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Solvent Impregnated Resins (SIRs) for the Recovery of Low Concentration 
Ethers and Phenols from Water 
 
Summary 
 

The extraction of low concentration polar organics from water can be a difficult task due to the 
lack of suitable extractants, irreversible emulsification and extractant loss to the aqueous phase. In 
order to enhance such an extraction process, the objective of this work is to design a new class of 
solvent impregnated resins (SIRs). SIRs consist of (commercially available) macroporous resins 
impregnated with an extractant. This way, advantages of adsorption and extraction like high 
selectivity and high capacity are combined in a single step. Furthermore, SIRs can avoid persistent 
emulsification and decrease solvent loss compared to conventional liquid-liquid extraction. 

The focus of this work is on the removal of ethers and phenols – in particular methyl tert-butyl 
ether and phenol itself – from water. While MTBE is a widespread groundwater contaminant, 
phenol is present in waste waters of several industrial processes. Removal of these solutes from the 
respective aqueous environment can provide drinking water as well as facilitate the application of 
closed-loop cycles in the chemical process industry. 
 

Removal of phenol from water 
 

The extractant screening for phenol removal is based on a literature review and on molecular 
considerations. The main mechanism identified for complexing phenol is hydrogen bonding. 
Several extractant species are first screened based on the quantum chemical Conductor-like 
Screening Model for Real Solvents (COSMO-RS). The validation of the theoretical screening is 
done with liquid-liquid equilibrium experiments. It is shown, that the COSMO-RS screening 
generally underestimates the experimentally determined distribution coefficients KD. Nonetheless, 
some KD values are predicted quantitatively correct. Even though a precise quantitative prediction is 
often not possible, the qualitative trend of the extractant order can be very well predicted. From this 
screening, Cyanex 923, an alkyl phosphine oxide blend, is identified as the extractant with the 
highest affinity for phenol (KD ≈ 1400). 

Different factors influencing the phenol extraction with Cyanex 923 are investigated in liquid-
liquid equilibrium experiments. These factors are pH and salt content of the aqueous phase, 
temperature and the organic acid content of the aqueous phase. High pH values decrease the KD of 
phenol between Cyanex 923 and water considerably. This is, because at high pH values phenol is 
converted to phenolate salts, which are more soluble in the aqueous phase than in the organic phase. 
Therefore the pH shift is identified as a possible method to regenerate the extractant phase. An 
increase of temperature also causes a decrease of the phenol solubility in the extractant phase. 
However, this effect is less pronounced as the effect of the pH shift. A high salt content causes an 
increase of phenol concentration in the extractant phase due to the so-called salting-out, i.e. 
dehydration of the phenol molecules in the aqueous phase. As high salt loads can appear in process 
streams, e.g. during the large-scale phenol synthesis according to Hock, it is expected that the 
phenol extraction with Cyanex 923 will be more effective at such process conditions. An increasing 
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amount of organic acids in the aqueous phase causes the so-called salting-in effect. During salting-
in the phenol molecules are stabilized in the aqueous phase by the organic acid molecules, as 
undissociated organic acid molecules form intermolecular hydrogen bonds with the phenol 
molecules in the aqueous phase. The result is that the phenol content in the extractant is decreased 
with increasing organic acid content of the aqueous phase. This is important for process 
applications involving waste streams containing phenol and organic acids. 

Different resin particles are investigated as possible solid support for the selected phenol 
extractant Cyanex 923. These are MPP particles and Amberlite XAD16. The determined extraction 
isotherms of the prepared SIRs are successfully described with an isotherm equation based on 
physical and chemical equilibrium constants of phenol between Cyanex 923 and water. The 
prepared impregnated particles are compared with resins/adsorbents commonly used for phenol 
removal, such as Amberlite XAD7, strongly and weakly basic ion exchangers and activated carbon. 
It is shown that only activated carbon performs better during phenol extraction than the prepared 
SIRs. However, activated carbon is usually not regenerated, as a high energy input is needed and a 
significant loss of activated carbon occurs. This is why SIRs can be more advantageous, as a 
regeneration study proves that they can be easily regenerated via a pH shift. It is shown that the 
impregnated MPP particles are stable over at least seven cycles, while the impregnated Amberlite 
XAD16 particles suffer from attrition. This is why impregnated MPP particles are considered as the 
most promising alternative to conventional phenol removal technologies like adsorption and ion 
exchange. 

The phenol extraction kinetics of MPP particles impregnated with Cyanex 923 are investigated. 
The modified shrinking core model is used to identify the rate determining step of phenol extraction 
with the prepared SIR. The rate determining steps are intraparticle diffusion and chemical reaction, 
i.e. hydrogen bonding between phenol and Cyanex 923. Thus, a model based on intraparticle 
diffusion and chemical reaction is used to simulate the experimentally determined concentration 
profiles. The reaction rate constant and the diffusivities of phenol, the extractant and the formed 
complex inside the particle pores are initially used as fitting parameters. Later on, the model 
describes most of the experimentally determined aqueous phase concentration data rather well with 
the determined diffusivities and reaction rate constant. It is shown that increasing the temperature 
and increasing the phenol concentration in the aqueous phase increase the extraction rate. 
 

Removal of MTBE from water 
 

MTBE is a widespread contaminant in groundwater due to fuel spillages and leakages from 
storage facilities. State-of-the-art technologies for MTBE removal are for example air stripping, 
granular activated carbon adsorption or chemical oxidation. These processes have serious 
drawbacks, namely high energy input, low selectivity and the formation of undesirable by-products. 
It is assumed that extraction can be a high capacity and high selectivity alternative to the above 
mentioned processes. However, extraction of MTBE is not yet an established technology, which is 
why only scarce material is available in literature. This is why an innovative extractant screening is 
performed, which is primarily based on molecular considerations. Starting point is an acidity series, 
as MTBE can act as base and hydrogen bond acceptor. The considered extractants have long alkyl 
chains to keep the extractants’ water solibility low and different functional groups, such as -NH, 
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-CH3, -OH, -PhOH, -COOH, -POOH in the order of increasing acidity. An extension of this series 
is considered by including substituted phenols, which can have an increased acidity compared to 
alkylphenols due to e.g. halogenation. Again, COSMO-RS is used as a tool for preliminary 
extractant screening. The screening indicates that the halogenated phenols are the MTBE 
extractants with the highest distribution coefficients KD. Experiments confirm this trend. Based on 
the extractant screening, 3-iodophenol is selected as most promising MTBE extractant, because it 
has a comparatively high MTBE capacity (KD ≈ 270) and is the most environmentally benign of the 
tested halogenated extractants. As 3-iodophenol is solid at standard conditions, a diluent screening 
based on Hildebrand and Hansen solubility parameters is performed. As a result, propylbenzene is 
selected as diluent for 3-iodophenol in further investigations on MTBE extraction. 

Different adsorbents are investigated as possible solid support for the preparation of a SIR for 
MTBE extraction. The isotherms of the carbonaceous resins Ambersorb XE-348F, the activated 
carbon Aquasorb 202 and synthetic resins, such as non-ionic aliphatic acrylic particles Amberlite 
XAD 7 and macroporous polypropylene MPP particles are determined. Although Ambersorb XE-
348F has the highest MTBE capacity among the tested particles, the impregnation with 3-
iodophenol/propylbenzene significantly decreases its MTBE capacity, possibly due to the blocking 
of the micropores of these particles. Further impregnation experiments with MPP particles and 
Amberlite XAD7 prove that the MTBE capacity of MPP and Amberlite XAD7 can be significantly 
increased by impregnation with the extractant solution. Impregnated MPP particles have a slightly 
higher MTBE capacity than impregnated XAD7 particles. However, the determined extraction 
isotherms of these SIRs are lower than the MTBE adsorption isotherms of Ambersorb XE-348F and 
Aquasorb 202. Although the initial extraction rate of Ambersorb XE-348F is very fast, the overall 
time until the particles are completely loaded with MTBE is around five days. In case of Aquasorb 
202 both the initial and overall extraction rate are very slow compared to the other particles. This is 
a considerable drawback compared to SIR particles. Moreover, the MTBE extraction rate of SIR 
particles can be further decreased by decreasing the particle size of the SIRs. For the impregnated 
MPP particles the selectivity experiments between MTBE and humic acid show that significantly 
higher selectivity values compared to the carbonaceous resin Ambersorb XE-348F and activated 
carbon can be achieved. Humic acid is a component frequently found in groundwater and can 
decrease the MTBE capacity of adsorbent particles noticeably. In a regeneration study it is shown 
that MTBE can be easily removed from loaded MPP particles impregnated with 3-
iodophenol/propylbenzene. This is done with a hot nitrogen gas stream. The time needed for 
complete regeneration is approximately 20 minutes for the investigated system. The promising 
selectivity, ease of regeneration and the prospect of comparatively short extraction times with small 
particles are the reasons why SIR technology is considered as potential alternative for conventional 
MTBE adsorbents. 

 
Conclusions and outlook 
 
The main conclusions are that the COSMO-RS theory can be used to qualitatively screen for 

suitable extractants, in this case for phenol and MTBE removal from water. With MPP particles, a 
solid matrix with high extractant capacity and high durability is selected for the SIR application. 
The impregnation of the particles increases the solute capacity considerably compared to 
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unimpregnated particles. Immobilizing the extractant inside particles avoids emulsification between 
the extractant and the aqueous phase. The SIR used for phenol removal has a higher phenol capacity 
than different synthetic resins and ion-exchangers, is stable during multiple cycles and easy to 
regenerate. The kinetics of this SIR depend on pore diffusion and chemical complexation between 
solute and extractant. The SIR used for MTBE removal shows that MTBE can be removed from 
water with reactive extraction. It has a high selectivity for MTBE when humic acid is present and 
can be completely regenerated with a hot gas stream. Its extraction rate can be increased by 
decreasing the SIR particle size. At certain process conditions, the use of a SIR for MTBE removal 
can be more cost-effective than state-of-the-art technologies. 

The major result of this study is that solvent impregnated resins can successfully be used to 
remove polar solutes from aqueous environments. 

Future tasks are the investigation of trialkylamine oxides as potential phenol extractants. 
Exploratory experiments beside this thesis suggest that these substances have a higher phenol 
capacity than phosphine oxides. Furthermore, the MTBE extractant needs to be optimized in terms 
of MTBE capacity, which should be increased to allow a highly effective MTBE removal and an 
enhanced cost-effectiveness. The water solubility, melting point and environmental impact of the 
MTBE extractant need to be decreased in return to satisfy requirements for an environmental 
application. 
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Chapter 1 

Introduction 

The extraction of low concentration polar organics from water can be a difficult task. In order to 
facilitate such an extraction process, the objective of this work is to design a new class of solvent 
impregnated resins. Particular focus lies on the removal of ethers and phenols – in particular methyl 
tert-butyl ether and phenol itself – from water. While MTBE poses a widespread groundwater 
contaminant, phenol is present in waste waters of several industrial processes. Removal of these 
solutes from the respective aqueous environment can provide drinking water as well as facilitate the 
application of closed-loop cycles in chemical technology. To set the scene, this chapter starts with 
the economic and environmental impact of phenol and methyl tert-butyl ether. Then, different state-
of-the-art separation techniques for the removal of these two components from water are discussed. 
Finally, a short introduction on the solvent impregnated resin principle is given, followed by the 
outline of the thesis. 

 
1.1 Background on phenol and methyl tert-butyl ether 
 
1.1.1 Economic and environmental impact of phenol 
 
Phenol and its derivatives are very important products in the chemical industry. In 2003 about 

7.3 × 106 t of phenol were produced. The total production capacity worldwide is more than 
9 × 106 t, of which around 37% is used for the production of bisphenol A.(1) Bisphenol A is 
particularly applied for the production of high-grade polycarbonates for compact discs, glazing and 
the automotive industry. It is also used as a starting material in epoxy resin production. The second 
largest amount of phenol is needed for the production of phenolic resins with formaldehyde.(2) 
Phenol is also utilized for the production of caprolactam via cyclohexanol and cyclohexanone. 
Moreover, many other products are based on phenol, such as aniline, alkylphenols, diphenols, and 
salicylic acid.(2) 

The inevitable consequence of the pronounced need for phenol and its derivatives is an 
undisputable environmental issue. Phenolic waste waters are discharged by plants in chemical 
industries, oil refining, phenolic resin production (3) and coke production facilities.(4) Phenol itself is 
lethal to fish at low concentrations (5 – 25 mg L-1) and brings objectionable tastes to drinking water 
at about 0.5 mg L-1. It is listed as a priority pollutant by the US Environmental Protection Agency 
(EPA). The European Union also regards several phenols as priority pollutants (5) and the 
80/778/EC directive regulates total phenols in drinking water to < 0.0005 mg L-1

.
(6) Additionally, 

phenol is classified as a Water-Hazard Class 2 component, which means that it is hazardous to 
waters. This is why it must be removed from wastewater, preferably in a downstream recovery step. 
The importance of such a step becomes apparent when considering that the wastewater from the 
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neutralization step in the cumene oxidation process (Hock Process), by which more than 
6.7 × 106 t/a of phenol are produced, contains about 1 – 2% phenol. 

 
1.1.2 Economic and environmental impact of methyl tert-butyl ether 
 
More than 95% of the 20 × 106 t annually produced Methyl tert-butyl ether (MTBE) is used in the 

gasoline pool. During the 1980s and 1990s huge production capacities have been erected in order to 
cover the increasing demand of MTBE. The current importance of this particular ether is based 
mainly on its remarkably good octane-enhancing properties when used as a gasoline blendstock.(7,8) 
These antiknock properties are especially important, as the use of cheap but toxic alkyl-lead 
compounds has been prohibited in most countries by legal regulations, both for environmental 
reasons and in order to allow the use of exhaust catalytic converters. Other than increasing the 
octane number, the addition of MTBE to fuel has further positive effects. The vapor pressure of fuel 
is decreased, so that vapor emissions during fueling and operation of automobiles are reduced. The 
addition of MTBE also reduces exhaust emissions, above all carbon monoxide, unburned 
hydrocarbons, polycyclic aromatics, and particulate carbon. Easier cold starting and prevention of 
carburetor icing are additional advantages. 

MTBE itself can also be used in different chemical reactions. These are, for example, the 
production of methacrolein and methycrylic acid (9) and of isoprene.(10,11) Further possible 
applications are amongst others patented by Degussa AG and BASF AG.(12,13,14) Due to its lack of 
acidic hydrogen atoms MTBE is a suitable solvent for chemical reactions such as Grignard 
reactions. 

MTBE is a common pollutant in ground waters. As it is relatively easily soluble in water (about 
51 g L-1) and will not adsorb on soil, it is easily washed into the groundwater. In the United States 
MTBE is currently the second most persistent contaminant in urban aquifers.(15) In the European 
Union findings so far do not indicate such widespread groundwater contamination, but the EU has 
stated that MTBE diminishes the aesthetic quality of drinking water from groundwater supplies.(16) 
Its odor and taste thresholds in water are 15 µg L-1 and 40 µg L-1, respectively. The result of a large 
amount of acute aquatic toxicity test data available for organisms at different trophic levels 
indicates a low toxicity to aquatic organisms.(17) MTBE is not considered mutagenic, genotoxic or 
carcinogenic, which is, of course, a positive feature. Nonetheless, its low biodegradability and the 
low odor and taste threshold make removal – and possibly recovery – necessary. 

 
1.2 Current removal and separation techniques 
 
1.2.1 Phenol 
 
For the removal of phenol from water different techniques exist: 

· distillation (2,18) 
· biological degradation (19,20) 
· supercritical water oxidation or wet air oxidation (3,21,22) 
· ultrasound (23,24) 
· membrane separation (25,26) 
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· extraction (2, 3) 
· adsorption (27,28) 

 
Logically, the applied method of phenol removal from waste water depends on its concentration 

therein. Distillation is only profitable at comparatively high phenol concentrations due to the 
required high energy input. 

Biological degradation, on the other hand, can only handle waste waters with phenol 
concentrations lower than 1000 mg L-1 and 5% salt, as the microorganisms cannot survive higher 
concentrations.(29,6) Also long biodegradation times have to be considered and a huge mass of 
activated sludge will occur as output. 

Another approach is supercritical water oxidation or wet air oxidation. Here a high energy input is 
needed, since process conditions of 200 – 300 ºC and 10 – 30 MPa have to be maintained. High 
quality materials have to be used for the apparatuses. All this leaves this alternative quite expensive, 
while a phenol removal of only 60 – 70% requires further treatment of the waste water.(30,3) 

There is also an extensive research on the application of ultrasound for phenol removal. This 
involves investigations on the influence of ultrasound-induced cavitation,(24) sono-biodegradation 
involving oxidative enzymes (31) and sono-chemical treatment.(23) However, these processes aim 
chiefly at the decomposition of phenol instead of complete recovery. 

As alternatives, membrane separation techniques are still under investigation.(32)  
The current techniques of phenol extraction comprise common liquid-liquid extraction, 

membrane-based solvent extraction in coupled ultrafiltration modules (33) or hollow fiber 
modules.(34) Also, there are dual solvent processes as an approach to recover organic pollutants via 
solvent extraction using first a polar extractant to extract the solute. Afterwards the residual solvent 
is removed from water with a nonpolar/volatile solvent.(35) Extractions of phenol on a laboratory 
scale with water soluble or partly water soluble extractants such as acetone, ethyl methyl ketone, N-
methylpyrrolidone, 4-butyrolactone, n- and tert-butyl alcohols are also reported.(36) Water soluble 
phenol extractants are still widely used,(6) but stripping off the water miscible extractant which 
entrains the phenol is consuming a lot of energy and can lead to contamination of the waste water 
with the extractant. This is why nowadays the tendency goes more and more towards hydrophobic 
phenol extractants. Other applications involve aromatic solvents such as cumene, acetophenone, 
and mesityl oxide (37) or mixtures of cumene and α-methylstyrene, as well as acetophenone and 
dimethylphenylcarbinol. For coking plant waste waters a technical recovery using the Phenisol or 
Phenosolvan process is used,(29) see Figure 1.1. In this process the phenol is extracted by counter-
current contact in a five stage mixer-settler extractor. The solvents which are used in this case are 
butyl acetate, methyl isobutyl ketone, and diisopropyl ether. Following steps such as fractionation, 
absorption and stripping are required for phenol removal from the extract as well as solvent 
recovery. With this process also the recovery of phenol from gas condensates in gas production is 
possible. 
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Figure 1.1. Flowsheet of the Phenosolvan process (a: extractor (mixer-settler), b: fractionator, c: solvent 

absorber, d: solvent stripper). 
  
Currently also under investigation is the application of ionic liquids in extraction processes in 

general (38,39) and for the recovery of phenol in particular.(40,41,42) Solid phase extraction has already 
been investigated for chromatography on an analytical scale.(43) 

The removal of phenol from wastewater can also be carried out by adsorption on, for example, 
activated carbon.(44,45,46) Unfortunately, the use of activated carbon for the removal of low 
concentrated phenol < 200 mg L-1 has high costs. A thermal regeneration of activated carbon 
containing phenol is only profitable at bed sizes from 30 m3 up. This is, because thermal 
regeneration involves heating the activated carbon up to temperatures as high as 900 ºC, which 
desorbs and oxidizes the adsorbed chemical. More than 10% of the particles are lost due to 
deterioration of the activated carbon during thermal regeneration. Thermal regeneration has the 
additional disadvantages of being energy intensive and destroying the adsorbed material during the 
thermal regeneration process.(47) This renders this option uneconomical for small bed sizes below 
30 m3. Additionally, activated carbon has an overall lower durability than e. g. resin sorbents.(48) 
Other cheap adsorbents such as fly ash, bentonite and paper mill sludge have a too low capacity.(3) 
As another alternative adsorbent chitosan is investigated by Yan, but this process is still far from a 
large scale application.(49) 

 
1.2.2 MTBE 
 
Air Stripping  
The air stripping process is a physical separation technique for the removal of volatile organic 

compounds from water. Generally speaking, the efficiency of air stripping depends on the Henry 
constant of a compound. It increases with increasing Henry constant and operating air-to-water 
ratio. As the Henry constant of MTBE (0.018 – 0.026) is quite low,(50) high air-to-water ratios of 
about 100 – 250 are needed to remove MTBE from water. Still, air stripping has been used 



Introduction 

 5 

successfully for the removal of MTBE at concentrations, which are usually associated with 
groundwater contamination caused by leaking underground fuel tanks.(51) For each of the studies 
evaluated, MTBE removal efficiencies exceeded 90%. Nonetheless, in addition to the high 
air-to-water ratios process costs can increase significantly further in case that state or local air 
quality regulations require stripper off-gas treatment. This extra step can be carried out via 
adsorption on activated carbon, as well as thermal and catalytic oxidation. 

 
Granular Activated Carbon (GAC)  
Even though MTBE has a low tendency to adsorb on solids, different types of activated carbon 

including coconut shell or coal-based granular activated carbon (GAC) can be employed to remove 
low concentration MTBE from water, around 200 µg L-1, cost-effectively.(52) GAC can be utilized 
on a small scale to treat low flows of water from private wells with a low MTBE contamination. For 
treating waste water with higher MTBE concentrations, adsorption on GAC can be used as a 
cleaning step following air stripping or chemical oxidation.(51) Unfortunately, in a standalone 
application the frequent co-contamination of water with other substances influences the MTBE 
removal efficiency. High concentrations of natural organic matter and other gasoline components 
compete with MTBE during adsorption on GAC. This increases the GAC usage rates and 
subsequently the process costs. The same problems as during phenol recovery arise, which are the 
harsh regeneration conditions and the loss of activated carbon in each regeneration step. 

 
Other Ex-Situ Phase Transfer Technologies  
The outcome of laboratory and pilot scale experiments suggests that synthetic resins, such as 

carbonaceous sulfonated polystyrene divinylbenzene, have a potential for successful MTBE 
recovery from contaminated water.(51) Synthetic resins have the advantage of easy regeneration 
compared to adsorption on GAC. Unfortunately, the same problem as with the adsorption on GAC 
arises, which is the experimentally observed reduction of MTBE capacity of the resin in presence of 
other gasoline constituents such as benzene, toluene, ethylbenzene and xylene (BTEX) compounds 
as well as tert-butyl alcohol (TBA). Of course, these components also have to be removed, but since 
they decrease the MTBE capacity of the respective resin, a two step process needs to be designed. 
This route will include separate units for the BTEX and TBA removal, and MTBE removal, which 
increases process costs significantly. Additionally it can be stated that although synthetic resins can 
be custom-made to accomplish a higher selectivity and generally have a longer lifetime than 
activated carbon, they are more expensive compared to GAC. 

As an alternative to synthetic resins other sorbents, for instance high silica zeolites, have proved 
to be effective to a certain degree in MTBE removal from contaminated water.(53) Furthermore, 
membrane applications can be used to remove MTBE from contaminated groundwater, but until 
now only a few bench- and pilot-scale experiments have been carried out.(54,55,56) 

 
Transformation and Decomposition Technologies 
One way to decompose MTBE is by means of advanced oxidation processes (AOPs).(57) These 

engage ozone-peroxide, ozone and UV light, peroxide and UV light, Fenton’s reaction involving 
hydrogen peroxide in combination with iron(II)salts, high-energy electron beam irradiation or soni-
cation hydrodynamic cavitation. The majority of the above mentioned variations are characterized 
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by producing hydroxyl radicals. AOP technologies have been assessed for MTBE decomposition in 
laboratory and pilot-scale studies as well as some fullscale applications.(57-62) Frequent problematic 
byproducts include TBA, tert-butyl ether, acetone and formaldehyde when using a combination of 
UV light and hydrogen peroxide.(62) Some of these components are either more resistant to 
oxidation or more toxic than MTBE.(58,59) Nonetheless, AOPs are assumed to be most efficient for 
groundwater contaminated with MTBE in a concentration range between 0.1 and 80 mg L-1.(58) 
Even though AOPs can be efficient when treating aqueous MTBE solutions, they can be expensive 
and can also lead to the formation of detrimental and even toxic byproducts. 

Another means of decomposing MTBE is biological treatment. MTBE is quite difficult to 
degrade by microorganisms due to the high energy required to cleave the ether bond. Another factor 
is the resistance of the branched carbon structure to microbial access.(63) Nonetheless, recent 
laboratory and field studies showed that certain bacteria and fungi are capable of degrading MTBE 
under aerobic (64,65) and anaerobic (66-70) conditions. Biodegradation of MTBE can be carried out in 
suspended growth and fixed film bioreactors (71-75) as well as fluidized bed, membrane and trickling 
filter bioreactors. Although such systems show great promise for biologically treating MTBE 
contaminated water streams, they are not yet advanced to full industrial scale. 

 
1.3 Scope of the thesis 
 
In this thesis a different separation approach is investigated. The aim of this project is to facilitate 

the separation of ethers and phenols from dilute aqueous solutions via solvent impregnated resins 
(SIRs). This alternative technique is supposed to be applied for drinking water preparation and the 
elimination of waste streams to achieve closed loop processes. The concept of SIRs is already 
known for more than thirty years.(76,77) 

SIRs consist of commercially available macroporous resins impregnated with an extractant, see 
Figure 1.2. This way, advantages of adsorption and extraction are combined in a single step. 

 

 
Figure 1.2. Image of SIR particles in solution and scanning electron microscopic image of the 

impregnated particle surface. 
 
While during conventional extraction the solvent and the extractant have to be dispersed, in a SIR 

setup the dispersion is already achieved by the filled particles. This also prevents the additional 
phase separation step after the emulsification, which occurs in liquid-liquid extraction. Also, the 
impregnation step decreases solvent loss.(78) Furthermore, SIRs have a crucial advantage over e.g. 
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ion-exchange resins with chemically bonded ligands. SIRs can be reused for different separation 
tasks by simply rinsing one complexing agent out and re-impregnating them with another one. This 
way, expensive design and production steps of the resin can be saved. Finally, by filling the pores 
with complexing agent, a higher capacity for solutes can be achieved than with ordinary adsorption 
or ion exchange resins, where only the surface area is available.(78) 

So far SIRs have mainly been investigated for the recovery of heavy metals.(79,80,81) Only recently 
also other applications have been investigated, e.g. the recovery of apolar organics on a large 
scale (82) and polar organics like amino-alcohols,(83) organic acids,(84,85) amino 
acids,(86) flavonoids,(87) and aldehydes (78) on a bench-scale or pilot-scale. However, large-scale 
applications of SIRs for the separation of more polar solutes, such as for instance ethers and 
phenols, do not yet exist. The design of solvent impregnated resins containing a suitable 
complexing agent can close this gap. 

 
1.4 Outline 
 
The objective is to develop a SIR for the separation of low concentration ethers, particularly 

MTBE, and phenol from aqueous streams. For this purpose suitable extractants need to be found. 
This is attempted via an extractant screening process involving the quantum chemical continuum 
model COSMO-RS and experimentation. The experiments include testing the different extractants 
in liquid-liquid equilibrium extraction. Quantum chemical simulation results are then compared 
with the experimental results in order to validate the simulation. Based on these results, the most 
successful of the tested extractants is used for the impregnation of different resin particles. The 
performance of these impregnated particles is investigated in equilibrium and kinetic experiments. 
A comparison of the SIRs with different adsorbents and ion exchangers proves the competitiveness 
of the SIRs.   

Chapter 2 describes the solvent screening and selection steps for phenol removal. From the 
applied procedure a guideline for faster solvent screening is developed. 

Chapter 3 investigates the different factors influencing the liquid-liquid equilibrium extraction of 
phenol with the phenol extractant selected in Chapter 2. 

Chapter 4 is about the application of SIRs for the removal of phenol from aqueous solutions. 
Chapter 5 explains the kinetics of phenol removal with SIRs. Additionally, different factors that 

influence the phenol removal kinetics with SIRs are examined. 
Chapter 6 deals with the extractant screening and selection for MTBE removal applying the 

procedure developed in Chapter 2. 
Chapter 7 discusses the design and performance of a SIR for the removal of MTBE from water. 

The prepared SIR is compared to conventional adsorbents. 
Chapter 8 contains major conclusions as well as a future outlook. 
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Chapter 2 

A COSMO-RS based extractant screening for phenol extraction as model 
system 

The focus of this chapter is the development of a fast and reliable extractant screening approach. 
Phenol extraction is selected as model process. The quantum chemical conductor-like screening 
model for real solvents (COSMO-RS) is combined with molecular design considerations. For this 
purpose phenol distribution coefficients KD of known phenol extractants are determined 
experimentally and in silico. Molecular variations of different extractants are tested concerning their 
effect on KD to facilitate extractant improvement. It is shown, that KD depends on the molecular 
structure of the extractant. Calculations with COSMO-RS provide a qualitative trend of simulated 
extraction efficiency and even a quantitatively correct description of KD. The simulations for 
alkylamine components are, however, not accurate, which is a well known problem. During the 
screening process, phosphorous containing aliphatic substances, especially the trialkylphosphine 
oxide compound Cyanex 923, were determined as the most promising phenol extractants, which 
agrees with the state of the art. 

 
2.1 Introduction 
 
Extraction is a convenient process for separating low concentration solutes from contaminated 

solutions. The selection of a suitable extractant is of course crucial. While experimental extractant 
screening is time-consuming, computational screening methods help speeding up the extractant 
selection. This computational extractant screening can be done with group contribution methods 
such as the UNIQUAC Functional-group Activity Coefficients method (UNIFAC) (1) or the Linear 
Solvation Energy Relationship (LSER) by Abraham.(2) UNIFAC is very common for the calculation 
of thermodynamic phase equilibrium behavior (3) such as activity coefficients and distribution 
coefficients. However, the potential of this method to predict compositions correctly is limited by 
the accuracy of the estimated UNIFAC group-interaction parameters.(4) Such data is often limited or 
even missing. Adding it to the UNIFAC databank requires experimental liquid-liquid equilibrium 
data, which takes a considerable amount of time to obtain.(5) In general UNIFAC provides a useful 
guidance, but is not advisable to be used in the final extractant selection. Although trends are often 
well-predicted, the absolute performance across classes of compounds is not.(4) The data cannot be 
relied on to determine all potentially useful extractants or extractant compounds, let alone predict 
the correct level of the top candidates,(6) as it is not sufficiently accurate in most cases.(7)  

On the other hand the linear solvation energy relationships (LSERs) method employing Abraham 
parameters is a fragment method.(8) It facilitates the prediction of physicochemical properties 
directly from the two-dimensional molecular structure based on certain experimental parameters. 
The LSERs method has a solid mechanistic background. Nevertheless a significant drawback in 
practical applications is the restricted availability of Abraham parameters for substances of interest. 
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Consequently, more complex compounds typically involve experimental parameter determination 
requiring time and effort.(9) 

A different approach to an extractant screening is the use of quantum chemical continuum 
solvation models such as the Conductor-like Screening Model for Real Solvents (COSMO-RS).(10) 
There are a number of successful applications of COSMO-RS already such as solubility predictions 
(11) or the prediction of LLE extraction systems.(12) The advantage of such quantum chemical 
calculations is that, unlike for the UNIFAC theory or LSER, no thermodynamic experiments have 
to be performed to expand the databank. In fact the quantum chemical COSMO-RS approach 
approximates the electrostatic interaction between solvent and solute in a fluid as local contact 
interactions of molecular surfaces. COSMO-RS itself is based on the COSMO model, which is a 
quantum chemical dielectric continuum model. This means that only computational calculations are 
necessary to create the desired data (10) and new components can be implemented significantly 
faster into the model. This is why this model theory is used in an extractant screening approach for 
the removal of phenol. As explained in Chapter 1, phenol is contained in waste waters discharged 
during e.g. phenolic resin production, oil refining (13) and coke production.(14) An established 
technique for recovering phenol from such waste waters is the commonly employed liquid-liquid 
extraction.(13,15) 

 
2.1.1 Approach 
 
The approach, see Figure 2.1, is to use the initial leads from references and combine them with 

molecular considerations in order to increase their affinity for phenol. The different substances are 
evaluated with the quantum chemical continuum solvation model COSMO-RS. Liquid-liquid 
equilibrium experiments are used to evaluate the accuracy of the simulation. The results can be 
utilized to optimize the extractant. 

 

 
Figure 2.1. Scheme of extractant screening approach. 

 
Starting point is the pre-selection of different phenol extractants based on a literature research. 

One of the different components that are investigated in research applications so far is 
trioctylamine.(15-19) Also the use of alkylphosphates, especially tributylphosphate, as a means to 
preconcentrate phenolic solutions for chromatographic analysis is documented.(20-22) Phosphine 
oxides like trioctylphosphine oxide (TOPO) are also suggested.(23) Due to its melting point of 50 – 
55 ºC, TOPO needs to be diluted, e.g. with diisobutylketone.(24) However, dilution can imply a 
decrease of solute capacity.(25) Due to possibly higher water solubility of a diluent such as 
diisobutylketone (0.5 g L-1 at 20 ºC), a contamination of the aqueous phase with the diluent can 
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occur. A different trialkyl-(C6, C8)-phosphine oxide compound than TOPO, namely Cyanex 923, 
shows a high distribution coefficient for phenol and can be used undiluted as it is liquid at ambient 
temperature.(26) A completely different group of chemicals which could be of interest for this 
application are ionic liquids.(27-29) In Table 2.1, a selection of extractants including the respective 
distribution coefficients for phenol are given. 

 
Table 2.1. Promising phenol extractants according to references 

Substance 
Distribution coefficient 
((mol L-1) (mol L-1)-1) 

Cyanex 923 (26) 1034 
Trioctylamine (TOA) salts + TOA in Octanol (17) 800 
Tri-n-octylphosphine oxide in diisobutyl ketone (25) 660 
Tributylphosphate (TBP) (21) 450 
1-(n-octyl)-3-methylimidazolium tetrafluoroborate (27) 35 – 39 
Octanol (30) 30 
1-(n-decyl)-3-methylimidazolium tetrafluoroborate (27) 22 – 45 

 
There are several ways of manipulating an extractant molecule through simple molecular 

considerations. By introducing longer alkyl chains the hydrophobicity of the extractant molecule 
can be increased, which should diminish the influence of water on the extraction. This effect could 
also be induced by increasing the number of alkyl chains attached to the functional group. A low 
melting point is desirable to make additional diluent use unnecessary. The melting point of the 
extractant can be manipulated by changing the alkyl side chain length and the degree of branching, 
but also by mixing different components to create a blend. Different alkylamines and 
alkylphosphates are used for the above mentioned variations as a great variety of them is readily 
available. 

Particularly alkylamines are investigated concerning different means to increase the phenol 
capacity. A potential molecular variation is to introduce an aromatic system to exploit possible π-π 
interaction between phenol and the extractant.(16,31) This was already suggested by Visser et al. for 
solute removal with ionic liquids (32) and by Campbell and Roe for drug separation with Phenyl-
HPLC-Columns.(33) This is why next to aliphatic amines also aromatic amines are tested. 
Additionally, toluene as a standard solvent is used to investigate the effect of unadulterated π-π 
interaction on this extraction. Varying the amine group towards an amide group containing an 
additional oxygen atom could provide an additional hydrogen-bond acceptor, which could increase 
the phenol binding capacity compared to a corresponding amine. Multiple functional groups on the 
other hand can hypothetically also enhance the phenol capacity. In theory, diamines can extract 
double the amount of phenol than a monoamine unless there is sterical hindrance or dimerization of 
the extractant molecules involved.  

