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I 

Summary 
 

Solvent impregnated resins for selective cyanopyridine trace recovery from aqueous 

streams 

 

Trace removal concerns the removal of low concentrations of impurities (~ 500 ppm to be 

reduced to less than 10 ppm) from waste streams, product streams or recycle streams and 

aims at product recovery, preventing emission of toxic chemicals, or prevent build-up of 

chemicals in a process. Trace removal can be difficult because traditional processes, e.g. 

distillation, cannot be applied energy effectively due to the large number of separation 

stages required. In this thesis the removal of trace compounds from a wastewater stream 

was investigated, in particular for nitrogen containing compounds from a mixture of 

organic acids. As trace compound, representing the class of nitrogen containing species, 4-

cyanopyridine has been selected, bearing as functionality both a pyridine group and nitrile 

group. The aqueous waste stream consisted of a mixture of 500 ppm 4-cyanopyridine, 500 

ppm succinonitrile and 4.5 kg
.
m

-3
 acetic acid. 

For this separation distillation cannot be applied energy-effectively since the solute is less 

volatile than water and a large amount of water would be needed to be evaporated which 

would result in high energy requirements for the process. Therefore other alternatives 

were evaluated. For example, extraction can be applied because of the high capacity and 

selectivity obtained by specific interactions between solute and solvent. Adsorption can 

also be applied which has as great benefit the easy equipment and the higher number of 

stages in fixed bed operation. However both technologies suffer from drawbacks. In the 

case of extraction the problem of entrainment and the potential irreversible 

emulsification may result in complicated processing. In the case of adsorption, the 

regeneration of the adsorbent may result in high energy requirements especially when 

using adsorbents like activated carbon. Therefore both technologies were combined in the 

so-called solvent impregnated resins (SIRs). These SIRs consist of a macro-porous particle 

that is impregnated with a solvent. The particle acts as carrier of the solvent and the 

solvent is the separation medium. Due to the immobilization of the solvent, emulsification 

and entrainment will not occur while maintaining the potential high capacity and 

selectivity. Due to the use of the solid particle, fixed bed operation can be applied while 

preventing problems in the regeneration.  The goal of the work presented in this thesis 

was to develop and evaluate a SIR for the trace recovery of 4-cyanopyridine from an 

aqueous stream that also contains organic acids. In order to reach the goal, a solvent and 

resin needed to be selected/designed and several mathematical models were developed 

in order to perform the selection and the final process evaluation. 
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Solvent design and evaluation 
One of the tasks was to design a solvent to perform the separation of 4-cyanopyridine 

from the acids. A screening was performed which aimed at selecting the most promising 

functionalities in a solvent to perform the separation. This solvent screening was done 

both experimentally, and aided by a molecular modeling approach with the conductor-like 

screening model for real solvents (COSMO-RS). From the initial screening it was concluded 

that phenol based solvents are the most promising class of solvents. The phenolic 

functional group is sufficiently acidic to form a hydrogen bond with the nitrogen atoms of 

4-cyanopyridine, while the intermolecular hydrogen bonds that phenols form with each 

other are sufficiently weak to be broken by 4-cyanopyridine resulting in a high capacity. 

For other types of solvents like carboxylic acids, sulfonic acids and phosphoric acids much 

lower capacities were observed due to the formation of stronger intermolecular hydrogen 

bonds. Using the commercially available solvent 4-nonylphenol, a liquid-liquid extraction 

equilibrium model was developed that described the hydrogen bonding between the 

solute and solvent and the physical partitioning of the solute over the biphasic system. 

The results of the model also indicated that phenol does form self-associates, which result 

in the formation of complexes with sizes ranging up to six 4-nonylphenol molecules to one 

4-cyanopyridine molecule. However, the size of the 4-nonlyphenol oligomeric complexes 

reduces upon the addition of 4-cyanopyridine to the organic phase. This result indicates 

that the intermolecular hydrogen bonds of phenol are broken and hence more phenols 

are available for complexation and therefore the capacity of the solvent remains high. 

The distribution of 4-cyanopyridine over the biphasic system of water and 4-nonylphenol 

was however not large enough to reach the desired capacity of a SIR. For this reason the 

solvent structure was optimized. The capacity of the solvent could be increased by 

substitution of electron withdrawing groups on the phenolic ring. However, to maintain a 

low solubility of the solvent in the aqueous phase, and to ensure that the solvent was 

stable it was required to attach a branched alkyl chain to the aromatic ring with at least 9 

carbons. This long alkyl chain resulted in a lower capacity that needed to be compensated 

by two very strong electron withdrawing groups, in this case bromine. The final solvent 

that was developed obtained a capacity of 2.5 times larger than the commercially 

available solvent, and had a solubility in water that was sufficiently low to allow a long 

term stability of the SIR. 
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Resin selection and mass transfer 
The second step in developing the SIR, was the selection of a resin in which the solvent 

was immobilized. For the resin selection it is important to optimize the capacity by using a 

highly porous resin, increase stability by using hydrophobic resins and maximize the mass 

transfer by selecting small particles, but limit the pressure drop over a fixed bed column 

by using particles that are not too small in diameter. By a preliminary selection of resins 

that had a high porosity and high hydrophobicity several resins were selected for 

impregnation with 4-nonylphenol and were used in sorption studies to determine the 

capacity and selectivity. A good balance between pressure drop and mass transfer rates 

needed to be found. For this a mass transfer model was developed and used to estimate 

the breakthrough profiles and pressure drop. A detailed mass transfer model was 

developed to describe the combined multicomponent mass transfer and reaction 

occurring in the resin. The model suggested that the multicomponent diffusion is of less 

importance due to the lower mobility of the complex than the free solute and therefore 

the mass transfer could be described either depending on the reaction rate or diffusion. 

For further evaluation of the resins the model was simplified and assumed a uniform 

concentration gradient of the solute and described the mass transfer as only depending 

on the diffusivity. The diffusion coefficient was estimated at a value of 10
-12

 m
2.

s
-1

 which 

indicates a diffusion limited process, thus validating the assumption that the mass transfer 

process could only be described by diffusion. The developed model could describe the 

batch-wise sorption experiments as well as the fixed bed breakthrough profiles in 

laboratory scale adsorption experiments. The model showed that particles with a size of 

0.5 mm in diameter would have a sufficiently low pressure drop in combination with a 

good mass transfer behavior. Amberlite XAD4 was therefore chosen as the most optimal 

resin for this application as it is hydrophobic, highly porous and could achieve sufficiently 

high mass transfer rates. 

Solvent and process evaluation 
In a last step of the process the designed and custom synthesized solvent was evaluated in 

laboratory scale sorption experiments, and the data was used for a process evaluation. 

Using the information obtained in the study on the equilibrium extraction with 4-

nonylphenol a simplified isotherm that describes the complexation of the solvent with the 

solute with a stoichiometry higher than unity was chosen and evaluated. A mass transfer 

model based on Fick’s law of diffusion for a binary system was developed and was used to 

describe the mass transfer rate. This model was able to describe the mass transfer of both 

the adsorption and desorption cycle when using pH swing as regeneration methodology 

and could be used for process evaluation. The SIR with the custom synthesized solvent 

could reach a capacity of 20 g
.
kg

-1
, and was two times higher than the capacity obtained 
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with 4-nonylphenol as solvent. Using the data for both 4-nonylphenol and the custom 

synthesized solvent a process evaluation was performed to determine the optimal process 

parameters and estimate the costs of the process as compared to the traditional 

extraction process with toluene. The results showed that the total treatment costs, 

combining the operational costs and capital costs, with a traditional solvent extraction 

process was € 1.8
 
m

-3
 and could be reduced to € 1.5

 
m

-3
 with a SIR containing 4-

nonylphenol as solvent. While the custom synthesized solvent had a much higher capacity, 

the regeneration could be performed much less efficiently and resulted in much higher 

costs of € 2.7
 
m

-3
. The greatest benefit of the SIR process as compared to the extraction 

process was found to be the reduction in the energy requirements. With the traditional 

solvent extraction process a total amount of energy of 2300 kW in the form of steam was 

required. This could be reduced to 150 kW electrical power with the SIR process using 4-

nonylphenol and 390 kW with the custom synthesized solvent. 

Overall conclusion 
The results have shown that by a thorough solvent selection both high capacities and high 

stability can be obtained with SIRs. While mass transfer proceeds slowly due to the high 

viscosity of the solvents that are used, an evaluation of different types of resins did result 

in a good balance between mass transfer limitation and pressure drop over the fixed bed 

column. However, the regeneration remains difficult to perform and pH swing is one of 

the most suitable regeneration techniques that suffer from the drawback that acid 

remains in the aqueous phase after regeneration. This results on one hand in high 

expenses, and on the other hand requires a constant input of chemicals in the process. In 

a comparison of SIR technology with conventional solvent extraction it was concluded that 

SIR technology can reduce costs by 15 %. But most importantly with the technology the 

energy requirements of the separation process could be reduced by great extend from 

2300 kW in the form of steam for solvent extraction to 150 kW in the form of electrical 

power with the SIR process. 
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Oplosmiddel geïmpregneerde deeltjes voor selectieve herwinning van cyanopyridine uit 

waterige stromen 

 

Trace removal draait om het verwijderen van lage concentraties verontreinigingen waarbij 

een component aanwezig is bij concentraties van ongeveer 500 ppm, en dient verlaagd te 

worden tot 10 ppm. De component moeten vaak verwijderd worden uit afval, product –of 

recyclestromen met het doel om een product te zuiveren, te voorkomen dat schadelijke 

componenten worden uitgestoten of de opbouw van chemicaliën in een proces te 

voorkomen. Trace removal kan moeilijk zijn omdat traditionele technieken, zoals 

bijvoorbeeld distillatie, niet energie-efficiënt toegepast kunnen worden en tot hoge 

kapitaal kosten leiden door het groot aantal scheidingstrappen dat nodig is. In dit 

proefschrift is het onderzoek naar het verwijderen van stikstofhoudende componenten uit 

een mengsel van organische zuren gepresenteerd. Als spoorelement was 4-cyanopyridine 

gekozen, wat de stikstofhoudende componenten vertegenwoordigde. Dit molecuul bevat 

zowel een pyridine functionaliteit als ook een nitril functionaliteit. De waterige stroom 

bestond uit een mengsel van 500 ppm 4-cyanopyridine, 500 ppm succinonitril en 4.5 g
.
L

-1
 

azijn zuur. 

Voor deze scheiding kan distillatie niet energie-effectief toegepast worden aangezien 4-

cyanopyridine minder vluchtig is dan water, en daardoor een grote hoeveelheid water 

verdampt moet worden wat zorgt voor een hoog energieverbruik. Daarom zijn 

alternatieve technieken geëvalueerd. Extractie kan bijvoorbeeld toegepast worden, 

waarbij verwacht wordt dat zowel een hoge capaciteit als ook een hoge selectiviteit 

behaald kan worden door specifieke interacties tussen de opgeloste stof en het 

oplosmiddel te gebruiken. Een ander alternatief is adsorptie wat als groot voordeel heeft 

dat eenvoudige apparatuur gebruikt kan worden en dat een hoog aantal scheiding-

trappen behaald kan worden in een gepakt bed. Maar zowel extractie als adsorptie 

hebben nadelen. In het geval van extractie kunnen entrainment en emulsificatie 

problemen in het proces veroorzaken. In het geval van adsorptie, wordt verwacht dat 

vooral de regeneratie veel energie zal kosten, met name wanneer bijvoorbeeld actieve 

kool toegepast wordt. Daarom zijn beide technologieën gecombineerd in de zogenaamde 

oplosmiddel geïmpregneerde deeltjes, afgekort als SIR volgens de Engelse benaming 

(solvent impregnated resins). Deze SIR bestaat uit een macro-poreus deeltje dat 

geïmpregneerd is met een oplosmiddel. Het deeltje is de drager van het oplosmiddel, en 

het oplosmiddel is het medium dat de scheiding uitvoert. Doordat het oplosmiddel 

geïmmobiliseerd is treedt emulsificatie en entrainment niet op terwijl er nog wel een hoge 
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capaciteit en selectiviteit mogelijk is. Door een vast deeltje te gebruiken kan een gepakt 

bed gebruikt worden terwijl problemen met regeneratie verminderd kunnen worden in 

vergelijking met adsorptie. 

Het doel van het werk dat gepresenteerd is in dit proefschrift was het ontwikkelen van 

een SIR voor het verwijderen van 4-cyanopyridine uit een waterige stroom die ook 

organische zuren bevat. Om dit doel te bereiken werd een combinatie van een 

oplosmiddel en drager ontwikkeld. Ook is onderzoek gedaan naar het gedrag van het 

proces. Hiertoe waren een aantal modellen ontwikkeld waarmee het stoftransport in de 

deeltjes beschreven kon worden, alsmede de maximale opnamecapaciteit. Hiermee 

konden de benodigde kolomdimensies, het energie- en chemicaliënverbruik berekend 

worden. 

Ontwikkeling van het oplosmiddel 
 

Eén van de taken was het ontwikkelen van een oplosmiddel voor het scheiden van 4-

cyanopyridine van de organische zuren. Oplosmiddelen met diverse functionaliteiten 

waren geëvalueerd om tot een goed oplosmiddel te komen. Deze evaluatie werd 

uitgevoerd met experimentele technieken, maar ook door moleculaire simulaties met het 

conductor-like screening model for real solvents (COSMO-RS). Deze initiële evaluatie 

resulteerde in de conclusie dat fenol gebaseerde oplosmiddelen het meest veelbelovend 

waren. De fenolgroep is voldoende zuur om een waterstofbrug te vormen met de 

stikstofatomen van 4-cyanopyridine, terwijl de waterstofbruggen tussen de fenolen 

onderling voldoende zwak waren om verbroken te worden door 4-cyanopyridine. Voor 

andere oplosmiddelen zoals carbonzuur, sulfonzuur en fosforzuur werden veel lagere 

capaciteiten gemeten door de vorming van intermoleculaire waterstof bruggen. Een 

vloeistof-vloeistof extractie model was ontwikkeld op basis van experimentele data 

gemeten met het commercieel verkrijgbare 4-nonylfenol. Dit model beschrijft de vorming 

van waterstofbruggen tussen het oplosmiddel en 4-cyanopyridine en de fysische partitie 

van 4-cyanopyridine over het tweefasen systeem. De resultaten van het model toonden 

aan dat fenolen onderling complexen vormen in systemen waarin water voorkomt tot 

maximaal trimeren (complexen met drie fenolen). Met de complexatie van fenolen op 

twee stikstofatomen in 4-cyanopyridine resulteert dit in de vorming van complexen met 

maximaal zes 4-nonylfenol moleculen per 4-cyanopyridine molecuul. Het aantal fenolen 

per 4-cyanopyridine nam af met toenemende concentratie 4-cyanopyridine in de 

organische fase. Als gevolg hiervan kon een hoge capaciteit bereikt worden. 

De distributiecoëfficiënt van 4-cyanopyridine over het twee fasen systeem van water en 4-

nonylfenol was niet hoog genoeg om de gewenste capaciteit in een SIR te behalen. Om 

deze reden moest de structuur van het oplosmiddel geoptimaliseerd worden. De 
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capaciteit kon verhoogd worden door elektronenzuigende groepen op de aromatische ring 

van fenol aan te brengen, waardoor de fenolgroep een sterker Lewiszuur werd. Om een 

lage oplosbaarheid in de waterfase te behouden werd een lange koolstofketen op de ring 

aangebracht van negen koolstofatomen. De geoptimaliseerde structuur van het 

oplosmiddel bevatte naast de lange koolstofketen twee sterk elektronenzuigende 

bromidegroepen. Met dit oplosmiddel werd de capaciteit 2.5 keer verhoogd (vergeleken 

met commercieel verkrijgbare 4-nonylfenol), met een zeer lage oplosbaarheid in water 

zodat de SIR stabiel bleek en voor een langere tijd te gebruiken. 

Selectie van de drager en massa-overdracht 
 

De tweede stap in het ontwerp van de SIR was de selectie van de vaste drager waarin het 

oplosmiddel geïmmobiliseerd kon worden. Voor deze drager is het van belang een zo 

poreus mogelijk deeltje te gebruiken om een hoge capaciteit te halen, een hydrofoob 

deeltje om een hoge stabiliteit te bereiken, kleine deeltjes om een snelle massa-

overdracht te krijgen, maar niet te kleine deeltjes om de drukval over een gepakt bed te 

beperken. In een eerste selectieronde werden deeltjes met een hoge porositeit en 

hydrophobiciteit geselecteerd om de capaciteit en selectiviteit te meten. De optimale 

balans tussen drukval en massa overdracht werd onderzocht. Hiervoor werd een 

massatransportmodel ontwikkeld om de doorbraakprofielen en de drukval te beschrijven.  

Een gedetailleerd model werd gebruikt om de multicomponenten diffusie in de deeltjes te 

beschrijven. Met het model werd aangetoond dat multicomponent effecten in dit 

specifieke geval minder belangrijk zijn doordat de mobiliteit van de 4-cyanopyridine-fenol 

complexen veel lager is dan de mobiliteit van het vrije 4-cyanropydine. Het gevolg was dat 

daardoor de massa-overdracht beschreven kon worden met de reactiesnelheid of 

diffusiesnelheid. Met deze kennis kon voor verdere evaluatie van de deeltjes een 

eenvoudiger model worden opgesteld dat het massatransport beschreef alleen op basis 

van de diffusiesnelheid. De diffusiecoëfficiënt werd geschat op 10
-12

 m
2.

s
-1

, een kleine 

waarde (voor laag visceuze vloeistoffen vaak in de orde 10
-10

 - 10
-11 

m
2.

s
-1

) waaruit 

opgemaakt kon worden dat het proces diffusie gelimiteerd is. Het ontwikkelde model kon 

de experimentele data goed beschrijven, en kon dus gebruikt worden om te bepalen hoe 

de doorbraak curves in processen met SIR bedden eruit zien. Het model liet zien dat 

deeltjes met een diameter van 0.5 mm voldoende snelle massaoverdracht toelieten en 

met een beperkte drukval. Amberlite XAD4 werd daarom gekozen als optimaal deeltje 

aangezien het hydrofoob, poreus en de juiste diameter had voor een lage drukval in 

combinatie met een voldoende snelle massa-overdracht. 
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Procesevaluatie 
In de laatste fase van het onderzoek werd het ontwikkelde oplosmiddel geëvalueerd op 

laboratorium schaal met adsorptie-experimenten en de data werd gebruikt voor een 

procesevaluatie. Op basis van de conclusies uit het evenwichtsmodel werd een 

vereenvoudigde isotherm opgesteld waarin de stoichiometrie van de complexatie 

opgenomen werd. Een massatransportmodel werd opgesteld op basis van Fick's tweede 

wet van diffusie voor een binair systeem. Dit model kon de massa-overdracht beschrijven 

tijdens zowel de belading van de SIR kolom als ook de ontlading van de SIR kolom wanneer 

een verandering in de pH gebruikt werd als regeneratiemethode. De SIR met het 

geoptimaliseerde oplosmiddel kon een capaciteit van 20 g
.
kg

-1
 behalen, 2 keer zo hoog als 

4-nonylfenol. Met de data voor 4-nonylfenol en het ontwikkelde oplosmiddel werd een 

proces evaluatie uitgevoerd om de optimale procesparameters te bepalen en een 

schatting te maken van de kosten van het proces. De kosten werden vergeleken met een 

traditioneel extractieproces gebruikmakend van tolueen als oplosmiddel. De resultaten 

lieten zien dat de totale kosten van het proces, bestaande uit de operationele kosten en 

de investeringskosten, voor het traditionele extractieproces € 1.8 m
-3

 waren en 

gereduceerd konden worden naar € 1.5 m
-3

 met de SIR beladen met 4-nonylfenol. Het 

nieuwe oplosmiddel kon een veel hogere capaciteit halen, maar de regeneratie was veel 

minder efficiënt en dit resulteerde in hogere kosten van € 2.7 m
-3

. Het grootste voordeel 

van het SIR proces in vergelijking met extractie was dat de energieconsumptie 

gereduceerd konden worden van 2300 kW in de vorm van stoom naar 150 kW in de vorm 

van elektrisch vermogen voor 4-nonylfenol en 390 kW voor het nieuw ontwikkelde 

oplosmiddel. 

Algemene conclusie 
 

De resultaten lieten zien dat zowel een hoge capaciteit als ook een hoge stabiliteit behaald 

kunnen worden met SIRs. Ondanks dat het massatransport traag is als gevolg van de hoge 

viscositeit van het oplosmiddel kon een goede balans gevonden worden tussen snelle 

massa-overdacht en drukval over de kolom. De regeneratie blijft een moeilijk punt, en pH 

swing blijft de meest effectieve regeneratie methode. Het probleem is echter dat de 

consumptie in chemicaliën hoog is en de kosten hoog zijn. In vergelijking met 

conventionele extractie kon geconcludeerd worden dat de kosten gereduceerd konden 

worden met 15 %. Maar het grootste voordeel was in de energie besparing die bereikt kon 

worden van 2300 kW in de vorm van stoom voor extractie naar 150 kW in de vorm van 

elektrisch vermogen met het SIR proces. 
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1.1 Trace removal 

 

Trace removal concerns the removal of low concentrations of impurities from product 

streams, recycle streams or waste streams. The goal is either to meet the product 

specification, prevent built-up of a compound in the process or prevent emission of toxic 

compounds to the environment. In this work trace removal is defined as the removal of 

compounds present at concentrations of approximately 500 ppm to concentrations below 

5 ppm. As the allowed concentrations of the trace compound become lower, the costs in 

the processes increase drastically
1
. This increase in process costs can be attributed to the 

high number of separation stages that are required and the high costs in the medium used 

for the separation (e.g. the solvent or the adsorbent).  

