 Acetic acid+water 

(ratio 1:1, v/v) 

Acetic acid+water 

(ratio 1.5:1, v/v) 

 Acetic acid+water 

(ratio 1:1, v/v) 

Acetic acid+water 

(ratio 1.5:1, v/v) 

303.2 32,878.4 26,638.2  107.4 87.9 

313.2 34,603.6 28,632.0  108.5 91.4 

323.2 36,328.9 30,625.8  110.5 94.8 

333.2 38,054.1 32,619.6  112.4 97.9 

343.2 39,779.4 34,613.4  114.2 100.9 

353.2 41,504.7 36,607.2  115.9 103.7 

363.2 43,229.9 38,601.0  117.5 106.3 

373.2 44,955.2 40,594.8  119.0 108.8 

383.2 46,680.4 42,588.6  120.5 111.2 

393.2 48,405.7 44,582.5  121.8 113.4 

403.2 50,130.9 45,579.4  123.7 114.5 

413.2 51,856.2 46,576.3  124.9 115.5 

423.2 53,581.4 47,573.2  126.1 116.6 

433.2 55,306.7 48,570.1  126.6 117.6 
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c) Molar enthalpy and molar entropy (ΔsolH and ΔsolS) of 4-tert-butylbenzoic acid in 

various solvents.  

T (K) solH (J/mol)   ΔsolS (J/mol K) 

 Acetic acid+water 

(ratio 1:1 v/v) 

Acetic acid+water 

(ratio 1.5:1 v/v) 

 Acetic acid+water 

(ratio 1:1 v/v) 

Acetic acid+water 

(ratio 1.5:1 v/v) 

303.2 31,777.4 24,751.5  104.8 81.6 

313.2 32,303.7 25,963.8  103.2 82.9 

323.2 32,830.0 27,176.0  101.6 84.1 

333.2 33,356.3 28,388.3  100.1 85.2 

343.2 33,882.6 29,600.5  98.7 86.3 

353.2 34,408.9 30,812.8  97.4 87.3 

363.2 34,935.2 32,025.0  96.2 88.2 

373.2 35,461.5 33,237.3  95.0 89.1 

383.2 35,987.8 34,449.5  93.9 89.9 

393.2 36,514.1 35,661.8  92.9 90.7 

403.2 37,040.4 36,874.0  91.9 91.5 

413.2 37,566.7 38,086.3  90.9 92.2 

423.2 38,093.0 39,298.5  90.0 92.9 



 
 

 

 As shown in Table 7.6, Hsol is a positive value indicating that the course of  

4-iso-propylbenzoic acid, 4-methylbenzoic acid and 4-tert-butylbenzoic acid in 

studied solvents was endothermic [37]. This means that the energy of the 

components is lower than the energy of the mixture. 

According to the fundamental thermodynamic relation [39], the molar 

entropy of dissolution of studied acids can be calculated as shown in the following 

relation [37]. 
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From Eq. (7.11) and values of the parameters C and B , as shown in Table 7.4, 

the molar entropy of dissolution can be obtained. These values are shown above in 

Table 7.6. 

 

As shown in Table 7.6, molar entropy of dissolution for 4-alkyl benzoic acids 

in studied solvents is positive. Again, as shown in Table 7.6, both Hsol  and ΔsolS are 

higher than zero indicating that the dissolving of 4-iso-propylbenzoic acid,  

4-methylbenzoic acid and 4-tert-butylbenzoic acid in studied solvents is an entropy-

driven process [37]. 
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7.5 Conclusion 

 

 This work experimentally studied the solubility of 4-iso-propylbenzoic,  

4-methylbenzoic and 4-tert-butylbenzoic acids in water and acetic acid/water 

mixture at a temperature ranging from 303.2 to 433.2 K. The experimental 

procedures, applied for the study of these benzoic acids in this work, was verified by 

comparing the measured data of the solubility of 4-methylbenzoic acid in water with 

the literature data concerning this acid at lower temperatures. The H equation and 

the modified Apelblat equation models were used to predict the solubility of 4-iso-

propylbenzoic, 4-methylbenzoic and 4-tert-butylbenzoic acids in aqueous solvents at 

high temperatures. The modified Apelblat equation was recommended in order to 

predict the solubility of considered acids and was applied to determine molar 

enthalpy and molar entropy of dissolutions of 4-alkyl benzoic acids in various 

solvents. The molar enthalpy and molar entropy of dissolutions observed were 

positive indicating that the dissolving of the acids studied was an entropy-driven 

process.  