Phosphine oxides are excellent phenol extractants.(26,34) It is also part of the survey how the 
substitution of the strong electronegative oxygen by the less electronegative sulfur influences the 
extraction. The phosphine sulfide is a weaker hydrogen bond acceptor than the phosphine oxide. 
This should result in a less strong hydrogen bonding of phenol molecules, which would render the 
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phosphine sulfide as a less effective extractant than the phosphine oxide. This variation could in 
general be used to deliberately weaken very strong extractants in order to facilitate regeneration. 

 
 

Table 2.2. Categorization of the different considered extractants 

 
Nitrogen-based 

extractants 
Phosphorous-based 

extractants 

Primary  
(2-ethylhexyl)phosphate 

(EHP) 

Secondary 
Dibutylamine (DBA) 

Bis(2-ethylhexyl)amine (BEHA) 

Dibutylphosphate (DBP) 
Bis(2-ethylhexyl)phosphate 

(BEHP) 

Tertiary 

Tri-n-hexylamine (THexA) 
Tri-n-octylamine (TOA) 

N,N-didecyl-1-decanamine (TDecA) 
Tridodecylamine (TDDA) 

Tributylphosphate (TBP) 
Tris(2-ethylhexyl)phosphate 

(TEHP) 

Multiple functional 
groups 

 

Di- 
N,N,N’,N’-tetrabutyl-1,6-hexanediamine 

(TBHD) 
 

Additional variations  
+ aromatic 
system 

2-Ethylaniline (2EA) 
Triphenylamine (TPA) 

 

+ spacer Benzyl-diethyl-amine (BDEA)  

+ variation 
within 
functional 
group 

N,N-Diethyl-m-toluamide (DTA) 

Trioctylphosphine oxide 
(TOPO) 

Tri(C6,C8)alkylphosphine 
oxide (Cyanex 923) 

Triisobutylphosphine 
sulphide (Cyanex 471X) 

+ lack of 
functional 
group 

Toluene 

Ionic 
Liquids 

1-(3-Aminopropyl)-3-Methylimidazolium 
bis(trifluoromethanesulfonyl)imide 

(APMim[NTf2]) 
 

 Tetradecyl(trihexyl)phosphonium dicyanamide (CYPHOS IL105) 
 Tetradecyl(trihexyl)phosphonium bistriflamide (CYPHOS IL109) 
Reference 
solvent 

1-Octanol 
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Since ionic liquids appear to be promising phenol extractants,(27,35,36) water insoluble 
phosphonium ionic liquids are tested to evaluate the effect of merging the ionic liquids’ desirable 
characteristics with the phosphorous functional group as phenol binding site. Ionic liquids are 
substances that consist entirely of ions and can thus be considered as salts of which many are liquid 
at ambient temperature. They are considered as green solvents, as they are thermally stable, not 
inflammable, have a high electrochemical stability and a very low vapor pressure.(27)  

1-Octanol is used as a reference solvent. In Table 2.2 the tested substances are listed and 
categorized. For the screening of above listed substances COSMO-RS simulations are performed. 
These simulations consider complex extractant systems, which can include additional diluents for 
dissolving the extractant molecules. The evaluation of these simulations is done by comparison with 
experimental data. 

 
2.2 Materials and Methods 
 
2.2.1 Substances 
 
The substances that are examined during extraction experiments are listed in Table 2.2. These are 

dibutylamine (≥ 99%, Merck KGaA, Germany), bis(2-ethylhexyl)amine (≥ 98%, Merck KGaA, 
Germany), tri-n-hexylamine (N,N-dihexyl-1-hexanamine) (≥ 99%, Sigma Aldrich, Switzerland), 
tri-n-octylamine (N,N-dioctyl-1-octanamine) (≥ 93%, Merck KGaA, Germany), tri-n-decylamine 
(N,N-didecyl-1-decanamine) (> 96%, Acros Organics, USA), tri-n-dodecylamine (Trilaurylamine) 
(≥ 95%, Fluka AG, Switzerland), N,N,N’,N’-tetrabutyl-1,6-hexanediamine (96%, Sigma Aldrich, 
Germany),  2-ethylaniline (≥ 98%, Fluka AG, Switzerland), triphenylamine (≥ 98%, Fluka AG, 
Switzerland), benzyl-diethyl-amine (98%, ABCR GmbH & Co. KG, Germany), N,N-diethyl-m-
toluamide (98%, Acros Organics, Belgium), toluene (analysis grade, Merck 
KGaA, Germany), 1-(3-aminopropyl)-3-methyl-imidazolium bis(trifluoromethanesulfon-yl) imide 
(APMimNTf2) (produced in-house at Twente University), 1-octanol (≈ 99%, Acros Chemicals, 
Belgium), (2-ethylhexyl)phosphate (97%, Sigma Aldrich, Germany), dibutylphosphate (≥ 97%, 
Fluka AG, Switzerland), bis(2-ethylhexyl)phosphate (97%, Sigma Aldrich, Germany), 
tributylphosphate (> 99%, Merck KGaA, Germany), tris(2-ethylhexyl)phosphate (≥ 98%, Merck 
KGaA, Germany), tri-n-octylphosphine oxide (≥ 99%, Sigma Aldrich, Germany), 
tri(C6,C8)alkylphosphine oxide (Cyanex 923) (93%, Cytec Industries Inc., Netherlands), 
triisobutylphosphine sulphide (Cyanex 471X) (97%, Cytec Industries Inc., Netherlands), 
tetradecyl(trihexyl)phosphonium dicyanamide (CYPHOS IL105) (> 97%, Cytec Industries Inc., 
Netherlands), tetradecyl(trihexyl)phosphonium bistriflamide (CYPHOS IL109) (> 97%, Cytec 
Industries Inc., Netherlands) and phenol (≥ 99%, Merck KGaA, Germany). 

 
2.2.2 Experimental methods 
 
Each substance is used without further purification. The experiments are done performing liquid-

liquid equilibrium extraction in closed magnetically stirred glass vessels. The aqueous phase 
consists of 40 mL demineralized water spiked with phenol to give an initial phenol concentration of 
approximately 1 g L-1. This aqueous phase is mixed with the respective undiluted extractant in a 
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10:1 ratio at ambient pressure and temperature for approximately 12 hours. After the extraction the 
two phases are separated gravimetrically and, if necessary, with a centrifuge at 4000 rpm. 
Subsequently, samples are taken from the aqueous phase using a syringe equipped with syringe 
filters. 

The phenol analysis method used is a standard method.(37,38) Depending on the expected phenol 
content of the sample which is taken from the aqeous phase after the liquid-liquid equilibrium 
extraction 0.1 – 10 mL are transfered to a 100 mL volumetric flask. The flask is then filled with 
demineralized water to give 100 mL of solution. After this, 5 mL of buffer solution (Bernd Kraft 
GmbH, Germany) are added. This buffer solution consists of ammonium solution (25%), 
ammonium chloride, potassiumsodiumtartrate-tetrahydrate and demineralized water, and is used to 
adjust the pH to a value of 10 ± 0.2. The sample solution is now shaken and then spiked with 3 mL 
of standard aminoantipyrene solution (Bernd Kraft GmbH, Germany). After shaking again, 3 mL of 
a standard potassiumhexacyanoferrate(III) solution (Bernd Kraft GmbH, Germany) are added and 
the sample solution is shaken for another time. This sample solution is now analyzed 
photometrically (Cary 300 Conc UV/VIS spectrophotometer, Varian, Netherlands) at 510 nm 
against a similarly prepared blind solution which does not contain phenol. The phenol content of the 
aqueous sample solution is determined using a calibration line. The systematic error of this 
photometric method is approximately 2%. The phenol content of the organic phase in equilibrium 
can be determined via a simple mass balance. The validity of this mass balance is confirmed by GC 
analysis of both the organic and aqueous phases for selected samples. 

 
2.2.3 Simulation 
 
The performed simulation of distribution coefficients with COSMO-RS is based on the estimation 

of activity coefficients. These are calculated by COSMO-RS using the chemical potential of the 
solute, in this case phenol (PhOH), in the specific extractant (E) according to Eq. (2.1). 

 









⋅
−

=
TR
μμ

expγ
PhOH
PhOH

PhOH
EPhOH

E   (2.1) 

 
At equilibrium the activity a of any component is by definition the same in the organic phase and 

the aqueous phase. In case of a ternary extractant-water-PhOH system, this results in Eq. (2.2). 
 

PhOH
E

PhOH
E

PhOH
E

PhOH
W

PhOH
W

PhOH
W xγaxγa ⋅==⋅=   (2.2) 

 
where the variables are defined as follows 

PhOH
Wa , PhOH

Ea  activity of phenol in water and extractant, respectively 

PhOH
Wγ , PhOH

Eγ  activity coefficient of phenol in water and extractant, respectively 
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PhOH
Wx  mol fraction of phenol in water 

PhOH
Ex  mol fraction of phenol in extractant 

 
The distribution coefficient KD describes the equilibrium partition of a component over two liquid 

phases. Using the activity coefficients the simulated KD based on molar concentrations can be 
defined according to Eq. (2.3), where rm

E stands for the molar density of the extractant and rm
W for 

the molar density of water. 
 

m
W

m
E

PhOH
E

PhOH
Wsim.

D r
r

γ
γ

K ⋅=   (2.3) 

 
In this way, the simulated KD values are calculated for infinite dilution of the solute in each 

phase. Thus it is investigated whether COSMO-RS can be used as a reliable screening tool without 
using experimental LLE data, i.e. the real composition of each phase. 

 
2.3 Results and Discussion 
 
2.3.1 Comparison of experimental KD with simulated values 
 
In order to provide a better lucidity only a selected number of the manifold results of the 

simulations and liquid-liquid extraction equilibrium experiments is listed in Table 2.3. The table 
starts with the extractant with the highest experimentally determined KD. It can be seen that 
generally the phosphorous containing substances show high distribution coefficients. The 
trialkylphosphine oxide blend Cyanex 923 and tri-n-octylphosphine oxide are by far the most 
efficient phenol extractants tested, which is in line with the state of the art.(39) Cyanex 923 is more 
convenient to use than trioctylphosphine oxide as it is liquid at room temperature. This means that 
no additional diluent needs to be used. 

As can be seen in Table 2.3, the systems contain low solute concentrations with a low 
solute-to-extractant ratio in the organic phase. Previously performed simulations incorporating the 
experimentally determined concentrations in equilibrium did not result in major deviations of the 
simulated KD values, nor did they change the order of simulated KD values or the overall trend of 
the extractants’ performance. Due to these observations, the approach of using infinitely dilute 
solute concentrations in both phases during simulations is regarded as valid for the systems at hand. 
For most of the substances there is a difference between the results of experiments and simulations, 
as can be seen in Table 2.3. 
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Table 2.3. Comparison of experimental results (including equilibrium concentrations of phenol in both 
phases and the molar ratio between phenol and extractant in the organic phase) with quantum chemical 
calculations 

Extractant 
corg

PhOH 
(mol L-1) 

caq
PhOH 

(mol L-1) 

molar 
PhOH-

extractant 
ratio (-) 

KD
exp. 

(-) 
KD

sim. 
(-) 

Tri(C6,C8)alkylphosphine oxide 
(Cyanex 923) 

9.12×10-2 6.69×10-5 0.039 1363 1290 

Tri-n-octylphosphine 
oxide (1.5 mol L-1 in toluene) 

1.152×10-1 1.46×10-4 0.027 791 625 

Tributylphosphate 1.227×10-1 2.8×10-4 0.028 438 80 
Tetradecyl(trihexyl) phosphonium 
dicyanamide 

8.77×10-2 2.46×10-4 0.058 356 58 

Tris(2-ethylhexyl)phosphate 8.54×10-2 5.98×10-4 0.040 143 22 
Dibutylphosphate 9.45×10-2 2.68×10-3 0.019 35 22 
Bis(2-ethylhexyl)phosphate  7.014×10-2 3.59×10-3 0.023 20 12 
(2-ethylhexyl)-phosphate  6.09×10-2 5.6×10-3 0.013 11 4 
Triisobutyl-phosphine sulphide 
(1.5 mol L-1 in toluene) 

4.99×10-2 4.64×10-3 0.008 11 3 

Toluene 1.5×10-2 1×10-2 0.0017 1.5 1 
 
Nonetheless, a qualitative trend for extractants which do not contain nitrogen can be observed 

when comparing the values of KD
sim. and KD

exp. in a parity plot, as depicted in Figure 2.2. The 
exceptions are the open triangles in Figure 2.2 representing the values of the nitrogen containing 
extractants, which are widely scattered and in many cases significantly overestimated. This is due to 
the fact that these substances, especially secondary and tertiary amines, are difficult to simulate in 
quantum chemical continuum models. On the one hand the accessible surface of the amino-nitrogen 
is systematically underestimated. On the other hand it shows an intricate dependence on the 
optimized molecular geometry. This leads to problems with the predictions concerning the 
hydrogen bonding energy. Since the surface of nitrogen is estimated too small, also the hydrogen 
bond interaction with polar molecules and hydrogen bond donors is considerably misestimated. 
This eventually leads to erroneous simulation results. The above described effects are described in 
detail by Eckert and Klamt.(40) Nonetheless, the simulations for toluene, trioctylphosphine oxide and 
Cyanex 923 are almost quantitatively correct, as Table 2.3 and Figure 2.2 clearly show. The 
experimentally determined distribution coefficients correspond satisfactorily with the respective 
simulated values. Furthermore it can be seen in Figure 2.2 that many of the values are scattering 
closely around the parity line, such as the black diamonds representing the phosphorous containing 
extractants. Also the open circles representing the remaining extractants, which do not contain 
nitrogen or phosphorous, are close to the parity line. This means that this simulation approach can 
serve as a suitable tool for quick extractant screening. A top selection of the best extractants can 
thus be quickly and reliably determined using COSMO-RS, which saves otherwise extensive 
experimentation. 
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Figure 2.2. Comparison of simulated and experimental distribution coefficients of the tested phenol 
extractants (black diamonds: phosphorous containing extractants, open triangles: nitrogen containing 

extractants, open circles: other extractants). 
 
2.3.2 Effect of molecular considerations on experimental KD 
 
The experimental results for the liquid-liquid extraction with the different extractants listed in 

Table 2.2 are discussed subsequently in more detail with regard to the categorization of the 
extractants in the same table.  

 
Homologous series of alkyl amines 
Initially one of the molecular considerations is that a variation of the molecular weight in terms of 

differing alkyl chain length can have an influence on the distribution coefficient KD. This relation 
between KD and molecular weight can be observed for the tertiary alkyl amines investigated as 
depicted in Figure 2.3. It shows the tendency of a decreasing overall distribution coefficient with 
increasing alkyl chain length and thus increasing molecular weight of the tertiary alkyl amines. As 
their molar density is declining with increasing molecular weight and thus molecular volume, the 
number of molecules – and consequently of available functional groups – per unit volume of 
extractant is decreasing. Increasing the alkyl chain length of the tertiary alkyl amines in order to 
minimize water solubility therefore results in a lower number of extractant molecules per unit 
volume which are able to bind phenol. This observation is in agreement with Dobryakova.(31) Also 
the increasing bulkiness of the extractant molecule may play a role, since interaction of the phenol 
with the extractant’s functional group could be sterically hindered. This means that as the water 
solubility of the extractant is decreased, also its capability of extracting phenol is decreased. 
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Figure 2.3. Homologous series of tertiary amines including the diamine TBHD and the amide DTA (dashed 

arrow was added to guide the eye), abbreviations see Table 2.3. 
 
It can also be seen in Figure 2.3 that the secondary alkyl amine dibutylamine shows a lower 

distribution coefficient compared to the homologous series of tertiary alkyl amines. From this an 
increase in the KD value with increasing number of alkyl side chains can be expected, as observed 
by Inoue et al.(41) This effect will become more apparent in the homologous series of alkyl 
phosphates and will therefore be discussed later on in the respective section. Furthermore it is 
noticeable that the amide N,N-diethyl-m-toluamide (DTA) fits nicely into the trend of the tertiary 
alkyl amines (BDEA→DTA→THexA→TOA→TDecA→TDDA). This shows that the additional 
oxygen atom in the amide group does not provide an additional source for hydrogen bonding with 
phenol. Also the additional spacer carbon between the functional group and the aromatic ring does 
not have a beneficial effect. 

The increased performance of N,N,N’,N’-tetrabutyl-1,6-hexanediamine (TBHD) compared to the 
series of tertiary alkyl amines demonstrates that using extractants with multiple functional groups 
can enhance the distribution coefficient, as can be seen in Figure 2.3. Doubling the number of 
amine groups in the extractant causes an increase of the KD value by a factor of two compared to 
the respective tertiary alkyl amine TOA. The connection between the number of functional groups 
of the extractant and the amount of extracted solute was already discussed by Baars.(42) 

The phenyl group of the extractant does not contribute to the extraction as expected, as its 
efficiency can be compared with that of the amines. This becomes apparent in the case of BDEA 
and DTA. Thus, it can be said that there is no significant π-π-interaction between the phenyl rings 
of the extractant and phenol. This is also observed for toluene and triphenylamine solution, which 
show low phenol distribution coefficients of KD = 1.5 and KD = 1.6, respectively. 

Based on the results above it can be stated that molecular variations, i.e. variations of the 
functional groups and alkyl chains, can have a significant effect on the performance of a group of 
extractants, in this case alkyl amines. These effects are the number and length of the alkyl chains as 
well as the number of functional groups. Nonetheless these measures do not increase the 
experimentally determined KD sufficiently to create an exceptional phenol extractant. 
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Homologous series of alkyl phosphates 
In line with the homologous series of alkyl amines experiments of a homologous series of 

phosphates are performed. Not only phosphates of different alkyl chain length are investigated, but 
also phosphates with a varying number of alkyl chains. Again the relation between KD and 
molecular weight is studied, see Figure 2.4. 

 

 
Figure 2.4. Dependence of extraction on number of alkyl chains and molecular weight of different alkyl 

phosphates (dashed arrows were added to guide the eye), abbreviations see Table 2.3. 
 
As can be seen in Figure 2.4 the increase of the alkyl chain length results in a decrease of KD. 

This observation is also made during the experiments with the alkyl amine series as described 
above. Increasing the number of alkyl chains also increases the distribution coefficient 
(DBP→TBP, EHP→BEHP→TEHP), which is in agreement with the observations made by Inoue 
for alkyl amines (41) and also fits the observations made for the homologous alkyl amine series. For 
alkyl phosphates this effect can be attributed to three possible mechanisms. Firstly, due to the 
increase in alkyl side chains the water solubility of the extractant is more strongly decreased than by 
just increasing the side chain length, which means that the extractant is stabilized in the organic 
phase. Its leaching to the aqueous phase is minimized and thus the number of extractant molecules 
in the organic phase increased relatively. Thus, effectively more extractant molecules remain 
accessible by phenol. Secondly, and also very important in this case, mono- and dialkyl extractants 
have the possibility to form inter- and intramolecular complexes.(43) Intermolecular hydrogen 
bonding can result in the formation of dimers,(44) which blocks the active sites for a possible 
hydrogen bonding with phenol. These effects are more significant for alkyl phosphates than for 
alkyl amines, as the functional group of a phosphate contains four oxygen atoms and is 
consequently more polar. The alkyl phosphates are thus prone to interact more pronounced with 
other polar groups than the alkyl amines. Thirdly, since hydrophilicity decreases with increasing 
number of side chains, less water is dissolved in the organic phase. In the case of primary or 
secondary alkyl extractants, such as e.g. amines, water molecules form clusters with the extractant 
with multiple solvation shells containing additional water molecules.(45) However, in a trialkyl 
extractant this effect is less pronounced than in primary or secondary alkyl extractants, which could 
be an additional reason why a trialkyl extractant is potentially more effective in removing phenol. 
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For this alkyl phosphate series an increase of the number of alkyl chains does not only mean a 
higher KD for phenol, but also a decreasing solubility of the extractant in water. It is the 
combination of two effects which augment the extraction. 

Trialkylphosphine oxides as variations from alkylphosphates show the highest distribution 
coefficients of the investigated components. The fact that phosphine oxides are better phenol 
extractants than phosphates is already discussed by Wilkinson et al.(46) In the performed 
experiments a solution of trioctylphosphine oxide in toluene (1.5 mol L-1) gives a phenol 
distribution coefficient of 791. This is significantly higher than the phenol distribution coefficient of 
tributylphosphate. However, trioctylphosphine oxide is solid at room temperature and can only be 
used with a diluent. The commercially available phosphine oxide compound Cyanex 923 on the 
other hand is a mixture of hexyl/octyl phosphine oxides and accordingly liquid at room temperature. 
It has a phenol distribution coefficient of 1363. The reason that alkyl phosphine oxides perform 
better than alkyl phosphates is probably that less water is co-extracted. This way, stable hydrogen 
bonds between the phosphine oxide and phenol can be established. 

Triisobutylphosphine sulphide (1.5 mol L-1 in toluene) has an experimentally determined KD of 
11, see Table 2.3. This is a significantly lower value of KD compared to TOPO or Cyanex 923. This 
proves that the phosphine sulphide is a weaker hydrogen bond acceptor than the phosphine oxide. 
Thus, the exchange of sulfur for oxygen in the functional group results in a less strong hydrogen 
bonding of phenol molecules. Therefore the phosphine sulfide is a weaker phenol extractant than 
the phosphine oxide, which confirms the initial consideration. This means that very strong 
extractants can be intentionally weakened in order to ease regeneration. 

Ionic Liquids. The experimentally determined distribution coefficients of the tested ionic liquids 
are not as high could have been expected. The methylimidazolium-based APMim[NTf2] has a 
comparatively low KD

exp. of 14. In case of the phosphonium-based ionic liquids moderately high KD 
values for phenol are determined, such as CYPHOS IL105 KD

exp. = 356 and CYPHOS IL109 
KD

exp. = 321. The reason why CYPHOS IL105 performs better than CYPHOS IL109 can be that the 
dicyanamide anion of CYPHOS IL105 is less bulky than the bistriflamide anion of CYPHOS 
IL109. Thus hydrogen bonding between phenol and the dicyanamide anion is less sterically 
hindered than with the bistriflamide anion. However, compared to the phenol distribution 
coefficient of Cyanex 923, see Table 2.3, the phenol distribution coefficients of above ionic liquids 
are not competitive. 

 
2.3.3 Comparison of predicting structural effects using COSMO-RS with experimental results 
 
The above mentioned results and molecular considerations are summarized qualitatively and 

compared with COSMO-RS predictions in Table 2.4, where “KD ↑” implies a positive effect on the 
distribution coefficient, “KD ≈” means that there is no effect on the distribution coefficient, and “KD 
↓” connotes a negative influence on the distribution coefficient. 

Functionality is one of the most important factors for a successful extraction, as the functional 
group determines the quality of the chemical interaction with the solute, i.e. binding strength. Based 
on the performed experiments it can be stated that phosphine oxides have the most promising 
functionality for phenol extraction, as can be seen in Table 2.4. The second best is provided by 
phosphates, followed by amines, alcohols and aromatic carbons in decreasing order of extraction 
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efficiency. The same order is predicted by COSMO-RS, with the single exception that the amines 
are not included in the prediction due to their limited reliability caused by the difficult modelling of 
amine components in quantum chemistry. 

The experiments also show that increasing the number of functional groups can consequently 
enhance the extraction. This effect can also be predicted by COSMO-RS. However, the prediction 
is in this case entirely based on simulations of amine components, which is of limited reliability, as 
mentioned above. It is also observed during experimentation that an increase in the alkyl chain 
number of the extractant increases the distribution coefficient, which is predicted by COSMO-RS. 

 
Table 2.4. Effect of different design criteria on the extraction of phenol 

Design criteria COSMO-RS prediction 
Experimentally 
observed effect 

Functionality 

phosphine oxides > 
phosphates > 
alcohol > 
aromatic 
hydrocarbons*) 

phosphine oxides > 
phosphates > 
amines > 
alcohol > 
aromatic hydrocarbons 

Increase of number of 
functional groups 

KD ↑ *) KD ↑ 

Increase of alkyl chain 
number 

KD ↑ KD ↑ 

π-π interaction KD ≈ KD ≈ 
Variation amine → amide KD ↑ *) KD ≈ 
Increase of alkyl chain length KD ↓ KD ↓ 
Substitution of O with S KD ↓ KD ↓ 

*) Generally, the quantum chemical simulation of amines is not yet reliable enough, as explained 
in section “Comparison of experimental KD with simulated values”. 

 
The π-π interaction initially expected does not provide additional phenol capacity of the 

extractant during the experimental extractant screening. Again, the same effect is prognosticated by 
COSMO-RS calculations. Also the variation of an amine towards an amide and thus providing an 
additional hydrogen bonding opportunity due to the oxygen in the amide does not have any effect. 
In this case the COSMO-RS simulations show a different trend, i.e. an increasing distribution 
coefficient. Since the calculations are based on amine and amide components, which do not give 
reliable results, this prediction needs further improvement. 

Increasing the alkyl chain length of the extractant causes a decrease in the distribution coefficient 
during screening experiments. The same trend is shown by the COSMO-RS simulation results. 
Finally, a decrease of the distribution coefficient is also observed when the oxygen of a functional 
group like the phosphine oxide is substituted with sulphur. Also this effect can be reliably predicted 
with COSMO-RS. 

 
 
 



Chapter 2 

 26 

2.4 Conclusions 
 
The objective was to develop a fast and reliable extractant screening approach. Phenol extraction 

was used as a model system. COSMO-RS can qualitatively predict the overall distribution 
coefficients for the extraction of phenol with different extractants. However, the simulations 
involving amine components are difficult on a quantum chemical level and therefore give unreliable 
results. Nonetheless, COSMO-RS can also reliably predict the effects of changes in the molecular 
structure of the extractants on the extraction of phenol. 
 

References 
 

(1) Stephenson, S. K.; Offeman, R. D.; Robertson, G. H.; Orts, W. J. (2007). “Hydrogen-bond 
networks in linear, branched and tertiary alcohols.” Chem. Eng. Sci. 62: 3019 – 3031. 

(2) Abraham, M. H.; Andonian-Haftvan, J.; Whiting, G. S.; Leo, A.; Taft, R. S. (1994). “Hydrogen-
Bonding.34. The Factors that Influence the Solubility of Gases and Vapors in Water at 298-
K, and a New Method for its Determination.” J. Chem. Soc. Perk. T. 2 (8): 1777-1791. 

(3) Gmehling, J.; Wittig, R.; Lohmann, J.; Joh, R. (2002). “A Modified UNIFAC (Dortmund) 
Model. 4. Revision and Extension.” Ind. Eng. Chem. Res. 41 (6): 1678-1688. 

(4) Collins, L. D.; Daugulis, A. J. (1999). “Benzene/toluene/p-xylene degradation. Part I. Solvent 
selection and toluene degradation in a two-phase partitioning bioreactor.” Appl. Microbiol. 
Biotechnol. 52: 354-359. 

(5) Grensemann, H.; Gmehling, J. (2005). “Performance of a Conductor-Like Screening Model for 
Real Solvents Model in Comparison to Classical Group Contribution Methods.” Ind. Eng. 
Chem. Res. 44 (5): 1610-1624. 

(6) Frank, T. C.; Anderson, J. J.; Olson, J. D. (2007). “Application of MOSCED and UNI-FAC to 
Screen Hydrophobic Solvents for Extraction of Hydrogen-Bonding Organics from Aqueous 
Solution.” Ind. Eng. Chem. Res. 46 (13): 4621-4625. 

(7) Malinowski, J. J.; Daugulis, A. J. (1994). “Salt Effects in Extraction of Ethanol, 1 -Butanol and 
Acetone from Aqueous Solutions.” AIChE J. 40 (9): 1459-1465. 

(8) Sakellariou, P.; Abraham, M. H.; Whiting, G. S. (1994). “Solubility characteristics of 
poly(ethylene oxide): Effect of molecular weight, end groups and temperature.” Colloid 
Polym. Sci. 272 (7): 872-875. 

(9) Endo, S.; Schmidt, T. C. (2006). “Partitioning properties of linear and branched ethers: 
Determination of linear solvation energy relationship (LSER) descriptors.” Fluid Phase 
Equilibr. 246: 143–152. 

(10) Eckert, F.; Klamt, A. (2002). “Fast Solvent Screening via Quantum Chemistry: COSMO-RS 
Approach.” AIChE J. 48 (2): 369-385. 

(11) Klamt, A. (2003). “Prediction of the mutual solubilities of hydrocarbons and water with 
COSMO-RS.” Fluid Phase Equilibr. 206: 223–235. 

(12) Banerjee, T.; Sahoo, R. K.; Rath, S. S.; Kumar, R.; Khanna, A. (2007). “Multicomponent 
Liquid-Liquid Equilibria Prediction for Aromatic Extraction Systems Using COSMO-RS.” 
Ind. Eng. Chem. Res. 46 (4): 1292-1304. 



 Phenol extractant screening 

 27 

(13) Jiang, H.; Tang, Y.; Guo, Q.-X. (2003). “Separation and Recycle of Phenol from Wastewater 
by Liquid–Liquid Extraction.” Separ. Sci. Technol. 38 (11): 2579-2596. 

(14) Inoue, K.; Nakayama, S. (1984). “Solvent extraction of phenol with primary and tertiary 
amines and a quaternary ammonium compound.” Solvent Extr. Ion Exc. 2 (7&8): 1047-
1067. 

(15) Jiang, H.; Fang, Y.; Fu, Y.; Guo, Q.-X. (2003). “Studies on the extraction of phenol in 
wastewater.” J. Hazard Mater. 101 (2): 179-190. 

(16) Inoue, K.; Tsubonoue, K.; Nakamori, I. (1980). “Extraction Equilibrium of Aqueous Phenol-
Long-Chain Alkylamine Solution System.” Separ. Sci. Technol. 15 (5): 1243-1254. 

(17) Braun, G.; Grünbein, W.; Mayer, M.; Wojtech, B. (1986). “A Simple and Complete Re-covery 
of Phenol from Waste Water by Tertiary Amines in Form of Sulfates - A New Powerful 
Extractant.” International Solvent Extraction Conference 1986, München, Germany. 

(18) Wang, M.-L.; Hu, K.-H. (1991). “Extraction Mechanism of Phenol by Sulfuric Acid Salts of 
Trioctylamine.” Chem. Eng. Commun. 107: 189-203. 

(19) Wang, M.-L.; Liu, B.-L. (1996). “Extraction equilibrium of phenol by sulfuric acid salts of 
trioctylamine.” Chem. Eng. Commun. 156: 131-146. 

(20) Korenman, Y. I.; Alymova, A. T.; Khizver, D. R. (1992). “Extraction of Phenols from Water 
by a Mixture of Tributyl Phosphate with Undecyl Alcohol and Nonane, Impregnated into a 
Porous Support.” J. Appl. Chem.-USSR+ 65 (5): 812-816. 

(21) Korenman, Y. I.; Alymova, A. T.; Vatutina, I. V. (2000). “Application of solvents mixtures 
based on tributylphosphate for selective extraction-sorption concentrating on phenol and 
guayacol.” J. Radioanal. Nucl. Ch. 246 (3): 629-634. 

(22) Kurumada, K.-I.; Tanigaki, M.; Pei, L.; Sugitani, N.; Igarashi, K. (2004). “Phenol Extraction 
into a Perfluoroalkane Phase Containing Extractant Tributyl Phosphate En-hanced by 
Addition of Alkane.” J. Chem. Eng. Jpn. 37 (5): 636-644. 

(23) Cichy, W.; Szymanowski, J. (2002). “Recovery of Phenol from Aqueous Streams in Hollow 
Fiber Modules.” Environ. Sci. Technol. 36 (9): 2088-2093. 

(24) MacGlashan, J. D.; Bixby, J. L.; King, C. J. (1985). “Separation of phenols from dilute 
aqueous solution by use of tri-n-octyl phosphine oxide as extractant.” Solvent Extr. Ion Exc. 
3 (1&2): 1-25. 

(25) Urtiaga, A. M.; Ortiz, I. (1997). “Extraction of Phenol Using Trialkylphosphine Oxides 
(Cyanex 923) in Kerosene.” Separ. Sci. Technol. 32 (6): 1157-1162. 

(26) Watson, E. K.; Rickelton, W. A.; Robertson, A. J.; Brown, T. J. (1988). “A liquid phosphine 
oxide: solvent extraction of phenol, acetic acid and ethanol.” Solvent Extr. Ion Exc. 6 (2): 
207-220. 

(27) Bekou, E.; Dionysiou, D. D.; Qian, R.-Y.; Botsaris, G. D. (2003). “Extraction of Chloro-
phenols from Water Using Room Temperature Ionic Liquids.” ACS. Sym. Ser. 856: 544-
562. 

(28) Vidal, S. T. M.; Correire, M. J. N.; Marques, M. M.; Ismael, M. R.; Angelino Reis, M. T. 
(2004). “Studies on the Use of Ionic Liquids as Potential Extractants of Phenolic 
Compounds and Metal Ions.” Separ. Sci. Technol. 39 (9): 2155-2169. 

(29) Li, X.; Zhang, S.-J.; Zhang, J.-M.; Chen, Y.-H.; Zhang, Y.-Q.; Sun, N. (2005) “Extraction of 
phenols with hydrophobic ionic liquids.” Chinese J. Proc. Eng. 5 (2): 148-151. 



Chapter 2 

 28 

(30) Korenman, Y. I. (1972). “Solubility Parameters and Extraction of Phenol.” Russ. J. Phys. 
Chem+ 46 (3): 334-336. 

(31) Dobryakova, I. E.; Dobryakov, Y. G. (2004). “Distribution Coefficients of Phenol between 
Water and Hydrocarbons at 283-328 K.” Russ. J. Appl. Chem+ 77 (11): 1750-1753. 

(32) Visser, A. E.; Holbrey, J. D.; Rogers, R. D. (2002). “Room temperature ionic liquids as 
alternatives to traditional organic solvents in solvent extraction.” International Solvent 
Extraction Conference 2002, Johannesburg, South Africa. Chris van Rensburg Publications 
(Pty) Ltd. 

(33) Campbell, W. A.; Roe, W. (2006). “Die neue Ascentis Phenyl-HPLC-Säule.“ The Reporter. 23 
(10): 3-4. 

(34) Garea, A.; Urtiaga, A. M.; Ortiz, M. I.; Alonso, A. I.; Irabien, J. A. (1993). “Phenol recovery 
with SLM using “Cyanex 923”.” Chem. Eng. Commun. 120: 85-97. 

(35) Baumann, M. D.; Daugulis, A. J.; Jessop, P. G. (2005). “Phosphonium ionic liquids for 
degradation of phenol in a two-phase partitioning bioreactor.” Appl. Microbiol. Biotechnol. 
67: 131-137. 

(36) Inoue, G.; Shimoyama, Y.; Su, F. F.; Takada, S.; Iwai, Y.; Arai, Y. (2007). “Measurement and 
correlation of partition coefficients for phenolic compounds in the 1-butyl-3-
methylimidazolium hexafluorophosphate/water two-phase system.” J. Chem. Eng. Data 52: 
98-101. 

(37) Yang, Z.-X.; Du, H.-F.; Zhao, Q.-H.; Zhou, Z.-M. (2000). “Transfer kinetics of phenol 
between aqueous phase and N,N-di(1-methyl-heptyl)acetamide in kerosene.” J. Environ. 
Sci. 12 (2): 144-148. 

(38) Menne (2001). Standard-Analysenvorschrift: Bestimmung des Phenolgehaltes (UV/VIS). 
Gladbeck, INEOS Phenol GmbH & Co. KG. 16. 

(39) Cichy, W.; Schlosser, S.; Szymanowski, J. (2001). “Recovery of Phenol with Cyanex(R) 923 
in Membrane Extraction-Stripping Systems.” Solvent Extr. Ion Exc. 19 (5): 905-923. 