1.2 Case study 

 

In this thesis the removal of polar organic compounds, in particular pyridine derivatives, 

from an industrial wastewater stream is investigated. Pyridine derivatives are used in 

many applications, e.g. in agriculture
2
, in the pharmaceutical industry

3
, and as industrial 

solvent. Additionally, these types of compounds are formed as by-products in the 

production of acrylonitrile and other nitrogen containing compounds like pyridine 

derivatives
4
. Since the aqueous phase solubility of these pyridine derivatives are high (for 

example 4-cyanopyridine is soluble up to 30 g
.
L

-1
 and pyridine is fully miscible with water), 

they easily end up in the wastewater stream when no precautions are taken. In that case 

highly diluted aqueous waste streams that are complex of nature are created, because in 

addition to the pyridines, typically also other compounds may be present like oxygenated 

species (e.g. acetic acid and acrylic acid) and nitriles (e.g. succinonitrile)
4
. The chemical 

structures of these traces are given in Table 1.1. Due to the toxicity and poor 

biodegradability of some of these components, treatment before purging of such 

wastewater streams is pursued, which is of great environmental importance. 

The most common technology that is applied for the removal of these compounds from 

the waste stream is microbiological wastewater treatment
4
. While compounds like acetic 

acid can easily be converted in biological way, several compounds are more recalcitrant 

towards biological degradation, and among these are the pyridine derivatives
4
. In order to 

increase the effectiveness of biological wastewater treatment, several pre-treatment 

technologies are described in the literature, such as conversions of the pyridine 

derivatives by Fenton reactions
5
 and catalytic wet oxidation

6
. An alternative to these 

technologies is to selectively recover the trace compounds from the stream by another 

technology. In this study the trace removal of the pyridine derivatives prior to biological 
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treatment will be investigated. After removal of the pyridine derivatives the treatment of 

the remaining stream is much easier, but the recovery strategy also allows for obtaining 

these compounds present in trace amounts from the wastewater stream. The typical 

composition of the wastewater stream that is considered in this study consists of 500 ppm 

4-cyanopyridine, 4.5 g
.
L

-1
 acetic acid and 500 ppm succinonitrile, resembling a wastewater 

stream as found in the above mentioned processes
4
. The total flow rate of the wastewater 

stream that is generated in this process is 50 to 70 m
3.

h
-1

 and is slightly acidic due to the 

presence of the organic acids, its pH is set to a value of 4.5.  

 

Table 1.1: Chemical structures of the main constituents of the wastewater streams considered in this this study, 

where 4-cyanopyridine is main target compound of interest. 

   

4-Cyanopyridine Succinonitrile Acetic acid 

 

1.3 Technology selection 

 

In order to selectively recover pyridine derivatives from an aqueous stream a separation 

technology must be selected. Since the model pyridine derivative in this study, 4-

cyanopyridine, has a higher boiling point than water, and is present in very low 

concentrations in water, conventional technologies like distillation cannot be applied 

energy efficiently, because it would require the evaporation of large amounts of water. 

Other technologies like crystallization and precipitation cannot be applied because of the 

rather high solubility, and strong dilution of the target compound in the aqueous phase. 

Since these types of conventional technologies cannot be applied, alternative technologies 

are required. In a preliminary study, solvent and solid based affinity separation were 

found to be the most promising technologies for this specific case study. 

1.3.1 Solid based affinity separation 

Solid based affinity separation, like adsorption, is a commonly applied unit operation in 

wastewater treatment, requiring relatively simple equipment like a fixed bed. In a typical 

adsorption process in fixed bed, a solute is transferred from a mobile liquid phase to a 
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stationary solid phase. The process is cyclic which means that after saturation of the bed, 

a regeneration is performed to re-use the adsorbent and/or to recover the product. Many 

types of adsorbents are available, such as activated carbon, polymeric adsorbents, silica 

gel, activated alumina and zeolites
7
. A great advantage of the use of fixed bed operation is 

that a high number of theoretical stages can be obtained which makes complicated 

separations like trace removal possible. Additionally, the fixed bed filled with adsorbent 

can easily be replaced by new material when required. Moreover, adsorption is a highly 

effective trace removal technology as it is able to remove the solutes to a very low 

concentration. In a typical adsorption process, two fixed columns are used where one 

column is loaded and a second column acts in parallel and is regenerated. In the loading 

cycle the feed is fed at the bottom and the clean liquid leaves at the top. In countercurrent 

operation the regeneration medium is displaced through the column from the top to the 

bottom. When an efficient regeneration can be applied, the concentration of the solute 

obtained during regeneration is higher than during the loading cycle, hence the solute can 

be concentrated. 

The equilibrium loading of an adsorbent is described by an adsorption isotherm, for 

example by the Langmuir equation
8
 that relates the equilibrium loading of an adsorbent (q 

[g solute
.
kg

-1
 adsorbent]) to the affinity constant (Kads [m

3.
kg

-1
]), the maximum loading of 

the adsorbent (q∞ [g
.
kg

-1
]) and the aqueous phase concentration (caq [kg

.
m

-3
]) as defined 

by Equation 1.1. 

 � = ����∙�	∙
�������∙
��        Equation 1.1 

 

In Figure 1.1 a typical adsorption isotherm is presented that describes the loading of the 

adsorbent as function of the aqueous phase concentration. To regenerate the fixed bed, 

the process parameters are adjusted (e.g. temperature, solvent, pH) to reduce the 

capacity of the adsorbent. In Figure 1.1 an example of an adsorption isotherm is given that 

depends on the operational conditions. In this example a maximum capacity of 100 g
.
kg

-1
 

was assumed with an affinity constant of 5 m
3.

kg
-1

 during loading and 2.5 m
3.

kg
-1

 during 

regeneration. During the adsorption, conditions are chosen with a more favorable 

isotherm (continuous line) than for the regeneration (dashed line). At a feed 

concentration of 0.5 kg
.
m

-3
 in the aqueous phase an equilibrium loading of 70 g

.
kg

-1
 was 

obtained in this example, indicated by point 1. By changing the process parameters the 

equilibrium loading is reduced, and at the adsorbent loading of 70 g
.
kg

-1
 the aqueous 

phase composition in equilibrium is increased to 1 kg
.
m

-3
, as indicated in the figure by 

point 2, which will be the maximum outlet concentration in the liquid phase during 

regeneration.  
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Figure 1.1: Adsorption isotherm for loading (continuous line, q∞ = 100 g

.
kg

-1
, Kads = 5 m

3.
kg

-1
) 

and during regeneration (dashed line, q∞ = 100 g
.
kg

-1
, Kads = 2.5 m

3.
kg

-1
). The arrows 

represent the composition at equilibrium loading (1) and during regeneration (2). 

 

The reduction in capacity can be obtained by a reduction in the affinity constant. This can 

be achieved by for example changing the temperature, the composition of the mobile 

phase or the pH of the mobile phase when water is used. The regeneration efficiency 

depends on how strongly this equilibrium can be changed. For the specific case of pyridine 

derivatives, activated carbon as adsorbent can reach a high capacity of 100 g
.
kg

-1
.
9
 On the 

one hand, a high capacity results in low adsorbent requirements, but may result in more 

complicated regeneration. The affinity constant should be reduced sufficiently in order to 

facilitate regeneration, which requires energy as input in the form of for example steam. 

In a worst case scenario where it is assumed that the adsorbent is not regenerated on-site, 

the adsorbent needs to be renewed after each loading cycle. With a volumetric flow rate 

of 50 m
3.

h
-1

, a feed concentration of 0.5 kg
.
m

-3
 of 4-cyanopyridine the total consumption 

of adsorbent is 5 kg activated carbon
 
per m

3
 wastewater treated. The price of activated 

carbon
10

 depends strongly on the origin and varies between € 0.7 kg
-1

 to € 1.1
 
kg

-1
, 

resulting in processing cost of € 3.7 to € 5.6
 
m

-3
 when no regeneration is performed. An 

alternative is to regenerate the activated carbon in-situ with steam, however this may 

result in high energy requirements and damaging the adsorbent which will result in 

frequent renewal of the bed. Besides costs and energy requirements, interactions 

between activated carbon and the solutes are non-specific, i.e. the carbon also adsorbs 

other compounds present in the stream like acetic acid
11

, and may result in a low 

selectivity which does not allow recovering the product. Adsorption on activated carbon 

was therefore not chosen for this case study. 
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1.3.2 Solvent based affinity separation 

Another technology for the removal of pyridine derivatives from aqueous streams is 

solvent based affinity separation. In this technology the aqueous wastewater stream (the 

feed) is contacted with a second organic liquid phase (the solvent) that is at least partially 

but preferably completely immiscible with water. The solute is transferred from the 

aqueous phase to the solvent phase, and depending on the difference in the solubility of 

the solute in the feed and the solvent phases, the extraction will be more or less easy. The 

capacities of the solvents are often expressed in terms of a distribution coefficient (D 

[(kg
.
m

-3
)

.
(kg

.
m

-3
)

-1
]), which is defined as the ratio of the concentration of the solute in the 

solvent and in the aqueous phase at equilibrium (Equation 1.2). The value of the 

distribution coefficient is determined by many factors, where in case of aqueous 

wastewater streams, the hydrophobicity is one of the main parameters. For hydrophobic 

(or apolar) solutes, a solvent with a high hydrophobicity should be used to establish a high 

capacity. For hydrophilic (or polar) solutes a more hydrophilic solvent should be used to 

obtain a high capacity, but is limited by the solubility of the solvent in water and thus a 

high capacity cannot be expected. 

 � = ����,��
��,��        Equation 1.2 

 

Extraction is applied in countercurrent operation where the aqueous feed enters at the 

top and the solvent at the bottom (if an organic solvent is selected with a density smaller 

than that of the aqueous feed). The extract leaves at the top and the raffinate at the 

bottom. The minimum flow rate of the solvent (QS [m
3.

h
-1

]) to treat a certain flow rate of 

the feed (QF [m
3.

h
-1

]) required is given in Equation 1.3 on the basis of a mass balance. The 

absolute minimum solvent flow would yield a process with infinite number of stages, and 

to perform the separation within a finite number of stages, an excess of solvent is 

required, and a flow rate of approximately 1.2 to 2 higher is used
12

.  

 �� = �� ∙ 
��,�����
��,����������∙
��,����      Equation 1.3 

 

In the case of the removal of pyridine derivatives from an aqueous phase, the capacities of 

non-reactive solvents may be limited due to the fact that these pyridine derivatives are 

slightly polar because of their functionality. Therefore conventional solvents like toluene
13

 

used for the solvent extraction of pyridine derivatives from water obtain a limited 

capacity. Also the use of supercritical carbon dioxide as solvent has been reported in the 

literature
14

, but low capacities with distribution coefficients ranging from 1 to 4, 
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depending on the concentration have been reported, and thus large flow rates of 

supercritical carbon dioxide are required, leading to large amounts of energy required for 

pressurizing the carbon dioxide. 

To reduce the flow rate of the solvent, the capacity of the solvent phase should be 

enhanced, and in order to do so, an affinity solvent may be used that is able to form a 

complex either through a reversible chemical reaction or through intermolecular 

interactions such as hydrogen bonding
12

. If the compounds in the mixture exhibit different 

functionalities, the specific interactions may be targeted to be highly specific to one of the 

compounds in the mixture, thereby increasing the selectivity of the solvent
15

. A 

representation of a complexation mechanism in reactive extraction is given in Figure 

1.2
16,17

.  

 

  

Figure 1.2: Representation of reactive extraction according to a mechanism in which the solute (S) transfers 

from the aqueous phase to organic phase, reacts with the reactive solvent (E) to form a complex (C). 

 

In this representation, it can be observed that the solute (S) distributes over the two 

phase system according to the physical solubility that is described by the partitioning 

coefficient (m), defined by Equation 1.4 based on molar concentrations. In a non-reacting 

solvent, m equals D. However, when using a reactive solvent (E), an additional 

complexation reaction occurs forming a complex (C). The complexation equilibrium 

constant (Kc [L
.
mole

-1
]) is defined in Equation 1.5 in molar concentrations. In a reactive 

extraction, the total distribution coefficient is correlated to both the concentration of S 

and C in the organic phase, as defined in Equation 1.6 where the distribution coefficient is 

based on mass concentrations. 

 � = �� ����� ��        Equation 1.4 

 !" = �" ����� ���∙�# ���       Equation 1.5 

 � = 
$,���
%,���
$,��        Equation 1.6 



Chapter 1 

8 

The complexation reaction increases the overall distribution coefficient, and hence, a 

higher capacity can be obtained. For example, the extraction of acetic acid with solvents 

like ethyl acetate achieves a distribution coefficient less than 1. When using an affinity 

solvent like tributyl phosphate, the distribution coefficient increases to 2.3 by a reversible 

complexation reaction through hydrogen bonding
12

. To illustrate the advantage of the 

affinity solvent over conventional solvent in an extraction column, the required volumetric 

flow rate of the solvent was calculated with Equation 1.3. The distribution coefficient 

calculated with Equations 1.4 to 1.6 was used, and the result is presented in Figure 1.3 as 

function of the complexation strength expressed as Kc. In this case it is assumed that the 

affinity solvent is used undiluted, and has a molar density of 2 M.  

 

 
Figure 1.3: Solvent flow rate required in an extraction column with an 

aqueous feed containing 500 ppm of a solute at a flow rate of 50 m
3.

h
-1

 and 

with a 99 % removal as function of the complexation strength with m = 1 and 

molar density of the solvent of 2 M. 

 

In Figure 1.3 it can be observed that the required flow rate is an asymptotic function of 

the complexation strength, and an increase in KC will initially rapidly reduce the amount of 

solvent required, while the effect at higher KC becomes much smaller. In many extraction 

processes, as is the case in the recovery of pyridine derivatives, the solute is recovered 

from the solvent phase by for example evaporation and crystallization. Reducing the 

volumetric flow rate of the solvent would result in a reduction in the evaporation energy.  

The design of a solvent for such an application is crucial and the critical properties are:  

• High capacity, to minimize the solvent flow rate. 

• High selectivity, to minimize the number of separation stages. 

• Low solubility of the solvent in the aqueous phase, to minimize solvent losses. 
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In addition to the solubility of the solvent in water, which results in solvent losses by 

leaching, also solvent losses occur through entrainment and emulsification. In a liquid-

liquid extraction process, the feed and solvent phases are mixed to create small droplets 

of the dispersed phase, and small droplets are desired to enhance mass transfer. After the 

liquid-liquid contacting stage, the dispersion needs to be settled to prevent droplets of the 

solvent phase to end in the product stream. This separation becomes more difficult when 

drop sizes are reduced, and can often not be done completely resulting in entrainment. 

The other disadvantage, especially in the case of affinity solvent separation, is the 

potential formation of a stable emulsion. Since these types of affinity solvents contain a 

task-specific functional group that is hydrophilic, whereas the overall nature of these 

molecules is rather hydrophobic, the nature of these molecules is more or less amphiphilic 

and emulsions may be formed during the extraction, complicating the phase separation. 

This is unwanted, especially in the case of trace removal which aims at the removal of 

solutes until a concentration below 5 ppm, whereas entrained droplets or emulsion may 

result in solvent losses far above this concentration level. 

1.3.3 Solvent impregnated resins 

On the basis of the previous analysis of the conventional technologies it can be concluded 

that although they have their benefits, like high capacity, high selectivity and a high 

number of theoretical stages, these are paired with several disadvantages such as difficult 

regeneration, entrainment and potential emulsification. A promising alternative that 

combines these technologies is the technology of the solvent impregnated resins (SIRs).  A 

SIR consists of a macro-porous particle that is impregnated with a solvent. The solvent 

extracts the substrate from the aqueous phase, and the macro-porous particle acts as 

carrier of the solvent. An illustration of a solvent impregnated resin is presented in Figure 

1.4. 

 

 
Figure 1.4: Illustration of a solvent impregnated resin (left) and close-up of 4-cyanopyridine 

entering the pores of the particle and forming a complex with the extractant (right). 



Chapter 1 

10 

This hybrid technology combines the advantages of fixed bed operation like in adsorption 

and the high capacity of liquid-liquid extraction in a single unit operation without the 

drawbacks of entrainment and emulsification. The technology is especially interesting for 

the removal of polar organic compounds present at low concentrations in aqueous 

streams
18

. 

SIR technology originates from analytical chemistry and was first used for separations of 

metals (e.g. gold, copper, zinc, etc.) by immobilizing a reactive solvent into a macro-

porous resin by Warshawsky et al.
19-22

. The technology was further applied for many 

systems, mostly in the separations of metals like gold
23,24

, divalent metals such as 

copper
25-29

 and rare earth elements
30-33

. Besides the separation of metals, SIR technology 

has been applied for the recovery of polar organic compounds from water, for example 

citric acid
34,35

, phenylalanine
36-38

, valeric acid
39,40

, phenol
41,42

 and benzaldehyde
43

. Specific 

applications of SIR technology that are promising involve the removal of compounds from 

a fermentation broth
44

, where the reduced entrainment is crucial, and chiral separation
45

 

where many separation stages are required. Typical solvents that are used in these 

applications are tri-n-butylphosphate
39

, tri-n-octylamine
34

, phosphine oxide based 

solvents
41

 and ionic liquids
46-50

. The most common macro-porous resins that are used in 

the literature to immobilize the solvents consist of polystyrene cross-linked with 

divinylbenzene (e.g. Amberlite XAD type resins)
34,39,47,51-53

 and macro-porous 

propylene
43,45

. Besides the use of SIRs for separations, resins impregnated with ionic 

liquids have been prepared and applied as catalyst
54

. An overview of several applications 

reported in the literature is given in Table 1.2. 

In these studies it was demonstrated that SIR technology has benefits, where especially 

the prevention of emulsification and entrainment were important, additionally the high 

number of separation stages allowed complicated separations. The technology was 

applied in batch wise contacting experiments as well as fixed bed column studies
36,55

. 

While the technology is promising, and has these benefits, its application on industrial 

scale remains limited and the few applications reported in the literature apply SIR 

technology for the removal of hydrocarbons from waste streams
56

. The reason for the 

limited use of the technology is most likely the leaching of the solvent to the aqueous 

phase. Even when a solvent has a low solubility in water, 500 ppm for example for a 

commonly applied solvent in extraction like 1-octanol and toluene, it will result in rapid 

solvent loss and depletion in capacity. This results in more strict requirements of the 

solvent.  
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Table 1.2: Overview of SIRs reported in the literature 

Resin type Solvent Application 

Polystyrene 

  

 

Organophosphorous Metal separations
21

, organic acid
40

 

 

Amine Organic acids
34

 

 

Ammonium based Amino acids
37

 

Polypropylene 

  

 

Phosphine oxide Phenol
41

 

 

Phenolic MTBE
57

 

 

Amine based Aldehydes
43

 

 

Crown ether Chiral separation amino-alcohol
45

 

 

Paraffin oil Hydrocarbons from wastewater
56

 

Polysulphone 

  

 

Ionic liquid Phenol removal
58

 

 

1-Octanol Caprolactam
59

 

Silica 

  

 

Ionic liquid Catalyst
54

 

 

Phosphine oxide/ 

thenoyltrifluoroacetone 

Heavy metal separation
60 

 

 

Because SIR technology has specific advantages for application in trace removal, i.e. a high 

number of separation stages, a high selectivity and a high capacity, application of this 

technology for the selective recovery of 4-cyanopyridine from an aqueous stream was 

chosen as research topic in this thesis. 

1.4 Approach and outline of this thesis 

 

The objective of the work presented in this thesis was to design a SIR for the selective 

recovery of 4-cyanopyridine from an aqueous stream, and to develop a conceptual 

process design to evaluate the use of this technology for application in pyridines removal. 

The approach to reach the objective contains several steps that are discussed in this 

thesis. First, the design of a solvent with the desired properties (e.g. capacity, selectivity 

and aqueous phase solubility) is discussed in chapter 2. After selecting a suitable class of 

solvent, model development to describe the process is discussed in subsequent chapters, 

i.e. a model to describe the thermodynamic equilibrium in chapter 3 and the mass transfer 

occurring in reactive extraction processes in chapter 4. After developing the required 

models and solvent, a resin selection in which the solvent can be immobilized, is discussed 
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in chapter 5. Once a suitable solvent and resin were selected, the SIR processes were 

evaluated and for this evaluation models were developed to describe this specific system. 

In chapter 6 the model development and evaluation of the optimized solvent, immobilized 

in the optimal resin is discussed. Finally a conceptual process design to determine the size 

of fixed bed columns, to estimate the energy requirements and the total costs of the 

process is discussed in chapter 7. The main conclusions and the future outlook on this 

technology and application are discussed in chapter 8. 

Nomenclature 
 

Abbreviations 

S: Solute 

E: Extractant 

C: Complex 

 

Symbols: 

[ ]: Molar concentration     [mole
.
L

-1
] 

c: Mass concentration     [kg
.
m

-3
] 

D: Distribution coefficient     [(kg
.
m

-3
)

.
(kg

.
m

-3
)

-1
] 

KC: Affinity constant extractant-solute interaction  [L
.
mole

-1
] 

Kads: Affinity constant adsorbent-solute interaction  [m
3.

kg
-1

] 

m: Partitioning coefficient     [-] 

QS: Solvent flow rate      [m
3.

h
-1

] 

QF: Feed flow rate      [m
3.

h
-1

] 

q: Actual loading of an adsorbent    [g
.
kg

-1
] 

q∞: Maximum loading of an adsorbent    [g
.
kg

-1
] 

 

Subscripts: 

S: Solute 

E: Extractant 

C: Complex 

eq: Equilibrium 

aq: Aqueous 

org: Organic 
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2.1 Introduction 

 

Pyridine and its derivatives are widely used in applications such as the production of 

pesticides
1
, in the pharmaceutical industry

2
, as industrial solvents and they are also 

formed as by-products of bulk chemicals such as acrylonitrile, pyridine and cyanopyridine
3-

6
. These components have a relatively high solubility in water and hence, without 

precautions there is a chance that they might end up in the wastewater stream. In that 

case, this results in highly diluted aqueous waste streams that are complex of nature. 

Among the main constituents besides the pyridine derivatives present in these aqueous 

waste streams are organic acids (e.g. acetic acid and acrylic acid)
6
. Due to the toxicity and 

poor biodegradability of some of these components, the treatment of such wastewater 

streams is pursued, being of great environmental importance. New technologies for the 

pretreatment of these type of streams presented in the literature are conversions of the 

pyridine derivatives by Fenton reactions
5
 and catalytic wet oxidation

4
. In this study, the 

separation of these compounds from the wastewater stream prior to the microbiological 

wastewater treatment is investigated. Removal of these pyridine derivatives will make the 

treatment of the remaining stream containing organic acids easier. 