 

7.6 Nomenclature  

 

ai   activity of acids in the solution 

as   activity of pure solid 

aw   activity of pure liquid 

A  parameter in the modified Apelblat equation 

B   parameter in the modified Apelblat equation 
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C   parameter in the modified Apelblat equation 

E   average absolute deviation 

H  parameter in the λH equation 

J   temperature-independent constant  

k1  constant parameter in the empirical formula 

k2   constant parameter in the empirical formula 

Ki    equilibrium constant of solid dissolution 

N   number of experimental data 

R   gas constant (J/mol K)
 

T   temperature in Kelvin (K) 

Tm   melting point of the considered 4-alkyl benzoic acid (K) 

xCal.   calculated mole fraction solubility data 

xExp.   experimental mole fraction solubility data 

xi   mole fraction solubility of the solute component i in the solvent 

 

Greek letter 

 

λ  parameter in the λH equation 

γi   activity coefficient of acid in the solution 

 

Symbol 

 

ΔsolH   molar enthalpy of solid-compound dissolution (J/mol) 

ΔsolS   molar entropy of solid-compound dissolution (J/mol K) 
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CHAPTER VIII  

CONCLUSION 

 

8.1 Conclusion 

  

 According to the results in this work and previous findings, hollow fiber 

supported liquid membrane (HFSLM) is proved to be most effective for the 

separation of a relatively low concentration of various target species, e.g., metal 

ions(10-14), organic compounds(75,76) and enantiomers(77-79). In this work, HFSLM can 

successfully separate lead, mercury and arsenic ions in ppm level from synthetic 

water and produced water. The concentrations of discharged lead, mercury and 

arsenic ions comply with the regulatory discharge limits of which the concentrations 

are not higher than 0.2, 0.005 and 0.25 ppm, respectively. Simultaneous extraction 

and stripping of target ions in a single-step operation of the HFSLM system makes the 

separation unit very compact with less operating time. Other advantages of the 

HFSLM over traditional methods (e.g., chemical precipitation, coagulation, adsorption 

and ion exchange) include less extractant and solvent, low energy consumption, low 

capital and operating costs, and high selectivity. It is worth to be noted that selective 

separation can be attained by using a mixture of two types of extractants so-called 

synergistic extractant together with connecting hollow fiber modules in series or in 

parallel, while higher capacity can be attained by connecting hollow fiber modules in 

parallel. However, in this work selective separation of lead(II) and mercury(II) ions was 

obtained by applying D2EHPA (an acidic extractant) and Aliquat 336 (a basic 
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extractant) in two hollow fiber modules connected in series, i.e, D2EHPA and Aliquat 

336 in the first and second modules, respectively.  
 

The overall contents of this dissertation cover the following studies:  

 

The superior extraction of mercury ions compared with arsenic ions was 

obtained. Mercury ions in produced water were almost totally extracted by Aliquat 

336, Bromo-PADAP, Cyanex 923 and Cyanex 471. Of all the extractants, Aliquat 336 

showed the best performance in the extraction of mercury ions. Synergistic 

separation of arsenic ions was remarkably obtained by using the mixture of 0.22 M 

Aliquat 336 and 0.06 M Cyanex 471 with 0.2 M H2SO4 in feed solution, 0.1 M of 

thiourea as a stripping solution, continuous operation HFSLM using a single module 

of the HFSLM and equal flow rates of feed and stripping solutions of 100 mL/min. 

The concentrations of discharged mercury and arsenic ions complied with the 

regulatory discharge limits at 1-cycle separation (approximately 40 min) and 3-cycle 

separation, respectively. The synergistic coefficient (R) for the extraction of arsenic 

ions was 2.8 indicating that the synergistic extraction of arsenic ions by the mixture of 

Aliquat 336 and Cyanex 471 was moderate compared with the synergistic extraction 

of zirconium ions (R = 30.4) and hafnium ions (R = 18.3) by the mixture of Cyanex 921 

and Cyanex 272(55). To enhance the synergistic extraction of arsenic ions, further 

study on the mixture of other extractants was recommended.  
 

According to the results of separation of lead(II) ions from synthetic water, 

high extraction and stripping of lead(II) ions from Pb(NO3)2 and PbCl2 solutions were 

observed. The concentrations of lead(II) ions in the stripping solution was higher than 
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that in the inlet feed solution of about 2.7 times. The concentration of discharged 

lead(II) ions complied with the regulatory discharge limit by using 0.03 M D2EHPA as 

the extractant, 0.9 M HCl as the stripping solution, semi-batch operation HFSLM using 

a single module of the HFSLM, operating time of 80 min, and equal flow rates of 

feed and stripping solutions of 100 mL/min. It should be noted that the 

concentration of lead(II) ions in the stripping solution increased with the 

concentration of HCl. However, in order to ensure a longer lifetime of the 

polypropylene hollow fibers, 0.9 M HCl is recommended. Further, to obtain a high 

concentration of lead(II) ions in the stripping solution and less-stripping solution 

consumption, semi-batch operation HFSLM is recommended. It was found that the 

kinetics of Pb(NO3)2 and PbCl2 extraction corresponded to the second-order reaction 

with the rate constants of 1.49 and 1.51 L/mg min, respectively. The outlet 

concentrations of lead(II) ions in the Pb(NO3)2 and PbCl2 feed solutions estimated by 

the reaction flux model from our research group(23) were in good agreement with the 

experimental data at the average percent deviations of 4% for Pb(NO3)2 solution and 

8% for PbCl2 solution. It indicated that the extraction of lead(II) ions by HFSLM 

depended on the convection and accumulation of lead(II) ions in the feed solution, 

and the reactions at feed-liquid membrane interface. 
 