(40) Eckert, F.; Klamt, A. (2005). “Accurate Prediction of Basicity in Aqueous Solution with 
COSMO-RS.” J. Comput. Chem. 27 (1): 11 - 19. 

(41) Inoue, K.; Shishido, H. (1986). “Solvent extraction of phenol with mineral acid salts of high-
molecular-weight amines.” Solvent Extr. Ion Exc. 4 (2): 199-216. 

(42) Baars, M. W. P. L.; Froehling, P. E.; Meijer, E. W. (1997). “Liquid-liquid extractions using 
poly(propylene imine) dendrimers with an apolar periphery.” Chem. Commun. 20: 1959-
1960. 

(43) Rull, F.; Del Valle, A.; Sobron, F.; Veintemillas, S. (1989). “Raman Study of Phosphate 
Dimerization in Aqueous KH2P04 Solutions Using a Self-Deconvolution Method.” J. 
Raman Spectrosc. 20: 625-631. 

(44) Wertz, D. L.; Cook, G. A. (1985). “Phosphoric Acid Solutions. I: Molecular Association in a 
57.8 Molal Aqueous Solution.” J. Solution Chem. 14 (1): 41-48. 

(45) Stace, A. J. (1984). “Preferential Solvation of Hydrogen Ions in Mixed Water-Amine Ion 
Clusters.” J. Am. Chem. Soc. 106 (8): 2306-2315. 

(46) Wilkinson, G.; Gillard, R. D.; McCleverty, J. A. (1987). Comprehensive Coordination 
Chemistry -Vol. 2 – Ligands. Oxford, Pergamon Press. 

 



Phenol extraction with Cyanex 923 

 29 

Chapter 3 

Liquid-liquid equilibrium study of phenol extraction with Cyanex 923 

 
Although phenol extraction with Cyanex 923 has widely been studied, liquid-liquid equilibrium 

between phenol and undiluted Cyanex 923 has not been thoroughly investigated. Many factors 
influence the phenol extraction with undiluted Cyanex 923. Increasing the phenol concentration 
causes a water molecule replacement in the extractant by phenol molecules. Increasing the pH value 
above 12 decreases the phenol distribution coefficient KD by 99.9%. A temperature increase from 
15 ºC to 65 ºC results in a KD decrease of 70%. With increasing salt content KD increases due to 
salting-out. Adding organic acids stabilizes phenol in the aqueous phase and obstructs the 
extraction. 
 

3.1 Introduction 
 

Liquid-liquid extraction is a standard unit operation to remove phenol from aqueous streams,(1) as 
explained in Chapter 1. While in the past polar organics like ethers or butyl acetates were favoured 
phenol extractants, nowadays the trend goes more and more towards hydrophobic extractants due to 
lower extractant leaching to the aqueous phase and thus less extensive downstream processing.(2-8) 
The trioctylphosphine blend Cyanex 923 selected in Chapter 2 is such an extractant, which provides 
low water solubility and a high capacity for the solute phenol.(9) Cyanex 923 can be applied 
effectively for phenol extraction in liquid-liquid extraction systems,(9-13) supported liquid 
membranes (1,8,14) as well as solvent impregnated resins.(15) In this chapter, however, the focus lies 
entirely on its liquid-liquid equilibrium extraction application. 

Many different factors can influence liquid-liquid extraction. These can be, e.g. the system 
temperature, the phase ratio or the salt content. On the one hand, the determination of these factors 
can help to optimize the extraction. On the other hand, effects occurring in a potential process 
application can be anticipated. For phenol extraction, many studies have already been performed. 
However, these often deal with different extractants than Cyanex 923, e.g. trioctylamine and 
trioctylamine salt systems.(16-22) Even when the use of Cyanex 923 is reported, it is mostly diluted 
with, e.g. kerosene (9,23) or isoparaffinic hydrocarbon solvents.(1,10) It is stated that the use of a 
diluent decreases the viscosity of Cyanex 923 significantly and thus makes the extractant phase 
handling easier.(9) Another reason, which is given as a benefit of diluting Cyanex 923, is that 
difficult phase separation is encountered in the settling stage, when undiluted Cyanex 923 is used. 
This is attributed to its high loading capacity.(24) However, this phase separation problem is 
encountered in a different system, namely the extraction of Nb and Ta from concentrated HF-H2SO4 
solution. Although Watson et al. have used undiluted Cyanex 923, their study only investigates a 
system at 50 ºC, with high initial phenol concentrations (10 g L-1) and with 30 g L-1 Na2SO4 in the 
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aqueous phase to simulate effluent from a phenol/bisphenol plant.(13) Also, in many studies a great 
excess of extractant is used.(5,10,23) 

As yet, liquid-liquid extraction of phenol from dilute aqueous solutions with undiluted Cyanex 
923 has not been intensively studied. This is relevant when considering the treatment of low phenol 
concentration process wastewater or contaminated groundwater. Using undiluted Cyanex 923 
allows for a high solute capacity of the extractant and thus an effective contaminant reduction in the 
treated aqueous streams. This is why in this study a broad range of factors that can influence the 
extraction of dilute phenol by pure Cyanex 923 is investigated. The factors, which are considered, 
are temperature, the ratio between aqueous and organic phase, the pH value of the aqueous phase, 
the salt content of the aqueous phase, and the organic acid content of the aqueous phase. The latter 
two factors of salt content and organic acid content in the aqueous phase are of particular interest 
when treating wastewater from the industrial cumene oxidation process for phenol production, the 
so-called Hock synthesis.(4) All these factors are also of interest when the phenol extractant is 
immobilized, e.g. in a solvent impregnated resin. The observations made during liquid-liquid 
equilibrium experiments can be used for solvent impregnated resin applications.(15) An additional 
factor that can influence phenol extraction is the phenol concentration in the aqueous phase.(16) With 
higher phenol concentration the KD value is decreasing. However, this effect of aqueous phenol 
concentration on the extraction with Cyanex 923 has already been described in by Burghoff et al. 
for liquid-liquid equilibrium extraction as well as a solvent impregnated resin application,(15) also 
see Chapter 4. 
 

3.2 Materials and Methods 
 

3.2.1 Substances 
 

The chemicals which are used are tri-(C6,C8)-alkylphosphine oxide (Cyanex 923) (93%, Cytec 
Industries Inc., Netherlands), n-hexane (≥ 99%, Fluka AG, Switzerland), barium hydroxide (≥ 98%, 
Fluka, Italy) and phenol (≥ 99%, Merck KGaA, Germany). These substances are used without 
further purification. 
 

3.2.2 Liquid-liquid equilibrium extraction 
 

The liquid-liquid equilibrium extraction setup consists of magnetically stirred, temperature 
controlled glass flasks. The ratio between organic and aqueous phase is 1:10.(12) The aqueous phase 
consists of 40 g demineralized water spiked with phenol. The initial phenol concentration in the 
aqueous phase is 1 g kg-1 (0.01 mol L-1). This aqueous phenol solution has a pH of approximately 6. 
The organic extractant phase consists of 4 g of undiluted Cyanex 923. The two phases are stirred at 
ambient temperature (25 ºC) and ambient pressure for at least 12 hours to ensure that equilibrium is 
reached. After equilibration and complete phase separation samples are taken from the aqueous 
phase and filtered two times with Syringe filters (Spartan 30 / 0.2 RC, Schleicher & Schuell GmbH 
– Whatman Group, Germany). The phenol content of these samples is analyzed with a standard 
photometric method, which is described in Chapter 2, paragraph 2.2.2.(25,26) The phenol distribution 
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coefficient KD is determined as the ratio between the phenol concentration in the organic phase and 
the phenol concentration in the aqueous phase. 

The water content of the organic phase is determined with a Karl-Fischer-Titrator 795 KFT 
Titrino with 703 Ti Stand (Methrom Ltd., Switzerland), which is connected to a Sartorius CPA3245 
balance (Sartorius AG, Germany). The density of the organic phase is determined with an Anton 
Paar DMA 5000 Density Meter (Anton Paar GmbH, Austria). 
 

3.2.3 Temperature dependence of phenol extraction with Cyanex 923 
 

These experiments are performed with the procedure described above for liquid-liquid 
equilibrium extraction with an initial phenol concentration in the aqueous phase of 1 g kg-1 
(0.01 mol L-1). The only difference is that the temperature is varied between 15 ºC and 65 ºC. The 
analysis of the phenol content of the aqueous phase after equilibration is performed as explained 
above. 
 

3.2.4 Influence of the ratio between aqueous and organic phase on phenol extraction with Cyanex 
923 
 

Basically, the influence of the ratio between aqueous and organic phase should be similar to the 
influence of the phenol concentration in the aqueous phase as given in Burghoff et al.(15) In this 
study, the influence of the ratio between aqueous and organic phase is investigated to see whether 
these results for phenol concentration in the aqueous phase hold. This series of extraction 
experiments is performed at 30 ºC and ambient pressure in closed magnetically stirred glass vessels 
at initial phenol concentrations of 1 g kg-1 (0.01 mol L-1) in the aqueous phase. The ratio between 
the organic and the aqueous phase is adjusted to 1:1, 1:2 and 1:10, respectively. The aqueous phenol 
solutions have a pH of approximately 6. The two phases are stirred for at least 12 hours to ensure 
that equilibrium is reached. The analysis of the phenol content of the aqueous phase after 
equilibration is performed as explained above. 
 

3.2.5 Influence of salt contents of the aqueous phase on phenol extraction with Cyanex 923 
 

In this series of experiments sodium sulphate Na2SO4 is used to adjust the salt concentration of 
the aqueous phase. Salt loads in waste waters are a common problem. The reason why sodium 
sulphate is used is that it is present in waste water of the Hock process – which is the major phenol 
synthesis process nowadays – due to an intermediate neutralization step. In this study, experiments 
are performed at 25 ºC and ambient pressure in closed magnetically stirred glass vessels as 
explained above. The initial phenol concentrations are varied between 0.25, 0.5 and 1 g kg-1 
(0.0025, 0.005 and 0.01 mol L-1) in the aqueous phase. The salt concentration of the aqueous phase 
is varied between 0 g kg-1 (0 mol L-1), 1.57 g kg-1 (0.01 mol L-1) and 15.7 g kg-1 (0.1 mol L-1), 
respectively, prior to the extraction. The analysis of the phenol content of the aqueous phase after 
equilibration is performed as explained above. 
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3.2.6 pH dependence of phenol extraction with Cyanex 923 
 

This series of liquid-liquid equilibrium experiments is performed at an initial phenol 
concentration in the aqueous phase of 1 g kg-1 (0.01 mol L-1) in closed magnetically stirred glass 
vessels at ambient temperature and pressure in the same way as explained above. The pH of the 
aqueous solution is adjusted prior to the extraction in a range between 2 and 12.5 with hydrochloric 
acid and sodium hydroxide, respectively. In a second set of experiments, barium hydroxide is used 
instead of sodium hydroxide to adjust the pH in the alkaline range. This is done in order to show 
that different bases have the same effect on the distribution coefficient for phenol extraction with 
Cyanex 923. The analysis of the phenol content of the aqueous phase after equilibration is 
performed as explained above. 
 

3.2.7 Influence of organic acids on phenol extraction with Cyanex 923 
 

This series of experiments is performed at initial phenol concentrations in the aqueous phase of 1 
to 8 g kg-1 (0.01 to 0.08 mol L-1) in closed magnetically stirred glass vessels at ambient temperature 
and pressure. The relation between organic and aqueous phase is again 1:10. Four sets of 
experiments are performed. First, no organic acid is contained in the aqueous phase. In the second 
series, acetic acid with an initial concentration of approximately 3.4 g kg-1 (0.056 mol L-1) is 
contained in the aqueous phase besides phenol. In the third series, formic acid with an initial 
concentration of approximately 4.3 g kg-1 (0.093 mol L-1) is contained in the aqueous phase besides 
phenol. In the fourth series, formic acid with an initial concentration of approximately 4.3 g kg-1 
(0.093 mol L-1) and acetic acid with an initial concentration of approximately 3.4 g kg-1 
(0.056 mol L-1) are contained in the aqueous phase besides phenol. These concentrations of the 
organic acids are used, as they resemble the organic acid concentrations in waste water of the Hock 
process. Both phases are stirred with magnetic stirrers for more than 12 hours. After this, the phases 
are separated and the phenol content of the aqueous phase is analyzed as described above. 

In order to get insight in the extraction of formic acid and acetic acid by the phenol extractant 
Cyanex 923 without phenol present in the system, liquid-liquid equilibrium extractions are 
performed as described above excluding phenol. The initial acetic acid concentration is 
approximately 3.4 g kg-1 and the initial formic acid concentration is approximately 4.3 g kg-1, 
respectively. This particular extraction experiment is also performed with toluene instead of Cyanex 
923, in order to determine whether there is a significant physical solubility of the organic acids in 
the organic phase. Toluene does not have any functional group, which can provide hydrogen 
bonding or other complexation mechanisms. This is why toluene is selected for the determination of 
the physical extraction of formic acid and acetic acid. Again, in these experiments both phases are 
stirred with magnetic stirrers for more than 12 hours. After this, the phases are separated and the 
organic acid content of each aqueous phase is analyzed using a Varian ProStar high performance 
liquid chromatography (HPLC) system (Varian Inc., Netherlands) consisting of a Model 410 
autosampler, a Model 240 pump and a Model 310 UV detector. The column used for this HPLC 
analysis is an Inertsil 5 ODS-3, 250 × 4.6 mm Chromsep stainless steel. The flow rate through the 
column is adjusted to 1 mL min-1 at a temperature of 40 ºC. The mobile phase consists of a 20 mM 
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potassium phosphate (K2HPO4) buffer (pH = 3). The detection of formic acid and acetic acid is 
done with the UV detector at a wavelength of 210 nm. 
 

3.3 Results and Discussion 
 

3.3.1 Effect of phenol extraction on Cyanex 923 
 

Liquid-liquid equilibrium extraction experiments basically allow a straightforward analysis of 
both the aqueous and organic phase. Tests with binary systems just containing phenol and Cyanex 
923 are performed to get information on the maximum phenol solubility in Cyanex 923. However, 
phenol itself does not show a significant solubility in the pure extractant. It seems that phenol does 
only dissolve in Cyanex 923 to a greater extent, when it is dissolved in water. Water appears to be 
crucial as a solubility mediator for the phenol extraction in Cyanex 923. A Karl-Fischer analysis of 
pure Cyanex 923 shows that Cyanex 923 has a water content of 4.28% (w/w), but when it is 
equilibrated with water its water content increases to 11.09% (w/w). Determination of the water 
content of the organic phase after phenol extraction shows that the water content decreases with 
increasing amount of phenol in the organic phase, see Figure 3.1. A possible explanation could be 
that the extractant molecules are hydrated and that the water molecules are replaced by phenol 
molecules during the extraction. However, the intrinsic microscopic effects are not investigated, as 
they are not subject of this research. 
 

 

Figure 3.1. Dependence of organic phase water content from phenol content of organic phase. 
 

Density measurements of Cyanex 923 containing different concentrations of phenol extracted 
from aqueous solutions show that there is an increase in density with increasing phenol content. 
Figure 3.2 shows that the density of the organic phase increases linearly with increasing phenol 
content of the organic phase. Along with this increase of density, also a volume increase of the 
organic phase is qualitatively observed. 
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Figure 3.2. Dependence of organic phase density from phenol content. 

 
 

This is important, when the extractant is immobilized on a solid support, e.g. in a solvent 
impregnated resin.(15) Due to this expansion the extractant can leach from the pores, if the amount 
of extracted phenol and the amount of extractant inside the pores are adequately high. However, 
after this initial extractant loss the expansion of the organic phase in subsequent cycles does not 
cause any further leaching.(15) 
 

3.3.2 Temperature dependence of phenol extraction with Cyanex 923 
 

Liquid-liquid extraction experiments are performed at different temperatures to investigate 
whether back extraction can be facilitated by increasing the temperature. According to different 
authors, the phenol distribution coefficient KD – defined as the ratio between the phenol 
concentration in the organic phase and the phenol concentration in the aqueous phase – decreases 
with increasing temperature.(1,12) This observation was made also for systems with other extractants 
than Cyanex 923.(3,16) However, the decrease of KD is reported to be not significant.(16) 

When using undiluted Cyanex 923 for the extraction of phenol from dilute aqueous solutions, the 
KD value decreases by around 70% in the temperature range between 15 – 65 ºC, see Figure 3.3. 
This decrease is almost linear. Obviously, this is advantageous when considering the back 
extraction of the solute phenol from the organic extractant phase. However, for a full regeneration 
of the extractant this decrease of KD would not be sufficient. 
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Figure 3.3. Temperature dependence of phenol extraction with Cyanex 923. 
 

 

Figure 3.4. Determination of the apparent extraction enthalpy ∆rH0 according to van’t Hoff. 
 

The experiments at varying temperatures also provide data about the reaction enthalpy. The data 
from Figure 3.3 can be depicted in a graphical representation of the van’t Hoff Eq. (3.1), see 
Figure 3.4. 
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This plot of ln(KD) versus 1/T results in a straight line with the slope proportional to the apparent 

enthalpy of reaction. The apparent enthalpy of reaction can thus be determined as 
∆H = -20.8 kJ mol-1. This value is in good agreement with the ∆H of -24.7 kJ mol-1 determined by 
MacGlashan et al. for phenol extraction by trioctylphosphine oxide in kerosene.(12) 

The apparent free energy can be calculated via ∆G = -RTln(KD).(27) From this the apparent 
entropy can be calculated as ∆S = (∆H - ∆G)/T.(27) With the data at hand the apparent free energy 
can be determined as ∆G = -17.9 kJ mol-1 at 298.15 K and the apparent entropy becomes thus 
∆S = -9.74 J mol-1 K-1 at 298.15 K. This value of ∆S may mostly reflect steric factors concerning 
molecular association in the extractant phase. The value of ∆S shown in this study is lower than the 
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values described by Aksnes and Albriktsen for the association of phenol and different phosphoryl 
components diluted with carbon tetrachloride.(28) They determine for example 
∆S = -78.2 J mol-1 K-1 for tributylphosphine oxide and ∆S = -77.4 J mol-1 K-1 for dimethyl phenyl 
phosphine oxide. The lower value of ∆S given in this study could reflect a higher degree of disorder 
for the solvation of phenol and the phenol extractant Cyanex 923.(12) 
 

3.3.3 Influence of the ratio between aqueous and organic phase on phenol extraction with Cyanex 
923 
 

In an extraction process, the ratio between aqueous and organic phase is an important process 
parameter. Yang et al. (29) and Wang and Liu (16) show that the concentration of phenol in the 
aqueous phase decreases with increasing amount of organic phase. The respective initial phenol 
concentrations of these studies were 5.4 g kg-1 (0.054 mol L-1) and 10 g kg-1 (0.1 mol L-1), which is 
significantly higher than in this investigation. The ratio between aqueous and organic phase can also 
be important, when the high amounts of solute must be removed from the aqueous phase. In such a 
case, the extractant could become saturated with the solute if a low phase ratio is selected. 

Basically, changing the ratio between aqueous and organic phase has the same effect as changing 
the solute concentration in the aqueous phase. It changes the final equilibrium concentration of the 
solute. The influence of the phenol concentration of the aqueous phase on the KD value has already 
been described in.(15) In the present study, different aqueous to organic phase ratios are investigated 
in order to determine whether the previously determined results hold. As can be seen in Figure 3.5, 
the variation of the relation between aqueous and organic phase does not cause a significant 
difference in the overall distribution coefficient KD. While the equilibrium concentration of phenol 
in the aqueous phase increases with a higher water-extractant ratio, the actual distribution 
coefficient remains basically unchanged. This is a different observation than the ones referred to 
above. 
 

 

Figure 3.5. Phenol extraction with Cyanex 923 at different ratios of aqueous and organic phase (T = 30 ºC). 
 

This can be explained by the relatively low initial phenol concentration of 1 g kg-1 (0.01 mol L-1). 
The amount of phenol in the system is not sufficient to cause saturation effects. This is why this 
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result is not comparable with the result of the influence of phenol concentration in the aqueous 
phase as given in.(15) Nonetheless, at higher initial phenol concentration than the investigated 
1 g kg-1 (0.01 mol L-1) there might be an influence, when the organic phase becomes saturated with 
the solute. However, this concentration range is not subject of this chapter. 
 

3.3.4 Influence of salt contents of the aqueous phase on phenol extraction with Cyanex 923 
 

Addition of a defined quantity of salts to the aqueous phase can be an effective and simple way to 
increase the distribution coefficient of a solute. This was shown for the removal of cresols from 
aqueous solutions (30) and for the removal of phenol with mixtures of hexane and 2-propanol.(31) 
When very high salt concentrations are added to a phenolic aqueous solution, even the formation of 
a second highly concentrated phenol layer can be enforced.(32) These phenomena are caused by the 
so-called salting-out effect. During salting-out inorganic salts are introduced in the aqueous phase. 
Phenol molecules are then dehydrated and thus more easily soluble in the organic phase,(33) which 
facilitates the phenol extraction. When phenol is produced by the Hock process, a salt load in the 
waste stream appears. This is due to the use of sulphuric acid as a catalyst in one of the production 
steps and subsequent neutralization with sodium hydroxide.(4) Thus, sodium sulphate Na2SO4 is 
formed. This is why Na2SO4 is used in this study to investigate the salting-out effect on low 
concentration aqueous phenol solutions. The effect of different Na2SO4 concentrations on the 
extraction of phenol from an aqueous solution with Cyanex 923 can be seen in Figure 3.6. 
 

 

Figure 3.6. Phenol extraction with Cyanex 923 at different Na2SO4 concentrations of aqueous phase 
(T = 25 ºC). 

 
For the different Na2SO4 concentrations the KD values are almost constant over the investigated 

phenol concentration range up to 1 g kg-1 (0.01 mol L-1). Furthermore, an increase of the sodium 
sulphate concentration from 0 to 0.1 mol L-1 only causes a very slight increase in KD. Nonetheless, 
this effect can be expected to increase with higher salt concentrations due to salting-out.(32) This is 
elucidated in Figure 3.7, which is based on the work of Correira and Carvalho,(32) who investigated 
the effect of different salts on the extraction and stripping of phenolic solutions. In Figure 3.7, the 
experimental data of phenol removal using 0.6 M Cyanex 923 dissolved in ShellSol with sodium 
sulphate present in the aqueous phase is depicted. The temperature at which the experiment was 
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carried out was 25 ºC. It can clearly be seen that an increase of the sodium sulphate concentration in 
the aqueous phase results in the removal of higher amounts of phenol from the aqueous phase. 
 

 
Figure 3.7. Phenol removal with 0.6 M Cyanex 923 dissolved in ShellSol (T = 25 ºC) as measured by 

Correira and Carvalho.(32) 
 

3.3.5 pH dependence of phenol extraction with Cyanex 923 
 

Based on literature a significant influence of the pH value on phenol extraction can be expected at 
pH > 10, as the pKa value of phenol is approximately 10.(25) As a matter of fact, the recovery of 
phenol from organic extractants via back extraction can be achieved by using alkaline solutions at a 
pH above 10.(8,21,25,34-36) 

As can be seen in Figure 3.8, the KD values are constant in the low pH region. 
 

 

Figure 3.8. Phenol extraction with Cyanex 923 at different pH of aqueous phase, comparison of NaOH and 
Ba(OH)2 (T = 25 ºC). 
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At pH values above 10 a sharp decrease of KD can be observed, which is in good agreement with 
the observations by Cichy et al.(5) At a pH of above 12 the KD value is decreased by around 99.9% 
compared to pH values below 10. This is caused by phenolate formation. The phenolate is more 
soluble in the aqueous phase and thus extraction is not successful. Unfortunately, using sodium 
hydroxide as basic compound causes persistent emulsification during the extraction.(8,10,12) The 
reason for this could be that small amounts of dialkylphosphinic acids contained in Cyanex 923 
cause an atypical alteration of the interfacial tension. However, MacGlashan et al. suggest that this 
problem can be avoided by using solutions with high pH and high ionic strength.(12) This proposes 
that the reason for this persistent emulsification could also be that the sodium cations and/or sodium 
phenolate accesses the oxygen of the extractant’s phosphine oxide group. This could result in a 
polarized complex, which resembles a surfactant and emulsifies with the aqueous phase. Thus, a 
clean phase separation can not take place. In a solvent impregnated resin application for example, 
this effect causes the extractant to be rinsed from the solid support.(15) Using a base with a more 
voluminous cation can solve this problem. While the sodium ion has an ionic radius of 1.1 Å, the 
barium ion has an ionic radius of 1.49 Å.(37) For that reason, also barium hydroxide is used for this 
experiment to determine the extraction’s dependence on the pH value of the aqueous phase. The 
comparison of the extraction of phenol in the presence of NaOH and Ba(OH)2 in Figure 3.8 shows 
that both alkaline solutions cause a similar decrease of the KD value at high pH values. In addition 
to that, no irreversible emulsification as with NaOH is encountered. This means that when Ba(OH)2 
is used, a fast and clear phase separation occurs after the extraction. This prevention of persistent 
emulsification and the low KD values at a pH of approximately 12 make the pH shift with Ba(OH)2 
appear as a good regeneration procedure. 
 

3.3.6 Influence of organic acids on phenol extraction with Cyanex 923 
 

As can be seen in Figure 3.9, an increasing amount of organic acid in the aqueous phase causes a 
decrease of the KD value of phenol. Two major effects could be causing this decrease. On the one 
hand, co-extraction of the organic acids could decrease the phenol capacity of the organic phase. On 
the other hand, the so-called salting-in effect could be the reason for the decrease of KD. During 
salting-in undissociated organic acid molecules form intermolecular hydrogen bonds with the 
phenol molecules in the aqueous phase.(33) These complexes are stabilized in the aqueous phase. 
The salting-in is the opposite process of the so-called salting-out, which is explained in paragraph 
3.3.4. 
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Figure 3.9. Effect of organic acids on the extraction of phenol (T = 25 ºC). 
 

In order to investigate, whether co-extraction is occurring, formic acid and acetic acid, 
respectively, are extracted from an aqueous solution without phenol being present. This results in 
KD = 10 for formic acid and KD = 6 for acetic acid. These KD values of these two organic acids are 
very low compared to the KD values of phenol. Such low KD values for organic acid extraction with 
Cyanex 923 were also observed by Wisniewski and Pierzchalska,(38) Cai et al. (39) and Watson et 
al.(40) In order to achieve additional information about the extraction mechanism of formic acid and 
acetic acid, i.e. whether the extraction is dominated by physical solubility or by chemical 
complexation, each of the two organic acids is extracted from water with the solvent toluene. 
Toluene is selected as a reference solvent for this purpose, as it does not have functional groups 
which could provide a complexation mechanism. The extraction of formic acid and acetic acid with 
toluene results in very low distribution coefficients. The distribution coefficients are KD = 0.01 for 
formic acid and KD = 0.04 for acetic acid. This means that there is no significant physical solubility 
of the organic acids in the solvent toluene. The amount of organic acids which is extracted by 
Cyanex 923 is thus probably chemically bound. However, the affinity of the organic acids towards 
the phosphine oxide group of Cyanex 923 is significantly lower than the affinity of phenol for this 
extractant. Thus, it can be concluded that the decrease of KD, as observed in Figure 3.9, is not 
caused by competing extraction of organic acids but more likely by the salting-in effect. 
 

3.4 Conclusions 
 

During phenol extraction the water content of Cyanex 923 is decreasing by replacement of the 
water molecules by phenol molecules. The density of the organic phase increases linearly. 
Changing the ratio between the aqueous and the organic phase in the range of 10:1 to 1:1 does not 
have an effect during extraction of low concentration phenol with undiluted Cyanex 923. 
Nonetheless, temperature and pH have a significant influence on the liquid-liquid equilibrium 
extraction of low concentration phenol with undiluted Cyanex 923. This is important when 
considering regeneration procedures of the extractant. Apparently, a pH above 12 and an increase of 
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the temperature can facilitate regeneration. From the data determining the influence of temperature 
on the phenol extraction the apparent enthalpy is determined as ∆H = -20.8 kJ mol-1, the apparent 
free energy as ∆G = -17.9 kJ mol-1 and the apparent entropy as ∆S = -9.74 J mol-1 K-1. While 
salting-out with inorganic salts enhances the extraction, salting-in by addition of organic acids 
inhibits phenol extraction. 
 

List of Symbols 
 
c0

PhOH   initial phenol concentration of aqueous phase g L-1 
∆G  apparent free extraction energy   kJ mol-1 
∆H  apparent extraction enthalpy    kJ mol-1 
KD  overall distribution coefficient   mol L-1 (mol L-1)-1 
R  gas constant      J (mol K)-1 
∆S  apparent extraction entropy    J (mol K)-1 
T  temperature      K 
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Chapter 4 

Solvent impregnated resins for the removal of low concentration phenol from 
water 

 
The focus of this chapter is the development of a solvent impregnated resin for phenol removal 

from dilute aqueous solutions. Using a solvent impregnated resin (SIR) eliminates the problem of 
emulsification encountered in liquid-liquid extraction. Impregnated MPP particles and impregnated 
XAD16 particles are successfully used for phenol extraction. Impregnated MPP particles are 
preferred, as impregnated XAD16 particles show less mechanical strength and are more expensive. 
Impregnated MPP particles perform better compared to other synthetic adsorbents and basic ion 
exchangers. The maximum phenol capacity of impregnated MPP particles with 0.99 mol Cyanex 
923 kg-1 SIR is 4.1 mol kg-1 SIR (386 mg g-1 SIR) and of MPP particles containing 1.47 mol 
Cyanex 923 kg-1 SIR it is 5.08 mol kg-1 SIR (478 mg g-1 SIR). The regenerability of impregnated 
MPP particles is easy and complete, and the particles are stable during several cycles. The 
equilibrium constants for the extraction of phenol are determined as Kchem = 37.22 L mol-1 and 
Kphys = 16.73 (mol L-1) (mol L-1)-1. With these values the SIR isotherms can be satisfactorily 
described. 

The results indicate that SIR technology is a promising alternative for the conventional phenol 
removal technologies at low phenol concentration levels. 
 

4.1 Introduction 
 

When extraction is used as a unit operation for removing low concentration phenol from 
contaminated aqueous solutions,(1) emulsification can be an occasional problem, which makes 
additional phase separation equipment necessary. Another method is to immobilize the extractant in 
porous particles.(2) This solvent impregnated resin (SIR) approach avoids emulsification and 
simplifies the phase separation after extraction. As explained in Chapter 1, SIRs consist of 
commercially available macroporous resins impregnated with an extractant, see Figure 4.1. The 
organic extractant E is contained inside the pores of a porous particle. On the one hand the solute S, 
which is initially dissolved in the aqueous phase, dissolves in the organic extractant phase during 
the extraction process. On the other hand it can react with the extractant to form a complex ES. 
Complexation of the solute with the extractant shifts the extraction equilibrium further towards the 
organic phase. This way, the solute extraction is enhanced.(3) 
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Figure 4.1. Schematical illustration of a SIR particle and the extraction mechanism. 
 

Another advantage of SIR technology compared to conventional liquid-liquid extraction is that 
due to the impregnation the loss of extractant into the aqueous phase during extraction decreases.(4,5) 
SIRs can also be reused for different separation tasks by simply rinsing one complexing agent out 
and re-impregnating them with another. This way, expensive design and production steps of the 
resin, like e.g. for ion exchangers, can be saved. Since the pores are filled with complexing agent, a 
higher capacity for solutes can be achieved than with ordinary unimpregnated adsorbents or ion 
exchange resins, where only the surface area is available.(5) Possible drawbacks of SIR technology, 
such as leaching of the extractant or clogging of a fixed bed by attrition of the particles, can be 
remedied by choosing the proper system. This implies finding a suitable extractant with low water 
solubility, which is sufficiently retained inside the pores, and selecting sturdy particles as a solid 
support for the extractant. The regeneration of SIR particles can be accomplished by low pressure 
steam stripping,(6) which is particularly effective for the recovery of volatile hydrocarbons. 
However, if the vapor pressure of the extracted solute is too low, as is the case for phenol, other 
techniques need to be applied, e.g. pH swing. The latter will be used in this study. When a suitable 
regeneration technique is found, the SIR can be conveniently reused. 

As mentioned in Chapter 1, applications of SIRs for heavy metal recovery are already well 
known,(2,7,8) while recently also other applications have come into focus, e.g. the recovery of 
dissolved and dispersed hydrocarbons, such as aliphatics, aromatics and halogenated hydrocarbons 
on a large scale on offshore oil platforms.(6) In such an application, where the SIR particles are 
contained in a packed bed, flow rates from 0.5 m3 h-1 upward without maximum flow restrictions 
can be treated cost competitive to air stripping/activated carbon, steam stripping and bio treatment 
systems.(6) The removal of polar organics like organic acids,(4,9) amino acids (10) and flavonoids 
from aqueous media (11) is only carried out on bench- or pilot-scales. 

The approach of this chapter is to use phenol extractant selected in Chapter 2, namely the 
trialkylphosphine oxide blend Cyanex 923, for impregnating macro-porous polypropylene particles 
MPP and Amberlite XAD16. Unimpregnated MPP particles serve as an inert matrix, as they have a 
very low affinity for phenol. In contrast, the adsorbent Amberlite XAD16 can already adsorb a 
certain amount of phenol by itself.(12) The two different SIRs based on MPP and Amberlite XAD16 
are compared with each other in terms of phenol capacity and stability. The more advantageous of 
the two SIRs is then studied in terms of equilibrium characteristics and regenerability. A model to 
predict SIR isotherms based on liquid-liquid equilibrium (LLE) extraction experiments is 
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developed. The extractant loss of a SIR compared to an LLE application is also investigated. 
Furthermore, the selected SIR is compared with other conventional adsorbents and ion exchangers. 
To complete this technical feasibility study, preliminary kinetics of the selected SIR are determined. 
 

4.2 Materials and Methods 
 

4.2.1 Substances 
 

The chemicals, which are used are tri-(C6,C8)-alkylphosphine oxide (Cyanex 923) (93%, Cytec 
Industries Inc., Netherlands), n-hexane (≥ 99%, Fluka AG, Switzerland), barium hydroxide (≥ 98%, 
Fluka, Italy) and phenol (≥ 99%, Merck KGaA, Germany). These are used without further 
purification. 

The evaluated particles are semi-crystalline macro-porous polypropylene polymer MPP (Akzo 
MPP Systems, Netherlands), Amberlite XAD7, Amberlite XAD16 (Rohm and Haas Company, 
France), AquaSorb 202 (Jacobi Carbons, Germany) and the ion exchangers Amberlyst A21, 
Amberlite IRA-900 (Rohm and Haas Company, France). 
AquaSorb 202 is used as received. The MPP particles are sieved, then washed with acetone and left 
in a rotary evaporator (BÜCHI Rotavapor R-200, BÜCHI Labortechnik AG, Switzerland) equipped 
with a heating bath (BÜCHI Heating Bath B-490, BÜCHI Labortechnik AG, Switzerland) for 12 
hours at vacuum and 70 ºC. Before initial use Amberlite XAD7 and XAD16 are rinsed with 
demineralized water, decanted, rinsed with acetone, decanted again and finally rinsed with hexane 
and subsequently decanted. XAD7 and XAD16 are left in a rotary evaporator for 12 hours at 
vacuum and 70 ºC. Before initial use, Amberlyst A21 and Amberlite IRA-900 are regenerated with 
1 N sodium hydroxide solution, filtrated, washed with demineralized water and left in a rotary 
evaporator for 12 hours at vacuum and 80 ºC. 
 