For the removal of nitrogen containing aromatic compounds from aqueous streams, 

adsorption by activated carbon has been reported with capacities for pyridine of up to 100 

g
.
kg

-1
.
7
 However, regeneration of these adsorbents is difficult, especially in case of 

aromatics. Often thermal regeneration needs to be applied, resulting in energy 

demanding processes. A process based on activated carbon was designed
8
, using solvent 

swing as regeneration method. However, periodic recovery by thermal regeneration with 

steam was still required. An additional disadvantage of the use of activated carbon in this 

application is that the interactions between the activated carbon and the solutes are not 

specific and a low selectivity was observed as organic acids such as acetic acid will also be 

adsorbed to a large extent on activated carbon
9
. 

Another potential separation technology for the removal of pyridine derivatives from 

aqueous streams is liquid-liquid extraction (LLE), which can also achieve high capacities. In 

comparison with adsorbents such as activated carbon, an additional advantage is that by 

aiming at specific interactions between solute and solvent a higher selectivity can be 

obtained
10

. However, there are several disadvantages of LLE for application in wastewater 

treatment such as entrainment of the solvent that can result in the exchange of one trace 

by another and/or irreversible emulsification. 

A promising alternative for adsorption and liquid-liquid extraction for the removal of 

compounds at concentrations below 2 wt. % is the use of solvent impregnated resins 

(SIRs)
11

. A SIR consists of a macro-porous particle that is impregnated with a solvent. The 



Chapter 2 

21 

substrate is extracted from the aqueous phase by the solvent and the resin is the carrier 

of the solvent. An illustration of a solvent impregnated resin is presented in Figure 2.1. 

This hybrid technology combines the advantages of fixed bed operation in adsorption and 

the high capacity of liquid-liquid extraction in a single unit operation without the 

drawbacks of entrainment, emulsification, and difficult regeneration.  

 

 
Figure 2.1: Illustration of a solvent impregnated resin (left) and close-up of 4-cyanopyridine entering the 

pores of the particle and forming a complex with the extractant (right). 

 

Resins impregnated with tri-n-butylphosphate
12

, tri-n-octylamine
13

 and ionic liquids
14

 have 

been developed for the recovery of organic acids from aqueous streams. Also the 

application of SIR technology in complicated separations such as chiral separation
15

 and in 

the product recovery from fermentation broths
16

 have been investigated. Other 

applications of SIR technology reported in the literature were focused on the removal of 

phenol
17

, amino acids
18

 and various metals
19

 from an aqueous environment. In these 

studies the benefits of this technology such as prevention of emulsification and the 

possibility of obtaining a high number of theoretical stages in fixed bed operation were 

demonstrated. Although the technology has been demonstrated to be successful in batch 

experiments and laboratory scale fixed bed columns
20,21

, applying it in new processes 

involves a solvent selection and/or design that needs to be done with great concern for 

leaching, as the lifetime of the SIRs is still one of the main hurdles in applying the 

technology at industrial scale
11

. Even minor solubility of the solvent in the carrier fluid can 

result in rapid depletion of the solvent in the SIR and a decrease in capacity. Several 

techniques have been investigated in the literature to ensure stable performance of the 

SIR by coating the surface of the resin by poly(vinyl alcohol)
22

 or by post-impregnation 

techniques aimed at the removal of loosely bound solvent from the polymer matrix by a 

thermal treatment, or by performing rapid loading and regeneration cycles
23

. Although 

these techniques have been found to be applicable and resulted in more stable 
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performance, a great disadvantage is that the capacity and mass transfer were reduced. 

Another strategy towards stabilization is by increasing the hydrophobicity of the solvent, 

thus reducing the aqueous phase solubility and improving the interaction between the 

polymer network and the solvent to reduce solvent losses. In the literature it has been 

reported that the solvent losses can be reduced up to 5 times by physical adsorption of 

the solvent on the resin
24,25

. Data on the long term stability of the SIRs in literature is 

scarce and there are only a few reported applications: offshore removal of hydrocarbons 

from water using a non-reactive solvent in the MPPE system
26

 and for the recovery of 

gallium from water applying the commercially available solvent Kelex 100
11

. In the 

literature a SIR prepared by impregnation of Kelex 100 in Amberlite XAD16 was found to 

lose 50 % of its capacity after percolating 10,000 bed volumes through the column. This 

value will be used as guideline in the design of the solvent in terms of its stability.  

The aim of this chapter was to design a solvent to be applied in SIR technology for the 

removal of pyridine derivatives from an aqueous stream. 4-Cyanopyrdidine was chosen as 

model compound, representing pyridine and pyridine derivatives found in wastewater 

streams generated in the pharmaceutical industry, coking plants and in the production of 

pyridine, cyanopyridine and acrylonitrile
3-6

. The solvent should have a high capacity and 

selectivity for 4-cyanopyridine and should have a low solubility in water to ensure stable 

performance of the SIR over a longer time period. By a preliminary economical evaluation 

of the process, the required capacity for the SIR was set at a target of 30 g 4-

cyanopyridine
 
per kg SIR.  

2.2 Theory and approach 

 

4-Cyanopyridine (CP) is a weak Lewis base with two hydrogen bond acceptors, being the 

two nitrogen atoms, one in the aromatic ring and the other in the cyanide group. An 

affinity solvent that is selective towards CP may be found by aiming at the interaction of 

these two hydrogen bond acceptors with hydrogen bond donor groups in the solvent. The 

reactivity of the functional groups may be quantified using the hydrogen bond affinity 

scale
27

. Complex formation through hydrogen bond affinity is described in Equation 2.1, 

the strength of the complex is defined by the pKHB as defined by Equation 2.2. The 

reference acid 4-fluorophenol is frequently used in order to create the hydrogen bond 

affinity scale for nitrogen bases
28-32

, where complexation constants for a large variety of 

bases are reported. Therefore, 4-fluorophenol (4FPh) was selected as reference in the 

solvent selection procedure. The equilibrium constant (pKHB) of the complexation reaction 

(Equation 2.1) of CP with 4FPh is defined by Equation 2.3. 
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Substrate + Solvent � Complex     Equation 2.1 

 &!'( = )*+ , 	
%�./0�1
$23������∙
$�04���5     Equation 2.2 

 &!'( = )*+ , 
%�./0�1
%6∙
78695      Equation 2.3 

 

The pKHB for the nitrogen atom in the aromatic ring is 0.92 and the pKHB for the nitrogen 

atom of the cyanide group is 0.47
33

. Therefore it is likely that 4-cyanopyridine forms 

complexes with acidic functional groups, and that the aromatic nitrogen is the most 

reactive.  

In the approach to design a solvent for CP removal from aqueous streams, we focused on 

extractants with functional groups complementary to the weak Lewis basicity of the 

nitrogen’s. These solvents generally consists of two parts, a hydrophilic part bearing the 

Lewis acid functional group and a second part containing a hydrophobic group than 

reduces the aqueous phase solubility. In this chapter for preliminary screening the 

following solvents were applied in decreasing acidity: dinonylnapthalene sulfonic acid 

(DNNSA), di-2-ethylhexyl phosphoric acid (D2EHPA), n-nonanoic acid and 4-nonylphenol. 

The molecular structures of these solvents are presented in Table 2.1. 

 

Table 2.1: Molecular structures of the solvents used for the preliminary solvent screening 

 

 

 

 

 
 

Nonanoic acid Dinonylnaphthalene sulfonic acid 

 

 
 

 

 

Di-(2-ethylhexyl)phosphoric acid 4-Nonylphenol 
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After selecting the most promising Lewis acid, further improvement of the solvent was 

done by substituting the solvent with functional groups to strengthen the interactions
34

 

and to minimize leaching. A broad range of substituents were investigated for evaluation 

and optimization of the capacity. Good capacities of the solvents could be realized when 

the complexation is good, expressed by a high distribution coefficient, and a low water 

solubility. The distribution coefficient is defined as the ratio of the molar concentrations of 

the solute in the organic phase (corg [M]) and aqueous phase (caq [M]) at equilibrium 

(Equation 2.4). 

 � = 
���
��         Equation 2.4 

 

Besides the capacity also the selectivity is of great importance. The selectivity was defined 

as the ratio of the distribution coefficients of acetic acid (HAc) and 4-cyanpyridine 

(Equation 2.5). 

 : = �%6�;<=       Equation 2.5 

 

This distribution coefficient is a measure of the capacity of the solvent, but the capacity of 

the SIR (qSIR [g CP
.
kg

-1
 SIR]) is required to evaluate the performance of the solvent in the 

SIR. This capacity can be estimated on the basis of the impregnated volume of the solvent 

in the resin and the capacity of the solvent under the assumption that the resin does not 

adsorb CP
17,35

 according to Equation 2.6. Here the volume of the SIR is VSIR [m
3
], the 

porosity of the resin is εp [-], the aqueous feed concentration is cFeed [M] and the density of 

the SIR is ρSIR [kg
.
m

-3
]. The density of the SIR is calculated on the basis of the density of the 

solvent (ρSolvent [kg
.
m

-3
]) and the resin (ρResin [kg

.
m

-3
]) and the porosity of the resin with 

Equation 2.7.  

 ��>? = 
���∙@$AB∙C/@$AB∙D$AB ∙ EF,"G ∙ 1000 = �∙
8���∙C/J��C/K∙DB����C/∙D$�04��� ∙ EF,"G ∙ 1000 Equation 2.6  

 L�>? = J1 − NOK ∙ L?PQRS + NO ∙ L�UVWPSX     Equation 2.7 

 

As mentioned before, the aim of this study was to develop a SIR having a high capacity 

and stability. To evaluate these criteria, both the number of bed volumes (defined as the 

total volume percolated through the fixed bed divided by the volume of the fixed bed) 

that can be treated until saturation of the fixed bed occurs, and the bed volumes that can 

be treated until a certain degree of solvent loss has occurred, were estimated. The bed 
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volumes that can be treated until breakthrough can be calculated with Equation 2.8, 

assuming that at every position in the bed the equilibrium is reached instantaneously. 

Here, VB [m
3
] is the fixed bed volume and εb [-] is the porosity of the bed. By substituting 

Equations 2.6 and 2.7, a direct correlation is found between the number of bed volumes 

until breakthrough and the distribution coefficient with Equation 2.8. The stability of the 

SIR can be calculated on the basis of the aqueous solubility of the solvent. Assuming that 

the outlet concentration of the solvent in the effluent is equal to the maximum solubility 

of the solvent in water (Ssolvent [kg
.
m

-3
]), this time can be calculated by dividing the total 

amount of solvent present in the fixed bed by the mass flow rate of the dissolved solvent 

leaving the column. The total number of bed volumes that can be treated until a certain 

degree of solvent loss (η) occurs can then be calculated by Equation 2.9.  

 YZ([P\]X^[U_`^ = �$AB∙@a∙D$AB∙b��C3c�ddd∙
8���∙@a∙ef,%6 = � ∙ b1 − Ngc ∙ NO  Equation 2.8 

 YZhP\
^RS` = b��C3c∙C/∙D$�04����$�04��� ∙ i     Equation 2.9 

 

The porosity of the resins used in SIR technology, such as Amberlite XAD16 and macro-

porous propylene (MPP), is defined as the ratio of the pore volume and the total particle 

volume including the pores (εp =  Vpore/Vparticle [m
3.

m
-3

]), and typically ranges between 0.68 

and 0.55
17

. The porosity of the bed is defined as the ratio of the aqueous phase between 

the impregnated particles in the column and the total volume of the column (εb =  

VAqueous/VBed [m
3.

m
-3

]). For Amberlite XAD16, which is a typical resin used in literature, the 

void fraction in the bed is reported between 0.4 and 0.45
20,36

. These values for the particle 

and fixed bed porosities were used in the evaluation of the solvent. 

The distribution coefficient that is used as input for Equations 2.8 can be determined 

experimentally. However, to allow for a broader screening than experimentally possible 

with commercially available solvents, the solvent-design was aided by molecular 

simulations. In this study, the conductor-like screening model for real solvents (COSMO-

RS) was used
37

. Because COSMO-RS can predict activity coefficients of the solute (CP) in 

the solvent on the basis of molecular structures, it is possible to screen solvents without 

needing any experimental data. COSMO-RS has been applied for the screening of solvents 

for the extraction of polar organic compounds such as organic acids and mono ethylene 

glycol
38,39

 from aqueous phases where hydrogen bonding is important. Other studies 

report the application of COSMO-RS for screening of solvents such as ionic liquids
40-42

. In 

these studies it was shown that COSMO-RS can be used to qualitatively predict the 

capacities of solvents in liquid-liquid extraction and can therefore be expected to be a 
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useful tool to screen solvents for the extraction of CP in which both hydrogen bonding and 

interactions between aromatic rings were important. However, other studies observed 

that the accuracy of COSMO-RS in predicting distributions was hampered when nitrogen 

was present in the compounds, resulting in false prediction
43

. Therefore, care should be 

taken when applying this tool. To validate the ability of COSMO-RS to predict distributions 

of CP over solvent and water phases, a comparison of the model predictions with 

experimental liquid-liquid extraction data measured with commercially available solvents 

was made before making predictions of distributions of non-existing molecules. The 

solvent found using COSMO-RS with sufficient capacity was custom synthesized and 

experimentally evaluated. 

2.3 Materials and methods 

2.3.1 Chemicals 

The chemicals used were toluene (99.9 %), 2-bromophenol (98 %), 3-bromophenol (98 %), 

4-bromophenol (99 % ), 3,5-dibromophenol (97 %), 3,4-dibromo-1,2-diolbenzene (90 %), 

3-iodophenol (98 %), 3-chlorophenol (98 %), 3-fluorophenol (98 %), 3-fluorobenzene-1,2-

diol (99 %),  3-nitrophenol (99 %),  3-cyanophenol (99 %), phenol (>99 %), 4-pentylphenol 

(> 98 %), 4-octylphenol (99 %), 4-cyanopyridine (98 %), dinonylnaphthalene sulfonic acid 

(50 % in hexane), Di-(2-ethylhexyl)phosphoric acid (97 %) and pyridine (> 99.9 %) and 

were supplied by Sigma-Aldrich, the Netherlands. 4-Nonylphenol (mixture of branched 

isomers) and n-nonanoic acid (>98 %) were supplied by TCI-Europe. A 1:1 mixture of (E)-3-

bromo-4-(3-ethylhept-1-en-1-yl)phenol and (Z)-3-bromo-4-(3-ethylhept-1-en-1-yl)phenol, 

3-bromo-4-(4,6,6-trimethylheptyl)phenol and a 1:1 mixture of 3,5-dibromo-4-(4,6,6-

trimethylheptyl)phenol and 3,5-dibromo-4-(4,8-dimethylnonyl)phenol were supplied by 

Syncom, the Netherlands. 

2.3.2 Liquid-liquid extraction experiments 

To evaluate the capacity of the solvents experimentally, liquid-liquid extraction 

experiments were performed. In preliminary screening of the solvents the solvents were 

used undiluted, except for dinonylnaphthalene sulfonic acid which was diluted in hexane 

at 50 %. An aqueous phase solution of 5 mL with 0.5 g
.
L

-1
 (4.8 mM) of 4-cyanopyridine was 

brought into contact with 5 mL of the solvent to measure the capacity. Selectivity 

measurements were done with an aqueous solution containing 0.5 g
.
L

-1
 (4.8 mM) of 4-

cyanopyridine and 4.5 g
.
L

-1
 (75 mM) acetic acid which was brought into contact with 5 mL 

of 4-nonylphenol. For the optimization of the phenolic solvents experiments were 

performed with 5 mL of an organic phase consisting of the phenols at varying 

concentrations of  0.1 M < cPhenol < 4 M in toluene and undiluted phenols, which was 
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brought into contact with 5 mL of the aqueous phase containing 0.5 g
.
L

-1
 of 4-

cyanopyridine (4.8 mM). The phases were magnetically stirred while controlling the 

temperature at 25 °C in a water bath. Preliminary experiments were conducted to 

determine the equilibration time which demonstrated that within 24 hours equilibrium 

was reached. After 24 hours the phases were separated using a centrifuge, samples taken 

from the aqueous phase were analyzed by gas chromatography. The concentration of 4-

cyanopyridine in the organic phases was determined by a mass balance. 

2.3.3 Solubility measurements 

The aqueous phase solubility of the custom synthesized solvents were experimentally 

determined in order to evaluate the performance of the solvent in terms of stability of the 

SIR. The concentration of the solvent in the aqueous phase was determined by UV-VIS 

analysis. Saturation of the aqueous phase was achieved by adding an excess of the solvent 

to a volume of 10 mL of water which was vigorously mixed for 24 hours to ensure 

maximum solubility was reached. After this the aqueous and organic phase were allowed 

to settle for a period of 24 hours
44

 followed by a separation by a centrifuge at a rotation 

speed of 4000 rpm to ensure complete separation. The extractant concentration in the 

aqueous phase was then analyzed by UV-VIS spectrophotometry (Varian Cary 300).  

2.3.4 Analytical procedures 

The concentration of 4-cyanopyridine in the aqueous phase was determined by gas 

chromatography. 1.2 mL aqueous samples were analyzed by gas chromatography using a 

Varian CP-3800 gas chromatograph (Varian Inc., The Netherlands), equipped with a 25 m x 

0.53 mm CP-WAX column and flame ionization detector. The injection volume was 1 µL, 

the temperature was initially 70°C, and directly after injection followed by a ramp of  20 

°C
.
min

-1
 to 200 °C, followed by a  50 °C

.
min

-1
 ramp to 225 °C. Pyridine was used as internal 

standard at a concentration of 0.10 g
.
L

-1
 (1.3 mM) by mixing 0.3 mL of a 0.50 g

.
L

-1
 (6.3 mM) 

aqueous pyridine solution with 1.2 mL of the aqueous solution of the sample. All analyses 

were performed with a relative standard deviation of less than 3 %. 

2.3.5 COSMO-RS simulations 

Predictions of the activity coefficients in the organic and aqueous phases were made using 

COSMO-RS. Molecules not present in the database were created using Hyperchem and 

Turbomole. The simulated activity coefficients were used to calculate the distribution 

coefficients. The distribution coefficients at equilibrium are based on equal activities in 

both the organic (aorg) and aqueous (aaq) phase, the prerequisite for thermodynamic 

equilibrium
45

. The activity is defined as the activity coefficient (γ) multiplied with the mole 

fractions in the organic phase (xorg) and the aqueous phase (xaq), see Equation 2.10. 
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j\�"G ∙ k\�"G = jU[`"G ∙ kU[`"G       Equation 2.10  

 

By rearranging Equation 2.10, Equation 2.11 is obtained which can be used to predict the 

distribution coefficient based on molar fractions.  

     

� = l���%6
l��%6 = m��%6

m���%6        Equation 2.11 

 

In order to convert the distribution coefficients based on molar fractions to molar 

concentrations it needs to be multiplied with the molar density (Equation 2.12). 

 

�"n�en = m��%6
m���%6 ∙ D���ef,��� ∙ ef,��D��      Equation 2.12 

  

2.4 Results and discussion 

2.4.1 Preliminary solvent screening 

For the initial screening of solvents, different types of Lewis acid functional groups were 

evaluated for the extraction of CP from an aqueous phase. In Figure 2.2 the measured 

distribution coefficients are presented. 

 

 
Figure 2.2: Experimentally determined distribution coefficients based on molar 

concentrations, obtained after extraction with undiluted solvents, the initial aqueous 

phase concentration of CP was in all cases 4.8 mM. 
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In Figure 2.2 it can be observed that the distribution coefficients with n-nonanoic acid, 

DNNSA and D2EHPA as solvent are low in comparison with 4-nonylphenol. These low 

distribution coefficients can be accounted to the fact that these solvents form dimers 

through hydrogen bonds of the respective carboxylic, phosphoric and sulfonic acid 

functional groups
46

. CP is a weak Lewis base, and it is likely that it cannot break the dimer, 

thus resulting in a low capacity. It is expected that phenol forms less strong dimers, but 

the phenolic OH of 4-nonylphenol is acidic with a pKa of 10.7 resulting in a good extraction 

capacity with a distribution coefficient of 50
47

. In addition to the capacity, also the 

selectivity of 4-nonylphenol towards CP in a mixture with acetic acid was measured. The 

results showed that 4-nonylphenol had a selectivity of 150 towards CP, indicating that 

besides a high capacity also a high selectivity can be obtained, making phenol based 

solvents very promising for this application. Further capacity enhancement of the phenol 

based solvents was achieved by increasing the acidity, hence the reactivity of phenol 

functional group. The acidity may be increased by substitution of electron withdrawing 

groups on the aromatic ring of 4-nonylphenol. 

 

2.4.2 Evaluation of substituted phenols 

With the initial screening of solvents it could be concluded that phenol based solvents are 

the most promising. However, the capacity should be enhanced to reach the objective of 

30 g
.
kg

-1
. Enhancement of the capacity could be achieved by substitution of electron 

withdrawing groups on the aromatic ring. In the following paragraphs the optimization of 

phenolic solvents will be discussed. 

2.4.2.1 Substituted phenols diluted in toluene 

Different types of substituents were evaluated, including alkyl chains to reduce the 

aqueous phase solubility and electron withdrawing groups to enhance the reactivity of the 

acidic proton. Furthermore, the effect of the position of substitution was investigated. 

Because some of the substituted phenols are solid at room temperature, a diluent was 

needed to obtain a liquid organic phase. Toluene was used as diluent because all types of 

extractants evaluated in this study are soluble in toluene. All experiments were carried 

out under comparable conditions, with 4.8 mM initial aqueous phase concentration of CP, 

0.1 M extractant in toluene (the solubility of the least soluble extractant, 3-cyanophenol), 

at 25˚C. In Figure 2.3, the experimentally determined distribution coefficients based on 

molar concentrations for the substituted phenols are presented. 
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Figure 2.3: Experimentally determined distribution coefficients based on molar 

concentrations, obtained after extraction with 0.1 M substituted phenols in 

toluene, the initial aqueous phase concentration of CP was in all cases 4.8 mM. 