The semi-batch operation HFSLM using a double-module HFSLM in series was 

applied to attain the selective separation of lead(II) and mercury(II) ions. It was found 

that lead(II) and mercury(II) ions were selective separated from synthetic water by 

each module. The concentrations of discharged lead(II) and mercury(II) ions complied 

with the regulatory discharge limits. The optimum conditions were 0.03 M D2EHPA as 

the extractant and 0.9 M HCl as the stripping solution in the first module; 0.06 M 
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Aliquat 336 as the extractant and 0.1 M thiourea as the stripping solution in the 

second module at the operating time of 80 min, and equal flow rates of feed and 

stripping solutions of 100 mL/min. The concentrations of lead and mercury ions in 

the stripping solutions were higher than those in the inlet feed solution of about 2.7 

and 1.2 times, respectively. The extraction and stripping of lead(II) and mercury(II) 

ions were found to be the second-order reaction. The reaction rate constants for the 

extraction of lead(II) and mercury(II) ions were 1.51 and 1.20 L/mg min, respectively. 

The reaction rate constants for the stripping of lead(II) and mercury(II) ions were 

11.20 and 9.25 L/mg min, respectively. 
 

To apply the HFSLM system to industrial applications, the reaction flux model 

considering the convection and accumulation of lead(II) and mercury(II) ions in the 

feed and stripping solutions and the reactions at liquid-membrane interfaces is 

recommended to predict suitable flow rates of feed and stripping solutions, and the 

extraction and stripping of the target species. The diffusion in liquid membrane was 

neglected. In this work, the models were solved by two methods, i.e., Laplace 

Transform and Generating Function. The results from the models agreed well with 

the experimental data. In case of using Laplace Transform, the average percent 

deviations for the prediction of extraction and stripping of lead(II) and mercury(II) ions 

were the same of about 3%. In case of using Generating Function, the average 

percent deviations for the prediction of extraction and stripping of lead(II) and 

mercury(II) ions were 2% and 5%, respectively. There was no significant difference in 

the solutions obtained by the models using the Laplace Transform and Generating 

Function. Low average percent deviations indicated that the extraction and stripping 

of lead(II) and mercury(II) ions via HFSLM corresponded to the reaction flux model. In 
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fact, the concentrations of lead, mercury and arsenic in the produced water from 

various wells are different. The reaction flux model is proved very helpful for the 

separation of the metal ions to attain high quality produced water or wastewater.  
 

Solubilities of the extractant in feed and stripping solutions are important to 

the stability of the liquid membrane and of course to the efficiency separation by 

HFSLM. The suitable extractant should have low solubility in feed and stripping 

solutions but should have high solubility in the diluent(68). The solubility data of the 

extractants in feed and stripping solutions must be known to select a suitable 

extractant for the HFSLM system.  

The equilibrium method for the measurements of the solubilities of the 

organic acids was applied as learning cases for the measurement of the solubility of 

the extractant. The solubilities of adipic acid, 4-methylbenzoic acid, 4-iso-

propylbenzoic acid and 4-tert-butylbenzoic acid attained from the equilibrium 

method in this work were in good agreement with those solubilities reported in the 

literature(69-72). The modified Apelblat equation was found to be highly accurate 

compared with the H equation in the prediction of these organic acids. The total 

average relative deviation for the prediction of the solubilities by the modified 

Apelblat equation was about 6% while by the H equation was about 22%. The 

molar enthalpy and the molar entropy of dissolutions of adipic acid, 4-

methylbenzoic acid, 4-iso-propylbenzoic acid and 4-tert-butylbenzoic acid estimated 

by the modified Apelblat equation were positive values indicating that the dissolving 

of these organic acids was endothermic and entropy-driven process. 

 

 



 

 

256 

8.2 Recommendations for future studies 

 

1. The properties and contaminant ions of produced water from various 

reservoirs are different, and thus the results in this work corresponding to the 

produced water from Bualuang field might be different from the produced water 

other reservoirs. Accordingly, the separation of metal ions from produced water from 

different reservoirs is recommended because types of metal ions and the 

interference of different ions play a role in the extraction and stripping of metal ions.  

2. Because the hollow fibers of the HFSLM module in this work are 

polypropylene, which cannot resist strong acids such as HCl, high concentration of 

acid and high temperature, therefore, other materials should be considered and too 

high concentration of acid and too high temperature should be avoided. 

3. Measurement of the solubilities of various extractants in aqueous solutions 

should be studied.  
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