4.2.2 Liquid-liquid equilibrium extraction 
 

The liquid-liquid equilibrium extraction setup consists of magnetically stirred, temperature 
controlled glass flasks. With this setup the influence of the initial phenol concentration on the 
overall distribution coefficient between the organic extractant and the aqueous phase is determined. 
The ratio between organic and aqueous phase is 1:10.(13) The aqueous phase consists of 40 g 
demineralized water spiked with phenol. The initial phenol concentration is varied between 
0.25 g kg-1 and 80 g kg-1. This wide concentration range is needed to reliably determine the 
equilibrium constants Kphys and Kchem. The pH of the prepared aqueous phenol solutions is around 6. 
The organic extractant phase consists of 4 g of undiluted Cyanex 923. The two phases are stirred at 
ambient temperature (25 ºC) and ambient pressure for at least 12 hours to ensure that equilibrium is 
reached. After equilibration and complete phase separation samples are taken from the aqueous 
phase and filtered two times with Syringe filters (Spartan 30 / 0.2 RC, Schleicher & Schuell GmbH 
– Whatman Group, Germany). The phenol content of these samples is analyzed with the method 
described in Chapter 2, paragraph 2.2.2. 
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4.2.3 Determination of solubility of Cyanex 923 in water during LLE and SIR applications 
 

The water solubility of Cyanex 923 is given as around 10 ppm by the supplier (Cytec Industries 
Inc., Netherlands). Quantities of 1000 cm3 of demineralized water are vigorously mixed at ambient 
temperature (25 ºC) and ambient pressure with 1 g of Cyanex 923 or 1.3 g of SIR, respectively. The 
SIR consists of impregnated MPP with a Cyanex 923 content of 1.28 mol Cyanex 923 kg-1 SIR. 
After vigorous mixing, the phases are allowed to settle. The aqueous phases are separated from the 
Cyanex 923 and the SIR and subsequently filtrated. The aqueous phases are then mixed three times 
consecutively with n-hexane in order to back-extract the Cyanex 923. The resulting volumes of 
150 mL n-hexane containing the back-extracted Cyanex 923 are then concentrated by evaporating 
an excess amount of n-hexane at 60 ºC and 10 kPa. Samples of the concentrates are then analyzed 
with a Varian CP-3800 Gas Chromatograph using a silica coated CP Sil 5 CB column. The 
accuracy of this method was determined to hold within less than 10%, which was considered 
sufficient for this experiment. 
 

4.2.4 Resin impregnation 
 

The particles which were used for impregnation experiments are MPP particles and Amberlite 
XAD16. The properties of these particles are listed in Table 4.1. 
 
Table 4.1. Particle properties of MPP particles and Amberlite XAD16 
Property MPP XAD16 

material 
semi-crystalline 
polypropylene 

crosslinked polystyrene 
divinylbenzene 

porosity 0.68 a 0.55 a 
density (g mL-1) 1.15 b 1.08 a 
surface area (m2 g-1) 11.5 c 900 a 
pore size (nm) < 1000 d 10 a 
particle size (mm) 0.8 – 1.18 (98%) b 0.56 – 0.71 a 

a manufacturer’s data 
b own measurement 
c Babić et al. (5) 
d based on analysis of SEM images 
 

MPP particles and Amberlite XAD16 were impregnated with Cyanex 923 in the following 
manner. Cyanex 923 is diluted with n-hexane and the particles are contacted with this solution 
during impregnation at ambient temperature (25 ºC) and ambient pressure. The n-hexane is then 
slowly evaporated at 60 ºC and 10 kPa. The Cyanex 923 remains inside the pores. Different 
loadings with the extractant can be achieved this way. The prepared MPP based SIRs have 
extractant loadings of 0.99 mol kg-1 SIR, 1.28 mol kg-1 SIR, 1.47 mol kg-1 SIR and 
1.57 mol kg-1 SIR. The latter is completely impregnated with Cyanex 923. The prepared XAD16 
based SIR is made as described above. It is completely impregnated with Cyanex 923 (Cyanex 923 
content of 2.14 mol kg-1 SIR). According to Rohm and Haas product information, the porosity of 
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Amberlite XAD16 is 0.55, which is according to Babić et al. similar to the porosity of MPP 
particles.(14) However, the manufacturer MPP Systems gives the porosity of MPP particles as 0.68. 
 

4.2.5 Determination of isotherms and SIR regeneration 
 

The isotherms of Amberlite XAD7, Amberlite XAD16 , AquaSorb 202 and ion exchangers 
Amberlyst A21, Amberlite IRA-900 and the prepared SIRs are determined for a phenol 
concentration range of up to 8 g kg-1, since the removal of phenol from low concentration solutions 
is investigated. Quantities of 3.5 g of each resin are batchwise contacted with 40 g of aqueous 
solution spiked with phenol. The initial phenol concentrations of the aqueous phases for each 
isotherm are 1, 4 and 8 g kg-1. The pH of the prepared aqueous phenol solutions is around 6. The 
aqueous solutions containing the particles are magnetically stirred for more than 12 hours at 25 ºC. 
After this, the phenol content of the aqueous phases is determined as described below. The particles 
are filtered, air dried and regenerated with 40 g of aqueous barium hydroxide solution of pH = 12.5. 
The aqueous barium hydroxide solution has a concentration of approximately 3 g L-1. During the 
regeneration the dispersions are magnetically stirred for more than 12 hours at 25 ºC. 

In order to determine the maximum phenol capacity of MPP impregnated with 0.99 mol kg-1 SIR 
and 1.47 mol kg-1 SIR quantities of 3.5 g of each SIR are batchwise contacted with 40 g of aqueous 
solution spiked with phenol. The initial phenol concentrations of the aqueous phases are 80 g kg-1. 
The pH of the prepared aqueous phenol solution is around 6. The aqueous solutions containing the 
particles are magnetically stirred for more than 12 hours at 25 ºC. After this, the phenol content of 
the aqueous phases is determined photometrically (15,16) as described in Chapter 2, paragraph 2.2.2. 

The regeneration of impregnated MPP particles at different temperatures is carried out in the zero 
length column setup, which is described in paragraph 4.2.7 in more detail. For this purpose 
approximately 0.2 g impregnated MPP particles with an extractant loading of 1.28 mol Cyanex 923 
kg-1 SIR are used in each loading/regeneration cycle. The loading of the SIR particles with phenol is 
achieved by feeding aqueous phenol solution with a phenol concentration of 1 g kg-1. During the 
phenol loading of the particles the flow rate is 10 mL min-1 and the loading temperature is 25 ºC. 
Previous to regeneration the zero length column and the feed solution are heated to 25 ºC, 50 ºC and 
75 ºC, respectively, using heating jackets and a Julabo F32 HD heating circulator (JULABO 
Labortechnik GmbH, Germany). The respective temperatures are kept constant for the duration of 
the regeneration experiments. 
 

4.2.6 Extraction of phenol from waste water of the Hock process with a SIR 
 

Phenol is extracted from process waste water of the Hock process. For this purpose MPP particles 
impregnated with 1.47 mol Cyanex 923 kg-1 SIR are used. Quantities of 3.5 g of SIR are batchwise 
contacted with 40 g of demineralised water spiked with phenol and with 40 g of process waste 
water spiked with phenol, respectively. The composition of the waste water from the Hock process 
is 0.01 g kg-1 acetone, 0.05 g kg-1 methanol, approx. 0.02 g kg-1 acetone condensation products, 
0.05 g kg-1 hydroxyacetone, 4.3 g kg-1 formic acid and 3.4 g kg-1 acetic acid. Furthermore, it 
contains 83 g kg-1 of Na2SO4. The phenol content of the waste water is determined to be 
0.033 g kg-1. For the extraction experiments, the initial phenol concentrations of the aqueous 
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solutions – i.e. demineralised water and process waste water, respectively – for each isotherm are 
adjusted to 1, 4 and 8 g kg-1. The pH of the prepared aqueous phenol solutions is around 6, while the 
pH of the waste water is around 8. As was already shown in Chapter 3, this difference of pH does 
not affect the results. The aqueous solutions containing the particles are magnetically stirred for 
more than 12 hours at 25 ºC. After this, the phenol content of the aqueous standard solutions is 
determined as described above. The phenol content of the aqueous solutions of process waste water 
after phenol extraction is analysed with gas chromatography (GC). For this purpose a Varian CP 
3900 GC equipped with a Varian CP-8400 Autosampler (Varian, Netherlands) is used. Injection is 
done with a 10 µL syringe into a split-splitless injector. The injector temperature is 150 ºC and the 
split ratio is 100. An Agilent liner filled with Tenax is used. The column is an HP-5 crosslinked 5% 
PHME siloxane with 30 m length, 0.25 mm inner diameter and a film thickness of 1 µm. The oven 
temperature is kept at 110 ºC for 8 minutes. The detector is a flame ionization detector 1177 and its 
temperature is maintained at 250 ºC. 
 

4.2.7 Preliminary SIR kinetics 
 

The kinetics of impregnated MPP containing 1.28 mol Cyanex 923 kg-1 SIR is determined in a 
zero length column setup. The setup consists of a Knauer Smartline 1000 pump and a Knauer 
Smartline UV Detector 2500 (Separations Analytical Instruments B.V., Netherlands), and an 
Omnifit Column (Bio-Chem Valve / Omnifit, England). The column is made out of borosilicate 
heavy wall glass. It has an inner diameter of 15 mm and a length of 150 mm. The bed length itself is 
not exceeding 2 mm. The pump flows applied are 5, 10, 20 and 30 mL min-1. The wavelength of the 
UV detector is adjusted to 285 nm to detect phenol in the aqueous solution after the column. The 
temperature at which these measurements are performed is 25 ºC. All kinetic experiments are 
performed according to the same procedure. The column is loaded with 0.2 g SIR and rinsed with 
demineralized water. After this, the setup is run for 240 min in a recycle mode. During the recycle 
mode the inlet and outlet tube of the setup are placed in the same glass vessel. The glass vessel 
contains 25 mL of aqueous solution spiked with phenol. The initial phenol concentration, which is 
applied for each flow rate, is 0.5 g kg-1. The vessel is magnetically stirred at 500 rpm in order to 
assure ideal mixing. During the runs the signal of the UV detector is monitored online. 
 

4.3 Mathematical model 
 

The following model is used to predict the extraction isotherms obtained with a SIR. The 
prediction model is based on liquid-liquid equilibrium extraction (LLE) data acquired by the 
method explained in paragraph 4.2.2. Starting point is the characterization of the equilibrium 
between the two immiscible liquid phases. The derived equations can then be applied to the SIR 
particle. 

The basis for deriving the model to correlate the results of the LLE experiments with the results of 
the SIR extraction experiments is schematically depicted in Figure 4.1. The solute S, in this case 
phenol (PhOH), transfers to the organic phase (org) where it complexes with the extractant E. In the 
LLE the extraction is considered to consist of two mechanisms, namely physical partitioning as well 
as chemical complexation. The physical equilibrium of phenol between the aqueous phase and the 
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organic extractant phase is described through the physical equilibrium distribution coefficient 
Kphys,LLE, see Eq. (4.1). 
 

aq
PhOH

org
PhOH

LLEphys, c
c

K =   (4.1) 

 
Based on literature (17,18) it can reliably be assumed that in the concentration range of this work the 

phenol reacts with the extractant to form hydrogen bonds with a 1:1 stoichiometry. Therefore, the 
chemical equilibrium of the hydrogen bond formation between phenol and the extractant E can be 
described by Eq. (4.2). 
 

ComplexE ExtractantPhOH ⇔+   (4.2) 
 

Following Eq. (4.2), the chemical equilibrium coefficient Kchem,LLE is described with Eq. (4.3). 
 

org
E

org
PhOH

org
Comp

LLEchem, cc
c

K
⋅

=   (4.3) 

 
For the liquid-liquid extraction both chemical distribution and physical distribution are taken into 

account when deriving the overall distribution coefficient KD,LLE. The latter is defined via Eq. (4.4), 
where the total amount of phenol in the extractant phase consists of the physically dissolved phenol 
and the complexed phenol. 
 

aq
PhOH

org
Comp

org
PhOH

LLED, c
cc

K
+

=   (4.4) 

 
In order to calculate the phenol equilibrium distribution between the SIR and the aqueous phase it 

is assumed that the impregnated extractant behaves as a bulk solvent. Since the pore size of the used 
macroporous particles is < 1000 nm it is expected that the only difference with liquid-liquid 
extraction is the organic phase stabilization by the particle matrix. Previously performed 
experiments showed that MPP does not adsorb phenol. Therefore, MPP can be considered as an 
inert matrix. Thus, the phenol content in the organic phase resembles the phenol content inside the 
SIR particle and can be calculated from the volume of the organic extractant phase with respect to 
the volume of the SIR particle. Introduction of these simplifications in Eq. (4.4) result in an 
equation for KD,SIR, in which the distribution coefficient is based on the phenol content inside the 
SIR particle, see Eq. (4.5). 
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( )
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Since the particle can be considered as inert, the constants Kphys,LLE and Kchem,LLE, which are 

derived from the LLE, are regarded to hold also for the SIR particle. This leads to Eq. (4.6) and Eq. 
(4.7) 
 

Kphys,LLE = Kphys  (4.6) 

 
Kchem,LLE = Kchem  (4.7) 

 
Considering Eq. (4.6) and Eq. (4.7), a material balance of the SIR particle leads to an expression 

for the concentration of the complex between phenol and the extractant inside the SIR particle. 
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Introduction of Eq. (4.8) into Eq. (4.5) yields the correlation of the overall distribution coefficient 

taking account of the chemical and physical equilibrium constants, as described in Eq. (4.9). This 
overall distribution coefficient KD,SIR describes the distribution of phenol between the extractant 
phase inside the particle pores and the aqueous phase which surrounds the impregnated particle. It 
is correlated to the chemical and physical equilibrium constants obtained from LLE experiments. 
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The partitioning of phenol between the immobilized extractant and the aqueous phase can also be 

expressed by means of the phenol loading of the SIR particle qPhOH
SIR. Analogous to the distribution 

coefficient KD,SIR also the chemical and physical equilibrium constants are involved. This can be 
accomplished in the following way. In Eq. (4.10) qPhOH

SIR is expressed by including the physically 
and chemically dissolved amount of phenol in the SIR particle. 
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The physical concentration of phenol cPhOH
SIR inside the SIR particle can be described by 

introducing the physical equilibrium constant Kphys according to Eq. (4.11). 
 

SIR

org
aq
PhOHphys

SIR
PhOH V

VcKc ⋅⋅=   (4.11) 

 
The phenol loading of the SIR particle qPhOH

SIR as given by Eq. (4.10) can now also be expressed 
in correlation with the chemical equilibrium constant Kchem and the physical equilibrium constant 
Kphys. This is achieved by incorporating Eq. (4.8) and Eq. (4.11) into Eq. (4.10). The resulting 
characterization of qPhOH

SIR as depicted in Eq. (4.12) describes the isotherm of the phenol extraction 
with SIR particles based on the equilibrium constants obtained from LLE experiments. 
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4.4 Results and Discussion 

 
4.4.1 Advantages of SIRs over LLE 

 
The immobilization of the extractant in the solid matrix avoids the problem of emulsification. The 

phase separation is thus considerably eased. In Figure 4.2 the two systems of the extractant in 
liquid-liquid equilibrium with water, left, and the extractant loaded SIR in equilibrium with water, 
right, are shown. It becomes clear that no emulsification occurs in the SIR system. 
 

 

Figure 4.2. Comparison of SIR system (left) and liquid-liquid system (right). 
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An additional advantage of the SIR application is that the extractant loss is decreased when 
immobilizing the extractant in resin particles, as was already observed by Bart (19) and Traving,(4) 
and Babic et al.(5) This decrease of extractant loss compared to LLE extraction is contributed to 
physical sorption of the extractant on the particle surface, which means that the extractant inside the 
pores does not entirely behave as a bulk liquid. Sampling the aqueous phases from an LLE system 
and from a system containing impregnated MPP particles shows that this, however, does not hold 
for MPP particles impregnated with Cyanex 923. This can be seen in Figure 4.3, which shows a gas 
chromatogram comparing the peaks of the residual extractant blend Cyanex 923 in water after 
applying the two different extraction modes of LLE and SIR. The exact concentration of Cyanex 
923 in the examined samples can not be reliably determined due to the partially unfavorable peaks. 
 

 

Figure 4.3. Gas chromatogram of Cyanex 923 in water when applied in an LLE and SIR, respectively, 
detected with an FID. 

 
However, it appears that there is no difference in terms of extractant loss between these particular 

two modes of operation. The peaks have a similar height and shape, which suggests that the 
respective concentration in the aqueous phase is similar. Emulsification or entrainment of Cyanex 
923 into the aqueous phase can be ruled out due to the experimental procedure of phase separation 
for several hours and subsequent filtration of the aqueous phase. This allows the assumption that in 
this case the extractant is not retained inside the pores by adsorption, capillary forces or other 
mechanisms. 
 

4.4.2 Comparison of unimpregnated and impregnated particles 
 

4.4.2.1 MPP and MPP-SIR 
 

A comparison of unimpregnated MPP and MPP impregnated with Cyanex 923 shows that the 
impregnation increases the phenol capacity of MPP significantly. In Figure 4.4 the isotherms of 
unimpregnated MPP and MPP impregnated with different amounts of Cyanex 923 are depicted. 
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Clearly, unimpregnated MPP does not have a significant capacity for phenol. Thus, it can be 
expected that during a SIR application only the extractant is responsible for the phenol removal 
from the aqueous phase. No additional adsorption of phenol will take place on the MPP particle 
surface. 
 

 

Figure 4.4. Comparison of impregnated MPP particles with unimpregnated MPP. 
 

With increasing degree of impregnation also the phenol capacity of the SIR increases. However, 
at extractant loadings, which are close to full impregnation, there is no further increase in phenol 
capacity any more. This is due to the volume increase of the organic phase during the phenol 
uptake. The expansion of the organic phase inside the pores can cause partial leaking of the 
extractant from the pores, when the volume increase exceeds the pore volume. Due to this leaking 
the extractant content of the particles containing 1.47 mol Cyanex 923 kg-1 SIR and 1.57 mol 
Cyanex 923 kg-1 SIR, respectively, is comparable after the first cycle. 
 

4.4.2.2 XAD16 and XAD16-SIR 
 

In case of the polystyrene divinylbenzene copolymer Amberlite XAD16, the unimpregnated resin 
already adsorbs phenol. This can be seen in Figure 4.5, where the isotherms of unimpregnated 
XAD16 and XAD16 impregnated with Cyanex 923 are compared. The adsorption of phenol on 
unimpregnated XAD16 is caused by π-π-interactions of the aromatic structures of the solute phenol 
and the adsorbent matrix.(20) Impregnating this resin with Cyanex 923 increases the phenol capacity 
even further, see Figure 4.5. Due to the ability of Amberlite XAD16 to swell, it can take up more 
extractant than MPP particles, when fully loaded. 
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Figure 4.5. Comparison of impregnated Amberlite XAD16 and unimpregnated Amberlite XAD16. 
 

4.4.2.3 Comparison of impregnated MPP with impregnated Amberlite XAD16 
 

A comparison of completely impregnated MPP with 1.57 mol Cyanex 923 kg-1 SIR and 
completely impregnated XAD16 containing 2.14 mol Cyanex 923 kg-1 SIR in Figure 4.6 shows, 
that for each of the prepared SIRs the isotherms decrease slightly after the first cycle of subsequent 
extraction and regeneration. Although this decrease can not clearly be seen in Figure 4.6 a) in case 
of impregnated MPP particles, exploratory experiments with impregnated MPP particles at higher 
initial phenol concentrations than 8 g kg-1 show that this decrease in capacity can be as high as 12%. 
However, this data is not shown here for the sake of brevity and due to the focus on lower initial 
phenol concentrations. In case of impregnated XAD16, see Figure 4.6 b), the decrease of phenol 
capacity after the first cycle is already noticeable in the initial phenol concentration range below 
8 g kg-1. In this concentration range the decrease of phenol capacity can be as high as 7%. 
Nonetheless, in the following cycles the performance is stable for both impregnated MPP and 
impregnated XAD16 particles. The decrease of phenol capacity after the first cycle is on the one 
hand attributed to bleeding of the expanding extractant during the first phenol extraction, as was 
already mentioned in paragraph 4.4.2.1. On the other hand the extractant loss during the first cycle 
can be ascribed to extractant residues on the outer surface of the particles. The extractant residues 
are washed away during the first cycle,(4,14) which causes an additional decrease in capacity. 

During multiple cycles of extraction and regeneration it is observed that impregnated XAD16 
suffers from attrition during the batch experiments. This suggests a lack of mechanical stability of 
XAD16. The MPP particles do not show such fatigue of material, which might be caused by its 
intrinsic particle structure. MPP particles are composed of semi-crystalline polypropylene. 

As stated above, impregnated XAD16 particles can take up more extractant during full 
impregnation than MPP particles. Fully impregnated XAD16 particle contain 2.14 mol Cyanex 923 
kg-1 SIR, while fully impregnated MPP particles contain 1.57 mol Cyanex 923 kg-1 SIR. A 
comparison of the isotherms of fully impregnated MPP and fully impregnated XAD16 in 
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Figure 4.6 reveals that impregnated MPP particles have a lower capacity for phenol than 
impregnated XAD16 particles. 
 

 

Figure 4.6. Comparison of a) impregnated MPP and b) impregnated Amberlite XAD16. 
 

This difference in phenol capacity can be contributed to the higher amount of extractant present in 
Amberlite XAD16 at full impregnation than in the MPP particles. However, the difference in 
phenol capacity is moderate, e.g. approximately 1.75 × 10-4 mol phenol g-1 SIR at a concentration of 
phenol in the aqueous phase of approximately 0.0033 mol L-1. 
The lack of mechanical strength and the fact that MPP particles are significantly cheaper than 
XAD16 particles are the main reasons why the MPP particles are preferred as matrix for 
impregnation during further investigations. 
 

4.4.3 Comparison of impregnated MPP with other adsorbents and ion exchangers 
 

The prepared SIR is compared with other resins in order to evaluate its competitiveness. For this 
comparison different particles are used, namely the unimpregnated polypropylene polymer MPP, 
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two synthetic adsorbents, two ion exchangers and activated carbon. The two tested synthetic 
adsorbents are the non ionic aliphatic acrylic polymer Amberlite XAD7 and crosslinked polystyrene 
divinylbenzene Amberlite XAD16 (see also above). These do not have additional functional groups. 
The two ion exchangers are the weakly basic Amberlyst A21 and the strongly basic Amberlite 
IRA-900. Both resins are modified tert-amine divinylbenzene styrene copolymers. The activated 
carbon used is AquaSorb 202, a steam activated granulate of bituminous coal. 
 

 

Figure 4.7. Comparison of impregnated MPP particles and impregnated XAD16 with synthetic adsorbents, 
ion exchange resins and activated carbon. 

 
In Figure 4.7 the isotherms for phenol removal of the above mentioned resins are depicted. The 

SIR based on impregnated MPP particles shows a better performance than the two different basic 
ion exchangers Amberlyst A21 and Amberlite IRA-900, and the adsorbents Amberlite XAD7, 
XAD16 as well as unimpregnated MPP. Evidently, the activated carbon AquaSorb 202 is the best 
phenol adsorbent in this case. There are nonetheless several drawbacks in its application. For 
activated carbon regeneration of compounds, which do not have a significant vapor pressure below 
120 ºC, thermal regeneration is applied.(21) Thermal regeneration involves heating the activated 
carbon up to temperatures as high as 900 ºC, which desorbs and oxidizes the adsorbed chemicals. 
Unfortunately, 10 – 15% of the particles are lost due to deterioration of the activated carbon during 
regeneration.(22) Thermal regeneration has the additional disadvantages of being energy intensive 
and destroying the adsorbed material during the thermal regeneration process.(21) This means, that 
although the activated carbon AquaSorb 202 performs better than the SIR during phenol removal, 
the use of activated carbons in a thermal recovery unit is only economic at a bed size larger than 
30 m3. Below a bed size of 30 m3, the loaded active carbon is preferably burnt. The prepared MPP 
based SIR is the second best phenol remover. As will be shown in paragraph 4.4.4, impregnated 
MPP particles can be easily regenerated and reused. This is why in spite of the superior phenol 
capacity of the activated carbon AquaSorb 202 the MPP based SIR with an extractant loading of 
1.57 mol Cyanex 923 kg-1 can become more attractive than activated carbon for certain applications, 
e.g. when using small bed sizes. 
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The maximum phenol capacity of MPP particles containing 0.99 mol Cyanex 923 kg-1 SIR was 
determined to be 4.1 mol kg-1 SIR (qmax = 386 mg g-1). Impregnated MPP particles containing 
1.47 mol Cyanex 923 kg-1 SIR show a maximum phenol capacity of 5.08 mol kg-1 SIR 
(qmax = 478 mg g-1). In Table 4.2, the acquired maximum phenol capacities of the prepared SIRs are 
compared with data from references. These reference materials include ion exchangers, such as 
Amberlite IRA-420,(23) different activated carbons,(22,24) activated sludge,(22) zeolites,(22) chitosan (25) 
and bagasse fly ash.(22) On the one hand, it appears that with increasing extractant content, the 
capacity of the SIR can be increased significantly. On the other hand, it becomes clear that a highly 
impregnated SIR, in this case impregnated MPP with 1.47 mol Cyanex 923 kg-1 SIR, can become 
superior to the adsorbents investigated in the references, such as activated carbon cloth.(22) 
 
Table 4.2. Comparison of phenol capacity of prepared SIR with reference values 
Particles qmax (mol g-1) × 103 qmax (mg g-1) 
Impregnated MPP 
(1.47 mol Cyanex 923 kg-1 SIR) 

5.08 478 

Impregnated MPP 
(0.99 mol Cyanex 923 kg-1 SIR) 

4.10 386 

Activated carbon cloth 4.28 (22) 402.74 (22) 
Amberlite IRA-420 3.35 (23) 315.37 (23) 
Granular activated carbon from coal 
(physical steam activation) 

3.22 (24) 303 (24) 

AC (pinewood based) 2.56 (22) 240.6 (22) 
Dried activated sludge 2.52 (22) 236.8 (22) 
Powdered activated carbon from coal  
(chemical activation) 

2.40 (24) 226 (24) 

Filtrasorb (F-400) 2.18 (22) 205.1 (22) 
Dried aerobic activated sludge 2.06 (22) 194.2 (22) 
Ni/Na-Y zeolites 0.90 (22) 84.69 (22) 
Na-Y zeolites 0.80 (22) 75.28 (22) 
chitosan 0.35 (25) 32.89 (25) 
bagasse fly ash 0.25 (22) 23.8 (22) 
Activated carbon from Tectona grandis 
sawdust (ZnCl2 activation) 

0.14 (26) 13.45 (26) 

 
Based on the above presented comparison of the experimental results for phenol removal it can be 

concluded that SIR technology can be a promising alternative to other phenol removal technologies 
such as ion exchange and adsorption. 
 

4.4.4 Extraction of phenol from waste water of the Hock process with SIR 
 

The so-called Hock process was discovered by Hock and Lang in 1944. With this process phenol 
is produced via cumene oxidation. The waste water of the Hock process contains various organic 
components and sodium sulphate, as mentioned in paragraph 4.2.6. As was already discussed in 
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Chapter 3, these components can have an influence on the phenol extraction. In Figure 4.8 the 
isotherms of a SIR containing 1.28 mol Cyanex 923 kg-1 SIR are given for phenol extraction from 
demineralised water and process waste water, respectively. 
 

 
Figure 4.8. Phenol extraction from phenolic standard solution and waste water of the Hock process. 

 
It can be seen in Figure 4.8, that a higher amount of phenol is extracted from Hock process waste 

water than from a standard solution prepared with demineralised water. Probably, the salt load of 
the process waste water is high enough to compensate the salting in effect caused by the formic and 
acetic acid present in the waste water. This means that the prepared solvent impregnated resin 
containing Cyanex 923 is an even more effective phenol extraction system when applied for process 
waste water treatment. 
 

4.4.5 LLE/SIR Model 
 

It can be observed that the experimental overall distribution coefficient KD
exp. depends on the 

initial phenol concentration in the aqueous phase. This can be seen in Figure 4.9, where the values 
of KD

exp. from LLE experiments for different initial phenol concentrations in the aqueous phase are 
depicted. The KD

exp. values of two different SIR applications are also represented. It can be 
concluded from Figure 4.9, that there is no significant difference of the KD

exp. values for phenol 
extraction with Cyanex 923 in an LLE and in a SIR application. The experimental data can be 
described satisfactorily with Eq. (4.9). The values for the chemical and physical equilibrium 
constants, which were used for this fitting, are Kchem = 37.22 L mol-1 and 
Kphys = 16.73 (mol L-1) (mol L-1)-1. These values imply that the chemical binding of phenol with the 
extractant molecules and the physical solubility of phenol in the organic extractant phase both 
influence the extraction. 
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Figure 4.9. Equilibrium data of LLE and SIR, fitted with KD,SIR from Eq. (4.9). 
 

With the above determined values of Kchem and Kphys the phenol extraction isotherms of MPP 
impregnated with Cyanex 923 can be simulated. The overall volume of the organic extractant inside 
the used SIR particles is given by Vorg. For practical reasons it is assumed that Vorg is constant. The 
mass of the used SIR particles mSIR is 1.7 × 10-3 kg. Since the extractant is pure, its molar 
concentration cE,0

org = 2.53 mol L-1 is assumed constant in both cases. The experimentally 
determined isotherms for the two different investigated SIRs are shown in Figure 4.10. Due to the 
different extractant loading of the two SIRs, the isotherm of MPP containing Vorg = 6.9 × 10-4 L 
(0.99 mol Cyanex 923 kg-1 SIR) is lower than the isotherm of MPP containing Vorg = 1.0 × 10-3 L 
(1.47 mol Cyanex 923 kg-1 SIR). 
 

 

Figure 4.10. Experimental SIR isotherms and simulation of SIR isotherms based on values obtained from 
LLE data. 
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The isotherms are simulated with the chemical and physical equilibrium constants Kchem and Kphys 
obtained from the fitting of the LLE data with Eq. (4.9). As can be seen in Figure 4.10 the 
simulated isotherms describe the experimental data satisfactorily. 
 

4.4.6 Regeneration of SIR 
 

For an industrial application the regenerability of a SIR is an important feature, as its reusability 
ensures the cost effectiveness of the process. The recovery of phenol from an extractant phase can 
usually be achieved by using alkaline solutions at a pH above 10,(18) as the pKa value of phenol is 
approximately 10.(15) Below a pH of 10 there is no influence of pH on the extraction of phenol. 

The problem of using alkaline solutions as regenerants for Cyanex 923 is that severe 
emulsification occurs, which hinders an efficient phase separation.(18) As is shown in Figure 4.11, 
this emulsification is observed during liquid-liquid equilibrium experiments with aqueous solutions 
of ammonia, NaOH, KOH, Ca(OH)2, Sr(OH)2 and Ba(OH)2, where the pH values of the aqueous 
alkaline solutions were around 12.5. 
 

 

Figure 4.11. Emulsification of Cyanex 923 with different alkaline solutions (from left to right: ammonia, 
sodium hydroxide, potassium hydroxide, calcium hydroxide, strontium hydroxide, barium hydroxide). 

 
However, only when using a solution of barium hydroxide Ba(OH)2, there is a clear phase 

separation after settling the two phases, as can be seen in Figure 10 on the right. The size of the 
base cation might have an influence on the emulsification. This, however, is not the focus of further 
investigation. The observation furthermore suggests, that during a SIR regeneration with alkaline 
solutions other than Ba(OH)2 the extractant might be consecutively rinsed from the SIR particle. 
This effect can be shown when impregnated MPP particles are consecutively regenerated with e.g. 
NaOH solution. As shown in Figure 4.12, the slope of the extraction isotherms of the SIR decreases 
with every cycle. This suggests that there is a decrease of phenol uptake by the SIR caused by loss 
of extractant to the aqueous phase during regeneration. 
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Figure 4.12. Multiple cycles of SIR containing Cyanex 923 regenerated with NaOH solution. 
 

As described above the only alkaline solution which is not causing emulsification is Ba(OH)2. 
When a Ba(OH)2 solution is used to regenerate impregnated MPP particles there is no decrease of 
the isotherms between the different cycles, as can be seen in Figure 4.13. A complete regeneration 
of the SIR can be accomplished without loss of extractant and thus without loss of capacity. No 
deteriorating effect of Ba(OH)2 solution on the solvent or resin could be observed. 
 

 

Figure 4.13. Multiple cycles of SIR containing Cyanex 923 regenerated with Ba(OH)2 solution. 
  

Nonetheless, the back-extraction at 25 ºC takes several hours. This is why the back-extraction at 
elevated temperatures is investigated. An increase of temperature can enhance the back-extraction 
in two ways. On the one hand, increasing the temperature facilitates the diffusivity. On the other 
hand, a temperature increase also decreases the viscosity of the extractant Cyanex 923, which 
increases the diffusion coefficient even further.(27) According to Cytec Industries product 
information the viscosity of Cyanex 923 decreases from 40 mPa s at 25 ºC to 13.7 mPa s at 50 ºC. 
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As can be seen in Figure 4.14, increasing the temperature from 25 ºC to 50 ºC accelerates the 
back-extraction by several hours. A further temperature increase to 75 ºC shortens the 
back-extraction period even more. 
 

 

Figure 4.14. Regeneration of SIR containing Cyanex 923 with Ba(OH)2 at 25 ºC, 50 ºC and 75 ºC. 
 

A different option to regenerate the SIR is hot gas regeneration. However, a preliminary 
experiment indicates that a regeneration involving hot gas at temperatures in the range of 110 ºC is 
not successfully applicable due to the too low vapor pressure of phenol. This is why the 
regeneration with alkaline solutions is preferred. 
 

4.4.7 Preliminary SIR kinetics 
 

At this point only preliminary observations concerning the kinetics are made. In Figure 4.15, the 
concentration profiles obtained from one set of zero length column experiments are shown. The 
zero length column setup is used in order to simulate column behavior. The SIR used consisted of 
impregnated MPP particles with a Cyanex 923 content of 1.28 mol Cyanex 923 kg-1 SIR. The initial 
phenol concentration of the aqueous phase is 0.5 g kg-1. The flow rate is varied between 5 and 
30 mL min-1. The time until equilibrium is reached takes more than 4 hours, which confirms the 12 
hours which were applied for LLE batch experiments. The extraction process seems to be diffusion 
controlled in the laminar sublayer around the SIR particles at low flow rates of approximately 
5 mL min-1 (equaling a superficial velocity of 3.3 cm min-1) and an initial phenol concentration of 
0.5 g kg-1. At flow rates above 10 mL min-1 (equaling a superficial velocity of 6.6 cm min-1) the 
process appears to be controlled by other mechanisms, like the hydrogen bonding reaction in the 
organic phase, and the diffusion inside the particle pores. Detailed kinetics including modeling are 
out of the scope of this paper and will be presented in the near future. 
 



SIR for phenol removal 

 65 

 

Figure 4.15. Phenol concentration in the aqueous phase as a function of time during extraction with a SIR 
containing 1.28 mol Cyanex 923 kg-1 (initial phenol concentration of 0.5 g kg-1). 