 

With pure toluene as solvent a distribution coefficient of 4.8 ± 0.3 was obtained, it 

increased to 6.8 ± 0.4 by addition of 0.1 M phenol to the organic phase due to the 

formation of a complex of CP with the acidic phenol (pKa = 9.99)
48

. Substitution of an 

electron withdrawing halogen on the meta position increases the acidity of the proton, 

leading to an increased distribution ratio. For all 3-halo-phenols, the distribution ratio 

increased to 9.1 ± 0.5. So, apparently the small differences in pKa (3-bromophenol is the 

most acidic with a pKa of 9.03 and 3-fluorophenol is the least acidic with a pKa of 9.29) do 

not influence the distribution significantly, while compared to phenol, with its higher pKa, 

there is a significant improvement. 

When comparing the substitution position of bromophenols, it was found that 

substitution of bromine on the para-position results in a lower acidity with a pKa of 9.37 

which also reduces the distribution coefficient slightly to a value of 8.9± 0.5. While 2-

bromophenol has the most acidic proton of the brominated phenols, having a pKa of 8.45, 

its capacity is much lower with a distribution coefficient of 7.0 ± 0.4. The lower 

distribution coefficient is due to steric hindrance as a result of the proximity of the bulky 

bromo atom to the acidic proton. 

For the substituents that also act as hydrogen bond acceptor, e.g. nitro and cyanide, a 

different result was obtained than expected on the basis of their acidity. The 3-

cyanophenol has a pKa of 8.61
49

, much lower than the halogenated phenols, but its 
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capacity has considerably decreased. The distribution ratio of 3-nitrophenol is comparable 

to those obtained with the halogenated phenols while its pKa is much lower at a value of 

8.36
48

. This can be understood since both the nitro group
50

 and the cyanide group
33

 can 

form hydrogen bonds with the acidic hydroxyl group of its own species, therefore less 

phenol is available for complexation and a lower distribution coefficient is obtained. 

Substitution of a second electron withdrawing group on phenol enhances the capacity 

even further, as may be observed for 3,5-dibromophenol. The pKa of 3,5-dibromophenol is 

8.1 resulting in an acidity of the acidic proton of almost a factor 10 higher than the single 

substituted form and yielding a strong increase of the distribution coefficient to a value of 

12 ± 0.6. Substitution of a second hydroxyl group which may allow the complexation of a 

second CP molecule with the solvent resulted in a reduction in capacity of 3-fluoro-1,2-

diolbenzene in comparison with 3-fluorophenol. This reduction in capacity can be 

attributed to the electron donating ability of the hydroxyl group
51

, thus reducing the 

acidity of the protons, in combination with steric hindrance of the hydroxyl groups. The 

capacity of 3,4-dibromo-1,2-diol is the same as the capacity of 3,5-dibromophenol. In this 

case two strongly electron donating groups are substituted which compensates the 

electron donating ability of the hydroxyl groups while steric hindrance of the two hydroxyl 

groups do not allow the complexation of the extractant with two CP molecules and no 

enhancement of the capacity is observed. 

The substitution of electron donating groups such as alkyl groups can result in a decrease 

in capacity which can be observed for 3,5-dimethyl-4-iodophenol,  having a much lower 

distribution coefficient than 3-iodophenol that cannot be attributed to the change in the 

location of the iodine group alone. For 4-nonylphenol only a slight change in the 

distribution coefficient is observed in comparison with phenol itself which is due to the 

substitution of only 1 alkyl group on the para-position. Thus, in conclusion, addition of 

both a halogen on the meta-position, and an alkyl tail on the para-position can be 

expected to yield the highest distribution ratios, and reduced aqueous phase solubility, as 

compared to phenol.  

2.4.2.2 Substituted phenols at higher concentrations 

In the previous sections, results were discussed regarding substituted phenols in highly 

diluted mixtures with toluene, resulting in relatively low distribution coefficients, and as a 

consequence lead to a low capacity of the SIR which was estimated at 1.8 g
.
kg

-1
 using 0.1 

M 3-bromophenol in toluene for a 500 ppm CP aqueous feed. For practical applications, 

the extractants 2-bromophenol, 3-bromophenol and 4-bromophenol were evaluated at 

higher concentrations in toluene to determine the effect of their concentration on the CP 

distribution coefficient and thereby the SIR capacity. The experimental results are 

displayed in Figure 2.4. 
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Figure 2.4: CP distribution coefficients on the basis of molar concentrations 

with ortho, meta and para bromophenol as function of their concentrations 

in toluene. Symbols: 2-bromophenol (), 3-bromophenol (�), and 4-

bromophenol (△  ). Lines are included for illustrative purposes only. 

 

In Figure 2.4 it can be observed that the distribution coefficient increases drastically with 

an increase in the concentration. The highest distribution coefficient was obtained with 2 

M 3-bromophenol in toluene, having a distribution coefficient of 180, resulting in an 

increase of the SIR capacity to 30 g
.
kg

-1
. As was discussed already above, the position of 

the bromine atom has a large effect on the distribution coefficient, and at higher 

concentrations this is even more profoundly visible. The distribution coefficient with 2-

bromophenol was significantly lower than 3-bromophenol and 4-bromophenol due to 

steric hindrance, while the difference between 3-bromophenol and 4-bromophenol is 

much smaller. From these results it can be concluded that the effect of steric hindrance is 

more important than the difference in electron withdrawing power of the substituent. 

Although with these halogenated phenols high capacities can be obtained, their solubility 

in water is too high to be applied in SIR technology. The aqueous phase solubility of 4-

bromophenol is 17 g
.
L

-1
 which would result in 100 % capacity loss after treating only 30 

bed volumes
52

. In order to decrease the aqueous solubility, the hydrophobicity of the 

molecule should be increased by substitution of alkyl chains. While the solubility of phenol 

is 91.7 g
.
L

-1(48)
 it decreases rapidly on the substitution of methyl, ethyl or nonyl groups to a 

solubility of 22, 7.9 and 0.005 g
.
L

-1
 respectively

44
. As was shown previously, substitution of 

alkyl groups results in a slight decrease in capacity due to the electron donating ability of 

the alkyl group. Therefore the optimal location of the alkyl group is the para-position, 

where the effect of the electron donating ability is minimal. In Figure 2.5 the distribution 

coefficients with 4-nonylphenol, 4-octylphenol and 4-pentylphenol are displayed for 

varying concentrations in toluene. The results at the maximum concentration of 4.3 M for 
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4-nonylphenol and 5.8 M for 4-pentylphenol were obtained for the undiluted extractant. 

In Figure 2.5 it can be observed that the distribution coefficient decreases with an 

increase in the length of the alkyl chain. Alkylation of the phenol ring results in a reduction 

in the complexation strength as a result of their electron donating ability. However, at a 

length of 4 carbon atoms and higher this is no longer affected by the alkyl chain length
51

. 

Since the reduction in the distribution ratio of 4-nonylphenol in comparison with 4-

pentylphenol is not due to a difference in complexation strength, the other governing 

parameter, i.e. the physical solubility
53,54

 should have changed. With increasing alkyl chain 

length, the hydrophobicity of the organic phase increases, which reduces the physical 

solubility of CP in the organic phase. As a result, the overall measured distribution is 

reduced. The distribution coefficients below 2 M are comparable, but with an increase in 

the concentration a larger difference in the distribution coefficient is observed due to an 

increase in the hydrophobicity of the organic phases. A maximum is reached in the 

distribution coefficient when the concentration of the extractant in the organic phase is 

sufficiently high not to change the hydrophobicity anymore, as can be observed for 4-

nonylphenol and 4-pentylphenol. 

 

 
Figure 2.5: CP distribution coefficients with: 4-pentylphenol, 4-octylphenol and 4-nonylphenol on the 

basis of molar concentrations as a function of their concentration in toluene. Symbols: 4-nonylphenol 

(�), 4-octylphenol (△  ) and 4-pentylphenol (), lines are included for illustrative purpose only. 

 

When comparing the undiluted solvents 4-pentylphenol and 4-nonylphenol, a large 

difference in capacity is observed, which may be explained by the difference in functional 

group density and hydrophobicity. 4-Pentylphenol is less apolar than 4-nonylphenol, and 

has a higher number of hydroxyl functional groups per unit of volume. Both factors 

benefit the overall distribution, resulting in a considerably higher capacity, which is 

calculated to be 19 g
.
kg

-1
 for 4-pentylphenol versus 10 g

.
kg

-1
 for 4-nonylphenol at an inlet 

concentration of 500 ppm 4-cyanopyridine. 
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2.4.3 COSMO-RS results 

From the previous results it can be concluded that the capacity of phenol based solvents 

can be enhanced by the substitution of electron withdrawing groups and that the aqueous 

phase solubility can be reduced by substitution of alkyl chains. In order to determine the 

optimized solvent molecular structure for the application in SIR technology, both 

functionalities need to be included in the molecular structure. However, these solvents 

are not commercially available and custom synthesis is required. Custom synthesis of a 

large number of molecules is extremely expensive. Therefore a screening of different 

solvents was done by COSMO-RS. This COSMO-RS screening was first evaluated by 

comparing the simulation results with the experimentally determined distribution 

coefficients for the commercially available solvents. Additionally, the densities of the 

solvent needed to be known in order to estimate the capacity of the SIR. Therefore the 

predicted densities by COSMO-RS were compared with literature data in order to 

determine the accuracy of the density prediction. After these verifications of the 

simulation software, screening of non-existing solvents was done by simulation. 

2.4.3.1 Evaluation of the distribution coefficients estimated by COSMO-RS 

The distribution coefficients as measured in the liquid-liquid extraction experiments were 

compared with the values predicted by COSMO-RS. The results of both COSMO-RS and by 

the experimental measurements are presented in Figure 2.6. 

 

 
Figure 2.6: Comparison between the experimentally determined CP distribution coefficients using diluted 

(0.1 M) extractant solutions and 4.8 mM CP aqueous solutions in a 1:1 volumetric ratio (black bars) and 

simulated distribution coefficients at infinite dilution (grey bars) based on molar concentrations. 
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From Figure 2.6, it can be concluded that in general the simulated distribution coefficients 

at infinite dilution are corresponding well with the experimental results. Especially for the 

single halogenated phenols the correlation is good with a deviation of approximately 12 

%. Also the effect of the position of the substituent on the distribution coefficient is 

predicted well, as can be seen for ortho, meta and para bromophenol. However, COSMO-

RS tends to overestimate the effect of steric hindrance resulting in a larger error in the 

prediction of the capacity of 2-bromophenol. Furthermore, it can be concluded that 

COSMO-RS does not predict the behavior of the extractants capable of forming 

intermolecular hydrogen bonds accurately. While COSMO-RS predicts that 3-cyanophenol 

will have a comparable distribution coefficient as the single halogenated phenols, 

experimental results show a large reduction in capacity. The same conclusion can be 

drawn for 3-nitrophenol. COSMO-RS predicts a higher capacity for 3-nitrophenol in 

comparison with the capacities simulated by COSMO-RS for the halogenated phenols 

while the experimental results shows no significant change in the distribution coefficient. 

In case there are multiple substituents on the phenol, the prediction is less good and an 

average deviation of 30 % is obtained. It can be observed that the capacity of 3,4-

dibromo-1,2-diolbenzene is underestimated while the capacity of 3-fluoro-1,2-

diolbenzene is overestimated. With the results of 4-nonylphenol and 3,5-dimethyl-4-

iodophenol it can be concluded that COSMO-RS can predict the mixed effects of electron 

donating and electron withdrawing group on the capacity well. 

Overall it can be concluded that COSMO-RS can predict the effects substituents have on 

the capacity of the solvent, but contributions like steric hindrance and intermolecular 

hydrogen bonding on the capacity seem to be overestimated. 

2.4.3.2 Evaluation of the density predictions by COSMO-RS 

To estimate the SIR capacity with Equation 2.6, the density of the organic phase needs to 

be known. COSMO-RS is able to estimate the density. In this section the accuracy of the 

density estimation is determined for a variety of commercially available substituted 

phenols. The comparison between the predictions and the values found in literature
48

 are 

given in Figure 2.7. In Figure 2.7 it can be observed that COSMO-RS predicts the densities 

very well with an average error of only 4.8 %. The largest errors were found for phenol 

substituted with multiple groups (e.g. 2,6-dichlorophenol and 2,3-dinitrophenol) and with 

branched alkyl chains (e.g. 4-tert-butylphenol) where an error of 10 to 13 % was obtained. 

It can be concluded that COSMO-RS can predict the densities of the solvents, but that an 

error of approximately 10 % should be taken into account in analyzing the results 

especially when molecular structures become more complex by branching of the alkyl 

chain or substitution of multiple groups on the aromatic ring. 
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Figure 2.7: Comparison between the predicted density by COSMO-

RS (grey bars) and the literature values
48

 (black bars). 

2.4.3.3 Solvent optimization by COSMO-RS 

In order to reduce the aqueous phase solubility of the solvent in water, an alkyl chain 

needs to be substituted on the phenol ring, preferably on the para-position where the 

reduction of the capacity is the least. COSMO-RS simulations were performed with a 

varying chain length of alkylated phenols in order to find out what the minimum chain 

length of the extractant to be synthesized should be. The distribution coefficients 

estimated by COSMO-RS and the solubilities of these extractants found in literature
55

 as a 

function of the chain length are presented in Figure 2.8.  

 

 
Figure 2.8: Estimated distribution coefficients of alkylated phenols and their reported 

aqueous phase solubility
52

 as a function of the number of carbon atoms in the alkyl 

chain. Symbols: aqueous phase solubility (), distribution coefficient (�). The dashed 

line is included for the simulated distribution coefficients to make the trend clearer. 
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In Figure 2.8 can be observed that both the capacity and aqueous phase solubility of 

solvent decreases rapidly with an increase in the alkyl chain length due to an increase in 

hydrophobicity. It is clear that this poses a dilemma, as both high capacity and high 

stability of the SIR are required. To ensure that not more than 20 % capacity will be lost 

after 10,000 bed volumes, a maximum solubility of 5 ppm can be allowed and therefore a 

minimum of 8 carbon atoms in the solvent is required. For 4-nonylphenol, a liquid 

extractant at room-temperature that fulfills this criterion of minimal 8 carbon atoms, a 

capacity of approximately 4.4 g
.
kg

-1
 was estimated by COSMO-RS. However, in order to 

meet the required capacity of 30 g
.
kg

-1
 a higher distribution coefficient is required. In 

order to enhance the capacity sufficiently, a strong electron withdrawing group is 

required, therefore alkylated phenols that are substituted with bromine on the meta-

position were evaluated with COSMO-RS to enhance the capacity. Additionally, because 

long linear alkyl chains strongly increase the viscosity, simulations were performed with 

branched alkyl chains as well. In Table 2.2, the distribution coefficients as simulated by 

COSMO-RS are presented. 

 

Table 2.2: Estimated densities, distribution coefficients and SIR capacities of the molecular structures simulated 

with COSMO-RS. 

Structure 

 

Density 

[kg
.
m

-3
] 

D 

[M
.
M

-1
] 

SIR capacity 

[g
.
kg

-1
] 

4-nonylphenol 900 23 4.4 

3-bromo-4-nonylphenol 1200 75 13.3 

3,5-dibromo-4-nonylphenol 1200 220 38.4 

4-(non-1-en-1-yl)phenol 900 49 9.5 

4-(non-2-en-1-yl)phenol 1000 36 6.9 

3-bromo-4-(non-1-enyl)phenol 1200 147 25.7 

3-bromo-4-(non-2-enyl)phenol 1200 100 17.5 

3-bromo-4-(2-ethylheptyl)phenol 1200 133 23.2 

(E)-3-bromo-4-(2-ethylhex-1-enyl)phenol 1200 144 25.0 

 

Starting from the base case, the commercially available solvent 4-nonylphenol, a 

distribution coefficient of 23 was simulated by COSMO-RS. It should be noted that the 

predicted capacity by COSMO-RS for 4-nonylphenol is a factor 2 lower than 

experimentally obtained. Capacity enhancement was achieved by substituting bromine on 

the meta-position which increased the capacity with a factor 3 for 3-bromo-4-nonylphenol 

and a factor 9 for 3,5-dibromo-4-nonylphenol. The experimental results also showed a 

large difference in the distribution coefficients of 3-bromophenol and 3,5-dibromophenol 

at 0.1 M of these solvents in toluene, but as was shown for the brominated phenols at 
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higher concentrations in Figure 2.4, this difference becomes more profound when the 

solvent is used at higher concentration or undiluted as it was the case in the COSMO-RS 

simulations. The effect of an unsaturated alkyl chain on the distribution coefficient was 

simulated with 4-(non-1-en-1-yl)phenol and 4-(non-2-en-1-yl)phenol where it can be 

observed that the use of an unsaturated bond increases the capacity with factor 1.5 to 2. 

This increase in capacity is caused by the electron withdrawing ability of the pi-system on 

the double bond 
51

. When the double bond is in proximity of the aromatic ring this effect 

is the largest. Combining both the unsaturated alkyl chain and a bromine atom substituted 

on the phenol aromatic ring increases the capacity even further with a factor 4 to 6 in 

comparison with 4-nonylphenol. All these results were obtained by simulating unbranched 

alkyl chains. However, with the simulation with 3-bromo-4-(2-ethylheptyl)phenol it can be 

observed that branching increases the capacity through a reduction in the hydrophobicity 

of the molecule. Combining the effects of the substitution of bromine, the use of a double 

bond in the alkyl chain in proximity of the aromatic ring and branching of the alkyl chain 

led to the structure of 3-bromo-4-(2-ethylhex-1-enyl)phenol which had a capacity of 25 

g
.
kg

-1
 according to the COSMO-RS simulations. This resulted in a capacity enhancement 

with a factor 5.5 in comparison with the commercially available solvent 4-nonylphenol. 

Since the experimental distribution coefficients are typically two times higher than the 

simulated distribution coefficients by COSMO-RS, this solvent can have a capacity of up to 

50 g
.
kg

-1
.  

2.4.4 Evaluation of the custom synthesized solvents 

In the previous paragraph it was shown that by substitution of bromine on the aromatic 

ring a significant increase in capacity could be obtained, and that by substitution of 

hydrophobic group the solubility in water could be reduced. On the basis of these 

observations, several substituted phenolic solvents were synthesized and used in LLE 

experiments to estimate the capacity and are presented in Table 2.3, the estimated 

distribution coefficients are presented in Figure 2.9. In Figure 2.9 it can be observed that 

with solvent A, a distribution coefficient of 254 was obtained, the solubility of this solvent 

was estimated at approximately 9 ppm which is comparable with the solubility of 4-

nonylphenol which was 5 ppm. While the capacity was high and the aqueous phase 

solubility was low, the solvent polymerized due to the double bond in the structure. To 

prevent polymerization the double bond was removed, obtaining structure B. According 

to the results, the removal of the double bond resulted in a strong reduction in the 

capacity. The double bond acts as electron withdrawing group
51

 and removing this 

functionality resulted in a reduction in capacity. Furthermore, it was observed in the 

liquid-liquid extraction experiments that a precipitate was formed, from which it can be 

concluded that the solvent cannot be applied because it is not stable. To prevent 
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crystallization, polymerization and to obtain the target capacity, structure C was 

synthesized and evaluated. To increase capacity, a second bromine atom was substituted 

on the aromatic ring, and therefore the double bond was no longer required. 

Furthermore, a mixture of two molecules varying in their alkyl chain structure was used to 

reduce the viscosity and prevent crystallization. The distribution coefficient with this 

solvent was approximately 280, and no precipitate was formed. Due to the absence of the 

double bond no polymerization could occur and therefore it can be concluded that this 

solvent has both the desired capacity and stability. It can also be observed that addition of 

the second bromine atom resulted in a capacity that was similar to structure A, therefore 

it can also be concluded that the second bromine atom seems to have a comparable 

effect on the capacity as the double bond in proximity of the aromatic ring. Solubility 

measurements revealed that the aqueous phase solubility of the solvent in water was 

negligible, which was most likely due to the addition of the second bromine group, 

increasing the hydrophobicity and therefore minimizing the aqueous phase solubility. 

 

Figure 2.9: Experimentally determined distribution coefficients obtained after extraction with the undiluted 

custom synthesized solvents, the initial aqueous phase concentration of CP was in all cases 4.8 mM. 
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Table 2.3: Molecular structures custom synthesized and evaluated by liquid-liquid extraction experiments. 

Structure A 

 

(E)-3-bromo-4-(3-ethylhept-1-en-1-yl)phenol             (Z)-3-bromo-4-(3-ethylhept-1-en-1-yl)phenol 

Structure B 

 
3-bromo-4-(4,6,6-trimethylheptyl)phenol 

Structure C 

 
   3,5-dibromo-4-(4,6,6-trimethylheptyl)phenol                      3,5-dibromo-4-(4,8-dimethylnonyl)phenol 

 

 

2.5 Conclusions 

 

A separation technology was proposed for the removal of 4-cyanopyridine from aqueous 

solutions, comprising of packed bed columns containing solvent impregnated resins. 

Requirements for the solvent are high capacity for the solute and very little leaching in the 

raffinate phase. An initial solvent screening was performed and it was concluded that 

phenol based solvents are the most promising for this application, however further 

enhancement of the capacity was required by modifying the structure of phenol. For the 

optimization of the solvent structure, COSMO-RS was found to be able to qualitatively 

predict the distribution and is a helpful tool in the design of a solvent. COSMO-RS did 

make an overestimation of the effect of steric hindrance and underestimated the effect of 

intermolecular hydrogen bonding. Through the solvent screening, a solvent was designed 

that reaches a distribution coefficient of 285, corresponding to an estimated SIR capacity 
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of up to 44 g
.
kg

-1
 at equilibrium. The solubility in water was below the detection limit 

which was estimated at 1 ppm, it can therefore be concluded that its solubility is similar or 

lower than that of the commercially available solvent 4-nonylphenol. The optimal solvent 

consisted of a 1:1 (mole basis) mixture of 3,5-dibromo-4-(4,6,6-trimethylheptyl)phenol 

and 3,5-dibromo-4-(4,8-dimethylnonyl)phenol and outperforms the best commercially 

available solvent 4-nonylphenol by far, with a capacity of 4.5 times as high. It was 

estimated that a total number of 7,000 bed volumes can be treated until 20 % of the 

capacity is lost due to leaching of the solvent and 60 bed volumes can be treated until 

complete saturation of the fixed bed occurs.  

Nomenclature 
 

Abbreviations: 

4FPh:  4-Fluorophenol 

BV:    Bed volume   

CP:  4-Cyanopyridine 

DNNSA:  Dinonylnaphthalene sulfonic acid 

D2EHPA:  Di-2-(ethyl-hexyl)phosphoric acid 

LLE:  Liquid-liquid extraction 

SIR:  Solvent impregnated resin 

 

Symbols: 

a: Activity       [-] 

c: Concentration      [M] 

D: Distribution coefficient      [M
.
M

-1
] 

Mw: Molecular weight      [g
.
mole

-1
] 

qSIR: Capacity of the SIR      [g
.
kg

-1
] 

pKa: Acid dissociation constant     [-] 

pKHB: Hydrogen bond affinity constant    [-] 

SSolvent: Aqueous phase solubility      [kg
.
m

-3
] 

V: Volume       [m
3
] 

x: Mole fraction      [-] 

 

Greek letters: j: Activity coefficient     [-] 

εB: Void fraction of the fixed bed    [-] 

εp: Void fraction of the resin     [-] 

ρ: Density         [kg
.
m

-3
] 

η: Degree of solvent loss      [%] 
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Subscript: 

org: Organic phase 

aq: Aqueous phase 
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3.1 Introduction  

 

The treatment of wastewater streams containing nitrogen species may be difficult. Such 

wastewater streams, containing for example pyridine and its derivatives, are formed in 

the production of bulk chemicals such as acrylonitrile, pyridine and cyanopyridine
1-4

. Since 

these components have relatively high solubility in water, there is a chance that they end 

up in these wastewater streams when no precautions are taken. Due to the toxicity and 

poor biodegradability of some of these components, the treatment of such wastewater 

streams is pursued, being of great environmental importance. Besides the pyridine 

derivatives, often other oxygenated compounds are present such as acetic acid and acrylic 

acid
4
. To increase the effectiveness of the treatment of these streams, prior removal of 

the nitrogen containing species using another technology can be considered. In this study 

the focus was on the removal of 4-cyanopyridine which was chosen as model compound, 

representing the class of aromatic nitrogen species. 

Solvent impregnated resins have been proposed as promising technology for the removal 

of traces of 4-cyanopyridine from aqueous waste streams. A SIR consists of a macro-

porous particle that is impregnated with a solvent in which the solvent extracts the 

substrate from the aqueous phase and the resin acts as a carrier for the solvent
5
. The 

technology combines the advantages of adsorption, such as a high number of theoretical 

stages achieved in fixed bed operation with the advantages of liquid-liquid extraction like 

high capacity and selectivity while preventing irreversible emulsification and entrainment 

of the solvent
5
. 

In order to develop a process based on SIR technology, a solvent and resin need to be 

selected and a thorough understanding of the chemistry involved in the reactive liquid-

liquid extraction is required. In a previous study, it was found that phenol based solvents 

provide the highest capacity for the extraction of 4-cyanopyridine (CP)
6
. The commercially 

available solvent 4-nonylphenol (NP) that achieved a high capacity and selectivity towards 

CP in a mixture with acetic acid was selected for a detailed study on the complexation 

mechanism.  

The complexation mechanisms of phenol with pyridine and a variety of substituted forms 

of pyridines and phenols have been discussed in the literature
7-10

. Based on these studies, 

and on the literature on Lewis basicity
11

, for the specific case of CP, two hydrogen bonding 

interactions are possible between the phenolic proton and CP. The strongest interaction is 

with the pyridine nitrogen, this interaction is the primary complexation reaction. Also the 

nitrogen in the nitrile functional group might interact with the phenolic proton
12

. In 

addition to the possible interactions with CP, phenol is also able to form self-associates by 

hydrogen bonding
13

. It is furthermore possible that an aggregate of self-associated NP 
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interacts with CP. For these reasons many different types of complexes can be formed 

varying in their stoichiometry. A detailed discussion on the types of complexes that might 

be formed from CP and NP through hydrogen bonding interactions is provided in the 

theory and approach section. 

Based on the literature on liquid-liquid extraction mechanisms
14-16

, and on self-association 

of phenols
9
, a thermodynamic model was developed describing the reactive extraction 

mechanism of CP with NP in a temperature range from 25 to 80 °C. The thermodynamic 

parameters were regressed to the experimental data in order to develop a model that 

describes the capacity and composition of the NP phase in equilibrium with an aqueous CP 

phase.  

3.2 Theory and approach 

 

In the following section the model developed for the reactive extraction of 4-

cyanopyridine (CP) by 4-nonylphenol (NP) is described, including the assumptions that 

were made and the approach to estimate the thermodynamic equilibrium parameters by 

regression of experimental data.   

3.2.1 Extraction mechanism 

Reactive liquid-liquid extractions have been described by both homogenous and 

heterogeneous extraction mechanisms
14,15

 where the distinction between the two 

mechanisms is the location of the complexation reaction. For the reactive extraction of 

metals
17

 that have a negligible solubility in the organic phase, this reaction is limited to the 

interface and the heterogeneous extraction mechanism is applied. However, for the 

extraction of (polar) organic compounds which are soluble in the organic phase, the 

complexation reaction is not confined to the interface. And since the organic phase 

volume is orders of magnitude larger than the interfacial volume, in essence, the 

complexation can be considered to be a homogeneous organic phase complexation. This 

mechanism is known as the homogeneous extraction
14,15,18

. In case of CP extraction with 

NP, due to the nonzero solubility of CP in the organic phase (vide infra), the homogeneous 

extraction model is the most appropriate. Because of the very low solubility of the 

extractant NP in the aqueous phase of 5 ppm
19

, the organic phase has been designated as 

the reactive phase. The reactive extraction mechanism for CP with NP is schematically 

depicted in Figure 3.1.  
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Figure 3.1: General homogeneous reactive extraction mechanism for 

extraction of CP with NP reacting with b:a (NP:CP) reaction stoichiometry. 

 

In this homogeneous extraction model several equilibria occur simultaneously:  

• the acid-base equilibrium of CP in the aqueous phase (pKa), 

• physical partitioning of CP over the biphasic system (m)  

• complexation of CP with NP in the organic phase (Kc).  

 

3.2.2 Aqueous phase 

For the protonation reaction of CP in the aqueous phase in Figure 3.1 the pKa of the 

corresponding deprotonation of the conjugated acid was reported to be 1.9 at 25 °C by 

Mason
20

 . This pKa results in a negligible concentration of the protonated form when no 

other bases or acids are present in the aqueous phase. The pH of an aqueous solution of 

0.05 M CP was determined experimentally to range from 7.2 to 7.4 over the temperature 

range of 25 to 80 °C. Therefore it was concluded that the vast majority of CP in water is 

present in its neutral form over the whole temperature range of this study. The acid-base 

equilibrium in the aqueous phase was therefore neglected during further development of 

this extraction model. 

3.2.3 Physical partitioning 

In the homogeneous reactive extraction mechanism, the solute is assumed to be 

physically soluble in the organic phase. The physical solubility is described by the 

partitioning coefficient, defined as the ratio of the molar fraction of non-complexed CP in 

the organic phase (k"Gooooo [mole
.
mole

-1
]) and aqueous phase (k"G [mole

.
mole

-1
])

21
. The 

partitioning coefficient is determined by the hydrophobicity of the solvent and solute, and 

is a function of the temperature. The physical partitioning coefficient of CP is defined by 

Equation 3.1. 

 � = l%6ooooool%6        Equation 3.1 
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3.2.4 Organic phase 

In an organic phase consisting of NP in which some CP is present, several types of 

interactions are possible due to hydrogen bonding
11

. The phenol functionality is both an 

hydrogen bond (H-bond) donor (and a Lewis acid) and acceptor (and a Lewis base), 

whereas the pyridine and nitrile functional groups are H-bond acceptors (and weak Lewis 

bases). The hydrogen bonding strength of the nitrogen in the aromatic group is 

approximately 3 times stronger than the hydrogen bond strength of the nitrogen atom of 

the cyanide group, measured with 4-fluorophenol as reference acid
12

. Due to H-bond 

formation between the donor NP and the acceptor CP, complexation reactions occur 

between CP and NP that enhance the distribution of CP. Because CP has two weak Lewis 

basic functional groups that are both sufficiently reactive with NP, there are also two 

possibilities for complexation, leading to complexes with 1:1 and 2:1 (NP:CP) 

stoichiometry. 

Because the acidic phenol functional group can act as both an H-bond donor (hydrogen) 

and as an H-bond acceptor (oxygen), it allows for the formation of self-associates through 

hydrogen bonding
9
. The size and geometry of these self-associates, or oligomers, differ for 

different types of phenols. Alkylated phenols tend to form linear self-associates
13

. The 

length of these oligomers depends greatly on the polarity of the diluent, in polar diluents 

or apolar diluents saturated with water, oligomers larger than dimers or trimers are rarely 

found
13,22

. The oligomerization of phenol increases the viscosity of the liquid
23

, confirmed 

by the very high viscosity of 1300 cP of undiluted NP determined by our viscosity 

measurements. When saturated with water the viscosity was reduced to 300 cP, which 

can be explained by the reduction in the size of the NP oligomers. Furthermore, the 

complexation reaction with CP will break the intermolecular hydrogen bond of the phenol 

self-associates which will reduce the size of these oligomers even further. Based on these 

effects, trimers were considered to be the largest oligomers of NP that needed to be 

taken into account in this model. 

Since the oligomers that are formed are linear with an available OH-group that can act as 

an H-bond donor, these oligomers can also form a complex with both functional groups of 

CP through H-bonding. As a result, a maximum stoichiometry of 6:1 (NP:CP) can 

theoretically be achieved (see Figure 3.2). From the possibilities to form H-bonds between 

monomers, dimers, and trimers with the pyridine, and/or the nitrile functional groups, 

there is a large variety of complexes (15 in total) that may be formed. Similar situations 

have been reported for the complexation of phenol and pyridine
8
, and of phenol with 

mono functional and poly functional nitrogen bases in general
9
. 
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3.2.5 Reactive extraction mechanism for CP with NP 

Considering the aqueous phase behavior of CP, the physical solubility of CP in the NP 

phase, and the variety of H-bonded complexes formed in the NP phase, the generalized 

extraction mechanism shown in Figure 3.1 can be modified to the extraction scheme in 

Figure 3.3. Here, NP oligomers are formed varying in their size indicated by the indices i 

and j. Both oligomers can react with the two functional groups of CP and form a complex 

with maximum trimers attached to both functional groups as presented in Figure 3.2. 

Since both i and j can vary between 1 and 3, there are 15 possible combinations between 

CP and NP, therefore theoretically 15 different complexes exist. In Table 3.1 , the variation 

in oligomer size complexed to the pyridine and cyanide group are presented. In the 

following subsections the model equations that describe this extraction mechanism will be 

discussed. 

 

 
Figure 3.2: Through hydrogen bonding, complexation of one CP with up to six NP molecules is possible. 

 

 
Figure 3.3: Homogeneous reactive extraction mechanism of CP with the reactive solvent NP with 

varying stoichiometry (i+j):1 (NP:CP) where 0 ≤ i ≤ 3 and  0 ≤ j ≤ 3. 
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Table 3.1: Complexes of NP with CP varying in their stoichiometry. 

Complex 

 

Oligomer size complexed with 

the pyridine functional group 

Oligomer size complexed with 

the cyanide functional group 

Stoichiometry 

(NP:CP) 

1 1 0 1:1 

2 0 1 1:1 

3 1 1 2:1 

4 2 0 2:1 

5 0 2 2:1 

6 2 1 3:1 

7 1 2 3:1 

8 2 2 4:1 

9 3 0 3:1 

10 0 3 3:1 

11 1 3 4:1 

12 3 1 4:1 

13 2 3 5:1 

14 3 2 5:1 

15 3 3 6:1 

 

3.2.5.1 Model equations 

Based on the complexation possibilities of both functional groups of CP with NP 

monomers, dimers or trimers, 15 different complexes can be formed (see Table 3.1).  In 

the model there are basically three types of reactions, i.e. oligomerization of NP, 

complexation between the pyridine functional group of CP and NP oligomers, and 

between the nitrile functional group of CP and NP oligomers. In order to reduce the 

complexity of the model, it is assumed that the complexation constants that represent the 

equilibria are independent on the size of the complexes, an assumption that has been 

made before by several researchers for different types of compounds, e.g. carboxylic acids 

and alcohols
24-26

. With this assumption, the complete set of organic phase interactions can 

be described by only three thermodynamic constants, each of them being specific for one 

of the three types of possible interactions. In the oligomerization of NP the first step is the 

dimerization and the second step is the trimerization (Equation 3.2 and Equation 3.3). The 

equilibria of these reactions are defined in Equations 3.4 and 3.5.  

 2qr	 ⇆ bqrct       Equation 3.2 

 bqrct + qr	 ⇆ bqrcu      Equation 3.3 
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!� = lbv6cwoooooooooolv6oooooow        Equation 3.4 

 !x = lbv6cyoooooooooolbv6cw ∙lv6ooooooooooooooooooooooo = lbv6cyoooooooooo�z∙lv6ooooooy      Equation 3.5 

 

With the model assumption KD=KT as explained in the previous paragraph, Equation 3.5 

can be rewritten as Equation 3.6. 

 !�t = lbv6cyoooooooooolv6ooooooy        Equation 3.6 

 

The equilibria of the self-association of NP can then be more generically defined by 

introducing the parameter KSA=KD, Equations 3.4 and 3.6 can be combined obtaining 

Equation 3.7, where h is equal to either i or j. 

 b!�{c^�� = lbv6c9oooooooooo
lv6oooooo9       Equation 3.7 

 

Similarly, all complexation reactions of NP oligomers with the pyridine nitrogen of CP are 

characterized by equilibrium relations with equilibrium constant K�,}~  and the 

complexation with the cyanide nitrogen with K�,��≡~. The indices i and j indicate the length 

of the NP oligomer complexed to the pyridine nitrogen and to the cyanide nitrogen, 

respectively. The complexation reactions of the NP oligomers with CP are defined in 

Equation 3.8 where 0 ≤ i ≤ 3, and  0 ≤ j ≤ 3. 

 bqrcR + bqrc� + �r	 ⇆ 	 bqrcR��r    Equation 3.8  

 

The equilibrium equations that correspond with these reaction equations are: 

 

!
,R� = lbv6c���%6oooooooooooooooo
lbv6c�ooooooooo∙lbv6c�%6ooooooooooooo      Equation 3.9 

 

!
,�
≡� = lbv6c���%6oooooooooooooooo
lbv6c�oooooooooo∙lbv6c�%6ooooooooooooo      Equation 3.10 
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By applying Equations 3.7, 3.9 and 3.10 to all possible complexation stoichiometries, the 

mole fractions of the fifteen different types of complexes are related to each other. The 

system of equations is completed with the material balances of CP and NP (Equations 3.11 

and 3.12). 

 q\� ∙ k"G,RSR = q\� ∙ k"G,P� + qU[`,P� ∙ ∑ ,∑ ,kb�Gc���"Goooooooooooo5��u��d 5R�uR�d  Equation 3.11 

  

qU[`,RSR = qU[`,P� ∙ �∑ J� ∙ kb�Gc�ooooooooK + ∑ ,� ∙ kb�Gc�oooooooo5 + ∑ ,∑ �b� + �c ∙ 	kb�Gc���"Goooooooooooo���u��d 5R�uR�d��u���R�uR�� � 

        Equation 3.12 

  

The material balances and the reaction equilibria have been expressed in molar fractions 

to account for the volume change of the organic phase due to the extraction of CP and 

due to the temperature change. In order to describe the thermodynamic parameters as 

function of temperature, the van ‘t Hoff equation was used
9
 defined by Equation 3.13. 

This equation relates a thermodynamic property (either the physical partitioning or 

complexation constant) to the temperature via the enthalpy (∆H [J
.
mole

-1
]) and entropy 

(∆S [J
.
(mole

.
K)

-1
] of complexation and phase change. 

 )�b!c = − ∆'?∙x + ∆�?       Equation 3.13 

 

3.2.5.2 Modeling approach 

The previously described self-association of NP and the complexation between CP and NP 

could be studied experimentally by using spectroscopic methods such as Fourier 

transform infra-red spectroscopy (FTIR)
12,27

 or by isothermal calorimetric (ITC) 

measurements
7,8,28

. However, both methods suffer from the drawback that the analysis 

becomes difficult or even impossible when the complexation mechanism becomes more 

complicated due to the presence of complex stoichiometries
8,26

 as is the case for the 

complexation of NP with CP. Therefore in this work, the complexation mechanism was 

analyzed in biphasic liquid equilibrium studies, and the previously described model was 

regressed to the experimental data taking into account all 15 different complexes that can 

be formed. Such methods have been used in other works to study reactive extraction 

mechanisms
29

 with hydrogen bonding as complexation mechanism. In order to estimate 

the capacity of the solvent as function of temperature, the temperature dependency of 

the thermodynamic parameters needed to be determined. A temperature interval of at 

least 50 °C is required
9
 to fit the temperature dependent parameters according to 

Equation 3.13 and therefore the model was developed in a temperature range of 25 to 80 

°C.  
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Besides the three thermodynamic parameters that describe the complexation mechanism, 

also the partitioning coefficient needed to be determined experimentally. However, the 

partitioning coefficient cannot be directly measured on the basis of the extraction 

experiments with the reactive solvent NP, because physical partitioning and the 

complexation reactions occur simultaneously. In order to estimate the partitioning 

coefficient independently, 1-methoxy-4-nonylbenzene was synthesized with equal 

branching of alkyl chain and was used in extraction experiments. Due to the absence of a 

reactive functional group no complexation reactions will occur and due to the similarity in 

the molecular structure of this solvent and NP, the hydrophobicity will be similar and the 

partitioning coefficient could be estimated using this solvent. The final results on the 

complexation strengths of NP with CP were compared with experimental data from the 

literature to verify the validity of the assumptions that were made in the development of 

the model. 

3.3 Experimental methods 

3.3.1 Chemicals 

4-Cyanopyridine (98 %) and pyridine (> 99.9 %) were supplied by Sigma-Aldrich and 4-

nonylphenol (a mixture of branched isomers) was supplied by TCI-Europe. 1-Methoxy-4-

nonylbenzene (a mixture of branched isomers) was provided by Syncom (Groningen, The 

Netherlands). 

3.3.2 Liquid-liquid extraction experiments 

To determine the organic and aqueous phase compositions at equilibrium, both reactive 

extraction and physical extraction experiments were performed. The physical extraction 

experiments were performed using 1-methoxy-4-nonylbenzene as solvent, because with 

this solvent no hydrogen bonding interactions are possible, and the physical partitioning 

of CP into this solvent is comparable with NP, because the structures of both solvents 

strongly resemble. Aqueous CP solutions with 4.8, 48, 96 and 288 mM were contacted 

with 1-methoxy-4-nonylbenzene at solvent to feed ratios ranging between 0.007 and 0.03 

on mole basis (0.09 and 0.40 on mass basis, respectively). The reactive extraction 

experiments were done by contacting aqueous CP solutions with an initial concentration 

of 288 mM with the reactive solvent NP at varying solvent to feed ratios between 0.003 

and 0.078 on mole basis (0.04 and 0.95 on mass basis, respectively). Preliminary 

experiments were performed to determine the time that was required to reach 

equilibrium. The results showed that at a temperature of 25 °C, a solvent to feed ratio of 

0.07 on mole basis (0.94 on mass basis) and an initial aqueous CP concentration of 4.8 mM 

reached equilibrium within 5 hours. All experiments were performed during 24 hours to 
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ensure that equilibrium is reached under all conditions. The biphasic systems were 

magnetically stirred while controlling the temperature in a water bath at 25, 35, 50, 65 or 

80 °C during the extraction experiment. After this, the phases were allowed to settle for 6 

hours and then a sample of the aqueous phase was taken and filtered over a 45 µm filter 

before analysis. The samples were analyzed using gas chromatography and the 

concentration in the organic phase was calculated by a mass balance. 

3.3.3 Analytical method 

The concentration 4-cyanopyridine in the aqueous phase was measured by gas 

chromatography. A sample was prepared by taking 1.2 mL of the aqueous phase and 

mixing it with 0.3 mL of a 0.10 g
.
L

-1
 pyridine solution which was used as internal standard. 

The sample was then injected in a Varian CP-3800 gas chromatograph (Varian Inc, the 

Netherlands) equipped with a 25 m x 0.53 mm CP-WAX column and flame ionization 

detector. A sample of 1 µL was injected, the initial column temperature of 50 °C and was 

followed by a ramp of 20 °C
.
min

-1
 to 200 °C, the temperature was then further increased 

to 240 °C with a ramp of 50 °C
.
min

-1
. Each sample was injected three times; the relative 

standard deviation for samples with a concentration below 0.5 mM was below 3 % and 

the samples with a higher concentration had a relative standard deviation below 1 %. 

3.4 Results and discussion 

3.4.1 Physical partitioning 

The physical solubility of CP in NP was estimated using 1-methoxy-4-nonylbenzene as 

solvent in extraction experiments. The physical partitioning coefficient was determined by 

regressing Equation 3.1 to the experimental data. In Figure 3.4a, the experimental and 

modeling results are displayed for different temperatures. It can be observed that the 

partitioning coefficient is independent of the raffinate concentration, because a linear 

correlation is obtained over the entire concentration range for all of the temperatures 

applied. The individually determined partitioning coefficients for each temperature are 

plotted against the reciprocal temperature in Figure 3.4b. By fitting Equation 3.13 to the 

experimental data, the enthalpy and entropy of phase change were estimated. The 

enthalpy and entropy of phase change were estimated at 3.3 ± 0.4 kJ
.
mole

-1
 and 36.2 ± 1.3  

J
.
(mole

.
K)

-1
, respectively. The parameters were fitted with a high accuracy, the mean 

relative error was 2.8 %. Each value for the partitioning coefficient was fitted with a 

confidence interval of 3 % or less, indicating that an accurate fit was obtained. 
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Figure 3.4: a) Experimental results for the measurement of the partitioning coefficient. Symbols: T = 25 °C (�), 

T = 35 °C (), T = 50 °C (△  ), T = 65 °C (▽ ) and T = 80 °C (�). Dashed lines are model lines. b) Van ‘t Hoff plot 

for the partitioning coefficient. Fitted partitioning coefficient (�), dashed line is the model prediction. 