 
4.5 Conclusions 

 
The equilibrium constants of the phenol extraction are determined as Kchem = 37.22 L mol-1 and 

Kphys = 16.73 (mol L-1) (mol L-1)-1, which means that the predominant extraction mechanism is 
chemical binding between phenol and the extractant. Using SIRs eliminates the problem of 
emulsification encountered in LLE extraction. Impregnated MPP particles and impregnated XAD16 
particles can be used successfully for phenol extraction. Nonetheless, impregnated MPP particles 
are preferred as the impregnated XAD 16 particles are showing less mechanical strength and are 
more expensive. Compared to most of the other adsorbents and ion exchangers, impregnated MPP 
performs superior. Extraction of phenol from process waste water, which contains a high amount of 
sodium sulphate and low amounts of formic acid and acetic acid, is better than from a standard 
solution containing the same amount of phenol. In this case, the salting out effect by the sodium 
sulphate surpasses the salting in effect by the organic acids. The regenerability of the prepared SIR 
is easy and complete, and it is stable during several cycles. This indicates that SIR technology is a 
promising alternative for the conventional phenol removal technologies at low concentration levels. 
 

List of Symbols 
c  concentration     mol L-1 
Kchem  chemical equilibrium constant  L mol-1 
Kphys  physical equilibrium constant   (mol L-1) (mol L-1)-1 
KD  distribution coefficient   (mol L-1) (mol L-1)-1 
m  mass      g 
q  solute loading of particle   mol g-1 
V  volume     L 
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Subscripts and superscripts 

0  at time zero 
aq  aqueous phase 
Comp  complex between phenol and extractant 
LLE  liquid-liquid equilibrium 
max  maximum 
org  organic phase 
PhOH  phenol 
SIR  solvent impregnated resin 
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Chapter 5 

Phenol extraction with Cyanex 923: Kinetics of the solvent impregnated resin 
application 

In the present work experimental data on the kinetics of phenol extraction with a solvent 
impregnated resin (SIR) and its description with a kinetic model is presented. Phenol is extracted 
from aqueous solutions with macroporous polypropylene particles impregnated with Cyanex 923. 
The rate determining step of the phenol extraction kinetics is identified to be a combination of the 
complexation between phenol and Cyanex 923, and pore diffusion inside the SIR. Thus, a model 
based on chemical reaction and intraparticle diffusion is used to describe the experimental data. In a 
sensitivity analysis it is observed that the phenol diffusivity and the physical equilibrium 
distribution Kphys have the most pronounced influence on the kinetic model. Towards equilibrium 
the sensitivity to the chemical equilibrium constant becomes more pronounced. Increasing the 
temperature causes an increase of the reaction rate constant and the diffusivity. The kinetic model 
gives a quite reasonable fit of most of the experimentally determined time dependent aqueous phase 
phenol concentrations. 
 

5.1 Introduction 
 

In the previous chapters it was shown that Cyanex 923 is an effective phenol extractant.(1-3) Its 
applicability as phenol extractant in both liquid-liquid equilibrium extraction (4) and solvent 
impregnated resin extraction was also proven,(5) resulting in a high overall distribution coefficient 
KD. In the latter study the prepared solvent impregnated resin (SIR) consisted of macroporous 
polypropylene particles impregnated with Cyanex 923. 

To achieve a thorough understanding of the extraction process the extraction kinetics need to be 
known. These are also important at a later stage in equipment and process design. The extraction 
kinetics can be dominated by various mechanisms, such as film diffusion, intraparticle diffusion or 
chemical reaction. Depending on the underlying mechanism different kinetic models can be 
utilized. These are on the one hand the homogeneous particle diffusion model,(6,7) in which the 
sorbed species is assumed to be in equilibrium with the diffusing species in the pore space. In this 
model, chemical reaction is consequently reversible and the modelling of the diffusion terms is 
based on Fick’s law of diffusion.(8,9) On the other hand the shrinking core model (10,11) describes 
sorption or ion exchange, where the reaction is significantly faster than the diffusion. In such a case, 
the reaction is assumed to be irreversible and the solute will advance through a particle as a 
topochemical inward moving front between the reacted shell of the particle and the unreacted 
core.(12) However, this condition is not satisfied, when the shell after the inward moving front is not 
completely saturated with the extracted solute.(13) A refinement of the shrinking core model is the 
modified shrinking core model, which also takes incomplete saturation and reversible reactions into 
account. The modified shrinking core model requires a uniform distribution of the binding sites 
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within each particle. The particles should be spherical with a constant radius throughout the 
extraction process. Furthermore, local equilibrium between bound and unbound species within the 
particle pores is required. Such approach can be successfully be used to define the rate determining 
step of a sorption/extraction process in ion exchangers or solvent impregnated resins.(12,14,15) 

In this investigation a model incorporating combined diffusion and chemical reaction is used, 
which proved to be reliable in different applications.(8,9,16) This model is experimentally evaluated 
for the phenol extraction with impregnated macroporous polypropylene particles containing Cyanex 
923. The technique, which is applied to gain the necessary experimental data, is the zero length 
column (ZLC) method.(17) With the ZLC method axial dispersion in the bed can be avoided, as the 
column consists of a thin layer of particles. This column design and sufficiently high flow rates 
minimize the external resistance to mass transfer. Thus, the film diffusion through the laminar 
sublayer surrounding the particles can be neglected.(16) By applying the ZLC method the influence 
of flow rate, initial phenol concentration and temperature on the phenol extraction kinetics of the 
prepared SIR is investigated. The quality of fitting the experimental data with the developed model 
is discussed. 
 

5.2 Materials and Methods 
 

5.2.1 Substances 
 

The chemicals used are tri-(C6,C8)-alkylphosphine oxide (Cyanex 923) (93%, Cytec Industries 
Inc., Netherlands), n-hexane (≥ 99%, Fluka AG, Switzerland) and phenol (≥ 99%, Merck KGaA, 
Germany). All substances are used without further purification. 

The evaluated particles are semi-crystalline macro-porous polypropylene polymer MPP (VWS 
MPP Systems B.V., Netherlands). The properties of these particles are listed in Chapter 4, 
paragraph 4.2.4, Table 4.1. The MPP particles are sieved, then washed with acetone and left in a 
rotary evaporator (BÜCHI Rotavapor R-200, BÜCHI Labortechnik AG, Switzerland) equipped 
with a heating bath (BÜCHI Heating Bath B-490, BÜCHI Labortechnik AG, Switzerland) for 12 
hours at vacuum and 70 ºC. 
 

5.2.2 Resin impregnation 
 

Prior to impregnation of the MPP particles, Cyanex 923 is diluted with n-hexane. For 
impregnation the dry method is used.(18) The particles are dispersed in this solution during 
impregnation. The n-hexane is then slowly evaporated from this dispersion at 60 ºC and 10 kPa. 
The Cyanex 923 remains inside the pores. Different loadings with the extractant can be achieved 
this way. The prepared MPP based SIR is partially impregnated and has an extractant loading of 
1.28 mol kg-1 SIR. This loading is selected to avoid leaching of the extractant from the particles due 
to volume increase of the extractant phase inside the pores during phenol extraction. 
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5.2.3 SIR kinetics 
 

The kinetics of impregnated MPP containing 1.28 mol pure Cyanex 923 kg-1 SIR is determined in 
a zero length column setup,(15,16) see Figure 5.1, which is due to the applied recycle mode 
effectively a finite bath without the danger of damaging the particles. However, the term zero length 
column will be used throughout this thesis as the technically correct expression. The setup consists 
of a Knauer Smartline 1000 pump and a Knauer Smartline UV Detector 2500 (Separations 
Analytical Instruments B.V., Netherlands), and an Omnifit Column (Bio-Chem Valve / Omnifit, 
England). The dead volume of the setup is determined to be 4.8 mL. 
 

 
Figure 5.1. Zero length column setup for kinetics measurements (recycle mode). 

 
The column is made out of borosilicate heavy wall glass. It has an inner diameter of 15 mm and a 

length of 150 mm. The bed length does not exceed 2 mm. The pump flows applied are 5, 10, 20 and 
30 mL min-1. The wavelength of the UV detector is adjusted to 285 nm to detect phenol in the 
aqueous solution. The temperatures at which the measurements are performed are 25 ºC and 50 ºC, 
respectively. All kinetic experiments are performed according to the same procedure. The column is 
loaded with 0.2 g SIR and rinsed with demineralized water. After this, the setup is run for 240 min 
in a recycle mode. During the recycle mode the inlet and outlet tube of the setup are placed in the 
same glass vessel, see Figure 5.1. The glass vessel contains 25 mL of demineralized water spiked 
with phenol. The different initial phenol concentrations, which are applied for each range of flow 
rates, are 0.5 g kg-1 (0.005 mol L-1), 1 g kg-1 (0.01 mol L-1) and 2 g kg-1 (0.02 mol L-1). The vessel is 
magnetically stirred at 500 rpm in order to assure ideal mixing. During the runs the signal of the UV 
detector is monitored online with the program EZChrom Elite – ChromGate Version 3.1.7 
(Scientific Software, Inc., USA). 
 

5.3 Mathematical model 
 

The principle of the extraction of phenol with a SIR is depicted in Figure 5.2. The extractant is 
immobilized inside the pores of a macroporous particle.  
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Figure 5.2. SIR principle of a macroporous particle impregnated with a complexing agent E. 

 
During the extraction process, as depicted in Figure 5.2, phenol (PhOH) from the aqueous phase 

is entering the organic extractant phase E. Phenol first physically dissolves in the organic phase, 
thus establishing a physical equilibrium, which is characterized by the physical equilibrium constant 
Kphys, as given in Eq. (5.1). 
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c

K =    (5.1) 

 
Once dissolved in the organic extractant phase E, phenol will react with the extractant and form a 

complex C according to Eq. (5.2). The reaction rate constants k+ and k- are the rate constants for 
forward and backward reaction, respectively. 
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Since the complex formation is based on intermolecular hydrogen bonding, the reaction is 

reversible. The stoichiometry for the reaction described by Eq. (5.2) is γPhOH, γE = 1 for the forward 
reaction of components PhOH and E, and γC = -1 for the backward reaction of component C. The 
equilibrium is expected to be on the product side C. According to Eq. (5.2), the chemical 
equilibrium constant Kchem of the complex formation can be described as in Eq. (5.3). 
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The overall distribution coefficient KD depends on the concentration of physically dissolved and 
chemically complexed phenol in the organic phase, respectively, and also on the concentration of 
phenol in the aqueous phase. KD can be determined as shown in Eq. (5.4). 
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cc
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The model which is used to describe the kinetics of the phenol extraction process with a SIR 

combines intraparticle diffusion and chemical reaction. As will be shown later, the combination of 
these two mechanisms is valid for the described system. The model can be based on the Maxwell-
Stefan equations, which are a suitable tool for tackling multicomponent diffusion problems.(19) 
However, these flux equations can rarely be used directly and exact solutions are only available for 
special cases.(20) Nonetheless, the generalized form of the Maxwell-Stefan equations can be directly 
compared to Fick’s law.(21,22) The derivation of a flux expression for a dilute solution in the form of 
Fick’s first law from the Maxwell-Stefan equations – and vice versa – including the necessary 
assumptions is given in literature and shall not be elaborated in detail at this point.(23,24) The focus is 
rather on the further development of the used model after the derivation from the Maxwell-Stefan 
equations. For the system investigated in this chapter, all the three involved species, namely PhOH, 
E and C, are considered. Thus, the diffusion equations for all three of these components in the 
organic phase inside the particle pores need to be considered. 

First, the reaction rate in the organic phase can be described according to Eq. (5.5), where k- can 
be substituted by Eq. (5.3). 
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In order to describe combined mass-transfer and chemical reaction inside the particle, a number of 

assumptions need to be made. According to Ma (25) and Babic (16) cylindrical particles with a 
diameter to length ratio of 1 can be approximated as spheres with identical radii. Since the applied 
cylindrical MPP particles have an average length and diameter of 1 mm, this condition is 
satisfied.(16) Furthermore it can reliably be assumed that MPP particles are inert,(5,16) i.e. no 
additional adsorption occurs. It is moreover assumed, that simultaneous mass transfer and chemical 
reaction are non-stationary in a small particle due to finite capacity. Thus, non-stationary 
mass-transfer and chemical reaction can be described for each component i (i = PhOH, E, C) in the 
organic extractant phase according to the three differential equations (5.6), where the reaction rate 
of Eq. (5.5) is already introduced.(26) Eq.s (5.6) are the above mentioned flux expressions for a 
dilute solution in the form of Fick’s first law – based on the Maxwell-Stefan equation – combined 
with a chemical reaction term. Although it may seem that Eq.s (5.6) are independent, they are most 
probably strongly coupled. This is partially supported by Figures 5.8 – 5.10, in which the radial 
concentration profiles inside the SIR particles are given. Considering the comparatively small molar 
volume of phenol, its comparatively low concentration and Figure 5.8, the flux expression for the 
solute phenol can be assumed as independent from the other two flux expressions. However, since 
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the molar volumes of the extractant and the complex are comparable and their concentrations are 
eventually in a similar range, also the flux expressions of the extractant and the complex appear to 
be dependent. This is corroborated by Figure 5.9 and Figure 5.10, which show the respective radial 
concentration profiles inside the particles. However, for the sake of simplicity of the model, it is 
assumed that the net flux inside the pores is zero and that there is no molecular volume contraction. 
This means that 0  VN  VN  VN CCEEPhOHPhOH =++  and consequently there is no volume production 
inside the SIR pores. 

The extraction mechanism between the extractant Cyanex 923 and phenol is reversible hydrogen 
bonding of a 1:1 stoichiometry.(27,28) This is why γPhOH and γE in Eq. (5.6) are equal to 1 and γC = -1, 
see above. The terms DPhOH, DE and DC represent the diffusivities of phenol, the extractant and the 
complex inside the pores of the SIR particle. The constant τ represents the tortuosity factor. 
 









−γ−








∂

∂
∂
∂

τ
=

∂
∂ + org

C
chem

org
E

org
PhOHPhOH

org
PhOH2

2
PhOH

org
PhOH c

K
1cck

r
c

r
rr

1D
t

c
 

 

 









−γ−








∂

∂
∂
∂

τ
=

∂
∂ + org

C
chem

org
E

org
PhOHE

org
E2

2
E

org
E c

K
1cck

r
c

r
rr

1D
t

c
 

 

(5.6) 









−γ−








∂

∂
∂
∂

τ
=

∂
∂ + org

C
chem

org
E

org
PhOHC

org
C2

2
C

org
C c

K
1cck

r
c

r
rr

1D
t

c
 

 

 
 

The decrease of the solute phenol in the aqueous phase is the aspect of particular attention in this 
model due to the selected experimental setup and analysis method. The solute concentration in the 
aqueous phase can be described with Eq. (5.7), where Fick’s law of diffusion, which depends on the 
flux of the solute phenol through the phase interface, is applied at the outer particle surface r = R. 
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The introduction of the dimensionless radius variable ϕ, see Eq. (5.8), allows a straightforward 

scalability of the model later on. 
 

R
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=ϕ   (5.8) 

 
Using this dimensionless radius variable ϕ, Eq. (5.6) and Eq. (5.7) change into Eq.s (5.9) and Eq. 

(5.10), respectively. 
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The diffusivities Di (i = PhOH, E, C) in the extractant are estimated using the Wilke-Chang 

equation, as will be explained in paragraph 5.4.5. Due to the physical solubility of phenol in the 
extractant, the chemical reaction is not restricted to the interface. Instead, it will take place in the 
bulk of the organic phase. At the phase interface between aqueous and organic phase there is merely 
physical equilibrium, as described by Eq. (5.1). Furthermore, because of the selected high flow rate 
of the aqueous phase through the column, it can be assumed that there is no mass transfer resistance 
at the interface between bulk phase and particle surface. Thus, the boundary condition for PhOH at 
the particle surface can be given by Eq. (5.11). 
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It is assumed that the extractant and the complex are not soluble in the aqueous phase and will 

remain inside the SIR particle. Furthermore, at ϕ = 0 the concentration gradients of the extractant 
and the complex are assumed to be zero. This is expressed by Eq. (5.12) to Eq. (5.15). 
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At ϕ = 0 the phenol concentration gradient is assumed to be zero, see Eq. (5.16). 
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The initial conditions are given as follows. 
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The initial phenol concentrations are approximately 0.005 mol L-1, 0.01 mol L-1and 0.02 mol L-1. 
In this investigation the zero length column (ZLC) method is applied,(17,29) which can also in this 

case effectively be described as a finite bath without the risk of damaging the particles. However, 
the term ZLC will further on be applied as the technically correct term. The bed length is 
adequately low, so that axial dispersion can be neglected. Using a high flow rate, the laminar sub-
layer around the particles can be neglected and thus also the external mass transfer resistance. This 
way, only the intraparticle effects have to be considered. 

The modeling is done using the program gPROMS® 3.0.3 ModelBuilder (Process Systems 
Enterprise Limited, United Kingdom). The fitting parameters are estimated with the Parameter 
Estimation tool using a heteroscedastic variance model for the experimentally determined values. 
 

5.4 Results and Discussion 
 

5.4.1 Flow rate 
 

During the experiments the flow rate was varied between 5, 10, 20 and 30 mL min-1 for initial 
phenol concentrations of the aqueous phase of 0.5 g kg-1 (0.005 mol L-1), 1 g kg-1 (0.01 mol L-1) and 
2 g kg-1 (0.02 mol L-1) and temperatures of 25 ºC and 50 ºC. 

Figure 5.3 is an example of the obtained time developments of the bath concentration of phenol 
in the aqueous phase. As can be seen in Figure 5.3, the flow rate of 30 mL min-1 does not seem to 
give a different time development of the phenol bath concentration than a flow rate of 20 mL min-1. 
This observation is the same for both 25 ºC and 50 ºC. Thus, it can be assumed, that at a flow rate 
of 30 mL min-1 the laminar sub-layer surrounding the particles is negligible. This is why film 
diffusion is very rapid and thus not to be considered as the rate determining step. 
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Figure 5.3. Determination of optimum flow rate for kinetics experiment (here: caq

0(PhOH) = 0.5 g kg-1 
(0.005 mol L-1), a) T = 25 ºC, b) T = 50 ºC). 

 
5.4.2 Phenol concentration of aqueous phase 

 
According to Serarols et al. the initial concentration can have an influence on the kinetic 

properties.(30) As an example of the influence of the phenol concentration of the aqueous phase, 
Figure 5.4 shows the respective time developments of the bath concentration at 25 ºC. Apparently, 
the equilibrium is reached faster at higher concentrations, which means that the extraction is faster 
at higher concentrations. The increase of the phenol concentration seems to pose the driving force 
for the faster phenol uptake of the SIR particles. However, even if the eventual equilibrium 
concentration of phenol in the aqueous phase is reached faster, it is higher at higher initial solute 
concentrations. This is also in conformity with the observations made by Wang and Liu (31) for 
phenol extraction with trioctylamine/trioctylamine salt mixtures and 1-octanol/trioctylamine 
mixtures. This means that the extraction time can be decreased by increasing the phenol 
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concentration, albeit at the expense of increased residual solute concentration in the aqueous phase. 
However, in industrial appliances a suitable adjustment of the phenol concentration of the feed 
stream might not be applicable. 
 

 
Figure 5.4. Time developments of the bath concentration with differing initial phenol concentration 

caq
0(PhOH) at 25 ºC, flow rate = 30 mL min-1. 

 
5.4.3 Temperature 

 
The influence of temperature on the extraction equilibrium was already discussed by MacGlashan 

et al.,(32) Wang and Liu (31) and Wu and Liu.(33) With increasing temperature the distribution 
coefficient decreases, which can on the one hand be attributed to the decreasing solubility of phenol 
in the organic phase at increasing temperatures. On the other hand, the complexation mechanism 
between phenol and the extractant Cyanex 923 is based on hydrogen bonding, which is an 
exothermic process. When the temperature is increased, the equilibrium of the exothermic 
complexation is shifted to the reactant side, thus reducing the chemical phenol capacity of the 
extractant. The above mentioned decrease of phenol capacity of the extractant is confirmed in 
Figure 5.5, where the time developments of the bath concentration of phenol in the aqueous phase 
at different temperatures are compared for initial phenol concentrations of 0.5 g kg-1 (0.005 mol L-1) 
and 2 g kg-1 (0.02 mol L-1). The equilibrium phenol concentration in the aqueous phase at 50 ºC is 
higher than at 25 ºC, i.e. that less phenol is extracted at higher temperatures. This is also shown in 
Chapter 3 for the liquid-liquid equilibrium between phenol and Cyanex 923. 

Another observation is that for the lower phenol concentration the initial decrease of the phenol 
concentration is faster at 50 ºC than at 25 ºC. Such an increase of the extraction rate of phenol was 
already observed for other extractants.(33,34) This can on the one hand be contributed to the higher 
diffusivity of phenol in Cyanex 923 at 50 ºC compared to 25 ºC. On the other hand, also the 
reaction rate between phenol and the extractant is increasing with increasing temperatures. As a 
results of higher diffusivity and higher reaction rate, equilibrium is reached faster at 50 ºC than at 
25 ºC, i.e. that the extraction is faster at increased temperatures. 
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Figure 5.5. Time developments of the bath concentration at 25 ºC and 50 ºC for caq

0(PhOH) = 0.5 g kg-1 
(0.005 mol L-1) and caq

0(PhOH) = 2.0 g kg-1 (0.02 mol L-1), flow rate = 30 mL min-1. 
 

5.4.4 Identification of rate determining step 
 

The extraction kinetics can be influenced by several mechanisms. These mechanisms are film 
diffusion through the laminar sub-layer surrounding the particle, intraparticle diffusion through the 
extractant phase immobilized inside the pores and, finally, chemical reaction of the solute with the 
extractant. The rate determining step of the solute extraction with a SIR can be one of the above 
mentioned mechanisms or a combination of two or more of these mechanisms. Applying the 
modified shrinking core model can help to identify the rate determining step. This approach is 
based on Levenspiel’s conversion equations for elementary irreversible reactions (35) in gas-solid 
reaction systems. It was expanded by Bhandari et al. (36) in the modified shrinking core model 
incorporating also reversible reactions. Extension of the model to describe combined film diffusion 
and reaction kinetics with reversible reactions was done by Juang and Lin.(8,9) It has since been 
successfully applied in several cases.(8,9,15,37) 

In order to identify the rate determining step, three factors X, Y and Z are applied. The fractional 
conversion X is used to determine whether film diffusion control occurs. This factor X, as given in 
Eq. (5.17), depends on the solute loading of the particle qSIR

PhOH(t) and the initial extractant loading 
of the SIR qSIR

E. In this case, the stoichiometry γ equals 1, Dfilm is the film diffusion coefficient, δ is 
the film thickness and R the radius of the SIR particle. 
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The fractional conversion of the outer surface Xe and the equilibrium distribution ratio of the 
solute phenol between the SIR particle and the aqueous phase KSIR are needed to determine the 
factor Y. The values for Xe and KSIR are determined using Eq. (5.18) and Eq. (5.19), respectively. 
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The factor Y, which determines whether the process is particle diffusion controlled, can then be 

determined according to Eq. (5.20), in which Dpore is the apparent pore diffusivity. 
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In Eq. (5.21), the chemical reaction control factor Z is determined. The parameter k stands for the 

apparent chemical reaction rate constant. 
 

∫
γ⋅

=
























−−=

t

0

aq
PhOH

3
1

eSIR

dt)t(c
R

k
X
X11

K
1Z  (5.21) 

 

 
Figure 5.6. Identification of rate determining step of phenol extraction with a SIR (example: 

caq
0(PhOH) = 1 g kg-1 (0.01 mol L-1), 25ºC, flow rate = 30 ml min-1). 

 
In Figure 5.6 the trends of the factors X, Y and Z as functions of the integral of the aqueous 

phenol concentration over time are depicted. Generally, a straight line indicates that the respective 
underlying mechanism is the rate determining step. This is the case for factors Y and Z, as can be 
seen in Figure 5.6, where Y and Z each give a straight line. Thus, for the investigated system a 
combination of intraparticle diffusion and chemical reaction can be expected.(8,38,39) Due to the high 
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flow rate selected for the experiment on which Figure 5.6 is based, external mass transfer resistance 
and thus film diffusion is expected not to be the rate determining step for this extraction. This is 
confirmed by Figure 5.6, in which the graph of factor X does not give a straight line. 

This determination of the rate determining step justifies the use of the combined reaction and 
diffusion model. A sensitivity analysis of this model is performed in order to obtain insight into 
which fitting parameters have a pronounced influence on the model. The selected fitting parameters 
are the physical equilibrium constant Kphys, the chemical equilibrium constant Kchem, the reaction 
rate constant k+, the diffusivity DPhOH of phenol in the extractant phase, the diffusivity DE of the 
extractant in the extractant phase and the diffusivity DC of the complex in the extractant phase. The 
reason why Kphys and Kchem are selected as fitting parameters at 50 ºC is that their values this 
particular temperature are not known, see paragraph 4.5. The sensitivity of the model towards the 
diffusivities is investigated, because the Wilke-Chang correlation used for determining these values 
can have comparatively high errors, see below. For the sensitivity analysis, a separate 5% increase 
of each parameter is done. The sensitivity S(t) is then calculated with Eq. (5.22), in which c1 is the 
concentration before the 5% increase and c2 the concentration after 5% increase of the respective 
parameter. 
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Figure 5.7 illustrates that the parameters which influence the model the most are Kphys and DPhOH. 

The reaction rate constant k+ has only a moderate influence as a fitting parameter. When the system 
approaches equilibrium, the influence of the parameters Kphys, DPhOH and k+ decreases significantly. 
The higher influence of DPhOH on the simulated time developments of the bath concentration 
compared to the influence of k+ is noticeable, although according to Figure 5.6, both diffusion and 
chemical reaction are the rate determining steps. The reason why the influence of DPhOH on the 
simulated time developments of the bath concentration is more pronounced than compared to the 
influence of k+ lies in the model equations. The simulated aqueous phenol concentration is 
described by Eq. (5.10), which is based on Fick’s law of diffusion and thus strongly dependent on 
DPhOH. Additionally, according to the boundary condition Eq. (5.11), the simulated aqueous phase 
concentration is directly dependent on the physical equilibrium at the phase interface. This explains 
the strong influence of Kphys on the simulated time developments of the bath concentration, see 
Figure 5.7. Up to 120 minutes, the influence of Kchem is (significantly) lower than the effect of 
Kphys, DPhOH and k+ on the simulated time developments of the bath concentration. However, the 
influence of Kchem is becoming more pronounced from approximately 200 minutes onwards. 
Towards the equilibrium, Kchem and Kphys are the constants with the only influence on the model. 
The model is least sensitive to the diffusivities DE of the extractant and DC of the complex. This 
minor sensitivity can be observed up to approximately 300 minutes. The reason, why the diffusivity 
DPhOH of phenol has a higher impact on the model can be attributed to the lower molar volume of 
the phenol molecules compared to the extractant molecules and the formed complex. The 
diffusivities of the more bulky molecules of the extractant and the complex are more than 2.6 times 
lower than the diffusivity of the phenol molecules, see Table 5.2.  
 



Chapter 5 

 82 

 
Figure 5.7. Sensitivity of model to selected model parameters. 

 
5.4.5 Curve fittings 

 
Several model parameters are needed for the fitting of the experimentally determined time 

developments of the bath concentration with the equations derived in paragraph 5.3. These model 
parameters are given in Table 5.1. The physical and chemical equilibrium constants Kphys and 
Kchem, respectively, have previously been calculated from liquid-liquid equilibrium extraction data 
for 25 ºC,(5) but not for 50 ºC. 

The program used for the model calculations is gPROMS® 3.0.3 ModelBuilder (Process Systems 
Enterprise Limited, United Kingdom). The estimation of the fitting parameters is accomplished 
with the Parameter Estimation tool using a heteroscedastic variance model for the experimentally 
determined data. 
 
Table 5.1. Model input parameters 
Model parameter Value 
Vaq (L) a 29.8×10-3 
tortuosity factor τ (-) b 6.51±0.5 
R (m) 0.5×10-3 
mSIR (kg) a 0.1876×10-3 
ρSIR (kg L-1) 1029 
εp (L L-1) 0.521 

a as used in performed experiments 
b (9) 
 

Usually, the diffusion correlations according to Tyn-Calus and Hayduk-Minhas show the lowest 
errors and are thus recommended for estimating diffusivities.(40) However, these correlations can 
not be used for components with a viscosity higher than 30 mPa s.(40) As the viscosity of Cyanex 
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923 is higher than 30 mPa s at T = 298.15 K, see below, the diffusivity values Di for i = PhOH, E, C 
in Cyanex 923 are calculated with the Wilke-Chang correlation, see Eq. (5.22). 
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The viscosity of the water saturated phenol extractant Cyanex 923 (E) is measured to be 

µE = 34.6 mPa s at T = 298.15 K and µE = 11.2 mPa s at T = 323.15 K. The molecular weight of 
Cyanex 923 (E) is ME = 348 g mol-1. The molar volumes Vi of each component PhOH, E and C at 
their boiling point are estimated with the Le Bas contribution method. As the contribution of 
phosphorus is not given by Le Bas, it is assumed to be similar to that of sulphur, which has a 
comparable molar volume. This way, for PhOH the molar volume at its boiling point is determined 
to be VPhOH = 103.4 cm3 mol-1, for E it is VE = 511.2 cm3 mol-1 and for C the respective value is 
VC = 614.6 cm3 mol-1. The solute-solvent interaction factor ψE in Eq. (5.23) equals 1. The results 
for the calculated diffusivity values Di (i = PhOH, E, C) in Cyanex 923 are given in Table 5.2. 
However, this correlation can have high errors of up to almost 70%.(40,41) This is why the diffusivity 
values Di in Cyanex 923 are selected as additional fitting parameters. The results of the fitting 
parameters are given in Table 5.3. The equilibrium parameters Kphys and Kchem need to be fitted for 
50 ºC, as the equilibrium values change with increasing temperature. The reaction rate constant k+ 
is also fitted for both temperatures. 
 
Table 5.2. Diffusivity values Di (i = PhOH, E, C) calculated with the Wilke-Chang correlation 
Calculated diffusivity  Value at 25 ºC Value at 50 ºC 
DPhOH  (m2 s-1) 7.356×10-11 2.463×10-10 
DE  (m2 s-1) 2.82×10-11 9.442×10-11 
DC  (m2 s-1) 2.523×10-11 8.454×10-11 

 
Table 5.3. Model fitting parameters 
Fitting parameter Value at 25 ºC Value at 50 ºC 
Kphys ((mol L-1) (mol L-1)-1) 16.73 a 12.25 
Kchem (L mol-1) 37.22 a 30.73 
k+ (L (mol s)-1) 0.007568 0.015498 
DPhOH (m2 s-1) 1.236×10-10 4.138×10-10 
DE (m2 s-1) 4.737×10-11 1.586×10-10 
DC (m2 s-1) 4.242×10-11 1.420×10-10 

a fixed (14) 
 

It can be seen in Table 5.3, that the equilibrium parameters Kphys and Kchem decrease with 
increasing temperature. This confirms that the solubility of phenol in the extractant phase is 
decreasing with increasing temperature, as given in literature, see paragraph 5.4.3. On the other 
hand, the reaction rate constant and the diffusivities increase at higher temperatures. This is, 
because the reaction rate constant generally increases with increasing temperatures.(39) Also the 



Chapter 5 

 84 

diffusivity generally increases with increasing temperature, as diffusivity depends on temperature 
and viscosity.(40) The fitted diffusivity values are higher than the diffusivities calculated with the 
Wilke-Chang correlation, but still within a range of less than 70% from the diffusivity values 
correlated with the Wilke-Chang equation. As mentioned before, this can be due to the possible 
high errors of these correlation methods. 

With the values given in Table 5.1 and Table 5.3, also the radial concentration profiles inside the 
SIR particles are determined with the developed model for different times t, see Figure 5.8, Figure 
5.9 and Figure 5.10. 

 

 
Figure 5.8. Radial concentration profile of phenol (PhOH) inside the SIR particle (example: 

caq
0(PhOH) = 1 g kg-1 (0.01 mol L-1), T = 25ºC, flow rate = 30 ml min-1). 

 

 
Figure 5.9. Radial concentration profile of Cyanex 923 (E) inside the SIR particle (example: 

caq
0(PhOH) = 1 g kg-1 (0.01 mol L-1), T = 25ºC, flow rate = 30 ml min-1). 
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Figure 5.10. Radial concentration profile of the complex inside the SIR particle (example: 

caq
0(PhOH) = 1 g kg-1 (0.01 mol L-1), T = 25ºC, flow rate = 30 ml min-1). 

 
It can be seen in Figure 5.8, that there is no phenol concentration front moving towards the center 

of the particle, as would be expected when using a modified shrinking core model. The phenol 
concentration profile rather resembles a profile typical for the linear adsorption model.(13) Due to 
the chemical reaction of phenol with the extractant, the diffusion of phenol into the center of the 
particle is not straightforward, but for t < 33 minutes rather restricted to ϕ > 0.6. For t > 33 minutes, 
the physical solubility of phenol at ϕ < 0.6 becomes more pronounced. This is due to the advanced 
complex formation. About half of the extractant contained inside the SIR particles has reacted with 
phenol at t = 83 minutes, see Figure 5.9. The amount of reaction sites is thus reduced and the 
phenol molecules can diffuse further into the particles. Figure 5.10 shows that also the 
concentration profiles of the complex are more similar to the linear adsorption model rather than to 
the modified shrinking core model. The modified shrinking core model approach is used above for 
the determination of the rate determining step of the phenol extraction with the prepared SIR. This 
might raise the question of the validity of using the modified shrinking core model to identify the 
rate determining step. However, with the modified shrinking core model approach only the phenol 
concentration in the aqueous phase is investigated, and not the particle concentration profile. The 
time dependent phenol concentration in the aqueous phase does not depend on the type of model 
used. The type of model is only relevant, when the particle concentration profiles need to be 
determined correctly. In this case, no statement concerning the accuracy of the concentration 
profiles depicted in Figure 5.8, Figure 5.9 and Figure 5.10 can be made, as the respective profiles 
could not be determined experimentally. Furthermore, when the chemical reaction is excluded from 
the model, a fitting and simulation of the experimental data is not successful. This is why the use of 
the modified shrinking core model to identify the combination of diffusion and chemical reaction as 
rate determining steps is considered as satisfying in this case. 

Figure 5.11 and Figure 5.12 compare the simulated and the experimentally determined time 
developments of the bath concentration. For the initial aqueous phenol concentrations of 1 g kg-1 
(0.01 mol L-1) and 2 g kg-1 (0.02 mol L-1) the model correlates the experimental data rather well. 
The coefficients of determination R2 are for each of these fittings higher than 0.90. Only at a low 
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initial phenol concentration of 0.5 g kg-1 (0.005 mol L-1) the model quite noticeably misestimates 
the experimental data both in the kinetic regime and when the time developments of the bath 
concentration approach the equilibrium value. According to the sensitivity analysis, Kphys has the 
most pronounced effect in this range of the time developments of the bath concentration. This 
suggests that Kphys could be dependent on the phenol concentration in the aqueous phase. 
Furthermore, the diffusivities could be dependent on the system viscosity (40) and the 
concentration.(40,41,42) Introducing viscosity corrections as suggested in Reid et al. (40) and time 
dependent concentration terms based on, e.g. the Darken equation (40), the Vignes equation (40) or the 
Caldwell-Babb equation (43) could help to optimize the model. This has, however, not been included 
in the present model, as the initial idea is to keep the model simple and the computational effort at a 
reasonable level. 
 

 
Figure 5.11. Fitting and simulation of the kinetic time developments of the bath concentration at 25 ºC, 

flow rate = 30 mL min-1. 
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Figure 5.12. Fitting and simulation of the kinetic time developments of the bath concentration at 50 ºC, 

flow rate = 30 mL min-1. 
 