 

The data confirm the physical solubility of CP in NP which strengthens the hypothesis that 

the homogeneous extraction mechanism can be applied. Furthermore, it can be observed 

that the physical partitioning coefficient is larger than 1 and therefore it can be concluded 

that CP has a higher solubility in the organic phase than in the aqueous phase which may, 

among other factors, be due to the aromatic rings that are present in both CP and 1-

methoxy-4-nonylbenzene, allowing π-π stacking. With an increase in temperature an 

increase in the physical partitioning coefficient was observed due to the positive enthalpy 

of phase change. 

3.5 Reactive liquid-liquid extraction 

Reactive liquid-liquid extraction experiments of CP with NP were performed to study the 

complexation mechanism presented in Figure 3.3. The measured distribution coefficients 

(D), defined as the ratio of the fraction of all forms of CP in the organic phase and the 

aqueous phase (Equation 3.14), are presented in Figure 3.5. 

 � = l%6,�00���.�ooooooooooooooooool%6       Equation 3.14 

 

In Figure 3.5 it can be observed that the distribution coefficient decreases with an 

increase in the aqueous phase concentration of CP and that the distribution coefficient 

reduces with an increase in the temperature. Furthermore it can be observed that the 

distribution coefficient ranges from a value of 100 to 900 in the concentration and 

temperature range used in these experiments, whereas the value of the partitioning 

coefficient ranges from 20.8 to 25.5 depending on the temperature. This shows how the 
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complexation reaction enhances the overall distribution coefficient. In the estimation of 

the thermodynamic parameters all 15 different complexes were taken into account, and 

using the physical partitioning coefficient as obtained in the previous section, the three 

thermodynamic parameters were fitted to the experimental data. In order to regress the 

thermodynamic properties accurately, the enthalpies and entropies of the complexation 

with the two functional groups of CP and of the self-association of NP were regressed 

directly to the data instead of determining the individual complexation and self-

association constants at each temperature as was done for the physical partitioning. In 

Figure 3.6 the parity plot is presented. In both Figure 3.5 and 3.6, it can be observed that 

an excellent fit of the experimental data was obtained with a mean relative error of only 

3.8 %.  

 

 

Figure 3.5: Distribution coefficients as function of temperature and aqueous phase concentration CP. 

Symbols: T = 25 °C (�), T = 35 °C (), T = 50 °C (△  ), T = 65 °C (�), T = 80 °C (�). Dashed lines are model 

lines. 
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Figure 3.6: Parity plot of the fitted reactive extraction mechanism. 

Experimental data points (�) and the dashed line is the diagonal. 

 

The values for the enthalpies and entropies, including their confidence intervals, are 

presented in Table 3.2. The highest confidence interval was obtained for the entropy of 

self-association with a value of only 4 %, suggesting that an accurate fit was obtained. 

 

Table 3.2: Entropy’s and enthalpy’s of complexation and self-association 

Complexation type 

 

Enthalpy 

[kJ
.
mole

-1
] 

Entropy 

[J
.
(mole

.
K)

-1
] K�,}��~  -15.3±0.2 -27.9±0.3 K�,����≡~  -8.1±0.2 -15.9±0.03 K�� -1.3±0.02 -0.5±0.02 

 

The negative values for the enthalpies of complexation and self-association indicate that 

at higher temperatures the complexation strength decreases. As hydrogen bond 

formation is an exothermic reaction, this is also according to the expectations and is in 

agreement with the reduction in the distribution coefficient with the temperature as 

displayed in Figure 3.5. The enthalpy of complexation of the pyridine group is the highest, 

due to the higher reactivity of this functional group compared to the cyanide group. The 

complexation constant of the cyanide group and the pyridine group with a monomer of 

NP at 25 °C differ a factor 4 from each other which is in agreement with the difference in 

reactivity found in literature for the complexation reaction of CP with 4-fluorophenol, 

where a difference with a factor 3 was obtained
12

. Furthermore, the enthalpy is lower 

than the threshold of proton exchange which is 45 kJ
.
mole

-1
.
10

 This indicates that the 

effect of the hydrogen bond with the pyridine group will not significantly affect the 

electron distribution on the aromatic ring and therefore the reactivity of the cyanide 
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group will not change, and vice versa. The enthalpies of complexation are within the range 

of values reported in the literature
10

 for the complexation of phenol and pyridine 

derivatives. The results obtained and the comparison with the data from the literature 

verifies the validity of the assumptions made in the development of the model. 

3.5.1 Organic phase composition 

With the previously fitted parameters the fractions of all 15 complexes in the organic 

phase could be calculated as function of temperature and the aqueous phase 

concentration of CP. This allowed studying the relative importance of all complexes that 

are included in this model, and the stoichiometry of the complexes that are indicated as 

NP:CP. With Equation 3.15, the fractions of the complexes varying in their stoichiometry 

compared to the total fraction of the complexes present in the organic phase (Xi) were 

calculated and are presented in Figure 3.7 at 25 °C and 85 °C.  

 �R = lbv6c�%6ooooooooooooo∑ lbv6c�%6ooooooooooooo������       Equation 3.15 

 

In Figure 3.7a it can be observed that at a molar fraction of CP in water below 0.0005, the 

complex with a stoichiometry of 2:1 is most abundant and also stoichiometry’s of 3:1 and 

higher are present. Due to an excess of phenol to pyridine, dimers and trimers of NP are 

likely to be formed which allows the formation of complexes with stoichiometries of 3:1 

and higher. Elevating the concentration of CP in the aqueous phase, results in a higher 

concentration of CP in the organic phase and hence more complexes can be formed. Due 

to the complexation reaction, the hydrogen bonds between dimers and trimers of NP are 

broken, the concentration of the complexes with a stoichiometry of 3:1 decreases 

gradually and the complexes with higher stoichiometries reduce more rapidly. As there 

are less dimers and trimers present, the 1:1 complex becomes the most abundant 

complex, the 2:1 stoichiometry has an optimum at a CP molar fraction of 0.0005 in the 

aqueous phase. In Figure 3.7b it can be observed that an increase in the temperature 

causes a shift in the optimum of the 2:1 complex from a molar fraction of CP in the 

aqueous phase of 0.0005 to 0.0001. Increasing the temperature results in lower 

complexation strength between CP and NP, but also reduces the self-association strength. 

As a result the size of the oligomers will reduce, and the complexes with a stoichiometry 

of 2:1 and higher will be formed less than at a lower temperature. At both temperatures it 

can be observed that the complexes with a stoichiometry of 5:1 and 6:1 have an almost 

negligible concentration which validates the assumption that trimers are the largest self-

associates that need to be considered and it is in agreement with the results obtained in 

the literature on the self-association of phenols in water saturated apolar diluents
22

. 
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Figure 3.7: Fractions of the complexes varying in their stoichiometry (NP:CP) in the organic 

phase at 25 °C (a) and at 85 °C (b). Solid line: 1:1 stoichiometry, dashed line: 2:1 

stoichiometry, dotted line: 3:1 stoichiometry, dash dot line: 4:1 stoichiometry, dash dot 

dot line: 5:1 stoichiometry and short dash line: 6:1 stoichiometry. 

 

3.6 Conclusions 

 

The extraction of 4-cyanopyridine from aqueous solutions using undiluted 4-nonylphenol 

has been investigated in this chapter. The results indicate that the homogeneous 

extraction mechanism is valid for this system, as 4-cyanoypridine is physically soluble in 4-

nonylphenol. A reactive extraction model was developed with hydrogen bond formation 

between the two functional groups of 4-cyanopyridine and 4-nonylphenol as well as the 

self-association of 4-nonylphenol into dimers and trimers. This extraction mechanism 

takes into account all fifteen theoretical complexes that can be formed, considering 4-

nonylphenol trimers as the largest self-associates. The interactions were categorized into 

oligomerization of 4-nonylphenol, complexation of 4-nonylphenol with the pyridine 

functional group and with the cyanide functional group, and for each of the interaction 

categories one thermodynamic parameter was defined. The three thermodynamic 

constants were regressed to the experimental data with a mean relative error of only 3.8 

%. The confidence intervals of all parameters were below 4 %, indicating that a good fit 

was obtained. The results indicate that the complexes are formed mostly with a 

stoichiometry ranging up to 4:1 (4-nonylphenol:4-cyanopyridine) while higher order 

stoichiometry’s have much lower concentrations. 
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Nomenclature 
 

Abbreviations: 

CP: 4-Cyanopyridine 

NP: 4-Nonylphenol 

H-Bond: Hydrogen bond 

 

Symbols: 

D: Overall distribution coefficient    [-] 

ΔH: Enthalpy       [J
.
mole

-1
] 

K: Complexation constant     [-] 

N: Mass       [mole] 

m:  Physical partitioning coefficient    [-] 

ΔS: Entropy        [J
.
(mole

.
K)

-1
] xo: Mole fraction in the organic phase    [mole

.
mole

-1
] x: Mole fraction in the aqueous phase   [mole

.
mole

-1
] 

X: Fraction of the complex compared with the total fraction of complexes  [-] 

pKa: Acid dissociation equilibrium 

 

Subscripts: 

i: Length of the oligomer complexed with the pyridine nitrogen 

j: Length of the oligomer complexed with the cyanide nitrogen 

h: Length of the oligomer 

aq: Aqueous phase 

org: Organic phase 

c: Complexation 

SA: Self-association 

eq: Equilibrium 

ini: Initial 

D: Dimer 

T: Trimer 

 

Superscripts: 

N: Pyridine nitrogen 

C≡N: Cyanide nitrogen 
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4.1 Introduction 
 

The trace removal of polar organic compounds from aqueous streams may result in 

complicated processing where conventional separation technologies (e.g. distillation) 

cannot be applied for reasons of energy efficiency. For this reason alternative 

technologies that require less energy are desired, including reactive extraction. In water 

treatment systems, reactive extraction involves transfer of a solute from the aqueous 

phase to an organic phase which is facilitated by a reversible chemical complexation 

reaction between the solute and the reactive solvent
1,2

. This technology is promising 

because high distributions can be reached through the complexation, however, the risk of 

irreversible emulsification and entrainment of the solvent should be minimized. Reactive 

solvents may be impregnated into resins to form solvent impregnated resins (SIRs) that 

can minimize entrainment and emulsification
3
. 

For a SIR, typically macro-porous particles of 0.05 to 2 mm
4
 are used of various materials 

(e.g. polypropylene
5,6

, polystyrene-divinylbenzene
7
, silica

8
) that can be impregnated with a 

range of solvents (e.g. amine based solvents
5,7

, phosphoric acid based solvents
9
 and 

phosphine oxide based solvents
6
). In a SIR based purification process, the solute is 

extracted from the aqueous phase to the organic phase inside the pores of the resin. The 

resin is the carrier of the solvent and minimizes entrainment and irreversible 

emulsification since mixing and settling of the two liquid phases is no longer required. 

Several SIRs have been reported in the literature for the separation of polar organic 

compounds from aqueous streams like amino acids, organic acids and phenol
6,10,11

. 

In general it is concluded that the mass transfer rate in the pores of SIRs is slow as 

compared to the mass transfer rate on the outside of the particles
5,12,13

. This can be 

explained by the fact that the solvent inside the pores of the resin is as a stagnant liquid 

layer through which diffusion and a chemical complexation reaction occurs. Often these 

solvents are rather viscous and for this reason the diffusion rates are relatively slow, 

resulting in slow mass transfer rates. Thus, a good understanding of the phenomena 

occurring in the pores is required for process development and optimization. Several mass 

transfer models for SIRs have been developed in the literature based on empirical 

correlations like the linear driving force model
14

, models that describe the diffusion in the 

pores by Fick’s law of diffusion
5,12

 or by the shrinking core model
13

. The linear driving force 

model and shrinking core-model could adequately describe the experimental data, but 

they could not be used to study the concentration gradients inside the pores. A diffusion 

model based on Fick was developed for the extraction of phenol by Cyanex 923 

immobilized in macro-porous polypropylene, but could not describe the experimental 

data accurately. This could, among other factors, be due to the fact that multicomponent 
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diffusion effects were not included in the model. In order to improve the model accuracy 

and to be able to fully understand mass transfer and chemical reaction inside the pores of 

the SIRs, the Maxwell-Stefan approach towards multicomponent diffusion was used in this 

study, revealing the concentration gradients that aid explanation of the mass transfer 

behavior. 

This study focused at the development of a mathematical model to describe simultaneous 

reaction and diffusion in the pores of a SIR by using the Maxwell-Stefan approach towards 

multicomponent diffusion. The model also includes the volume expansion of the organic 

phase. In the extraction mechanism of 4-cyanopyridine with 4-nonylphenol a large 

number of complex can be formed, that may affect the diffusion rates, and is therefore 

too complex to analyze with such diffusion models. For this reason the extraction of 

phenol with Cyanex 923 as reactive solvent was used as model system. The experimental 

data of the extraction of phenol with Cyanex 923 impregnated in macro-porous propylene 

was used
15

 for model validation. To the best of our knowledge the application of the 

Maxwell-Stefan approach has not yet been reported before to describe mass transfer and 

reaction mechanisms in SIRs. 

4.2 Model description 
 

The mathematical model that was developed is based on three elements, i.e. the chemical 

reaction, pore diffusion and the volume expansion. In the following subsections, each of 

these elements of the model will be discussed, followed by a subsection on the 

description of the boundary conditions and numerical methods that were used to describe 

the experimental data. 

4.2.1 Reaction model  

The reactive extraction mechanisms in the literature are often referred to as 

homogeneous extraction or heterogeneous extraction mechanisms, depending on the 

location of the chemical reaction. In the removal of solutes that are insoluble in the 

organic phase, for example metals, the heterogeneous extraction mechanism is often 

applied where the complexation reaction occurs at the interface of the biphasic system
1,16

. 

In the case where a solute has a finite solubility in the organic phase, the reaction is not 

confined to the interface and can occur in the bulk of the organic phase. This mechanism 

is referred to as the homogeneous extraction mechanism
2,17

. In this chapter literature 

data on the reactive extraction of phenol by Cyanex923 was used, and for this system the 

homogeneous extraction mechanism was applied by Burghoff et al.
6
, see Figure 4.1a. Both 

the extractant (E) and the complex (C) are confined to the organic phase, whereas phenol 

(Ph) partitions over both phases. The molecular structures of Ph, E and C are given in 

Figure 4.1b. 
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a b 

Figure 4.1: a) Homogeneous extraction mechanism of phenol (Ph) by the reactive solvent Cyanex 923 (E) under 

the formation of a complex (C). b): Chemical structures of phenol, extractant and the complex formed by the 

hydrogen bond between phenol and Cyanex 923 (indicated with the dashed line). 

 

This homogeneous reactive extraction mechanism involves three simultaneous 

equilibrium reactions between the species phenol (Ph), the reactive solvent (E) and the 

complex (C). In the aqueous phase phenol deprotonates, and the deprotonation is 

described by the dissociation constant of the acid base equilibrium (pKa). Since phenol is 

only mildly acidic, the concentration of the deprotonated phenol under neutral conditions 

can be neglected. The neutral phenol partitions over the biphasic system, as described by 

the partitioning coefficient m (Equation 4.1), where the over bar designates the organic 

phase and concentrations are expressed as [mole
.
m

-3
]. In the organic phase, a 

complexation reaction occurs between phenol and the solvent, resulting in the formation 

of a complex. This last equilibrium is described by the complexation constant KC [m
3.

mole
-

1
] defined in Equation 4.2 where all concentrations are in [mole

.
m

-3
]. The values for these 

thermodynamic properties were estimated in a previous study by Burghoff et al.
6
. 

 � = �G^oooo �G^         Equation 4.1 

 !
 = �"̅ �G^oooo ∙�#o        Equation 4.2 

 �R = jR ∙ �[ ∙ ,�� ∙ �t − 
w�=5     Equation 4.3 

 

The relation for the reaction rate of this reversible chemical reaction was previously 

developed and is defined by Equation 4.3 where Ri [mole.m
-3.

s
-1

] is the reaction rate of 

component i, γi indicates the stoichiometry and equals -1 for the solute and solvent and 

+1 for the complex, and kr is reaction rate constant [m
3.

mole
-1.

s
-1

]. In the remainder of this 

chapter, the compounds in the organic phase are referred to numerically, where Ph is 

compound 1, C is compound 2 and the E is compound 3 as shown in Figure 4.1a. In the 
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previous study described by Burghoff et al.
15

 the reaction rate constant was regressed to 

the experimental data, however since we developed a new mathematical model it needed 

to be regressed using the new model.  

 

4.2.2 Diffusion model 

In the reactive extraction mechanism that was described above, the complexation 

reaction is based on hydrogen bonding. This mechanism is well understood and there are 

many authors that studied the diffusion of hydrogen bonded systems, e.g. pyridine bases 

in alcohols
18-20

. A series of articles has been published by Chan et al.
20-24

, investigating the 

effect of the volume of a solute, the molecular orientation of the solvent and hydrogen 

bonding on the diffusivity. In these studies it was concluded that hydrogen bond 

formation retards the diffusion rate by 9 % to 34 %, depending on the strength of the 

hydrogen bond and on the size of the solvent and solute molecules. Furthermore it was 

found that the diffusion rates of solutes with the same orientation (e.g. planar or 

spherical), but a different van der Waals volume have a diffusion coefficient that is 

proportional to their van der Waals volume. This is a good indication that the retardation 

of the diffusion rate due to hydrogen bonding is due to the increased volume of the 

hydrogen bonded complex in comparison with the free solute. Because the van der Waals 

volume of complexes of phenol and Cyanex 923 is much larger than that of free phenol, 

the diffusivity of the complex is expected to be much lower than the diffusivity of the free 

solute (phenol), and the system comprises of three components that differ in diffusivity 

and should be modeled as a multicomponent system.  

Multicomponent systems can be described by the Maxwell-Stefan approach, as has been 

done for example for the reactive extraction of zinc using di-2-(ethyl-hexyl)-phosphoric 

acid as done by Bart et al.
16,25

. The existing extraction literature, in which Maxwell-Stefan 

diffusivities are used, combines this approach with a heterogeneous extraction 

mechanism in which the reaction at the interface is used as a bootstrap relation
16

. 

However, for the reactive extraction of a polar organic compound (e.g. phenol) the 

homogeneous reactive extraction mechanism needs to be applied. Extraction models 

involving homogeneous reactions in combination with the Maxwell-Stefan approach have 

not been reported and therefore we here describe the derivation of such a model.  

The general Maxwell-Stefan equation for an n-component non-ideal system is given by 

Equation 4.4
26

. Assuming a thermodynamically ideal system, Equation 4.5 can be applied 

where activities are replaced by molar fractions. In Equations 4.4 and 4.5, N
m

 is the mass-

centered molar flux [mole
.
m

-2.
s

-1
], x is the mole fraction [mole

.
mole

-1
], ct is the total molar 

concentration [mole
.
m

-3
], � is the Maxwell-Stefan diffusivity [m

2.
s

-1
], a is the activity [-] 

and the indices i and j indicate the component numerically. 
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∇ lnb Rc = ∑ l¡∙��.�l�∙�¡.
�∙��¡
��S���      Equation 4.4 

 

∇kR = ∑ l¡∙��.�l�∙�¡.
�∙��¡
��S���       Equation 4.5  

 

The equation is bound to several constraints, first the sum of all fractions should equal 

unity, and second, for an incompressible liquid the sum of all volumetric fluxes should 

equal to 0 (Equation 4.6) as formulated by Kerkhof and Geboers
27

. In Equation 4.6, Zo  is the 

molar volume of the solute [m
3.

mole
-1

] based on the molecular weight and density. From 

these constraints it follows automatically that there are two independent diffusion 

equations for a ternary system. Equation 4.5 can therefore be written in terms of 

components 1 and 2 and results in a 2x2 matrix, defined by Equation 4.7 which can be 

rewritten as Equation 4.8. 

 ∑ qR¢ ∙ Z£¤ = 0SR��        Equation 4.6 

 

−�∇k�∇kt� = ¥ lw
�∙��w + ��l��lw
�∙��y + l�∙@�ooo
�∙��y∙@yooo l�∙@wooo
�∙��y∙@yooo − l�
�∙��wlw∙@�ooo
�∙�wy∙@yooo − lw
�∙��w
l�
�∙��w + ��l��lw
�∙�wy + lw∙@wooo
�∙�wy∙@yooo

¦ ∙ �q�¢qt¢�	  

          

        Equation 4.7 

 

−�∇k�∇kt� = �! ∙ bq¢c      Equation 4.8 

 

Since the reaction model and the equilibrium equations are written in terms of molar 

concentrations, the left term of Equation 4.7 needs to be converted to molar 

concentration gradients by Equation 4.9 as was also derived by Kerkhof and Geboers
27

. 

With the constraint that the sum of the volumetric fractions should equal unity (Equation 

4.10), two independent concentration gradients remain. 

 ∇kR = ,∇
�∇
�5 = �
� ∙ ∇�R − 
�
�w ∙ ∇�X      Equation 4.9  

 ∑ �R ∙ Z£¤R�SR�� = 1       Equation 4.10 

 

Equation 4.9 can be applied for both component 1 and 2 and together with Equation 4.10 

the equations can be written in matrix formulation in Equation 4.11. 
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−�∇k�∇kt� = ¥
�
�w ∙ ,1 − @�ooo@yooo5 − �
�

�
�w ∙ ,1 − @wooo@yooo5
w
�w ∙ ,1 − @�ooo@yooo5 
w
�w ∙ ,1 − @wooo@yooo5 − �
�

¦ ∙ �∇��∇�t� = �§ ∙ b∇�c Equation 4.11 

 

Combining Equations 4.8 and 4.11 in matrix notation results in Equation 4.12, which can 

be rearranged by matrix inversion of the matrix [K] to obtain Equation 4.13 in which the 

molar fluxes are expressed. In Equation 4.13, the product of [L] and [K]
-1

 is a 2x2 matrix. 

The diagonal elements of this matrix are referred to as the effective diffusion coefficients 

(Deffective [m
2.

s
-1

]) that describe the molecular flux according to the concentration gradient 

of the solute. In porous media, because pores are never perfectly cylindrical, the effective 

diffusion coefficients need to be corrected for pore shape and orientation, commonly this 

is done by introducing the tortuosity factor (¨ [-])
5
 and the pore diffusion coefficient (Dpore) 

can be estimated by Equation 4.14.  

 −b∇kc = �! ∙ bq¢c = �§ ∙ b∇�c     Equation 4.12 

 

 bq¢c = �§ ∙ �! �� ∙ b∇�c      Equation 4.13 

 �OU[P = �����=��4�©        Equation 4.14 

 

The derived relations for the chemical reaction and for the diffusion of the species 

through the pores of the resin are key elements for describing the mass transfer in the 

resin pores. However, due to non-negligible transfer of phenol into the pores, the volume 

is not constant and therefore a volume expansion model is required as well.   

4.2.3 Volume expansion model 

In extraction processes where SIR technology is applied, the solvent-to-feed ratio in a 

fixed bed column is generally low, and a high capacity is required. The capacity is often 

expressed in terms of the distribution coefficient (D) as defined in Equation 4.15, where 

the concentrations are given in [mole
.
m

-3
]. The distribution coefficient is based on 

equilibrium aqueous phase concentration (caq) and the total organic phase concentration 

of phenol. The total organic phase concentration of phenol is the sum of the 

concentration of free phenol (c1) and phenol in its complexed form (c2), in contrary to the 

partitioning coefficient that is only based on the concentration of the free form of phenol 

in the organic phase. 

 



Chapter 4 

74 

� = 
�
w
��        Equation 4.15 

 

The distribution coefficient of phenol over the Cyanex 923 and aqueous phase varies up to 

1000, depending on the aqueous phase concentration
6
. A result of this high capacity is 

non-negligible expansion of the organic phase
6
, for this reason the volume expansion was 

included in the model. 

Since the above derived diffusion equations are related to the concentration gradients of 

the solutes with respect to the radial position in the SIR, the equations needed to be 

rewritten in a different coordinate system because the radial coordinates change in time 

due to the volume expansion. Since the total number of moles of solvent should maintain 

equal over time, the number of moles of solvent (the total of free solvent molecules and 

those complexed with phenol) was used as fixed framework. All the diffusion equations 

have been rewritten in this new coordinate system, referred to as the mole-centered 

coordinate system. This technique has been used previously, in for example the 

description of mass transfer in drying by van der Lijn
28

, where coordinates also change 

over time. Because the complexation reaction has a stoichiometry of 1:1, the total 

number of moles of free solvent and solvent complexed with phenol remains constant and 

the flux equations have been rewritten in reference to the total concentration of free 

solvent plus complexed solvent, which concentration will be referred to as the reference 

concentration (cref) (Equation 4.16). Similarly, the flux of the reference component in 

reference to the center of mass (q[Pª¢ ) is related to the fluxes of free solvent and 

complexed solvent (Equation 4.17). The normalized concentrations of the components (ui) 

with respect to the reference component are defined in Equation 4.18. 

 �[Pª = �t + �u       Equation 4.16 

 q[Pª¢ = qt¢ + qu¢       Equation 4.17 

 «R = 
�
���       Equation 4.18 

 

The coordinates were transformed on the basis of a constant number of moles of solvent 

and complex as described in Equation 4.19, where Ztot is the normalized total number of 

moles of free solvent plus complex in the system which remains constant with respect to 

time, R(t) [m] is the radius of SIR particle as function of time, εp [-] the porosity of the SIR 

and r [m] the radial position. Equation 4.19 can be applied to determine the radial position 

at any time on the basis of the concentration of the reference component. 
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 ¬XUX =  �[Pª ∙ ®t ∙ NO ∙ ¯®?bXcd      Equation 4.19 

 

The change of the normalized component concentrations with respect to time at a 

position z is due to diffusion and reaction, as captured in a mass balance. The mass 

balance for component i at position z is formulated in Equation 4.20. Here qR[Pª
 is the flux 

of component i in reference to the reference component [mol
.
m

-2.
s

-1
]. The derivation of 

Equation 4.20 is given in Appendix A. 

 ,°_�°X 5± = °°± J−®t ∙ qR[PªK + ?�
���     Equation 4.20  

 

By combining Equations 4.17 and 4.6, the reference velocity (vref [m
.
s

-1
]) can be calculated 

and is formulated by Equation 4.21 and the flux of component i relative to the flux of the 

reference component by Equation 4.22. Here qR¢is the flux of component i calculated 

with Equation 4.13 [mole
.
s

-1.
m

-2
] defined as the flux based on the center of mass. 

 ²[Pª = �@�ooo∙��.b@wooo�@�oooc∙�w.��
�∙@�ooo
w∙b@wooo�@yoooc       Equation 4.21 

 qR[Pª = qR¢ − ²[Pª ∙ �R       Equation 4.22 

 

Finally, the absolute concentration gradients with respect to the varying coordinate r and 

the normalized concentration gradients with respect to the fixed mole-centered 

coordinate z are related to each other by Equations 4.23 and 4.24 for the solute and 

complex, respectively. 

 

°_�°± = °
�°[ ∙ ³@yooo∙
���@�ooo∙
�
���y ∙@yooo∙[w ´ + °
w°[ ∙ � 
�∙@�ooo
���y ∙@yooo∙[w�    Equation 4.23 

 

°_w°± = °
w°[ ∙ ³@yooo∙
���@�ooo∙
w
���y ∙@yooo∙[w ´ + °
�°[ ∙ � 
w∙@�ooo
���y ∙@yooo∙[w�    Equation 4.24 

  

Equations 4.23 and 4.24 can be written in matrix formulation, and by a matrix inversion 

Equation 4.25 is obtained, that relates the concentration gradients with respect to the 

varying coordinate r to the normalized concentration gradients with respect to the fixed 

mole-centered coordinate z. In Equation 4.25 it is assumed that there is no net volume 

production by the chemical reaction and it is stated that Zt¤ = Z�¤ + Zu¤ . 
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µ°
�°[°
w°[
¶ =

·̧
¹̧C/∙
���w ∙[w∙J@yooo∙
���
w∙@�oooK
���∙@yooo@�ooo∙b
�
wc − C/∙
���w ∙[w∙
�∙@�ooo
���∙@yooo@�ooo∙b
�
wc

− C/∙
���w ∙[w∙
w∙@�ooo
���∙@yooo@�ooo∙b
�
wc C/∙
���w ∙[w∙J@yooo∙
���
�∙@�oooK
���∙@yooo@�ooo∙b
�
wc º»
»¼ ∙ µ°_�°±°_w°±

¶ Equation 4.25 

 

Equation 4.25 can be substituted in Equation 4.12, resulting in Equation 4.26 that 

describes the molar flux in the mole-centered coordinate system. The final equation 

contains the matrix [L] to convert the fractions into concentrations, the matrix [K]
-1

 to 

calculate the effective diffusivities, the matrix [Q] that contains the elements of the 2×2 

matrix in Equation 4.25 to correlate the concentration gradients to the new coordinate 

system, and the tortuosity to correct for the pore shape and orientation. 

 bq[Pªc = �© ∙ �§ ∙ �! �� ∙ b∇�c = �© ∙ �§ ∙ �! �� ∙ �� ∙ b∇«c  Equation 4.26 

 

4.2.4 Boundary conditions 

The previously described model was validated using experimental data from the literature 

obtained by Burghoff et al.
15

. This experimental data was obtained in a zero length column 

setup consisting of a column with a thin layer (2 mm) of SIR particles through which a 

phenol containing aqueous phase was circulated and the concentration in the aqueous 

phase was measured over time. By applying a sufficiently high flow rate, the mass transfer 

resistance in the aqueous phase can be neglected and the diffusion rates inside the SIR 

can be studied. The resin was impregnated with Cyanex 923 at 80 % of its maximum 

porosity to prevent leaching of the solvent by the expansion of the organic phase. Details 

regarding the setup and the experimental data can be found in the study by Burghoff et 

al.
15

. In this paragraph the boundary conditions for the model describing this experiment 

are discussed. 

The SIR is considered as spherically symmetrical and therefore the concentration 

gradients and fluxes are equal to zero at z=0 for all components in the system (Equation 

4.27). As mass transfer in the aqueous film is not limiting, the concentration of phenol at 

the interface is equal to its equilibrium concentration (Equation 4.28). 

 °
�½± ¾±�d = 0       Equation 4.27 

 ��|±�À��� = � ∙ �\�       Equation 4.28 
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In the model described by Burghoff et al.
15

 it was assumed that the concentration gradient 

of the solvent and complex at the interface were zero, however by allowing the volume to 

expand this is no longer required. The concentration of the complex at the interface can 

be calculated on the basis of the reaction rate as it occurs at the interface by Equation 

4.29. The concentration of the solvent at the interface can directly be calculated using 

Equation 4.10. 

 °
w°X ¾±�À��� = �[ ∙ ,�� ∙ �u − 
w�=5±�À���     Equation 4.29 

 

To couple the equations that describe the diffusion inside the porous structure of the SIR 

to the aqueous phase concentration, Equation 4.30 was used that relates the 

concentration reduction in the aqueous phase (caq [mole
.
m

-3
]) in time to the concentration 

increase of phenol and complex in the organic phase in time. In Equation 4.30, V(t)SIR,tot 

[m
3
] is the total volume of SIR particles in the system and V(t)SIR,particle [m

3
] is the volume of 

one SIR particle, and both are a function of time due to volume expansion. The volume of 

the aqueous phase used in an experiment is given by Vaq [m
3
].  

 ½
��½X = ½½X ³ b
�
wc
���∙[w ∙ ¯Á±�À���±�d ´ ∙ @bXc$AB,���@bXc$AB,/����=0�ÂX ∙ �@��
   

Equation 4.30 

 

4.2.5 Physical and chemical properties 

The mathematical model described in the previous paragraphs together with the 

boundary conditions can be solved to estimate the concentration decrease in time in a 

zero length column setup. The model requires several physico-chemical parameters as 

input to solve the system of equations, being the 3 diffusion coefficients describing the 

friction forces between the solutes (phenol and the complex) and solvent (Cyanex 923) 

inside the pores, the tortuosity of the resin, and the parameters that describe the 

extraction mechanism, e.g. the physical solubility, complexation constant and the reaction 

rate constant.  

A ternary system requires 3 diffusion coefficients as input, each of them describing a 

specific interaction between the solutes and solvent. In this case, the diffusion coefficients 

were �13 describing the mobility of phenol in the solvent phase, �23 describing the 

mobility of the complex in the organic phase and �12 describing the friction forces 

between phenol and the complex. In the case that �12 is lower than �13 it indicates that 

the diffusivity of phenol reduces upon complex formation. A value of the �12 higher than �13 indicates that the mobility of phenol increases upon complex formation. To estimate 
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the values of these diffusion coefficients, the Wilke-Chang correlation was used (see 

Equation 4.31).  

 

�R� = 7.4 ∙ 10�Æ ∙ JÇ∙ef,wKÈ.É∙xÊ∙@�È.�      Equation 4.31 

 

The Wilke-Chang correlation is the most commonly applied predictive method for 

estimation of diffusion coefficients. It is generally concluded that when applied in binary 

fashion (i.e. only the binary diffusivity of solutes in the solvent are considered), the 

predicted values can strongly deviate from measured values, especially in the case of 

hydrogen bonding solutes and solvents. These deviations may be 20 % but in several 

specific cases may even be higher as reported by Lusis et al.
29

. However, when considering 

the system as a multicomponent system such as done in this study, the deviations tend to 

be much smaller and can be reduced to 10 % and less as was shown by McKeigue et al.
18

 

and Lusis et al.
29

. For this reason the values obtained by the Wilke-Chang correlation were 

used directly as input in the model and no data regression of the diffusion coefficients was 

performed. The Wilke-Chang correlation relates the diffusion coefficient to the molecular 

weight (EF,t	[g.
mole

-1
]) of the solvent, the temperature (T [K]) of the system, the viscosity 

(Ë [mPa
.
s]) of the solvent and the molar volume at its boiling point (Vi [cm

3.
mole

-1
]) of the 

solute and the association factor (ϕ [-]). The last term depends on the self-association of 

the solvent, and was set at 1 as the solvent does not form self-associates. The molar 

volume at its boiling point was estimated using the Le-Bas group contribution method
30

, 

assuming that the molar volume of the complex is equal to the sum of the volumes of the 

solvent and phenol. Equation 4.31 could be applied to estimate 2 out of the 3 binary 

diffusion coefficients, being the �13 and the �23 using the viscosity and molecular weight 

of the solvent. However, for the �12 the viscosity of the complex needs to be used as 

input, and since this is unknown, Equation 4.31 could not be applied without making an 

assumption. To apply Equation 4.31 for the estimation of �12, it was assumed that the 

viscosity of the complex is equal to the viscosity of the solvent. The sensitivity of the 

process simulation for changes in �12 is evaluated in the results section using the 

experimental data. 

The parameters that describe the extraction mechanism, the complexation constant, the 

physical solubility and the viscosity were previously determined at 25 and 50 °C
15

 and 

presented in Table 4.1. The tortuosity was previously estimated for macro-porous 

propylene at a value of 6.51
5
. The remaining parameter, the reaction rate constant, could 

only be determined through data regression.  
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Table 4.1: Chemical and physical properties at 25 and 50 °C 

Parameter T = 25 °C T = 50 °C �12 (m
2.

s
-1

) 8.3
.
10

-11
 2.8

.
10

-10
 �13 (m

2.
s

-1
) 7.4

.
10

-11
 2.5

.
10

-10
 �23 (m

2.
s

-1
) 2.5

.
10

-11
 8.5

.
10

-11
 

Kc (L
.
mol

-1
) 37.2 30.7 

m (-) 16.7 12.3 Ë (mPa
.
s) 34.6 11.2 

 

4.2.6 Numerical simulation 

The derived mathematical model was programmed in gProms model builder 3.3.1. The 

equations were solved using the backward and forward discretization method. Parameter 

regression was performed using the parameter estimation tool of gProms model builder, 

with a constant relative variance model set at 3 %. 

4.3 Results 

4.3.1 Reaction rate constant fitting 

With the parameters given in Table 4.1, including the fixed �12 on the basis of an 

estimated viscosity, the reaction rate constant was the only unknown parameter for the 

model and this parameter was regressed using experimental data from Burghoff et al.
15

. 

At two temperatures (25 and 50°C) two sets of data with an initial aqueous concentrations 

of 0.5 and 2 g
.
L

-1
 of phenol were used for the regression, and a third set of data with 1 g

.
L

-1
 

of phenol as initial aqueous concentration was used for validation. A particle radius of 0.5 

mm and a particle porosity of 0.521 were applied, the initial concentration of the reactive 

solvent Cyanex 923 was dependent on the temperature and was 2.5 M and 2.4 M at 25 °C 

and 50°C, respectively. The normalized aqueous phase concentration, defined as the ratio 

of the concentration and the initial concentration, are displayed in Figure 4.2. 

In Figure 4.2 it may be observed that the concentration reduces over time and depending 

on the temperature and initial concentration takes approximately 100 to 200 minutes to 

reach its equilibrium. The measured trend differs from the expectations of a fully diffusion 

controlled mechanism, where the initial mass transfer in a short contact time occurs fast 

and then reduces. At an initial concentration of 0.5 g
.
L

-1
 it can clearly be observed that the 

reduction in the aqueous phase concentration occurs gradually, this indicates that another 

effect, e.g. the reaction rate, instead of diffusion is controlling the mass transfer rate. Also 

included in Figure 4.2 are the results of the model and it can be observed that it describes 

the data accurately after regression of the reaction rate constant. At an initial 

concentration of 2 g
.
L

-1
 and a temperature of 25 °C it can be observed that there is a slight 

underestimation of the initial mass transfer rate, however the maximum deviation 
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between the model and experiment at any point in time did not exceed 5 %. At 50 °C 

some deviation between the experimental and estimated equilibrium composition was 

obtained at an initial concentration of 2 g
.
L

-1
, but also in this case the deviations did not 

exceed 5 %. In Table 4.2 the R
2
 values of the data regression and the regressed values of 

the reaction rate constants including the 95% confidence interval are presented. 

 

 
Figure 4.2: Results of the regression and validation of the reaction rate constant. a) Results at 

25 °C. b) Results at 50 °C. Symbols: Experimental results with an initial concentration of 2 g
.
L

-1
 

(�), 1 g
.
L

-1
 () and 0.5 g

.
L

-1
 (△  ). Lines are the model results. 

 

Table 4.2: R
2
 and regressed values of the reaction rate constants as function of temperature 

T R
2
 kr 

[°C] cini = 0.5 g
.
L

-1
 cini = 1 g

.
L

-1
 cini = 2 g

.
L

-1
 [m

3.
mole

-1.
s

-1
] 

25 0.99 0.99 0.97 1.2
.
10

-6
 ± 5.9 % 

50 0.99 0.99 0.96 3.2
.
10

-6
 ± 3.6 % 

 

In Table 4.2 it can be observed that the model can describe the data very well for both 

temperatures and for all three concentrations as the R
2
 values are always near unity. At an 

initial concentration of 2 g
.
L

-1
 of phenol in the aqueous phase the R

2
 reduced slightly to a 

value of 0.96 at 50 °C, but in general it can be concluded that the description of the data is 

very good. Furthermore, the results show that upon an increase of the temperature, an 

increase in the reaction rate is obtained, which is according to expectations. It can 

furthermore be concluded that the reaction rate limits mass transfer, because the rate 

constants at both temperatures were determined with a small confidence interval, 

indicating that the parameter is important for the overall rate. From the values of the 

reaction rate constants it can be concluded that the reaction proceeds slowly. The values 

are comparable to those found in the previously developed model for the extraction of 
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phenol by Cyanex 923 in macro-porous propylene
12

 and in the same order of magnitude 

as for example the complexation reaction between citric acid with an amine based solvent 

(Alamine 336) by hydrogen bonding
31

. The low reaction rate is most likely a result of the 

high viscosity of the organic phase in combination with steric effects. 

4.3.2 Diffusion constant sensitivity 

The value of �12 was estimated because the viscosity of the complex is not known. Before 

applying the model in process simulations, the sensitivity towards �12 was investigated. 

By simulations it was established that varying �12 50 % lower and higher than the 

assumed value did not change the concentration profiles significantly.  The largest effect 

was observed for the experiments with an initial concentration of 2 g
.
L

-1
. In Figure 4.3 the 

relative deviation between the concentration profiles obtained with values of �12 50 % 

higher and lower than the estimated value are displayed for an initial concentration of 2 

g
.
L

-1
 at a temperature of 50 and 25 °C. 

 

 
Figure 4.3: The effect of �12 on the response of the model at an initial concentration 

of 2 g
.
L

-1
 at 25 °C (black lines) and 50 °C (grey lines) when using a value of �12 50 % 

higher than estimated (continuous line) and 50 % lower than estimated (dashed line). 

 

In Figure 4.3 it can be observed that �12 has a small effect on the concentration profiles 

with a maximum deviation of 1.75 % between the simulation with the estimated value at 

25 °C and the simulation with the value 50 % lower than predicted. At a value of �12 50 % 

lower than predicted, �12 is smaller than �13 and as previously mentions this would 

indicate that the diffusivity of phenol through the complex rich phase is lower than 

through the complex lean phase, resulting in a negative value of the relative deviation. At 

a value 50 % higher than assumed, �12 is larger than �13, indicating that the mobility of 

phenol through the complex rich phase would be higher than through the complex lean 

phase, resulting in a positive relative deviations. The results indicate however, that this 
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effect is almost negligible as the effect of the �12, either being lower or higher than �13, 

does not significantly affect the transfer rate. The reason for the low importance of �12 is 

studied in more detail in the next section (the value in Table 4.1 will be used).  

4.3.3 Simulations  

With the regressed reaction rate, simulations were performed to study the extraction 

mechanism in greater detail. Before studying in detail the concentration profiles inside the 

pores of the SIR, the flux through the interface is discussed to elucidate on the relative 

importance of diffusivities and the reaction rate. 

4.3.3.1 Enhancement factor 

The mass transfer of phenol from the aqueous phase to the organic phase is described by 

a combination of the chemical reaction and the diffusion of free phenol and the complex. 

To evaluate how a reaction affects the overall mass transfer rate in systems where mass 

transfer and reaction occur simultaneously, the enhancement factor is commonly used
32

. 

The enhancement factor (Ea, Equation 4.32) was defined as the ratio of the flux of phenol 

from the interface (q�[Pª
) and the total mass transfer rate (qXUX[Pª

). The last is a combination 

of the diffusion of phenol from the interface to the center of the SIR particle and the 

chemical reaction that occurs. The enhancement factor with an initial aqueous phase 

concentration of 2, 1 and 0.5 g
.
L

-1
 and a temperature of 25 and 50 °C are presented in 

Figure 4.4. 

 

Ì\ = �������
�����       Equation 4.32 

 

 
Figure 4.4: The enhancement factor at a temperature of 25 °C (a) and at 50 °C (b) as function of time and 

initial concentration. Lines: initial concentration of 2 g
.
L

-1
 (black), 1 g

.
L

-1
 (dark grey) and 0.5 g

.
L

-1
 (light grey). 
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In Figure 4.4 it can be observed that the chemical reaction enhances the mass transfer of 

phenol to the organic phase with a factor 1 to 3 depending on the time and temperature, 

the variation of the enhancement factor with the initial concentration remains minimal. It 

can however be observed that at a higher concentration the enhancement factor is 

initially slightly higher and reduces faster with time than at a lower concentration. This is 

mainly determined by the difference in time with which the SIR particle becomes 

saturated. In general it can be concluded that under all conditions for the enhancement 

factor a value of 1 < Ea < 3 was obtained, which indicates that the relative rate of the 

reaction compared to the mass transfer rate is between slow and fast
33

.The most 

important conclusion that may be drawn from this observation is that both mass transfer 

rates (i.e. the Maxwell-Stefan diffusivities) and the rate of reaction are required to 

adequately describe this system. 