The respective parity plots of the simulated concentration values versus the experimentally 
determined concentrations, see Figure 5.13 and Figure 5.14, show a relatively good agreement of 
the model with most of the different experimental datasets. 
 

 
Figure 5.13. Parity plot of simulated values and experimental data at 25 ºC. 
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Figure 5.14. Parity plot of simulated values and experimental data at 50 ºC. 

 
5.5 Conclusions 

 
Increasing the temperature gives faster phenol extraction kinetics, which is caused by higher 

diffusivity due to decreased viscosity of the extractant and a higher reaction rate constant. 
Nonetheless, an increased temperature during the extraction also results in higher equilibrium 
concentrations. With the modified shrinking core model the rate determining step of the kinetics is 
identified as a combination of reaction and diffusion. At a flow rate of 30 mL min-1, the laminar 
sub-layer around the particles in the zero length column bed is negligible, which means that mass 
transfer resistance can be neglected. A sensitivity analysis of the combined diffusion and reaction 
model shows that the reaction rate constant k+ is not having a pronounced impact on the simulated 
phenol concentration in the aqueous phase. Rather the phenol diffusivity and the physical 
equilibrium constant Kphys have a significant influence on the simulated time developments of the 
bath concentration. This is due to the developed model equations and boundary conditions, which 
noticeably depend on diffusivity and Kphys at the phase interface. Closer towards the equilibrium, 
also the chemical equilibrium constant Kchem has a pronounced influence. The simulated radial 
particle concentration profiles show similarities with typical linear adsorption model profiles. 
Nonetheless, the identification of the rate determining step using the modified shrinking core model 
is regarded as valid, as only the aqueous phase concentration is of interest and the developed model 
shows that both chemical reaction and diffusion influence the phenol removal. The simulation of 
the experimentally determined time dependent aqueous phenol concentration with the developed 
model is not accurate enough at an initial aqueous phenol concentration of 0.5 g kg-1 
(0.005 mol L-1) at 25 ºC. However, the simulation is quite accurate at the other investigated initial 
aqueous phenol concentrations, as parity plots and coefficients of determination R2 show. Possible 
ways to optimize the model are the introduction of a concentration dependence of each Kphys and the 
diffusivities, as well as a viscosity dependence of the diffusivities. 
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List of Symbols 

 
c  concentration     mol L-1 
D  diffusivity     m2 s-1 
Dpore  apparent pore diffusivity   m2 s-1 
k  apparent reaction rate constant  dm4 (mol s)-1 
k+, k-  reaction rate constants    L (mol s)-1 
Kchem  chemical equilibrium constant  L mol-1 
KD  overall distribution coefficient  (mol L-1) (mol L-1)-1 
Kphys  physical equilibrium constant   (mol L-1) (mol L-1)-1 
Ni  molar transfer rate (i = PhOH, E, C)  mol s-1 
r, R  radius      m 
Rorg  reaction rate     mol (L s)-1 
T  temperature     K 
V  volume     L 

iV   molar volume (i = PhOH, E, C)  L mol-1 
X  fractional conversion    - 
Xe  fractional conversion at SIR surface  - 
 

Greek symbols 
γ  stoichiometry     - 
δ  film thickness     - 
εp  fraction of particle occupied by extractant Lorg LSIR

-1 
τ  tortuosity factor    - 
ρ  density      kg L-1 
 

Superscripts 
aq  aqueous phase 
org  organic phase 
 

Subscripts 
aq  aqueous phase 
C  complex between phenol and extractant 
E  extractant 
i  C, E, PhOH 
PhOH  phenol 
SIR  solvent impregnated resin 
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Chapter 6 

Extractant screening and selection for methyl tert-butyl ether removal from 
aqueous streams 

Recovery of low concentration methyl tert-butyl ether (MTBE) from aqueous solutions is a 
difficult task. Activated carbon adsorption or air stripping suffer from low capacity and high energy 
input. Liquid-liquid extraction is suggested as alternative separation technique, but requires a 
suitable extractant. Based on molecular considerations, an extractant screening with COSMO-RS 
gives a good qualitative trend. Halogenated phenols provide the highest MTBE capacity. This is 
confirmed by liquid-liquid equilibrium experiments. 3-iodophenol is selected as MTBE extractant, 
because it combines comparatively low toxicity and high distribution coefficient KD. Based on a 
diluent screening with Hansen solubility parameters, propylbenzene is selected as diluent. The KD 
of MTBE extraction with 3-iodophenol/propylbenzene is 270 at high extractant concentrations and 
low MTBE concentrations. Water solubility of 3-iodophenol can possibly be minimized by addition 
of a branched alkyl chain, preferably in para position at the aromatic ring to avoid steric hindrance 
during hydrogen bonding. In this study, reactive extraction of MTBE is successfully performed for 
the first time. 
 

6.1 Introduction 
 

Methyl tert-butyl ether (MTBE) is mainly used as a fuel oxygenate added to petrol as an octane 
enhancer which helps to prevent engine ‘knocking’, and to increase the oxygen content of fuel.(1) As 
mentioned in Chapter 1, MTBE has a high water solubility (51 g L-1)(2) compared to other fuel 
constituents, e.g. benzene (1.79 g L-1).(3) The low soil adsorption coefficient of MTBE and its low 
Henry coefficient cause immediate groundwater contamination from leakages of storage facilities.(1) 
In the United States, more than 80% of the 1000 tested groundwater sites were shown to be 
contaminated with MTBE. MTBE concentrations as high as 23 mg L-1 have been measured.(4) Due 
to the very low odor and taste threshold of MTBE in water it needs to be removed during the 
production of high-quality potable water from groundwater. 

It was already stated in Chapter 1 that conventional processes for MTBE removal, such as e.g. air 
stripping or granular activated carbon (GAC) adsorption,(5) can result in high process costs (4) or low 
capacity due to competitive adsorption of other organic compounds in ground water.(6) 

An alternative process for the removal of low concentration solutes from water is extraction. 
However, this technique does not seem to be widely used for the removal of dilute MTBE from 
water, as there is only very limited information available on this topic in literature. From one 
reference the distribution coefficients may be derived at liquid-liquid equilibrium (LLE) for the 
ternary systems MTBE-ethanol-water and MTBE-hexanol-water.(7) These two alcohols, however, 
are too water soluble for the desired application. In addition to LLE information for ternary systems 
including MTBE and water, another reference discusses the development of supported polymeric 
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liquid membranes for MTBE recovery.(8) The experiments indicate that liquid silicone polymers, 
which are in this case used to facilitate membrane transport, are promising. The liquid silicone 
polymer, e.g. silicone 350, is contained within the membrane pores and has a distribution 
coefficient KD of 9 for MTBE.(8) However, for an envisaged effective removal of MTBE from 
contaminated aqueous streams with a high capacity extractant such a KD is too low. It would be 
desirable to have a KD of more than 1000 – as in the case of phenol removal explained in the 
previous chapters – to ensure a proper MTBE removal. An MTBE extractant with a higher MTBE 
capacity will result in a lower amount of extractant needed for large scale applications. This will 
eventually reduce equipment size and costs. Nevertheless, an extractant with a considerably higher 
MTBE capacity than given in literature does not yet exist. This is the incentive for the performed 
screening of extractants to achieve a high MTBE capacity. 
 

6.1.1 Approach 
 

Based on literature, a representative of liquid silicone polymers, namely polydimethylsiloxane-
200 will be considered as reference in further experimentation, as it is an easily obtainable 
component. Since otherwise there is only scarce material in literature on liquid-liquid extraction of 
MTBE, molecular considerations are an important factor in designing a suitable MTBE extractant. 
According to literature, ethers – including MTBE – can act both as Lewis bases and as hydrogen 
bond acceptors.(9) Another characteristic of ethers is that they are capable of forming stable 
complexes with Lewis acids.(10) As all bases according to the Lewis acid/base theory are also 
regarded as bases in the Brønsted-Lowry theory, the acid-base interaction and hydrogen bonding 
behavior of MTBE with various extractants is studied based on the latter. A (homologous) series of 
extractants with varying acidity and hydrogen bond donating capabilities is selected as starting 
point. The series chosen for this study consists of several substances with one or two C8- or C9-alkyl 
chains attached to the functional group. These substances are bis(2-ethylhexyl)amine (B2EHA), 
n-decane – which is for the sake of the series considered as n-nonane with an additional methyl 
functionality – as well as n-nonanol, 4-nonylphenol, n-nonanoic acid and 
bis(2-ethylhexyl)phosphate (D2EHPA) in the order of increasing acidity, see Figure 6.1. 

Although B2EHA can be considered as a base, it nonetheless offers the opportunity for hydrogen 
bonding due to the functional NH group. Theoretically, D2EHPA could be expected to be the best 
extractant, as it has the highest Brønsted-Lowry acidity in this acidity series. With increasing 
extractant acidity its relative hydrogen bond donating ability might also increase in the same order, 
as the relative availability of its hydrogen atom increases. Increased hydrogen bonding should then 
ultimately lead to a greater affinity for the hydrogen bond accepting ether group of MTBE and 
consequently to a more effective extraction. In conclusion, this means that on the basis of these 
considerations the MTBE capacity of the acidity series is expected to increase from B2EHA to 
D2EHPA. The alkyl tail of the tested extractants is regarded as inert in the complexation 
mechanism. The C8- and C9-alkyl chains are necessary to keep the extractants’ water solubility low. 
Only the differing functional groups (-NH, -CH3, -OH, -PhOH, -COOH, -POOH) of the selected 
substances are assumed to interact with the ether group of the MTBE. 
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Figure 6.1. Schematic of pre-selected extractants. 

 
An interesting source for possible variations of the above series is 4-nonylphenol. It offers the 

prospect of varying its acidity by introduction of electronegative substituents on the benzene ring. 
Electron withdrawing groups are known to increase the acidity of phenols significantly. This effect 
might increase the performance and thus the KD of 4-nonylphenol during MTBE extraction 
considerably. Examples of electron withdrawing groups are halogens (-I, -Br, -Cl, -F) and cyano 
groups (-CN). Due to easy availability, halogenated phenols without a C9-alkyl chain – as present in 
4-nonylphenol – are used, see Figure 6.1. These halogenated phenols are among others 
3-fluorophenol, 3-chlorophenol, 3-bromophenol and 3-iodophenol in the order of decreasing 
electronegativity. A further increase of the acidity of halogenated phenols can be accomplished by 
increasing the degree of halogenation. This is why 3,5-dichlorophenol and pentachlorophenol are 
considered. Pentachlorophenol is more acidic than 3,5-dichlorophenol. For extractants which are 
solid at standard conditions toluene is used as standard diluent. 

The pre-selected substances are first screened with the quantum-chemical calculation method 
COSMO-RS. The quantum chemical COSMO-RS approach approximates the electrostatic 
interaction between solvent and solute in a fluid as local contact interactions of molecular surfaces. 
COSMO-RS itself is based on the COSMO model, which is a quantum chemical dielectric 
continuum model. This means that only computational calculations are necessary to create the 
desired data (11) and new components can be implemented significantly faster into the model. This is 
why this model theory is used in this study as an extractant screening approach for the removal of 
MTBE from water. This simulation tool is expected to facilitate extractant screening for future 
applications and was already used successfully in other screening applications.(11-13) In order to 
validate the screening results, experiments are performed. The results of the extractant screening are 
investigated in terms of the influence of extractant acidity and water solubility/polarity on the 
MTBE extraction. From this extractant screening a suitable MTBE extractant is selected. As some 
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of the evaluated extractants are solids, a diluent might be necessary. In this case, a diluent screening 
also becomes part of the selection process for a successful MTBE extractant system. For the most 
promising system the influence of extractant concentration, initial MTBE concentration and 
temperature on the MTBE extraction is investigated. Considerations on the influence of the 
extractant’s pKa and LogPOW on MTBE extraction are given in view of future MTBE extractant 
optimization. 
 

6.2 Materials and Methods 
 

6.2.1 Substances 
 

MTBE (99.5%, Merck KGaA, Germany) is used without further treatment. As potential 
extractants n-decane (99%, TCI Europe N.V., Belgium), n-nonanol (98% Sigma-Aldrich Chemie 
BV, Netherlands), 4-propylphenol (99%, Sigma-Aldrich, Germany), 4-nonylphenol (99% mixture 
of isomers, Acros Organic BVBA/SPRL, Belgium), n-nonanoic acid (98%, TCI Europe N.V., 
Belgium), 3-iodophenol (98%, Sigma-Aldrich, Germany), 3-bromophenol (98%, Sigma-Aldrich, 
Germany), 3-chlorophenol (99%, Sigma-Aldrich, Germany), 3-fluorophenol (98%, TCI Europe 
N.V., Belgium), 3,5-dichlorophenol (99%, Acros Organics, Belgium), pentachlorophenol (100%, 
Fluka Chemie AG, Switzerland), 4-hydroxy-2-(octan-3-yl)benzonitrile (99%, Syncom B.V., 
Netherlands), 3,5-dimethyl-4-iodophenol (98%, ABCR GmbH, Germany), polydimethylsiloxane-
200 (100%, Sigma-Aldrich, Germany), bis(2-ethylhexyl)phosphate (95%, Sigma-Aldrich, 
Germany) and bis(2-ethylhexyl)amine (≥ 98.0%, Sigma-Aldrich, Germany) are used. Toluene 
(99%, Fluka Chemie AG, Switzerland) is used as a diluent for components, which are solid at 
standard conditions. Additional diluents, which are evaluated, are heptyl cyanide (> 97%, Sigma-
Aldrich Chemie GmbH, Germany), 1-phenyldodecane (> 99%, Merck Schuchardt, Germany), 
n-nonane (> 99%, Sigma-Aldrich Chemie GmbH, Germany), 1-decanol (> 99%, Merck Schuchardt, 
Germany) and propylbenzene (> 98%, Sigma-Aldrich Chemie GmbH, Germany). Above listed 
substances are all utilized without further treatment. 
 

6.2.2 Experimental determination of the distribution coefficient KD with LLE experiments 
 

The distribution coefficient KD of MTBE is determined by liquid-liquid equilibrium (LLE) 
extraction experiments. An MTBE stock solution of a concentration of 5 g L-1 (0.057 mol L-1) is 
used. This concentration is selected, as the applied analysis method does not provide reliable results 
at very low MTBE concentrations, which would resemble e.g. treated groundwater. The MTBE 
stock solution and the extractant are transferred into a closed glass vessel. The ratio between 
aqueous phase and extractant phase is 5:1. The volume of the gas phase above the liquid level is 
kept as low as possible, in order to avoid evaporation of MTBE during the experiment. The two 
phases are then intimately mixed for more than 12 hours at ambient pressure and ambient 
temperature using a magnetic stirring setup. After gravimetric phase separation a 2 mL sample of 
the aqueous phase is filtered and analyzed for its MTBE content using direct aqueous injection into 
a Varian CP-3900 gas chromatograph (Varian Inc., Netherlands) equipped with a flame ionization 
detector. The MTBE content of the organic phase is calculated via a simple mass balance. The 
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value of KD is determined by dividing the molar concentration of MTBE in the organic phase by the 
molar concentration of MTBE in the aqueous phase. The systematic error is below approximately 
9%. 

Some of the substituted phenols under investigation are solid at standard conditions, such as 
3-iodophenol, 3,5-dimethyl-4-iodophenol, 3-bromophenol, 3-chlorophenol, 3,5-dichlorophenol and 
pentachlorophenol. In order to approximate their possible maximum KD, concentration series for 
each of these components in toluene are measured. Each of the above mentioned solid components 
is dissolved in toluene to give solutions with concentrations between 0.4 mol L-1 and 6.7 mol L-1. 
LLE extraction and analysis are performed as described above. The possible maximum KD of the 
solid extractants dissolved in toluene is approximated by extrapolation of the experimentally 
determined KD values to the hypothetical pure extractant. 
 

6.2.3 Diluent screening 
 

LLE extraction experiments with 3-iodophenol (3-IP) are conducted as described above for 
different extractant concentrations. As 3-IP is solid at standard conditions, it is diluted with 
different diluents, namely toluene, 1-phenyldodecane, 1-decanol, n-nonanoic acid, heptyl cyanide 
and propylbenzene, to give 3-IP concentrations between 0.4 mol L-1 and the approximate maximum 
concentration of 6.7 mol L-1, depending on the solubility of 3-IP in the diluent. The analysis is 
performed as described above. 
 

6.2.4 Dependence on initial MTBE concentration 
 

LLE extraction experiments with the extractant 3-iodophenol (3-IP) are conducted as described 
above. The extractant concentration in propylbenzene is approximately 3.3 mol L-1. The initial 
MTBE concentrations of the aqueous phases are 1 g L-1 (0.011 mol L-1), 2 g L-1 (0.023 mol L-1), 
8 g L-1 (0.091 mol L-1), 15 g L-1 (0.17 mol L-1) and 45 g L-1 (0.51 mol L-1). This concentration range 
is selected to get an impression of the development of KD over the whole aqueous MTBE 
concentration range. This could also later on be of interest for possible applications in process 
wastewater treatment of highly contaminated streams. Nevertheless, for groundwater treatment the 
very low concentration range is most significant. The lowest MTBE concentration investigated here 
is 1 g L-1 (0.011 mol L-1) due to detection constraints by the analytical equipment used. The analysis 
is performed as described above. 
 

6.2.5 Effect of temperature on MTBE extraction 
 

LLE extraction experiments with the extractant 3-iodophenol (3-IP) are performed as described 
above for different extractant concentrations at 20 ºC, 40 ºC and 60 ºC. The 3-IP concentrations in 
propylbenzene are between 0.4 mol L-1 and 3.3 mol L-1. The initial MTBE concentration of the 
aqueous phase is 5 g L-1 (0.057 mol L-1). In this case, the MTBE content of the aqueous phase 
samples is determined with head space gas chromatography (HSGC) using a Varian CP-3800 gas 
chromatograph (Varian Inc., Netherlands) equipped with a CombiPal Atas Focus (Atas GL 
International B.V., Netherlands). The column used is a factor four capillary column CP 8945, 
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VF-5ms, with 30 m length, 0.25 mm internal diameter and 0.50 μm film thickness (Varian Inc., 
Netherlands) connected to an FID. Samples for analysis are prepared in 20 mL vials. The transfer of 
MTBE to the gas phase is enhanced by thermostatic control of the samples at 70 ºC. To ensure that 
the vapor-liquid phase equilibrium is reached each vial is agitated for 10 minutes before the 
injection. The concentration of MTBE in organic and solid phases is calculated by a simple mass 
balance. The systematic error is below 9%. 
 

6.3 Results and Discussion 
 

6.3.1 Extractant screening 
 

Screening with COSMO-RS has already been used for other applications.(11,12,14) As this approach 
proved to be qualitatively and sometimes even quantitatively correct, it is also applied here in 
combination with LLE experiments to validate the quality of the predictions. 

The representative of liquid silicone polymers, polydimethylsiloxane-200, was not simulated with 
COSMO-RS due to its large molecular structure. However, its experimentally determined overall 
KD is 5. The reference value silicone polymer (Si-350)  
is given as KD = 9,(8) which is in a sufficient agreement with the value obtained for 
polydimethylsiloxane-200 in this study. 

For the acidity series, COSMO-RS gives the order of B2EHA < n-decane < D2EHPA < 
n-nonanol < n-nonanoic acid < 4-nonylphenol. This is not the expected order, when just the acidity 
of the extractants is considered. The results of the LLE experiments show a slightly different trend, 
namely n-decane < n-nonanol < B2EHA < D2EHPA < n-nonanoic acid < 4-nonylphenol. However, 
in both cases 4-nonylphenol is the best MTBE extractant in this acidity series. Thus, in agreement 
with the COSMO-RS simulations, the experimental data does not support the hypothesis of the 
acidity series based on increasing Brønsted-Lowry acidity and increasing relative hydrogen bond 
donation. A possible explanation for this is that D2EHPA and n-nonanoic acid are subject to 
dimerization involving the phosphoric acid and carboxylic acid groups, respectively. The 
phosphoric acid and carboxylic acid groups of D2EHPA and n-nonanoic acid, respectively, are able 
to form two intermolecular H-bonds during dimerization.(15) This formation of two H-bonds 
stabilizes the dimer. Accordingly, the hydrogen bonding in an acid dimer is stronger than the 
possible single H-bond between D2EHPA and MTBE, and n-nonanoic acid and MTBE, 
respectively. This way, the comparatively stable dimers can not be split by the MTBE molecules to 
form complexes with MTBE. Thus, the extractants’ functional groups are not accessible by MTBE, 
which consequently decreases the KD for MTBE. 

Electron withdrawing groups like halogens or cyano groups tend to increase the acidity of phenols 
considerably, as previously explained. This is why an increased KD of halogenated phenols and 
cyanophenols is initially expected compared to 4-nonylphenol during MTBE extraction. Concurring 
with this hypothesis, the halogenated phenols show the highest distribution coefficients for MTBE 
of the tested extractants in COSMO-RS simulations, see Table 6.1. In Table 6.1, the tested 
extractants are listed in the order of decreasing experimental distribution coefficients KD

exp. for 
MTBE. The experimental distribution coefficients are compared with the simulated distribution 
coefficients KD

sim. in the same table. The best five MTBE extractants according to the applied 
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COSMO-RS screening are 3,5-dichlorophenol > 3-iodophenol > pentachlorophenol > 
3-chlorophenol > 3-fluorophenol in order of decreasing distribution coefficient for MTBE. This 
already suggests that halogenated phenols are indeed promising phenol extractants. The 
experimental LLE data give a comparable order of the top five extractants, pentachlorophenol > 
3,5-dichlorophenol > 3-iodophenol > 3-bromophenol > 3-chlorophenol, in order of decreasing 
distribution coefficient for MTBE. Non-halogenated phenols perform both in COSMO-RS 
simulations and LLE experiments less good than halogenated phenols. 
 
Table 6.1. Experimental and COSMO-RS results of the MTBE extractant screening 
Extractant KD

exp. KD
sim. 

pentachlorophenol 665 6399 
3-iodophenol 268 7279 
3,5-dichlorophenol 293 15205 
3-bromophenol 249 2594 
3-chlorophenol 201 5953 
4-nonylphenol 163 1412 
3-fluorophenol 98 3631 
4-hydroxy-2-(octan-3-yl)benzonitrile 83 351 
4-propylphenol 65 1536 
n-nonanoic acid 24 259 
3,5-dimethyl-4-iodophenol 18 2728 
Toluene 18 150 
BEHP 16 50 
BEHA 15 21 
n-nonanol 12 64 
n-decane 8 25 

 
Figure 6.2 shows a parity plot of simulation results and experimental data. It can be seen in 

Figure 6.2, that COSMO-RS overestimates the distribution coefficients. The trend is not described 
quantitatively. However, a good qualitative prediction of the order of extractants can be achieved. 
This confirms that COSMO-RS can be used to support the identification of the most promising 
extractants for ethers during a preliminary extractant screening.(11,12,16) 
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Figure 6.2. Parity plot of COSMO-RS results and experimental data (1: n-decane, 2: bis(2-ethylhexyl)amine, 

3: n-nonanol, 4: bis(2-ethylhexyl)phosphate, 5: toluene, 6: n-nonanoic acid, 7: 4-hydroxy-2-(octan-3-
yl)benzonitrile, 8: 4-propylphenol, 9: 4-nonylphenol, 10: 3-fluorophenol, 11: 3-bromophenol, 

12: 3-chlorophenol, 13: 3-iodophenol, 14: 3,5-dichlorophenol, 15: pentachlorophenol). 
 

The practical use of the evaluated halogenated phenols can be environmentally precarious. 
Pentachlorophenol for example is a toxic component. Even if the results do not give a definite 
choice for an optimum environmentally benign MTBE extractant, a valuable tendency is provided. 
3-iodophenol (3-IP) is neither listed as toxic nor as carcinogenic. It is the least precarious of the 
halogenated phenols. This is why 3-IP is selected for further investigations in this study. A 
modification of such a molecule is inevitable in order to decrease environmental impact and to 
decrease water solubility. Such a modification could be the additional introduction of alkyl chains. 
Additionally, 3,5-dimethyl-4-iodophenol is considered as an alternative to 3-IP, because according 
to COSMO-RS simulations the water solubility of 3,5-dimethyl-4-iodophenol is 0.317 g L-1 at 
25 ºC. This is lower than the COSMO-RS simulated water solubility of 3-IP, which is 1.4 g L-1 at 
25 ºC (reference: 412 mg L-1 at 25 ºC).(17) The lower water solubility of 3,5-dimethyl-4-iodophenol 
is caused by the two additional methyl groups at the aromatic ring.  
 

 
Figure 6.3. Distribution coefficient KD for MTBE extraction of extractants 3-iodophenol (3-IP) and 

3,5-dimethyl-4-iodophenol (DMIP) depending on extractant concentration in toluene. 
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Figure 6.3 shows the comparison of the KD values of 3,5-dimethyl-4-iodophenol and 3-IP over 

the extractant concentration in toluene for the extraction of MTBE. As can be seen, the KD value 
increases with increasing extractant concentration of both 3-IP and 3,5-dimethyl-4-iodophenol, 
respectively. However, the overall increase of KD is less pronounced for 3,5-dimethyl-4-iodophenol 
than for 3-IP. The reason for this are inductive effects created by the two methyl groups of the 
3,5-dimethyl-4-iodophenol. The two additional CH3 groups cause +I effects, which weaken the 
-I effect of the iodine and reduce the hydrogen bond strength with MTBE compared to 3-IP. 
Possibly, a component with only one alkyl chain could provide higher KD values for MTBE than 
3,5-dimethyl-4-iodophenol, as only one +I effect would occur. Additionally, 
3,5-dimethyl-4-iodophenol has a lower solubility in diluents like, e.g. toluene, than 3-IP indicating 
that 3,5-dimethyl-4-iodophenol will be less suitable for MTBE extraction than 3-IP. This is why 
3-iodophenol is selected as MTBE extractant for this study. 
 

6.3.2 Diluent selection 
 

As mentioned above, 3-iodophenol is preliminarily selected as most promising MTBE extractant 
based on the extractant screening. Unfortunately, 3-iodophenol is solid at standard conditions. This 
is why it needs to be diluted prior to the extraction. Although toluene dissolves 3-iodophenol in 
high amounts, its water solubility is too high (approximately 0.5 g L-1 at 20 ºC) for an envisaged 
high throughput water treatment application. Furthermore, the volatility of toluene (pvap = 2.93 kPa 
at 20 ºC) is too high in terms of safety and diluent loss. Due to these reasons, a different diluent 
needs to be selected that should dissolve high amounts of 3-iodophenol in order to achieve a high 
MTBE capacity of the extractant phase. Furthermore, the diluent should have a low water solubility 
and a low vapor pressure in order to avoid diluent loss. 

The selection of a diluent for the extractant 3-IP in this study is based on an initial pre-selection 
screening using the Hildebrand solubility parameter, which was introduced by Hildebrand and 
Scott.(18) This diluent screening is laid out in detail in Appendix B. Based on this screening 
1-decanol, n-nonanoic acid, heptyl cyanide and propylbenzene are selected as promising diluents. 

The concentration series of 3-IP in above mentioned diluents are depicted in Figure 6.4, where 
the overall distribution coefficient KD of MTBE is given as a function of the extractant 
concentration in the organic phase. It is clearly seen that in case of solutions of 3-IP in the diluents 
1-decanol, n-nonanoic acid and heptyl cyanide the increase of KD is significantly less than for 3-IP 
in toluene and 3-IP in propylbenzene. The fact that 3-IP dissolved in the diluents 1-decanol, 
n-nonanoic acid and heptyl cyanide results in comparatively low KD values for MTBE may imply 
hydrogen bonding between these diluents and 3-IP. Hydrogen bonding between 3-IP and the 
respective diluent will reduce the capacity of the extractant for MTBE, as MTBE also forms 
complexes with the extractant 3-IP by hydrogen bonding. In case of toluene and propylbenzene the 
hydrogen bonding between the diluent and 3-IP is not possible. This leaves the hydrogen bond sites 
of the 3-IP molecules free for complexation with MTBE. 
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Figure 6.4. Distribution coefficient KD over 3-iodophenol concentration in different diluents 

(c0(MTBE) = 5 g L-1). 
 

Figure 6.4 clearly depicts that the MTBE capacity of 3-IP dissolved in propylbenzene is 
comparable with the MTBE capacity of 3-IP dissolved in toluene. However, the maximum 
solubility of 3-IP in propylbenzene (3.3 mol L-1) is lower than in toluene (6.7 mol L-1). 
Additionally, at 3-IP concentrations in toluene of higher than 3 mol L-1 a significantly lower 
increase of the KD values can be seen observed, see Figure 6.4. Since propylbenzene has a lower 
water solubility and a lower volatility than toluene, propylbenzene is used for further experiments 
as a diluent for 3-IP. 
  

6.3.3 MTBE concentration in the aqueous phase 
 

In an environmental application like groundwater treatment MTBE can be present in a broad 
concentration range from 1.13 × 10-8 mol L-1 to 3.4 × 10-2 mol L-1 or 0.001 mg L-1 to 
3000 mg L-1,(19,20) respectively. This is why it is of interest to investigate the development of KD at 
varying MTBE concentrations in the aqueous phase. The KD value often depends on the solute 
concentration.(21-23) This is also the case for the extraction of MTBE from aqueous solutions with 
3-IP dissolved in propylbenzene. This can be seen in Figure 6.5, where the KD value is depicted as 
a function of the aqueous equilibrium concentration of MTBE. This shows that the highest KD is 
obtained at MTBE concentrations below 0.001 mol L-1, which are in the range of interest for 
groundwater treatment. 
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Figure 6.5. Distribution coefficient KD of MTBE extraction over MTBE concentration in the aqueous phase. 
 

6.3.4 Temperature dependence of MTBE extraction with 3-IP in propylbenzene 
 

In Figure 6.6, the concentration series of 3-IP in propylbenzene are shown for 20 ºC, 40 ºC, and 
60 ºC. The initial MTBE concentration of the aqueous phase is 5 g L-1 (0.057 mol L-1). 
 

 
Figure 6.6. Concentration series of 3-IP in propylbenzene for 20 ºC, 40 ºC and 60 ºC. 

 
At 3-IP concentrations below approximately 1.6 mol L-1 an increase of temperature enhances the 

MTBE extraction, while at 3-IP concentrations above approximately 1.6 mol L-1 a temperature 
increase has the opposite effect. The extraction of MTBE with 3-IP/propylbenzene at 3-IP 
concentrations below approximately 1.6 mol L-1 is predominated by physical solubility of MTBE in 
the extractant solution, as only a limited number of active sites for hydrogen bonding are present. 
The physical solubility is enhanced by an increase of temperature.(24) At higher extractant 
concentrations than 1.6 mol L-1, more extractant molecules are present and thus more active sites 
for hydrogen bonding. This is why at these extractant concentrations chemical complexation is the 
predominant extraction mechanism. As hydrogen bonding is an exothermic process, an increase of 
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temperature decreases the degree of hydrogen bond formation and thus decreases KD. This means 
that a lower temperature is favourable for MTBE extraction with high concentration 3-IP solutions 
in propylbenzene. 
 

6.3.5 Effect of extractant pKa on MTBE extraction 
 

For an environmental application 3-IP might seem not optimal, as its water solubility is too high 
and it is not entirely environmentally benign. Moreover, its KD for MTBE needs to be increased 
further to provide a high capacity MTBE removal. This is why an optimization of the selected 
extractant in terms of water solubility and eco-toxicity might be desirable, while possibly increasing 
the KD value for MTBE. In order to get more insight into the factors, which influence the 
performance of MTBE extractants, the LLE results of the best evaluated MTBE extractants are 
investigated more closely. The LLE results considered are the KD values of 4-propylphenol, 
4-nonylphenol, 3-fluorophenol (3-FP), 3-chlorophenol (3-ClP), 3-bromophenol (3-BrP), 
3-iodophenol (3-IP), 3,5-dichlorophenol (3,5-ClP) and pentachlorophenol (PClP). As the extractant 
acidity was initially regarded as the key to a successful MTBE extraction, a possible starting point 
is the pKa value of these phenolic extractants. The pKa values of the phenolic extractants are 
estimated with the software ADME Boxes v 3.0 (Pharma Algorithms, Canada), which uses statistics 
based on independent data sets along with experimental data for the most similar compounds and 
algorithms based on fragmental methods.(25) In the case of the chlorinated phenols the KD increases 
with increasing acidity/pKa in the order of PClP > 3,5-ClP > 3-ClP, as can be seen in Figure 6.7. 
However, in case of the monohalogenated phenols 3-FP, 3-ClP, 3-BrP and 3-IP their pKa is 
approximately similar. Nonetheless the KD value increases in the order of 3-IP > 3-BrP > 3-ClP > 
3-FP. The same observation of similar pKa and increasing KD holds for 4-PP and 4-NP. Taking 
these results into account, the acidity (pKa values) of the phenolic extractants only seems to have a 
limited influence on the extraction of MTBE. 
 

 
Figure 6.7. Relation between pKa of the extractant and the experimentally determined KD (dashed arrows 

were added to guide the eye). 
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6.3.6 Effect of extractant polarity/water solubility on MTBE extraction 

 
An additional factor influencing the LLE can be water solubility/polarity of the phenolic 

extractants. In this case the partition coefficients between 1-octanol and water, logPOW, serve as a 
convenient measure for water solubility/polarity. In Figure 6.8 the logPOW values of the phenolic 
extractants are depicted over the experimentally determined KD values. The logPOW values of the 
halogenated phenols have been determined by Hansch et al.(26) The  logPOW values of 4-PP and 
4-NP have been determined by Sangster (27) and Itokawa et al.,(28) respectively. 
 

 
Figure 6.8. Relation between logPOW of the extractant and the experimentally determined KD (dashed arrows 

were added to guide the eye). 
 

It can be seen in Figure 6.8 that with increasing logPOW, i.e. with decreasing water 
solubility/polarity, the KD values increase for each set of homologous phenolic extractants. This 
observation is valid for the chlorinated phenols as well as for the monohalogenated phenols and the 
alkyphenols. In case of the chlorinated phenols this means, that the KD increases with increasing 
logPOW in the order of PClP > 3,5-ClP > 3-ClP. This denotes, that although an increase in halogen 
substituents increases the acidity of the extractants, their water solubility is decreased in return. This 
seems to diminish the influence of water on the extraction. For the monohalogenated phenols the 
KD value increases with increasing logPOW in the order of 3-IP > 3-BrP > 3-ClP > 3-FP. This 
implies that for extractants with a low logPOW, i.e. a comparatively high water solubility/polarity, a 
comparatively high solubility of water in the extractant could cause a favorable co-extraction of 
water instead of MTBE. Additionally, there could also be an extractant loss due to a higher 
solubility of the extractant in water. The same holds for toluene, 4-PP and 4-NP, where the KD 
value increases with increasing logPOW in the order of toluene > 4-NP > 4-PP. Based on above 
observations, it is tempting to conclude that not only the acidity seems to play a role, but also the 
water solubility/polarity. This would mean that a low water solubility of the extractant is not only 
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desirable from an environmental point of view. Low water solubility would also have a positive 
influence on the distribution coefficient. 

Based on the above made observations it can be stated, that an extractant with a high acidity and 
low polarity/water solubility seems to be most promising for MTBE extraction. This knowledge can 
be used for further optimization of the selected extractant in terms of the KD value for MTBE, water 
solubility and possibly eco-toxicity. 
 

6.4 Conclusions 
 

In this study, reactive extraction for ethers, such as MTBE, has been successfully demonstrated 
for the first time. Halogenated phenols show the highest KD values for MTBE. 3-iodophenol is 
selected for this study as MTBE extractant, as it is the halogenated phenol with the least toxicity 
and environmental impact while showing a high affinity for MTBE. Propylbenzene is selected as a 
diluent. The system 3-iodophenol/propylbenzene has the highest KD at low MTBE concentrations. 
The MTBE extraction is temperature dependent. At extractant concentrations above 1.6 mol L-1 an 
increase of temperature causes a decrease of KD. In this range the extraction of MTBE appears to be 
exothermic. For future environmental applications, however, a modification of 3-iodophenol is 
inevitable in order to decrease environmental impact and to decrease water solubility. This can 
possibly be done by the addition of a branched alkyl chain in para position in order to additionally 
avoid steric hindrance during hydrogen bonding with MTBE. 
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Chapter 7 

Solvent impregnated resins for MTBE removal from aqueous environments 

The alternative technology of solvent impregnated resins is proposed as an alternative to the 
state-of-the-art MTBE removal technologies already discussed Chapter 1. The extractant used is 
3-iodophenol diluted with propylbenzene. From solids screening and impregnation experiments 
MPP particles appear as the most suitable solid support. The capacity of impregnated MPP is lower 
than that of a carbonaceous resin, but the selectivity of the SIR between MTBE and humic acid is 
significantly higher. SIR regeneration can be easily achieved with hot gas. 
 

7.1 Introduction 
 

As explained in Chapter 1, synthetic resins can be used to remove MTBE from water. MTBE 
removal with synthetic resins was first investigated in the 1970s as an alternative to granular 
activated carbon (GAC).(1) Synthetic resins have a higher number of possible adsorption sites than 
GAC. Synthetic resins can be divided into two categories, which are polymeric resins and 
carbonaceous resins. The polymeric resins are usually based on cross-linked polymers. These 
polymers can have polystyrene, phenolformaldehyde, or acrylate matrices.(1) Carbonaceous resins 
are produced as a product of the partial pyrolysis of macroporous polymer particles. Due to the 
pyrolysis micropores will form, which are critical for the application of carbonaceous resins in 
water treatment. 

An alternative process for removal of low concentration solutes from water is extraction, as laid 
out in Chapter 6. In the aforementioned chapter, 3-iodophenol is suggested as an effective MTBE 
extractant.(2)  

The objective of this chapter is to show that MTBE can be removed from aqueous solutions with 
a SIR, which combines adsorption and extraction. For this purpose, a preliminary SIR is designed to 
demonstrate the proof of principle. As yet, for the SIR design only the preliminary extractant 
3-iodophenol is available based on a previous MTBE extractant screening.(2) The extractant 
3-iodophenol is not optimal in terms of water solubility and environmental impact, which should 
both be negligible for an environmental application. In addition to this, it is solid at standard 
conditions and requires a diluent for application in an extraction process. Adding a branched alkyl 
chain in para position at the aromatic ring of 3-iodophenol will decrease water solubility and thus 
the possible release into the environment appreciably. In order to decrease the melting point below 
standard temperature and thus avoid the need for a diluent, an extractant blend consisting of 
components with differing alkyl chain lengths can be created. However, the synthesis of such an 
optimized extractant including the necessary evaluation of physical properties, environmental 
impact and MTBE capacity implies great experimental effort and is time consuming. This 
extractant optimization is not within the scope of this study. The preliminary SIR is thus simply 
based on 3-iodophenol dissolved in a diluent. 
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7.1.1 Approach 

 
In order to show that SIRs can in principle be used to remove MTBE from aqueous solutions a 

suitable SIR is developed. In addition to an extractant, the solid matrix for the solvent impregnated 
resin needs to be selected. Preferably, the particles should have an affinity for MTBE, in order to 
have a supportive effect by adsorption on the particle surface in addition to the extraction by the 
immobilized extractant. This is why adsorbents with a high MTBE capacity are preferred. A 
literature review gives information about suitable adsorbents. Four different types of adsorbents 
appear to be suitable. These adsorbents are carbonaceous resins (e.g. Ambersorb XE-348F), 
activated carbon (e.g. Aquasorb 202)(1,3) and synthetic resins, such as non-ionic aliphatic acrylic 
particles (e.g. Amberlite XAD 7).(4) Macroporous polypropylene (e.g. MPP) particles are tested, as 
they have been shown in other SIR applications to give a good performance (5,6) due to a high 
extractant capacity inside the pores and a high mechanical stability. Adsorbents with a high MTBE 
capacity, a high extractant capacity inside the pores and a high mechanical stability are then used as 
solid supports for the extractant. 

A further issue of investigation is the MTBE selectivity in the presence of humic acid. This is an 
important topic in environmental applications, when MTBE is supposed to be removed from 
groundwater. Humic acid is one of the main constituents of humic substances in groundwater. The 
stability of humic substances is very high compared to other organic fractions in the soil.(7) High 
concentrations of natural organic matter, such as humic acid, compete with MTBE adsorption on 
activated carbon and synthetic resins, and can decrease the adsorbent usage efficiency and 
consequently increase the process costs.(4) 

A kinetic study of the prepared SIR particles is carried out. In the scope of this study, the MTBE 
extraction profiles of Ambersorb XE-348F, the activated carbon AquaSorb 202 and prepared SIRs 
are compared. The influence of the particle size on the determined concentration profiles is 
investigated. A zero length column setup is used to minimize axial dispersion and external mass 
transfer.(8,9) Finally, the regenerability of the selected SIR is investigated. In an exploratory 
regeneration study, the feasibility of using a hot gas stream to evaporate MTBE from the SIR 
particles after MTBE extraction is the focus of the regenerability considerations. 
 

7.2 Materials and Methods 
 

7.2.1 Substances 
 

MTBE (99.5%, Merck KGaA, Germany) is used without further treatment. As extractant 
3-iodophenol (98%, Sigma-Aldrich, Germany) is used. Propylbenzene (99%, Fluka Chemie AG, 
Switzerland) is used as a diluent for 3-iodophenol. Above listed substances are all utilized without 
further treatment. 

The polymeric resins used are MPP (VWS MPP Systems, Netherlands), Amberlite XAD7 (Rohm 
and Haas Company, France) and Ambersorb XE-348F (Sigma Aldrich Chemie GmbH, USA). The 
activated carbon used is AquaSorb 202 (Jacobi Carbons, Germany). AquaSorb 202 and Ambersorb 
XE-348F are used as received. The MPP particles are sieved, then washed with acetone and left in a 
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rotary evaporator (BÜCHI Rotavapor R-200, BÜCHI Labortechnik AG, Switzerland) equipped 
with a heating bath (BÜCHI Heating Bath B-490, BÜCHI Labortechnik AG, Switzerland) for 12 
hours at vacuum and 70 ºC to remove solvent residues. Before initial use Amberlite XAD7 is rinsed 
with demineralized water, decanted, rinsed with acetone, decanted again and finally rinsed with 
hexane and subsequently decanted. The Amberlite XAD7 particles are left in a rotary evaporator for 
12 hours at vacuum and 70 ºC to evaporate solvent residues. 
 

7.2.2 Screening of adsorbents/solid matrices 
 

The characteristics of the different particles used are given in Table 7.1. 
 
Table 7.1. Particle characteristics 

Property 
Ambersorb 
XE-348F 

AquaSorb 
202 

Amberlite 
XAD7 MPP 

material 
carbonaceous 

adsorbent 

activated 
carbon of 

bituminous 
coal 

macroreticular 
aliphatic 
acrylic 

crosslinked 
polymer 

semi-crystalline 
polypropylene 

porosity ≈ 0.45 b 0.51 a ≥ 0.5 a 0.68 a 
density 
(g mL-1) 

1.32 b 1.22 b 1.07 a 1.15 b 

surface area 
(m2 g-1) 

750 a 1100 a ≥ 380 a 11.5 c 

pore size 
(nm) 

N.A. N.A. N.A. < 1000 d 

particle size  
(mm) 

0.25 – 0.5 a 0.425 – 1.7 a 0. 56 – 0.71 a 0.8 – 1.18 (98%) b 

a manufacturer’s data 
b own measurement 
c Babić et al.(10)  
d based on analysis of SEM images 
 

Isotherm experiments are conducted in closed glass flasks. In each bottle, 0.3 g of adsorbent and 
10 mL of solutions of different concentrations of MTBE are mixed by magnetic stirring at 20 ºC. 
For all experiments the aqueous concentration of MTBE is in the range of 0.25 g L-1 to 5 g L-1. In 
case of Amberlite XAD7 and MPP particles the contacting time is 24 hours in order to ensure that 
equilibrium is reached. In case of Ambersorb XE-348F and Aquasorb 202 the contacting time is 5 
days.(3) The stirring speed during these experiments is adjusted to 500 rpm. The MTBE content of 
the aqueous phase is determined with head space gas chromatography (HSGC) using a Varian 
CP-3800 gas chromatograph (Varian Inc., Netherlands) equipped with a CombiPal Atas Focus 
(Atas GL International B.V., Netherlands) including an 11/70 injector. The column used is a factor 
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four capillary column CP 8945, VF-5ms, with 30 m length, 0.25 mm internal diameter and 0.50 μm 
film thickness (Varian Inc., Netherlands) connected to an FID. Samples for analysis are prepared in 
20 mL vials. The transfer of MTBE to the gas phase is enhanced by thermostatic control of the 
samples at 70 ºC.(11) To ensure that the vapor-liquid phase equilibrium is reached each vial is 
agitated for 10 minutes before the injection. The concentration of MTBE in organic and solid 
phases is calculated by a simple mass balance.(10) The systematic error of this analytical method is 
below approximately 9%. 
 

7.2.3 Solvent impregnated resin preparation and characterization 
 

The carbonaceous resin Ambersorb XE-348F is impregnated with 3-iodophenol dissolved in 
propylbenzene. The concentration of 3-iodophenol in propylbenzene is 3.26 mol L-1, which is the 
approximate maximum solubility of 3-iodophenol in propylbenzene. Ambersorb XE-348F particles 
are dispersed in the extractant solution in a closed flask for 48 hours. After that, the flask is put in 
an ultrasonic bath to facilitate full impregnation. This is necessary, as Ambersorb XE-348F particles 
are partially microporous. The particles are assumed to be fully impregnated when no air bubbles 
are noticed for at least 30 minutes. After the impregnation, the particles are filtered, washed with 
water and dried. The impregnated particles are considered dry when they do not form clusters 
anymore. 

For impregnation of Amberlite XAD7 and MPP, the particles are dispersed in solutions of 
3-iodophenol in propylbenzene (corg

E,0 = 3.26 mol L-1) for 24 hours. Due to the lack of micropores 
in these particles, no ultrasound is needed to facilitate the impregnation. After the impregnation, the 
particles are filtered, washed with water and dried. The impregnated particles are considered dry 
when they do not form clusters anymore. 

The solute removal experiments with solvent impregnated resins (SIRs) are performed with fully 
impregnated Ambersorb XE-348F, fully impregnated Amberlite XAD7 and fully impregnated 
MPP, which are prepared as described above. The experiments are done in closed glass flasks. In 
each flask, 0.3 g of SIR and 10 mL of solutions of different concentrations of MTBE are mixed by 
magnetic stirring. The volume of the gas phase above the liquid level is kept minimal to avoid 
MTBE evaporation. For all experiments the aqueous concentration of MTBE is in the range of 
0.25 g L-1 to 5 g L-1. In order to avoid erroneous KD determinations due to extractant loss during the 
experiments, the aqueous phase in each experiment is pre-saturated with the extractant/diluent 
solution. To ensure that equilibrium is reached, the phases are magnetically stirred for 5 days in 
case of impregnated Ambersorb XE-348F and 24 hours in case of impregnated Amberlite XAD7 
and impregnated MPP. The different contact times are based on the adsorption experiments 
described above. The stirrer speed used is 750 rpm. The experiments are performed at room 
temperature (20 ºC) and atmospheric pressure. The MTBE analysis is performed with the same 
HSGC method as described above. 
 

7.2.4 Selectivity 
 

The resins used are unimpregnated Ambersorb XE-348F, unimpregnated AquaSorb 202 and MPP 
impregnated with propylbenzene and 3-iodophenol (corg

E,0 = 3.26 mol L-1). The selectivity of the 
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resins is studied between MTBE and humic acid, a common groundwater component. The 
selectivity experiments are carried out in 10 mL amber bottles. The selectivity experiments are 
performed in the same way as the isotherm experiments. The concentration of MTBE is 1 mg L-1 
and the concentration of humic acid is 0.5 mg L-1.(1) The dispersions of unimpregnated Ambersorb 
XE-348F and unimpregnated AquaSorb 202 are magnetically stirred for 5 days at 20 ºC, the 
dispersion of impregnated resin particles is magnetically stirred for 24 hours at 20 ºC. 

The selectivity is calculated according to Eq. (7.1), in which the selectivity αMTBE/HA between 
MTBE and humic acid (HA) depends on the ratio between the distribution coefficients KD,MTBE of 
MTBE and KD,HA of humic acid for the studied extractant system. 
 

HA,D

MTBE,D
HA/MTBE K

K
=α   (7.1) 

 
The analysis of MTBE in the aqueous phase is performed with the same HSGC method as 

described above. The humic acid content of the aqueous phase is analyzed photometrically (Cary 
300 Conc UV/VIS spectrophotometer, Varian, Netherlands) at 310 nm. The systematic error of this 
photometric method is approximately 5%. The MTBE content of the organic phase in equilibrium 
can be determined via a simple mass balance. 
 

7.2.5 Determination of kinetic MTBE concentration profiles 
 

The determination of the MTBE concentration profiles over time is done using a zero length 
column setup,(8,9,12) see Figure 7.1. The setup consists of a pump (WellChrom HPLC-pump 
K-1001, Knauer GmbH, Germany), a differential refractometer (Model 2142, LKB Bromma, 
Sweden) and an Omnifit Column (Bio-Chem Valve / Omnifit, England) fixed in a column oven 
(ProStar 510 Spark, Varian Inc., Netherlands). The dead volume of the setup is determined to be 
5.06 ± 0.095 mL. 
 

 
Figure 7.1. Zero length column setup for kinetics measurements (recycle mode). 

 
The borosilicate heavy wall glass column has an inner diameter of 15 mm and a length of 

150 mm. The bed length does not exceed 2 mm. The applied flow rate is 29.0 mL min-1. The 
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temperature at which the measurements are performed is 20 ºC. All kinetic experiments are 
performed according to the same procedure. The column is loaded with 0.2 g particles. When 
Ambersorb XE-348F and AquaSorb 202, respectively, are used the setup is rinsed with 
demineralized water prior to the determination of the MTBE concentration profiles. When 
impregnated MPP particles (corg

E,0 = 3.08 mol L-1) are used, the setup is rinsed with demineralized 
water pre-saturated with the extractant/diluent solution. After this, the setup is run in a recycle mode 
until equilibrium is reached. During the recycle mode the inlet and outlet tube of the setup are 
placed in the same glass vessel. The glass vessel contains 30 mL of demineralized water pre-
saturated with the extractant/diluent solution and spiked with MTBE, and is heated with a water 
bath (F25-HP, Julabo Labortechnik GmbH, Germany) to 20 ºC. The initial MTBE concentration is 
0.04 mol L-1. During the runs the signal of the refractometer is monitored online with the software 
Penlab v6.21. 
 

7.2.6 Regeneration 
 

For the regeneration experiments a quantity of 3.5 g of impregnated MPP particles is used. The 
pores of the impregnated MPP particles are completely filled with a solution of 3-iodophenol in 
propylbenzene (corg

E,0 = 3.03 mol L-1). The MTBE loading of the SIR particles is 1 mol L-1 MTBE 
in the extractant phase inside the pores. The SIR particles are transferred into a semi-preparative 
NovoGROM stainless steel column, 125 mm × 8 mm (Alltech Grom GmbH, Germany). The 
column is placed in a HP 5890A column oven (Hewlett Packard, USA) and connected to a flame 
ionization detector (FID), see Figure 7.2. A gas flow of 17 mL min-1 nitrogen, heated with a Julabo 
F25/MW Thermostat (Julabo GmbH, Germany) to 120 ºC, is applied to the SIR bed inside the 
column. The organics content of the gas stream after leaving the column is detected by the FID and 
the signal is recorded with the software Penlab v6.21. 
 

 
Figure 7.2. Regeneration setup for a column loaded with SIR particles. 
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7.3 Results and Discussion 
 

7.3.1 Selection of an adsorbent as solid matrix for a SIR 
 

The main objective of performing adsorption experiments is to determine which adsorbent has the 
highest affinity for MTBE. For this purpose four different adsorbents are tested, namely 
macroporous polypropylene MPP, non-ionic aliphatic acrylic Amberlite XAD 7, the carbonaceous 
resin Ambersorb XE-348F and the activated carbon Aquasorb 202. Some of these adsorbents are 
later on investigated as a solid support for the extractant. In Figure 7.3, the experimentally 
determined isotherms of the MTBE adsorption experiments are given. 
 

 
Figure 7.3. Equilibrium isotherms of different particles and MTBE (points: experiments, lines: 

calculated isotherms). 
 

The isotherms of Ambersorb XE-348F, AquaSorb 202 and Amberlite XAD7 can be described 
very well by the Freundlich isotherm Eq. (7.2), see Figure 7.3. The Freundlich parameters for these 
isotherms are given in Table 7.2. 
 

( )naq
SFF,S cKq ⋅=   (7.2) 

 
Table 7.2. Freundlich parameters of the determined isotherms 
Particles KF 

((mol g-1) (mol L-1)-n) 
n R2 

Ambersorb XE-348F 0.026 0.40 0.999 
AquaSorb 202 0.012 0.47 0.996 
Amberlite XAD7 0.0093 0.66 0.999 

 
The MPP isotherm can be accurately described with the constant separation factor isotherm, see 

Eq. (7.3), which is based on the mass action law and is a simple mathematical sub-set of the 
Langmuir equation.(13) 
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q
⋅Θ−+Θ⋅

⋅
=   (7.3) 

 
The separation factor Θ for the determined MPP isotherm is Θ = 1.14. The coefficient of 

determination R2 of this isotherm is 0.996. 
As can be seen in Figure 7.3, the Ambersorb XE-348F particles have the highest MTBE capacity. 

The reason why Ambersorb XE-348F is the best of the tested MTBE adsorbents is the presence of 
micropores in the carbonaceous resin. These micropores, formed by the pyrolysis of the ion-
exchange resin, are the reason for its high efficiency during water treatment,(1) because the 
micropores are only accessible to comparatively small molecules and thus reduce fouling.(14) 
However, the adsorption inside the micropores is also the reason for the long time needed to 
achieve equilibrium.(3) The MTBE capacity of the activated carbon AquaSorb 202 is approximately 
two thirds of the capacity of Ambersorb XE-348F. Amberlite XAD7 has a maximum MTBE 
capacity of about half the maximum MTBE capacity of AquaSorb 202. MPP particles have the 
lowest MTBE capacity of the tested particles. 

Due to its high MTBE capacity, Ambersorb XE-348F is selected as solid support for the 
extractant/diluent system. In addition to the relatively small Ambersorb XE-348F particles, see 
Table 7.1, the comparably large Amberlite XAD7 and MPP particles are impregnated. Due to the 
larger particle size compared to Ambersorb XE-348F and the comparatively high porosity and the 
large pores, see Table 7.1, the extractant capacities of Amberlite XAD7 and MPP particles are 
higher compared to Ambersorb XE-348F particles. This becomes clear, when the particle pore 
volumes of Ambersorb XE-348F (Vpore = 1.08 × 10-5 mL), Amberlite XAD7 (Vpore = 5.8 × 10-5 mL) 
and MPP particles (Vpore = 29.89 × 10-5 mL) are compared. Although the MTBE capacity of 
unimpregnated Amberlite XAD7 and unimpregnated MPP particles is rather low compared to 
unimpregnated Ambersorb XE-348F, it has been shown before that the impregnation with a suitable 
extractant can enhance the solute capacity of resin particles with an otherwise low solute capacity 
drastically.(6) The activated carbon AquaSorb 202 is not considered for impregnation experiments 
due to a lack of mechanical strength during the performed experiments. 
 

7.3.2 Solvent impregnated resin for MTBE extraction 
 

Fully impregnated Ambersorb XE-348F (corg
E,0 = 3.26 mol L-1) shows a surprising decrease of 

MTBE capacity compared to unimpregnated Ambersorb XE-348F, see Figure 7.4. An explanation 
for this decrease of MTBE capacity could be a blocking of the micropores by the extractant and 
diluent molecules. The micropores are crucial for the high solute capacity of Ambersorb XE-348F 
during water treatment.(1) The adsorption of extractant and/or diluent could also influence the 
extraction of MTBE. Additionally, the particles are relatively small and have only a comparatively 
low extractant capacity inside the particle pores, see above. The isotherm of impregnated 
Ambersorb XE-348F can be described with the constant separation factor isotherm (Θ = 6.33, 
R2 = 0.999). 
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Figure 7.4. Isotherm comparison of unimpregnated and impregnated Ambersorb XE-348F. 

 
In case of MPP the unfavourable adsorption isotherm of unimpregnated MPP changes to a more 

favourable isotherm after impregnation of the MPP particles, see Figure 7.5 a). The MTBE 
capacity of the SIR compared to unimpregnated MPP particles is more than 3 times higher in the 
investigated MTBE concentration range. This increase of MTBE capacity of the impregnated MPP 
particles is caused by the MTBE extraction with the immobilized extractant/diluent system. When 
comparing the isotherms of fully impregnated Amberlite XAD7 and unimpregnated Amberlite 
XAD7, see Figure 7.5 b), it occurs that also in this case the MTBE capacity of fully impregnated 
Amberlite XAD7 is higher than the MTBE capacity of unimpregnated Amberlite XAD7, albeit only 
by a factor of maximum 1.2. This is lower than the increase of MTBE capacity observed for 
impregnated MPP particles. 
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Figure 7.5. Comparison of SIR isotherms and adsorption isotherms, a) MPP and b) Amberlite XAD7. 

 
The experimentally determined isotherms of impregnated MPP and impregnated Amberlite 

XAD7 are well described by the Freundlich isotherm, see Figure 7.5. The isotherm parameters of 
the evaluated isotherms are given in Table 7.3. 
 
Table 7.3. Isotherm parameters for MTBE extraction with fully impregnated MPP and fully impregnated 
Amberlite XAD7 

SIR 
KF 

((mol g-1) (mol L-1)-n) 
n R2 

Impregnated MPP 0.0107 0.65 0.945 

Impregnated Amberlite XAD7 0.0115 0.67 0.987 
  

The comparison of the data of fully impregnated MPP, Figure 7.5 a), and fully impregnated 
Amberlite XAD7, see Figure 7.5 b), shows that the MTBE capacity of fully impregnated MPP is 
comparable to the MTBE capacity of fully impregnated XAD7. Both fully impregnated MPP and 
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fully impregnated Amberlite XAD7 have a better affinity for MTBE than impregnated Ambersorb 
XE-348F. 

These results show that the impregnation has a significant influence on the capacity of an 
adsorbent. The MTBE capacity of each MPP and Amberlite XAD7 is increased after impregnation. 
However, the MTBE capacities of impregnated MPP and impregnated Amberlite XAD7 are still 
lower than the MTBE capacity of the carbonaceous resin Ambersorb XE-348F. 
 

7.3.3 Selectivity 
 

The selectivity of unimpregnated Ambersorb XE-348F, unimpregnated AquaSorb 202 and 
impregnated MPP for MTBE over humic acid is studied, as humic acid is a common component in 
groundwater. As can be seen in Table 7.4, the impregnated MPP particles have the highest 
selectivity of the investigated resins for MTBE when humic acid is present. 
 
Table 7.4. Selectivity values of MTBE and humic acid 
Resin αMTBE/HA 
Impregnated MPP (corg

E,0 = 3.26 mol L-1) 190 
AquaSorb 202 20 
Ambersorb XE-348F 5 

 
The selectivity values of AquaSorb 202 and Ambersorb XE-348F are approximately 10 times and 

40 times lower, respectively, than the selectivity of impregnated MPP particles. Thus, it can be 
expected that the MTBE capacity of Ambersorb XE-348F and AquaSorb 202 will decrease 
significantly when considerable amounts of humic acid are present due to the competitive 
adsorption of humic acid. This means that the SIR utilization efficiency is higher than compared to 
the evaluated adsorbents. This is a significant advantage of the prepared SIR over conventional 
adsorbents. 
 

7.3.4 Kinetic concentration profiles 
 

The determination of the initial kinetic MTBE concentration profiles over time using a zero length 
column setup (8,9,12) shows that the initial MTBE uptake of Ambersorb XE-348F is very fast and 
takes less than 5 minutes, see Figure 7.6. After this initial uptake, the concentration of MTBE 
decreases further, albeit at a significantly lower rate. In the performed experiment, even after more 
than two days the equilibrium MTBE concentration has not been reached. This is in agreement with 
previous observations.(3) The initial extraction rate of Ambersorb XE-348F is fast compared to 
activated carbon and impregnated MPP particles. However, the particles of Ambersorb XE-348F 
(0.25 – 0.5 mm) are significantly smaller than the particles of activated carbon (0.425 – 1.7 mm) 
and impregnated MPP (0.8 – 1.18 mm). The particle size influences the extraction rate. A decrease 
of the particle diameter can increase extraction rate.(12,15) The effect of the particle size on the 
overall extraction rate of impregnated MPP particles is investigated with particle fractions of 0.5 –
 0.63 and 1.0 – 1.6 mm. In Figure 7.6 it can be seen that a decrease of the MPP particle size 
increases the MTBE extraction rate, which was also concluded for the sorption of pentanal on 
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impregnated XAD16 by Babic et. al.(12) As can be seen, a reduction of the SIR particle size from 
1.0 – 1.6 mm to 0.5 – 0.63 mm decreases the time until the equilibrium MTBE concentration is 
reached from more than 60 minutes down to 30 minutes. This can be attributed to the faster 
diffusion in smaller particles, as the diffusion time constant is inversely proportional to the square 
of the particle radius. However, if the MTBE removal with the prepared SIR would entirely depend 
on diffusion, the extraction rate should increase by a factor of 4 instead of a factor of 2, as observed 
in this case. Possibly, the MTBE removal depends on a combination of the diffusion of the solute, 
the extractant and the formed complex inside the pores, and on the other hand the chemical 
complexation between MTBE and the extractant.(12,16) Nonetheless, diffusion inside the SIR particle 
can be considered as one of the limiting factors of the MTBE extraction in the investigated system 
and the extraction rate of MTBE by the impregnated MPP particles can be enhanced by decreasing 
the particle size. 

Although the equilibrium MTBE capacity of AquaSorb 202 is higher than the equilibrium MTBE 
capacity of impregnated MPP particles, the MTBE extraction rate of AquaSorb 202 is significantly 
lower compared to impregnated MPP particles with a particle size of 0.5 – 0.63 mm. 
 

 
Figure 7.6. Concentration profiles of MTBE extraction kinetics of AquaSorb 202, impregnated MPP 

(caq
MTBE,0 ≈ 0.04 mol L-1, corg

E,0 = 3.08 mol L-1) and Ambersorb XE-348F determined with a zero length 
column setup. 

 
7.3.5 Regeneration 

 
The regeneration of impregnated MPP particles is achieved with a hot nitrogen gas stream 

(120 ºC). Figure 7.7 depicts the concentration profile of MTBE during thermal regeneration. The 
initial time lag of the concentration profile during regeneration can be explained by the time that is 
needed to completely heat up the whole particle bed. The initial shoulder of the profile is probably 
caused by the fast evaporation of MTBE still left on the surface of the wet particles after MTBE 
extraction. After this, the MTBE contained by the extractant inside the pores will start to be 
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released. The time until the complete amount of MTBE contained in the SIR particles has 
evaporated takes approximately 20 minutes. 
 

 
Figure 7.7. Profile of thermal regeneration of impregnated MPP particles (flow rate N2 = 17 mL min-1, 

T = 120 ºC, corg
MTBE,0 = 1 mol L-1). 

 
In order to prevent diluent loss during regeneration, the diluent propylbenzene needs to be 

optimized further in terms of volatility. This can be achieved by the addition of alkyl chains or by 
modification of the existing propyl chain. Increasing the alkyl chain length and increasing the 
degree of chain branching can decrease the vapor pressure of the diluent. This is, however, not part 
of this study. 
 

7.4 Conclusions 
 

In this chapter the use of a solvent impregnated resin (SIR) to remove MTBE from water is 
investigated. Of the investigated adsorbents, which serve as solid matrix for a SIR, the 
carbonaceous resin Ambersorb XE-348F has the highest MTBE capacity. However, the MTBE 
capacity of impregnated Ambersorb XE-348F significantly decreases compared to the 
unimpregnated particles. The impregnation of MPP particles increases the MTBE capacity by a 
factor of more than 3 compared to the unimpregnated MPP. This relative increase of MTBE 
capacity is more pronounced than in the case of impregnated Amberlite XAD7. The selectivity of 
the prepared impregnated MPP particles for MTBE in the presence of humic acid is 10 – 40 times 
higher compared to Ambersorb XE-348F and the activated carbon AquaSorb 202. Exploratory 
kinetics measurements in a zero-length-column setup show that the initial extraction rate of 
Ambersorb XE-348F is faster than of impregnated MPP. However, the particles of Ambersorb 
XE-348F are smaller than the MPP particles. It can be shown that a decrease of the MPP particle 
size increases the extraction rate of the used SIR. The prepared SIR particles can be successfully 
regenerated with a hot nitrogen gas stream (120 ºC). 
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List of Symbols 

 
c  concentration     mol L-1 
KD  overall distribution coefficient  (mol L-1) (mol L-1)-1 
KF  Freundlich isotherm parameter  (mol g-1) (mol L-1)-n 
n  Freundlich isotherm parameter  - 
q  solute loading of particle   mol g-1 
Vpore  particle pore volume    mL 
 

Greek letters 
α  selectivity 
Θ  constant separation factor 
 

Superscripts 
aq  aqueous phase 
org  organic phase 
 

Subscripts 
0  parameter at time t = 0 
E  extractant 
HA  humic acid 
max  maximum 
MTBE  methyl tert-butyl ether 
S  solute 
SIR  solvent impregnated resin 
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Chapter 8 

Conclusions and Outlook 

It was already discussed in Chapter 1 that conventional technologies for the removal of polar 
solutes can have a number of drawbacks, which can be remedied by the use of solvent impregnated 
resins (SIRs). The main objective of this thesis is thus to develop SIRs, with which polar solutes 
such as phenols and ethers can successfully be removed from aqueous environments. 

The milestones to reach the main objective are as follows: 
 

Phenol removal with SIRs 
 

· establishing a screening method based on the COSMO-RS theory, which helps determining 
the top extractant(s) via the estimation of distribution coefficients KD 

· characterization of factors influencing the liquid-liquid equilibrium of phenol extraction 
with the top extractant in order to obtain process control parameters 

· selection of suitable particles as solid matrix for the SIR 
· immobilization of the selected phenol extractant in the solid matrix to decrease extractant 

loss and avoid emulsification 
· application of the developed SIR and comparison of the SIR with state-of-the-art adsorbents 

in order to show that the SIR is competitive 
· mathematical description of the phenol extraction kinetics with a SIR using a kinetic model 
· validation of the regenerability and stability of the developed SIR 

 
MTBE removal with SIRs 

 
· selection of an MTBE extractant with the previously applied screening method; a high KD 

value and the possible environmental impact are the main criteria 
· selection of suitable particles as solid matrix for the SIR 
· impregnation of particles with the selected MTBE extractant and comparison with 

state-of-the-art adsorbents: proof of principle 
· determination of the advantages of using a SIR as MTBE removal technology 
· cost estimate and comparison with state-of-the-art MTBE removal technologies 
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8.1 Conclusions 
 

8.1.1 Achieved milestones 
 

Phenol removal with SIRs 
The extractant screening based on the quantum chemical conductor-like screening model for real 

solvents (COSMO-RS) can be used to qualitatively determine the top phenol extractants. 
The liquid-liquid equilibrium investigations lead to possible process control parameters. The 

phenol capacity of Cyanex 923 is decreased by a temperature increase, an organic acid load in the 
aqueous phase or by increasing the pH of the aqueous phase above 10. The pH shift is the most 
promising regeneration technique, as it allows an almost complete regeneration of the selected 
extractant Cyanex 923 after phenol extraction. The phenol capacity of Cyanex 923 can be increased 
by high salt loads due to the salting-out of phenol. 

With MPP particles, a solid matrix with high extractant capacity and high durability is selected for 
the SIR application. The impregnation of the particles with Cyanex 923 avoids emulsification. The 
impregnated MPP particles have a higher phenol capacity than a number of synthetic resins and ion 
exchangers, are mechanically stable, can be almost completely regenerated and do not suffer from 
continuous extractant leaching during a number of performed extraction/regeneration cycles. 

The kinetic model based on equilibrium constants and a combination of chemical reaction and 
intraparticle mass transfer fits most of the data sets rather well, but offers potential for optimization. 

 
MTBE removal with SIRs 
Again, the COSMO-RS based extractant screening qualitatively predicts the top extractants well, 

namely halogenated phenols. 3-iodophenol preliminarily appears as the most suitable extractant as 
it has one of the highest KD values for MTBE while not being as harmful as the other halogenated 
phenols. 

Also in this case MPP particles are a suitable solid matrix due to the above mentioned advantages. 
The removal of MTBE with impregnated MPP particles works well. Advantages of impregnated 
MPP particles compared to state-of-the-art MTBE adsorbents are the high selectivity for MTBE 
when humic acid is present and the easy regeneration with hot gas. The extraction rate can be 
increased by decreasing the particle size. 

The application of the current SIR for MTBE removal, which is comprised of the preliminary 
extractant system selected in this study, can be cost-effective under certain conditions (see 
Appendix D). These conditions are comparatively high concentrations of MTBE in the feed stream 
and/or high flow rates through the columns. 

 
8.1.2 Drawbacks 
 
Phenol removal with SIRs 
The COSMO-RS screening is only in rare cases quantitatively precise. A noticeable drawback is 

that components containing nitrogen groups can not be reliably screened, as they give highly 
unrealistic results. Thus, a promising alternative to the finally selected phenol extractant Cyanex 
923, namely tri-n-octylamine oxide, could not be determined with this method. 
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The developed regeneration method is not optimal, as the use of barium hydroxide can cause 
scaling due to a reaction with CO2. Additionally, barium hydroxide is more expensive than for 
example NaOH. The regeneration with other alkaline solutions of low ionic strength causes severe 
emulsification of the organic and aqueous phase.  

After impregnation, the extractant loss is the same compared to a liquid-liquid equilibrium 
application. Activated carbon has a higher phenol capacity than the SIR. 

 
MTBE removal with SIRs 
The selected extractant 3-iodophenol needs to be optimized in terms of water solubility, toxicity, 

melting point and possibly an even higher MTBE capacity. 
Compared to the developed SIR, the carbonaceous resin Ambersorb XE-348F and the activated 

carbon AquaSorb 202 have higher MTBE capacities. Ambersorb XE-348F even has a higher initial 
extraction rate than the developed SIR. 

In many of the calculated economic scenarios, air stripping is still the most cost-effective option.  
 

8.2 Outlook 
 

Phenol removal with SIRs 
The weak points of the extractant screening with COSMO-RS are the insufficient precision in 

view of the quantitative prediction of the KD values and that amine containing components cannot 
be reliably simulated. A refinement of the quantum chemical calculations is thus necessary. A more 
precise systematic estimation of the accessible surface of the amino-nitrogen is necessary for 
achieving more accurate calculations. Also, the molecular geometry of the respective molecules 
needs to be optimized. 

Due to the above described flaws of COSMO-RS, tri-n-octylamine oxide (TOAO) is not 
discovered as a potential phenol extractant when the COSMO-RS method is used. Exploratory 
experiments performed beside this thesis show that TOAO has a higher phenol capacity than 
Cyanex 923. The extractant blend Cyanex 923 is already optimized in terms of a high phenol 
capacity, a low melting point, low vapor pressure and low water solubility. A comparable blend of 
tri-n-alkylamine oxides could increase the phenol capacity of a SIR to be more competitive to the 
high phenol capacity adsorbent activated carbon. Several basic investigations about this alkylamine 
oxide blend would be necessary including the determination of its water solubility and its 
environmental impact. The thermal and the chemical stability of the alkyl amine oxide blend need 
to be determined in view of regenerability and long term stability. After this, liquid-liquid 
equilibrium and SIR studies could be performed for phenol extraction. The extraction kinetics, 
long-term regenerability studies and stability studies of the SIR would be needed. Eventually, 
column characteristics could be determined on the way to an industrial application. 

The regeneration of Cyanex 923 with barium hydroxide can cause scaling due to barium 
carbonate formation. When other alkaline solutions with lower ionic strength are used, e.g. sodium 
hydroxide, repeated extractant leaching during regeneration occurs.  In order to prevent scaling by 
the use of the cheaper sodium hydroxide, the extractant needs to be stabilized inside the SIR 
particles to avoid leaching. Several studies of the stabilization of SIRs are available in literature.(1-5) 
Long term stability studies are in any case necessary.  
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MTBE removal with SIRs 
As the selected MTBE extractant 3-iodophenol is not optimal, the extractant needs to be modified 

in several ways. It is necessary to achieve a higher MTBE capacity in order to make the SIR 
capacity more competitive with carbonaceous resins and activated carbon, and to enhance the 
cost-effectiveness of SIRs compared to air stripping. For this purpose molecular modeling can be 
used, so that time consuming experiments can be avoided. Furthermore, the water solubility of the 
extractant needs to be decreased, so that a contamination of the treated aqueous phase can be 
obviated. The addition of alkyl chains could decrease its water solubility. Also the melting point of 
the extractant needs to be decreased, so that the use of additional diluent can be circumvented. 
Another option to liquefy the extractant and thus avoid the use of a diluent could be to create an 
extractant blend with a melting point significantly below standard temperature. This way, a higher 
MTBE capacity can be achieved, as a higher concentration of complexation sites will be available 
in the undiluted extractant. Additionally, no contamination of the aqueous phase with a diluent 
would occur. Another desirable characteristic of the MTBE extractant is a low vapor pressure in 
view of thermal regeneration. 

Once the extractant system is optimized in such a way, the characterization of equilibria and 
kinetics is needed. In addition, further selectivity studies should be carried out, as in addition to 
humic acid contaminated groundwater can also contain e.g. toluene, benzene and tertiary butyl 
alcohol. The investigation on the enhanced MTBE extractant should be concluded by column 
experiments, a regeneration study at different temperatures and gas flow rates, as well as stability 
tests. 
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Appendix A 

Particle analysis of macroporous polypropylene particles MPP 

A.1 Introduction 
 

The particles which are considered as most suitable for resin impregnation in this thesis are 
macorporous polymer (MPP) particles (VWS MPP Systems, Netherlands). This resin is produced 
by extrusion and cutting of the polymer into particles of roughly 1 mm size. The properties of these 
particles are given in Chapter 4, Table 4.1. 
 

A.2 Materials and Methods 
 

A.2.1 Particle size distribution 
 

In order to exactly determine the average particle size a particle size distribution is needed. The 
particle size distribution is determined by sieving the MPP particles with a Fritsch analysette 
(Fritsch GmbH, Germany) using the available sieves with a mesh diameter of 105 µm, 210 µm, 
300 µm, 500 µm, 800 µm and 1180 µm, and subsequent weighing of the different fractions. 
 

A.2.2 Particle images 
 

Images of the complete MPP particles are taken with a fluorescence microscope Olympus BX50, 
equipped with a Sony DXC-950P camera. 
The scanning electron microscopic images are taken with a Jeol JSM-T 220A electron microscope 
at a voltage of 15 kV. 

For cross sectional and longitudinal sectional images of the particles with electron microscopy, 
the waterless specimens are arranged longitudinally and embedded in the epoxy resin SPURR 
(Serva, Heidelberg, Germany). The polymerisation occurrs over night at 70 °C. Ultrathin sections 
are achieved with an ultramicrotome (Reichert, Vienna, Austria), using a diamond knife (Plano, 
Marburg, Germany). Longitudinal and cross sections are carried out, employing the variable cutting 
speed of the Reichert ultramicrotome to prevent buckling and compression of the sections. The 
ultrathin sections are collected and mounted on 100 mesh copper grids, followed by staining with 
uranyl acetate (UA) for 30 minutes by floating the grids on drops of UA. Afterwards, the specimens 
are viewed and analyzed in a Hitachi electron microscope, H 600, using 75 kV. Documentation is 
performed by digital imaging, using a Gatan camera, which is applied to the electron microscope, as 
well as an Apple computer and the software Digital Micrograph (Gatan). The latter method was 
developed by Klaus Zanger, UKD, Düsseldorf, Germany. 
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A.3 Results 

 
A.3.1 Particle size distribution 

 
Based on the investigation with the sieves used it can be stated that the MPP particles have an 

average diameter of 1.0 mm with a standard deviation of 0.13 mm. The particle size distribution can 
be seen in Figure A.1. Apparently, the MPP particles investigated have a narrow size distribution. 
 

 
Figure A.1. Particle size distribution of MPP particles. 

 
A.3.2 Particle images 

 
The MPP particles, which are used for this study, are cylindrical in shape and have the same 

length and diameter, as can be seen in Figure A.2. Also the semi crystalline structure of the MPP 
particles is indicated in Figure A.2. 
 

 

Figure A.2. Fluorescence microscopic image of an MPP particle. 
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This structure can be seen more clearly in an electron microscopic image, as depicted in Figure 
A.3. These crystalline rods give the MPP particles their improved stability compared to other 
synthetic resins, such as Amberlite XAD16.(1) 
 

 

Figure A.3. Scanning electron microscopic image of the semi crystalline structure of an MPP particle. 
 

 

Figure A.4. Scanning electron microscopic image of the external pore structure of an MPP particle. 
 

In order to determine the effective diffusion coefficient of phenol inside impregnated MPP 
particles it is assumed that MPP has a uniform pore size distribution. This assumption is made 
based on Figure A.4, Figure A.5 and Figure A.6. An electron microscopic image of the surface of 
an MPP particle in Figure A.4 shows a regular pore structure. In Figure A.5 and Figure A.6 a 
longitudinal and a cross section of the MPP particles are shown. The pores are round-elliptical and 
uniform throughout the particle. The pore size inside the particles can be graphically determined 
from Figure A.5 and Figure A.6 to be mostly in the range of 100 to 600 nm. 
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Figure A.5. Longitudinal section of MPP particle (black structure is a contaminate from the semi-crystalline 
structures observed inside the particle; the image was made by Klaus Zanger, UKD, Düsseldorf, Germany). 

 

 

Figure A.6. Cross section of MPP particle (scale is identical to Figure A.5; the image was made by Klaus 
Zanger, UKD, Düsseldorf, Germany). 

 
From Figure A.5 and Figure A.6 also the comparatively high tortuosity factor of around 6.51, as 

determined by Babic et al.,(2) can be explained. The particles seem to have a sponge-like structure 
rather than cylindrically wound pores.  
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Appendix B 

Diluent selection for 3-iodophenol based on Hildebrand and Hansen solubility 
parameters 

B.1 Introduction 
 

As mentioned in Chapter 6, 3-iodophenol is preliminarily selected as most promising MTBE 
extractant based on the extractant screening. Unfortunately, 3-iodophenol is solid at standard 
conditions. This is why it needs to be diluted prior to the extraction. Although toluene dissolves 
3-iodophenol in high amounts, it is nonetheless not the optimum diluent. This is, as toluene is 
inflammable and toxic. Additionally, the water solubility of toluene is too high (approximately 
0.5 g L-1 at 20 ºC) for an envisaged high throughput water treatment application. Furthermore, the 
volatility of toluene (pvap = 2.93 kPa at 20 ºC) is too high in terms of safety and diluent loss. Due to 
these reasons, a different diluent needs to be selected. It should dissolve high amounts of 
3-iodophenol in order to achieve a high MTBE capacity of the extractant phase. Furthermore, it 
should have a low water solubility and a low vapor pressure in order to avoid diluent loss. 
 

B.2 Calculation and comparison of solubility parameters 
 

The selection of a diluent for the extractant 3-IP in this study is based on a screening using the 
Hildebrand solubility parameter δ, which was introduced by Hildebrand and Scott (1) and is based 
on the cohesive energy density. From the LLE experiments performed in this study, it is known, 
that 3-IP dissolves readily and in high amounts in toluene. Substances with similar cohesion 
parameters like the Hildebrand solubility parameter are likely to dissolve in each other.(2) Based on 
this information, different diluents other than toluene are considered. These diluents are 1-decanol, 
n-nonanoic acid, heptyl cyanide, n-nonane, 1-phenyldodecane and propylbenzene. 

The Hildebrand solubility parameters of 1-decanol, n-nonane, propylbenzene and toluene as 
determined by Hoy are taken from Barton.(2) The Hildebrand parameters of 3-IP, heptyl cyanide, 
n-nonanoic acid and 1-phenyldodecane need to be calculated with Eq. B.1.(3) 
 

m

vap

V
RTH −∆

=δ   (B.1) 

 
In Eq. (B.1), Vm is defined as the molar volume, ∆Hvap is the molar heat of vaporization, R is the 

gas constant and T is the temperature. The parameters Vm and ∆Hvap are given in Table B.1 for 
3-IP, heptyl cyanide, n-nonanoic acid and 1-phenyldodecane. For the calculation of δ, the value of 
the gas constant R equals 8.3145 J mol-1 K-1 and T equals 298.15 K. The molar densities are 
calculated from liquid densities ρ and molecular weight M via Vm = M ρ-1. 
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Table B.1. Parameters for Hildebrand solubility parameter calculation 
Substance Vm (g cm-3) ∆Hvap (kJ mol-1) 
3-iodophenol 109.9 66.9 
heptyl cyanide 154.6 61.2 
n-nonanoic acid 174.8 68.8 
1-phenyldodecane 289.9 91.6 

 
The values of ∆Hvap for heptyl cyanide, n-nonanoic acid and 1-phenyldodecane are calculated 

with the group-contribution estimation according to Tu and Liu.(4) The value of ∆Hvap for 3-IP is 
calculated via the Hildebrand rule.(3) 

The values of δ from references and the ones calculated with Eq. (B.1) are given in Table B.2. If 
not otherwise indicated, the data in Table B.2 is taken from Barton.(2) 
 
Table B.2. Hildebrand solubility parameters δ 
Substance δ (MPa-1/2) δd (MPa-1/2) δp (MPa-1/2) δh (MPa-1/2) 
3-iodophenol 24.2 a 12.4 d < 4.4 b 20.3 e 
1-decanol 20.5 15.4 7 11.6 
heptyl cyanide 19.5 a 16.6 c 4.7 b 9.1 e 
n-nonanoic acid 19.5 a 16.1 c 2.4 b 10.7 e 
toluene 18.3 16.4 8 1.6 
propylbenzene 17.6 16.2 6.9 0 
1-phenyldodecane 17.5 a 17.4 c 0.2 b 0 e 
n-nonane 15.6 15.6 0 0 

a calculated with Eq. (B.1) 
b estimated with group molar attraction constants (δp = (ΣFp)/Vm) (2) 
c estimated with dispersion group molar attraction contributions (δd = (ΣFd)/Vm) according to 
Koenhen and Smolders (2) 
d estimated with dispersion group molar attraction contributions with correction for interaction of 
polar groups (δd = (ΣFd

2)1/2/Vm) according to Koenhen and Smolders (2) 
e calculated with Eq. (B.2) 
 

According to Table B.2, the diluents n-nonane and 1-phenyldodecane should not dissolve 3-IP 
well, as their Hildebrand solubility parameters differ the most among the evaluated diluents from 
the Hildebrand solubility parameter of 3-IP. In experiments it indeed occurs, that 3-IP cannot be 
dissolved to a sufficient degree in n-nonane and 1-phenyldodecane to conduct LLE experiments. 
This could be expected, as n-nonane and 1-phenyldodecane are apolar and 3-IP is rather polar due 
to its OH-group and its iodine substituent. According to Table B.2, 1-decanol should be the best 
solvent for 3-IP, as its δ is the most similar to the δ of 3-IP among the tested diluents. However, this 
is not the case. In fact, toluene and propylbenzene are the diluents that dissolve the extractant 3-IP 
best in this study. This suggests that the solubility of 3-IP in the diluents cannot be entirely 
predicted by δ, but rather by one or more of the so-called Hansen solubility parameters, which are 
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also given in Table B.2. These Hansen solubility parameters are divided into dispersion or nonpolar 
components δd, polar or electrostatic components δp, and hydrogen bond components δh. These 
parameters account for the different possible molecular interactions.(5) The Hansen parameters can 
be explained in terms of molecular parameters interrelated to intermolecular forces and molecular 
sizes.(2) The relation between the Hildebrand solubility parameter δ and the Hansen solubility 
parameters is given in Eq. (B.2). 
 

2
h

2
p

2
d δ+δ+δ=δ   (B.2) 

 
According to Table B.2, the dispersion solubility parameter δd is in a similar range between 15.4 

and 17.4 for the investigated diluents. Thus, this parameter is unlikely to make a significant 
difference. Toluene, which dissolves 3-IP very well, has a low hydrogen bond parameter δh and a 
high electrostatic parameter δp. This seems to be the most suitable combination to dissolve 3-IP. 
This is confirmed by the respective Hansen solubility parameter values δh and δp of propylbenzene, 
in which 3-IP also readily dissolves. In case of n-nonanoic acid, heptyl cyanide and 1-decanol the 
opposite is the case, namely δh is comparatively high and δp is comparatively low. Alcohols and 
organic acids for example are capable of association to form dimers, which blocks their respective 
functional group. In experiments it is confirmed that these substances do not dissolve 3-IP as good 
as toluene and propylbenzene. Although 3-IP dissolves readily in heptyl cyanide, the maximum 
3-IP concentration, which can be achieved, is comparable to the maximum concentration of 3-IP in 
n-nonanoic acid or 1-decanol. This suggests that the Hansen solubility parameters can be used for a 
reliable diluent screening. 
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Appendix C 

Flowsheet for an MTBE extraction process using SIRs 

C.1 Introduction 
 

In the previous chapters and appendices, experimental results and theoretical calculations and 
modelling are described. However, a consequent step in the development of a process is also the 
design of the process on a flowsheet. This is why in this part of the appendix, an exemplification of 
a flowsheet for a full-scale process unit is suggested. More specifically, the proposed process is the 
remediation of streams or groundwater contaminated with MTBE. This flowsheet is also the 
starting point for the cost evaluation of a water treatment process for MTBE removal, which is 
performed in Appendix D. One of the primary tasks of this design will be cost reduction, e.g. 
labour or energy costs. The design is proposed to be multi-applicable, size-adjustable and possibly 
mobile. The latter means that the process equipment should be easily transferrable by truck between 
groundwater remediation sites. 
 

C.2 Flowsheet description 
 

Different kinds of flowsheets exist, such as block flow diagrams (BFD), process flow diagrams 
(PFD) or piping and instrumentation diagrams (P&ID). In this appendix, a rough outline of a P&ID 
is given. The developed process flowsheet will only show the basic level of information sufficient 
to show the essential process flowpaths. 

The flowsheet shown in Figure C.1 depicts a process unit consisting of three columns, which 
contain the SIR particles. This number is just taken as an example and can be adjusted according to 
the flow rate and degree of stream contamination. The SIR particles are contained inside the 
columns as fixed beds. The fixed bed application is selected for the ease of operation and reduction 
of labour costs. The column size is adjusted to fit on a truck. 

The feed stream in the depicted flowsheet consists of contaminated groundwater. The 
groundwater is pumped by pump P1 into reservoir B1. From B1, pump P2 distributes the stream 
over the columns. The pumps P1 and P2 are designed as systems containing a redundant pump to 
avoid down times during pump maintenance. 

The flow rate through column C1 is controlled by valve V2. At the column outlet, the MTBE 
content of the treated stream is measured online. When the solute breakthrough of C1 occurs, C1 is 
shut off for subsequent regeneration by valve V2. The column C1 is drained via valve V10 and the 
water flows back into the reservoir B1. 

The necessary heat for the regeneration is supplied by steam. The steam enters the column via V1 
and exits via V3. The MTBE concentration of the outlet steam stream is measured. When the 
MTBE concentration in the steam is sufficiently low, the bed is considered as regenerated and the 
steam flow is stopped. 
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The steam from the regeneration of C1 is condensed in the heat exchanger H1. The pressure of the 
condensed steam is relieved by V13 just before a flash vessel. In the flash vessel, the steam is split 
into two streams. A stream with a high MTBE concentration leaves at the top of the flash vessel. 
The stream leaving the bottom of the flash vessel only contains trace amount of MTBE compared to 
the top stream. Additional pressure control in the flash vessel is possible with V14. The highly 
concentrated vapour stream is condensed in H2 and can be treated either as waste or as a source of 
MTBE. 

The MTBE concentration of the treated groundwater is measured. When the MTBE concentration 
is too high to fulfil the process goal, the stream is drained by V10 to the reservoir. 
 

 
Figure C.1. Flowsheet of a full-scale process unit for MTBE removal from groundwater with SIRs. 
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Appendix D 

Cost estimation for an MTBE extraction process using SIRs 

D.1 Introduction 
 

The performed cost evaluation takes the process flowsheet developed in Appendix C for the 
removal of MTBE from groundwater with SIRs as a basis. As stated before, the three columns in 
the flowsheet depicted in Figure D.1 are arbitrarily chosen. In the following cost calculation only 
one column is regarded, as the process unit is supposed to be compact and transportable. After the 
cost calculation, the costs of the SIR technology is compared to the state-of-the-art technologies 
granular activated carbon (GAC), air stripping, advanced oxidation processes (AOP), and synthetic 
resin sorbents. A cost study for these technologies is provided by Stocking et al.(1) The input 
parameters for the cost calculation performed in this part of the appendix, such as the flow rate and 
the initial MTBE concentration, are taken from Stocking et al.(1) Different scenarios are selected, in 
which the flow rate is varied between 13.6, 136 and 1362 m3 h-1 and the initial MTBE concentration 
is varied between 20, 200 and 2.000 mg m-3. The desired effluent concentration of MTBE is 
5 mg m-3, which is the drinking water standard in California, USA.(1) This is done, as the 
technology is of particular interest for groundwater remediation in the United States, where the 
contamination of groundwater with MTBE is a serious problem. 

The calculated costs consist of annualised capital costs and operating costs. Equipment and 
operating costs, and subsequently total costs, will be compared with the values obtained from above 
mentioned literature. The total costs of each technology are expressed in $ m-3 water, in order to 
compare the technologies. 
 

D.2 Calculation of equipment costs 
 

The capital investment costs are based on the cost of the single process equipment units. The sum 
of the single process equipment unit costs is multiplied by the Lang factor, which includes costs for 
the equipment periphery. This way, the fixed capital investment is estimated. For a fluids 
processing installation the Lang factor equals 4.8. In this value, costs for installation, 
instrumentation and control, piping, construction and the costs of the contractor are included.(2) The 
working capital is added to the fixed capital investment to yield the total investment costs. 

The annualization A of the present total capital costs P is determined by multiplication with the 
A/P factor of 0.0806.(3) According to typical engineering economy tables, this value of the A/P is 
used for a 7% discount rate and 30 years of operation. The values applied for the cost calculation of 
the selected SIR process are similar to the cost calculations of MTBE removal technologies given in 
literature.(1) 

The total equipment costs are calculated for a process according to the flowsheet in Figure C.1, 
with the exeption that only one column is used instead of three. The total equipment costs consist of 
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assets for the standard equipment costs and the extra equipment costs. The extra equipment costs 
are caused by an extension of the number of columns, in case that higher flow rates need to be 
treated. Thus, the extra equipment costs only consist of the cost of the desired number of additional 
extraction columns. In Table D.1, the standard equipment costs as calculated by Aspen Icarus 
Process Evaluator (AspenTech, USA) are listed. The maximum column size for a large unit is 7 m 
length times 2.5 m diameter, so that the unit can still be used as a mobile unit for transport on a 
truck. When higher flow rates need to be treated, the number of columns is increased instead of 
scaling up one column in order to keep the unit mobile. At a water flow of 136 and 1362 m3 h-1, the 
large column used (7 m length times 2.5 m diameter). At a comparatively low flow rate of 
13.6 m3 h-1, a column with a length of 4 m and a diameter of 2 m suffices. The remaining equipment 
is adjusted to the same process size as the columns. To compare the economy of SIR technology to 
the other technologies, no additional costs are included for the intake of water, such as pumping and 
the reservoir. 

The multiplication of the standard equipment costs by the Lang factor and the A/P factor leads to 
the annualised investment costs of $ 46,000 for a large process unit and $ 31,000 for a small process 
unit. The annualized costs for a large extra extraction column are $ 29,000. The installation is in 
operation 85% of the time, i.e. 7,450 hours per year. This number takes the loss of operation time 
due to the transportation between the locations into account. 
 
Table D.1. Standard equipment costs for the large (7 m × 2.5 m) and the small (4 m × 2 m) column 
Equipment Single equipment costs 

($ per unit) [Large/small] 
Number of units Total equipment 

costs ($) 
Pump 6 000 2 12 000 
Flash column 20 000 / 10 000 1 20 000 / 10 000 
Condenser 1 6 000 1 6 000 
Condenser 2 6 000 1 6 000 
Column 76 000 / 45 000 1 76 000 / 45 000 
Total   120 000 / 79 000 

 
The total column number is calculated from the numbers of columns extracting in parallel, the 

regeneration time and the extraction time. The total column number is adjusted according to the 
flow rate and process goal to find the cheapest total costs. For each case, a trade-off between 
investment costs (requiring few columns) and pumping costs (requiring many columns) is made. 
The regeneration time is assumed to be two hours, including the heat-up of the column as well as 
cooling and subsequent rehydration. This value is recommended by Rohm and Haas for their 
unimpregnated Ambersorb resins.(1)  

For the extraction time, half of the stoichiometric time of the bed is used during the calculations. 
At half of the stoichiometric time, 50% of the bed is saturated with MTBE. For this calculation, see 
Eq. (D.1), a value of 200 is used for the distribution coefficient KD. Furthermore, the initial aqueous 
concentrations of MTBE caq

MTBE,0 and the final aqueous concentrations of MTBE caq
MTBE,final, the 

volume of the organic phase Vorg, and the volumetric flow rate of water φaq determine the extraction 
time textr. 
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The conversion factor for currencies is assumed to be € 1 = $ 1.40, based on the exchange rate in 

August 2008. The results of the capital cost calculation are given in Table D.2. 
 
Table D.2. Capital costs for the considered SIR process unit 

Flow rate 
(m3 h-1) 

caq
MTBE,0 

(mg m-3) 
textr 
(h) 

# columns 
# parallel 
columns 

Total capital 
($) 

Total 
capital 
($ m-3) 

13.6 20 39.8 1 1 379200 0.31 
13.6 200 30.1 1 1 379200 0.31 
13.6 2000 29.5 1 1 379200 0.31 
136 20 9.43 1 1 576000 0.05 
136 200 6.79 1 1 576000 0.05 
136 2000 6.59 1 1 576000 0.05 
1362 20 2.29 4 2 1670400 0.01 
1362 200 2.64 5 2 2035200 0.02 
1362 2000 1.72 5 2 2035200 0.02 

 
 
 

D.3 Operating and total costs 
 

First the operating costs are determined, after which the total costs can be calculated. An 
overview of the operating unit costs is displayed in Table D.3. The extractant is assumed to have 
the same price at industrial scale as nonylphenol, which is a bulk chemical with a structure roughly 
comparable to 3-iodophenol. 

The solvent impregnated resin is assumed to be replaced every two years. However, optimization 
of the resins and improved stabilization might extend this time. The costs for the SIR bed 
replacement are annualized and considered as operating costs. At a 7% discount rate, and 2 years of 
operation, the A/P factor for the SIRs is 0.5531.(3) In order to calculate the price of the solvent 
impregnated resin, the particle porosity of 0.68 is needed. The extractant phase comprises 
56 weight-% of extractant (3 mol L-1). The solvent impregnated resin costs are then equal to 
1.51 $ kg-1. 
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Table D.3. Cost factors of the SIR 
Cost factor Value 
LP-Steam ($ kg-1) 0.0089 (4) 
Electricity ($ kWh-1) 0.08 (2)  
Cooling water ($ m-3) 0.014 (2) 
Diluent ($ kg-1) 1.13 (5) 
Extractant ($ kg-1) 1.40 (6) 
MPP particles ($ kg-1) 2.00 (7) 
Labour ($ h-1) 30 (2) 

 
The pressure drop over the columns is calculated with the Ergun Eq. (D.2). The first part of this 

equation accounts for the pressure drop per unit of length (Δp/L) caused by laminar flow, while the 
second part takes the turbulent flow into account. In the present case it is assumed that mainly 
laminar flow exists. The column porosity εC is set at a value of 0.5, which is also the porosity in the 
performed column regeneration experiments, see Chapter 7. Such a high porosity is caused by the 
rather large particles (dp = 1 mm) and their cylindrical shape. This comparatively high porosity 
value of 0.5 is advantageous, because a the pressure drop is decreased compared to lower porosities. 
Eq. (E.2) also takes the viscosity μ of the fluid, the superficial velocity u0, the particle diameter dp 
and the density of the fluid ρ into account. From this equation, pumping costs are then calculated 
via the required pumping power at 80% efficiency and the electricity price as given in Table D.3. 
The results are presented in Table D.4. 
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Regeneration by steam stripping typically requires a steam consumption measured as condensate 

of about 1 m3 m-3 organic phase, i.e. approximately 0.8 kg steam per L organic phase.(1,8) After 
regenerating the SIR bed, the steam is split in two fractions in the flash vessel. This is done to 
obtain a highly concentrated MTBE stream. According to simulations in Aspen Plus (AspenTech, 
USA), a 95% split-off of MTBE can be achieved. The highly concentrated MTBE stream only 
amounts to 9% of the total flow (p = 1 atm, T = 99.6 °C). Cooling water is required to condense on 
the one hand the total steam flow before the flash vessel and on the other hand the top flow 
afterwards. The amount of cooling water is calculated with a heat balance, in which the cooling 
water is assumed to be heated from 8 to 28 °C. The specific heat of water is cP = 4.2 kJ kg-1 K-1 and 
the heat of the steam condensation is 2270 kJ kg-1. However, when groundwater is treated, the same 
water can be used as cooling water. This will save cooling water costs. Further treatment of the 
highly concentrated MTBE stream from the top of the flash vessel could be necessary.(1) However, 
this treatment is not part of the process as designed in Appendix C. Since this treatment will be 
identical to the treatment of a regeneration stream in a process using unimpregnated synthetic 
resins, a cost study on such a stream is used.(1) In the respective cost study, mostly granular 
activated carbon is used, which is disposed afterwards. The use of granular activated carbon is 
reported to be the least expensive option for such waste stream treatment. 
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In every scenario, only little personnel are required. The installation is highly automated. 
Personnel are not needed for operation, but for tasks like monitoring and inspection. When the flow 
rate is 13.6 m3 h-1, 6 man W hours/weeks is assumed to be sufficient. At a flow rate of 136 m3 h-1, 
12 man W hours/weeks are needed and when the flow rate is as high as 1362 m3 h-1, 36 man W 
hours/weeks are needed. The production costs are completed by maintenance costs, which are set to 
3.5% of the depreciable capital, and overhead, research, and administration, which are in total 8.5% 
of the complete costs.(2) An overview of the operating costs is given in Table D.5 and Table D.6. 

As can be seen in Table D.5 and Table D.6, the total costs are highly dependent on the flow rate 
of the feed stream. On the other hand, the influence of the concentration of MTBE in the feed 
stream on the process costs is less pronounced. Moreover, Table D.6 shows that at a feed flow rate 
of 13.6 m3 h-1, the investment costs account for a large share of the total costs. In addition to that, 
the costs of the SIR replacement are significant, especially at a flow rate of 13.6 m3 h-1. 
Optimization of the stabilization of the SIR particles, i.e. prevention of leaching and high 
distribution coefficients for MTBE, can increase operation times. Thus, the costs of the SIR bed 
could be significantly decreased. Another factor to save costs is that the resin particles are very 
mechanically stable due to their semicrystalline structure. This means that possibly not the whole 
SIR bed needs to be exchange, but that rather the extractant needs to be replenished inside the 
particle pores. 
 
Table D.4. Input parameters 

Scenario 
flow rate 
(m-3 h-1) 

caq
MTBE,0 

(mg m-3) 
textr 
(h) 

∆p (atm) 

1 13.6 20 39.8 0.019 
2 13.6 200 30.1 0.02 
3 13.6 2000 29.5 0.02 
4 136 20 9.43 0.307 
5 136 200 6.79 0.333 
6 136 2000 6.59 0.335 
7 1362 20 2.29 2.1 
8 1362 200 2.64 2.1 
9 1362 2000 1.72 1.16 

 
Table D.5. Cost categories ($ h-1) 

Scenario Pumping SIR Steam Downstream treatment Labour 
1 0.06 0.88 0.80 0.02 1.50 
2 0.06 0.88 1.05 0.06 1.50 
3 0.06 0.88 1.08 0.18 1.50 
4 0.58 2.40 9.19 0.17 3.00 
5 0.58 2.40 12.78 0.62 3.00 
6 0.58 2.40 13.16 1.99 3.00 
7 6.47 9.59 75.92 0.78 9.00 
8 6.47 11.99 98.69 2.91 9.00 
9 6.11 11.99 100.97 8.38 9.00 
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Table D.6. Total costs 

Scenario 
Total operating 

($ h-1) 
Total investment 

($ h-1) 
Total costs 

($ m-3 water) 
1 3.25 4.25 0.60 
2 3.54 4.25 0.62 
3 3.69 4.25 0.63 
4 15.34 6.45 0.17 
5 19.38 6.45 0.21 
6 21.13 6.45 0.22 
7 101.76 18.71 0.10 
8 129.05 22.80 0.12 
9 136.45 22.80 0.13 

 
 

The scenarios 1 – 3 are calculated for one small column (4 m length times 2 m diameter), the 
scenarios 4 – 6 are calculated for one large column (7 m length times 2.5 m diameter) and the 
scenarios 7 – 9 are calculated for two large columns. As can be seen in Tables D.4 – D.6, when the 
feed flow rate is increased, the operating costs increase drastically. These costs mainly consist of 
steam costs. Steam costs are the main cost factor for all considered flow rates. These costs are 
almost linearly related to the flow rate. Hence, they do not decrease per volume of treated 
groundwater, when the flow rate increases, like most other costs do. Also pumping costs increase 
when the flow rate increases, as the pressure drop increases. However, the pumping costs are an 
order of magnitude smaller than the steam costs. The same holds for the cooling water costs. To 
reduce steam costs, a detailed pinch analysis and integration in processes on-site can be 
investigated. Furthermore, the stream leaving the bottom outlet of the flash vessel could be 
evaporated again to save energy costs, even if some MTBE might still be present. Moreover, a more 
detailed research on column behaviour, i.e. breakthrough times etc., could help to reduce the 
number of extraction/regeneration cycles. Increasing the MTBE distribution coefficient and the 
stability of the SIR particles could also lead to a lower number of extraction/regeneration cycles. 
These aspects would eventually lead to a significant reduction of the steam consumption. 

As alternative regeneration technique, microwave heating could be considered. It seems to be a 
promising alternative for steam-stripping, because it is claimed to have a lower energy 
consumption, less heating time, a more uniform heat distribution and a simpler treatment of the 
highly concentrated MTBE stream. However, this technique is not applicable at large scale yet.(1)  
 

D.4 Comparison of MTBE removal technologies 
 

In Appendix D.3 and D.4, the investment and operating costs, respectively, were calculated. A 
summary of the total costs including a comparison with state-of-the-art MTBE removal 
technologies is presented in Table D.7. The state-of-the-art MTBE removal technologies discussed 
are air stripping, granular activated carbon (GAC), advanced oxidation processes (AOP), and 
synthetic resin sorbents. As explained above the scenarios 1 – 3 are calculated for one small column 
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(4 m length times 2 m diameter), the scenarios 4 – 6 are calculated for one large column (7 m length 
times 2.5 m diameter) and the scenarios 7 – 9 are calculated for two large columns. For each 
scenario, the least expensive technique is indicated. 
 
Table D.7. Cost comparison of MTBE removal technologies. Data for other techniques than SIR based on 
Stocking et al.(1) 

Scenario 
Air stripping 
($ m-3 H2O) 

GAC 
($ m-3 H2O) 

AOP 
($ m-3 H2O) 

Synthetic resins 
($ m-3 H2O) 

SIR 
($ m-3 H2O) 

1 0.46 0.61 0.58 0.66 0.60 
2 0.46 0.82 0.66 1.10 0.62 
3 0.85 1.22 0.87 1.21 0.63 
4 0.09 0.20 0.24 0.27 0.17 
5 0.16 0.30 0.25 0.31 0.21 
6 0.24 0.63 0.30 0.36 0.22 
7 0.10 0.13 0.09 0.08 0.10 
8 0.10 0.26 0.11 0.11 0.12 
9 N.A. 0.59 0.16 0.14 0.13 

 
As can be seen in Table D.7, the difference in cost between the technologies is relatively high at a 

low flow rate. On the other hand, at a medium or high flow rate the difference in cost is decreasing. 
Since the cost calculation performed on SIR technology is only preliminary and based on many 
assumptions, the cost position of this technology compared to the other ones has a comparatively 
high uncertainty. This can be of particular interest at the high flow rate, when the differences in 
costs are small. Besides, a change in energy prices will have a major impact on the total costs of 
SIR technology due to the steam costs involved. However, the same will be the case for air 
stripping and synthetic resins. A change in chemicals costs however, will have a large influence on 
granular activated carbon adsorption and AOP technology, and at a low flow rate also for synthetic 
resins and SIRs. 

Furthermore, it can be concluded from Table D.7 that SIR technology is the least expensive 
technology in three of the scenarios, namely when the MTBE concentration in the feed stream is 
high. In other scenarios, mostly the steam cost keep SIR technology from being the most cost 
effective option. With steam costs determining over 40% of the total costs at a water flow rate of 
136 m3 h-1 and even over 60% at a flow rate of 1362 m3 h-1, an optimization of the process in terms 
of steam consumption make SIR technology the most cost effective option. When these costs could 
be reduced, SIR technology is broader applicable for removing MTBE from groundwater water. 
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Schlusswort 
 
 

Niemandem ist es erlaubt, 
ohne gründliche Ausbildung und Führerschein am Straßenverkehr teilzunehmen, 

aber zur Produktion eines Kindes 
– das angeblich Kostbarste, was eine Nation besitzt – 

bedarf es keiner Eignungsprüfung. 
Nicht einmal Abitur wird verlangt. 

 
Vicco von Bülow 
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