4.3.3.2 Concentration histories 

Several previously observed effects (i.e. the apparent small role of �12 and the 

development of the mass transfer enhancement in time) were studied in more detail by 

examining the concentration gradients that are formed inside the porous structure of the 

SIR particle. The concentration gradients of phenol and the complex are presented in 

Figure 4.5 at 25 °C for initial concentrations of 0.5 and 2 g
.
L

-1
. 

 
Figure 4.5: Simulated radial concentration histories at an initial concentration of 0.5 g

.
L

-1
 (a) and an 

initial concentration of 2 g
.
L

-1
 (b). Lines: concentration histories of the complex (grey) and phenol 

(black). Time = 600 seconds (continuous), 3600 seconds (dashed) and 7200 seconds (dash dot). 

 

In Figure 4.5a the concentration history of the free phenol and the complex is presented 

at an initial concentration of 0.5 g
.
L

-1
. Here it can be observed that during the first 600 

seconds, phenol penetrates the particle and reaches the center of the SIR. After this the 

concentration throughout the SIR particle slowly starts to increase with time. It can 

furthermore be observed that the concentration of the complex follows the same trend as 
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phenol, but due to the strong complexation strength its concentration is much higher. In 

Figure 4.5b the concentration history of the complex and free phenol are given at an initial 

concentration of 2 g
.
L

-1
. Here it can also be observed that phenol penetrates the SIR 

particle within the first 600 seconds, after which its concentration increases. Also in this 

case the complex concentration profile follows the same trend as free phenol. It can be 

observed that the concentration gradient of the complex near the interface at an initial 

concentration of 2 g
.
L

-1
 is flattened more strongly that at 0.5 g

.
L

-1
 due to saturation of the 

organic phase with the complex. In the model evaluation section it was observed that the �12 had only a minor effect on the mass transfer rates. This is most likely caused by the 

fact that the concentration of the complex in the initial time period is low and as a result ��t does not affect the mobility of phenol in the organic phase. As the concentration of 

the complex becomes higher, the effect of the �12 would be more profoundly visible. 

However, due to the decline in the mass transfer and the slow increase in the 

concentration of the complex, the effect of the �12 remained minimal. Therefore the 

value of �12 could not be estimated by parameter regression. The concentration gradient 

of the solvent in time at an initial concentration of 2 g
.
L

-1
 of phenol in the aqueous phase, 

and the relative increase in the volume of the SIR are presented in Figure 4.6. 

 

 
Figure 4.6: a) Concentration histories of the solvent, lines: time = 600 seconds (continuous), time = 3600 seconds 

(dashed) and time = 7200 seconds (dotted). b) The relative increase in the radius of the SIR. Lines: Initial 

concentration 2 g
.
L

-1
 (continuous), 1 g

.
L

-1
 (dashed) and 0.5 g

.
L

-1
 (dotted). Colors: 25 °C (black) and 50 °C (grey). 

 

In Figure 4.6a it can be observed that the concentration of the solvent near the interface is 

lower than in the center of the particle due to the complexation reaction. At the interface 

the concentration gradient of the solvent is nonzero, which results in a molar flux of 

solvent to the exterior of the particle at the interface. Because the solvent is assumed to 

be insoluble in the aqueous phase, this results in an increase in the volume of the SIR, 
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which is presented in Figure 4.6b. In this figure it can be observed that initially the volume 

increases fast, and the volume expansion rate reduces as it approaches its thermodynamic 

equilibrium. The volume expansion is slightly lower at a temperature of 50 °C due to 

reduced capacity of the solvent. The radius of the SIR particle increases with 6 % at an 

initial concentration of 2 g
.
L

-1
 and 3 % at an initial concentration of 0.5 g

.
L

-1
, corresponding 

to a volume increase of the organic phase of 5 to 10 %. Because the porosity of the resin 

was 0.521 this would result in a maximum displacement of the interface with 19 %, and is 

within the maximum available space in the resin since it was partially impregnated. 

However, since the density of Cyanex 923 is approximately 5 % lower at 50 °C it is likely 

that at an initial concentration of 2 g
.
L

-1
 phenol the expanded organic phase volume was 

larger than the available space. This explains why the calculated capacity of the SIR at 50 

°C was larger than experimentally determined, as presented in Figure 4.2b. The increase in 

the volume of the organic phase seems reasonable in comparison with the volume 

increase that was estimated at approximately 7 % on the basis of the data reported in the 

literature
6
.  

4.4 Conclusions 
 

A mathematical model was developed to describe the mass transfer in a solvent 

impregnated resin using the Maxwell-Stefan approach towards multicomponent diffusion 

and included the volume expansion of the organic phase. The reaction rate constant was 

regressed and the model was validated using experimental data obtained for the 

extraction of phenol with Cyanex 923 as reactive solvent impregnated in macro-porous 

propylene. The Maxwell-Stefan approach towards multicomponent diffusion was proven 

to give a better insight in the mass transfer behavior. The diffusivities as estimated by the 

Wilke-Chang correlation resulted in a good description of the experimental data, for which 

it is known that they may have errors of approximately 10 %.  

Because the volume expansion due to uptake of phenol is not negligible, a transformation 

of the coordinates of the Maxwell-Stefan equation towards mole-centered coordinates 

was applied in the model. The model could describe all experimental data with high 

accuracy as function of the initial concentration and the temperature. Furthermore, as a 

result of the multicomponent approach used in this work, the model allows studying the 

concentration gradients as they are formed inside the SIR particle. With the developed 

model, including the regressed reaction rate constant, simulations were carried out to 

estimate the enhancement of mass transfer by the chemical reaction and to study on the 

concentration profiles inside the pores of the resin. This enhancement factor varied 

between a value of 1 to 3, depending on the temperature and initial concentration of 

phenol and indicates that the reaction is fast in comparison with diffusion, but not 
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instantaneous and both kinetic rates and diffusion rates as described by the 

multicomponent mass transfer model using the Maxwell-Stefan approach are required to 

describe the system adequately.  

Nomenclature 
 

Abbreviations: 

E:  Extractant (Cyanex 923) 

C:  Complex 

Ph:  Phenol 

SIR:  Solvent impregnated resin 

 

Symbols: 

a: Activity        [-] 

c1: Concentration phenol in the organic phase    [mole
.
m

-3
] 

c2: Concentration complex in the organic phase   [mole
.
m

-3
] 

c3: Concentration solvent in the organic phase    [mole
.
m

-3
] 

cref: Concentration reference component in the organic phase  [mole
.
m

-3
] 

caq: Concentration phenol in the aqueous phase   [mole
.
m

-3
] 

ct: Total molar concentration     [mole
.
m

-3
] 

D 12: Phenol-complex diffusion coefficient    [m
2.

s
-1

] 

D 13:   Phenol-solvent diffusion coefficient    [m
2.

s
-1

] 

D 23: Complex-solvent diffusion coefficient    [m
2.

s
-1

]
 

D : Distribution coefficient      [-] 

DEffective : Effective diffusion coefficient    [m
2.

s
-1

] 

DPore : Pore diffusion coefficient     [m
2.

s
-1

] 

Ea : Enhancement  factor      [-] 

KC:  Complexation constant      [m
3.

mole
-1

] 

kr: Reaction rate constant      [m
3.

mole
-1.

s
-1

] 

D: Distribution coefficient      [-] 

[K]:  Matrix with effective diffusion coefficient    [m
2.

s
-1

] 

[L]: Matrix for conversion of fraction to molar concentration  [m
3.

mole
-1

] 

m: Partitioning coefficient      [-] 

Mw,i:  Molecular weight of component i     [g
.
mole

-1
] 

n:  Number of components  qR¢: Mass centered flux of component i    [mole
.
m

-2.
s

-1
] 

N
ref

:  Molar flux of the reference component    [mole
.
m

-2.
s

-1
] qR[Pª

:  Molar flux in reference to the reference component   [mole
.
m

-2.
s

-1
] 
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pKa: Acidity constant      [-] 

[Q]:  Matrix for conversion to the mole-centered coordinates  [m
3.

mole
-1

] 

Ri: Reaction rate component i      [mole
.
m

-3.
s

-1
] 

r: Radial position       [m] 

R:  Radius of a SIR particle     [m] 

T: Temperature       [K] 

t: Time        [s] 

ui:  Normalized concentration of component i    [-] Z£¤:  Molar volume of component i     [m
3.

mole
-1

] 

Vi:  Molar volume at the boiling point of component i   [cm
3.

mole
-1

] 

VSIR,tot:  Total volume of the SIR used in an experiment   [m
3
] 

VSIR,particle: Volume of a single SIR particle     [m
3
] 

Vaq:  Volume of the aqueous phase     [m
3
] 

vref:  Reference component velocity     [m
.
s

-1
] 

x :  Mole fraction       [mole
.
mole

-1
] 

Ztot:  Normalized initial number of moles of solvent and complex [mole] 

z:  Coordinate in the mole-centered system    [mole] 

 

Greek symbols: Ë:  Viscosity of the solvent      [mPa
.
s] 

τ: Resin tortuosity       [-] Í:  Association factor     [-] jR:  Stoichiometry for component i    [-] 

εp:  SIR porosity      [-] 
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5.1 Introduction 

 

Trace removal concerns the removal of impurities at low concentrations, for example 

from product streams to meet the desired product specifications, or from waste streams 

to prevent emissions of toxic compounds. Industrial processes where by-products are 

formed with a high solubility in water may result in wastewater streams that are complex 

of nature and difficult to treat by conventional technologies. The work in this chapter is 

focused on an aqueous waste stream containing aromatic nitrogen species such as 

pyridine and pyridine derivatives. These types of streams are formed in for example the 

production of bulk chemicals such as acrylonitrile, pyridine and cyanopyridine
1-4
, and the 

components have a relatively high solubility in water. Without precautions they might end 

up in the wastewater stream. Due to the toxicity and poor biodegradability of some of 

these components, the treatment of such wastewater streams is pursued, being of great 

environmental importance. Besides the pyridine derivatives, other components are 

present such as oxygenated species as acrylic acid and acetic acid
4
. The flow rate of the 

waste stream produced ranges from 30 to 50 m
3.

h
-1

.
4
 The aim of this chapter was to 

selectively recover the pyridine derivatives from this stream prior to biological wastewater 

treatment, which will make the treatment easier. 

Solvent impregnated resins (SIRs) were proposed as a promising technology for the 

removal of pyridine derivatives from the stream prior to further treatment, and developed 

a solvent (see Chapter 2) with a high capacity and selectivity towards 4-cyanopyridine. A 

SIR consists of a macro-porous resin in which a solvent is immobilized
5
. The solvent is 

retained inside the porous particle by a combination of a high affinity for the resin and its 

low solubility in the aqueous phase. This technology combines the advantages of 

adsorption and liquid-liquid extraction in a single unit operation. The advantage of liquid-

liquid extraction is that by aiming at specific interactions both a high capacity and 

selectivity can be obtained. However, the disadvantage is that by entrainment and 

irreversible emulsification, solvent is lost to the aqueous phase which is undesired, 

especially in the case of trace removal because a new trace is added. The advantage of 

adsorption is the use of fixed bed operation, in which a high number of theoretical stages 

can be achieved, allowing for difficult separations including trace removal. However, the 

regeneration of typical adsorbents such as activated carbon can be difficult due to the 

non-specific and strong interactions between solute and adsorbent. In SIR technology, the 

advantages of liquid-liquid extraction and adsorption are combined, making it possible to 

reach high capacities, high selectivities and allowing the use of a fixed bed operation that 

prevents problems like entrainment and irreversible emulsification. In comparison with 

adsorption on activated carbon, the energy requirements in the regeneration may be 
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reduced when the binding strength between the solvent and solute are sufficiently weak. 

A key parameter in SIR technology is leaching of the solvent to the aqueous phase, 

resulting in a capacity reduction over time. For this reason, a solvent with a very low 

solubility in water, and a resin with a high affinity for the solvent are required. In Chapter 

2 it was established that phenol based solvents have a high capacity and selectivity 

towards 4-cyanopyridine in presence of acetic acid. Additionally, the phenols have a very 

low solubility in water, e.g.  5 ppm for 4-nonylphenol
6
. This makes this class of solvents a 

good candidate to use in SIR technology for the removal of aromatic nitrogen species from 

wastewater streams that also contain organic acids.  

Besides the solvent also a resin needs to be selected, in the literature the most frequently 

used resins are macro-porous propylene (MPP)
7-9

 and Amberlite XAD type resins 
10-15

. MPP 

is used in the commercially applied MPPE process for the removal of hydrocarbons from 

wastewater in offshore applications
16

. The main advantages of MPP are the low cost, high 

porosity and high mechanical strength. A process was developed for the removal of 

phenol and metyl-tert-butylether from water using MPP impregnated with a phosphine 

oxide and phenol based solvent
8,9

. However, a drawback of MPP is its large particle 

diameter of 1 mm, which may result in slow mass transfer in the case of more viscous 

solvents (e.g. 4-nonylphenol). Amberlite XAD type resins are often used because of their 

high porosity, however a comparative study on the performance of this resin in reference 

to other resins has not yet been conducted. The aim of this study is therefore to compare 

different types of resins and study the effect of resin matrix, diameter and pore size on 

the process parameters like capacity, selectivity and mass transfer rates. On the basis of 

experimental data a model was developed and used for process evaluation in order to 

make the final selection of the resin that was evaluated in fixed bed column experiments. 

For this study, 4-nonylphenol (NP) was used as solvent and 4-cyanopyridine (CP) as solute, 

because the thermodynamic equilibrium model of CP extraction by NP was extensively 

studied as presented in Chapter 3. 

5.2 Theory and Approach 

5.2.1 Approach 

In a SIR, the solvent is impregnated in the pores of the resin particles. The maximum 

capacity of resins corresponds to the volume of solvent that is impregnated, i.e. to the 

porosity. The capacity is not the only factor of importance, also the resin stability and the 

rate of mass transfer are key parameters in a SIR process. These factors are determined 

mainly by the functionality, the particle size, porosity and pore diameter of the particles. 

To investigate on the effect of these parameters, resins were selected that vary in their 

functionality, particle size, pore volume and pore size. An overview of the resins used in 
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this study is given in Table 5.1. 

 

Table 5.1: Functionality, particle size, pore volume and pore size of the resins selected for evaluation. 

Polystyrene crosslinked with divinylbenzene is designated with PS/DVB. 

Resin 

 

Functionality 

 

Particle diameter 

[mm] 

Pore volume 

[mL
.
g

-1
 dry resin] 

Pore size 

[nm] 

Macro-porous propylene
8
 None 1 0.5 <1 000 

C18 Functionalized silica
a 

None 0.15 0.6 - 

Amberlite XAD2
a 

PS/DVB 0.250-0.841 0.65 9 

Amberlite XAD4
a 

PS/DVB 0.250-0.841 0.98 5 

Amberlite XAD16
a 

PS/DVB 0.250-0.841 1.82 10 

Amberlite XAD1180
a 

PS/DVB 0.250-0.841 1.68 30 

Dowex Optipore L-493
a 

PS/DVB 0.297-0.841 1.16 4.6 

Dowex Optipore V-503
a 

PS/DVB 1 0.94 3.4 

Dowex Optipore SD-2
a 

Amine 0.297-1 0.8 5 

Supelite DAX-8
a 

Acrylic ester 0.250-0.420 0.79 22.5 
a
 Manufacturer’s data 

 

As previously mentioned, Amberlite XAD type resins and MPP are the most common 

resins used in the literature. In this chapter Amberlite XAD2, XAD4, XAD16 and XAD1180 

were included which vary in their cross-linking degree and pore size. Other polystyrene 

based resins that were used, were Dowex Optipore L493 and Dowex Optipore V503, 

varying more strongly in their particle diameter than the Amberlite XAD resins and with a 

comparable porosity. Additionally Dowex Optipore SD2, also containing polystyrene cross-

linked with divinylbenzene but with amine functional groups aiming at increasing the 

interaction between the solvent and resin to improve the stability. Other types of resins 

that were used were C18 functionalized silica, having a high porosity and high mechanical 

stability, and Supelite DAX8 with a hydrophilic matrix and smaller particle diameter. 

5.2.2 Particle capacity and mass transfer into the particle 

The capacity of the SIR can be described by a reactive liquid-liquid extraction equilibrium 

model that relates the equilibrium concentration of the solute in the impregnated solvent 

to the concentration in the aqueous feed. Such an equilibrium model describing the 

homogeneous extraction mechanism of CP by NP was developed previously (see Chapter 

3). In this model as schematically presented in Figure 5.1, different complexation 

stoichiometries are taken into account, as well as NP oligomerization.  
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Figure 5.1: Volume element at the entrance of the pore of the resin, and schematic 

representation of the equilibrium model. CP = 4-cyanopyridine, NP = 4-nonylphenol, (NP)i = 

i-mer and (NP)j = j-mer of nonylphenol with 1 < i < 3 and 1 < j < 3. (see Chapter 3) 

 

Based on this equilibrium model and the volume of the solvent in the pores, the aqueous 

phase composition at equilibrium could be calculated. With the mass balance defined by 

Equation 5.1 the equilibrium CP loading of the SIR (qeq [g CP
.
kg

-1
 SIR]) could be calculated. 

In Equation 5.1, Naq [mole] is the moles of the aqueous phase, xCP,ini [mole
.
mole

-1
] is the 

initial molar fraction of CP in the aqueous phase, xCP,eq [mole
.
mole

-1
] is the molar fraction 

of CP at equilibrium in the aqueous phase, MSIR [kg] is the mass of SIR used and Mw,CP 

[g
.
mole

-1
] is the molecular weight of CP. 

 

�P� = ���∙Jl%6,����l%6,��Ke$AB ∙ EÎ,"G      Equation 5.1 

 

The molar fraction of CP at equilibrium in the aqueous phase was calculated on the basis 

of the thermodynamic equilibrium reactions that occur in the organic phase as described 

in Chapter 3. The total amount of CP extracted by the SIR depends on the total volume of 

the organic phase impregnated in the SIR. 

Beside the capacity, the selectivity was estimated on the basis of the capacity factors. The 

capacity factor (CF [m
3.

kg
-1

]) was defined as the ratio of the equilibrium concentrations of 

CP and acetic acid in the aqueous phase (caq,eq [kg
.
m

-3
]) over the amount adsorbed by the 
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SIR (Equation 5.2). The selectivity (S [-]) of the SIR is then defined by the ratio of the 

capacity factors of CP (CFCP) and acetic acid (CFHAc), Equation 5.3. 

 �Ï = "��,�����        Equation 5.2 

 : = "�%6"�;<=       Equation 5.3 

 

Next to the capacity at thermodynamic equilibrium and the selectivity of the SIRs, the rate 

of solute uptake is an important factor, several sources report on the mass transfer in 

SIRs. Models have been developed that describe the diffusion accompanied by a chemical 

reaction inside the pores
17-19

 of the SIR. In this study, the total concentration of the solute 

in the SIR was considered as a lumped parameter and the linear driving force model (LDF 

model) was used to describe the mass transfer, see Equation 5.4
20

. This model was chosen 

to minimize computational efforts and evaluate its applicability for the resins that were 

used in this study. In the LDF model, the mass transfer rate is determined by the 

difference in the equilibrium loading at time t  (�P�X  [g CP
.
kg

-1
 SIR]) and the actual loading 

at time t (�X [g CP
.
kg

-1
 SIR]) times a proportionality factor KLDF [s

-1
] which is the overall 

mass transfer coefficient. The equilibrium loading was calculated on the basis of the 

liquid-liquid extraction equilibrium model developed in Chapter 3. 

 ½�½X = !h�� ∙ J�P�X − �XK      Equation 5.4 

 

The overall mass transfer coefficient can be estimated by Equation 5.5
20

 and is a function 

of the diffusion coefficient in the solvent (D [m
2.

s
-1

]), the particle diameter (dp [m]), the 

particle tortuosity (¨ [-]), the distribution of the solute over the biphasic system (KD [-]) 

defined as the ratio of the total organic and aqueous phase concentration of the solute 

and the transfer rate through the aqueous film surrounding the particle (kf [s
.
m

-1
]). When 

the diffusion rate in the liquid phase in the pores of the resin is very slow in comparison 

with the transfer rate through the aqueous film, the second term in Equation 5.5 can be 

neglected, and the mass transfer is only a function of the diffusion in the pores. As the 

viscosity of pure NP is very high (1300 cP at 298.15 K), it is expected that the mass transfer 

limitation will mainly be caused by the diffusion in the pores. All resins in this study were 

impregnated with the same solvent, therefore the diffusion coefficient was constant and 

the only varying parameters were the particle diameter and tortuosity. The pore 

diffusivity (Dpore [m
2.

s
-1

]) was defined as the ratio of the effective diffusion coefficient and 

tortuosity (Equation 5.6). 
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��Ðz8 = ½/w ∙©Ñd∙� + ½/∙�zÑ∙]�       Equation 5.5 

 �OU[P = �©        Equation 5.6 

5.2.3 Fixed bed model 

Next to the mass transfer correlations on a volume element level, also a design equation 

for the fixed bed was derived, that resulted in a mathematical model describing the 

breakthrough curve for the loading of the SIR fixed bed column. The mass balance as a 

function of time (t [s]) and the axial position in the column (z [m]), is given in Equation 5.7. 

The left hand side of Equation 5.7 is the non-stationary term, describing the accumulation 

in the aqueous phase (cCP,aq [kg CP
.
m

-3
]) and in the solid phase (q [kg CP

.
kg

-1
 SIR]) as 

function of time. The right hand side describes the convection and axial dispersion where 

Qv is the flow rate [m
3.

s
-1

], A is the surface area of the column [m
2
] and Dax is the axial 

dispersion coefficient [m
2.

s
-1

]. The bed porosity, defined as the ratio of the aqueous phase 

volume in the column and the total volume of the column, is given by εb [-]. The diameters 

of the resins used in this study vary between 50
.
10

-6
 and 1

.
10

-3
 m and the column diameter 

was 1.5
.
10

-2
 m. This results in a ratio between column diameter and particle diameter of 

15 and higher, therefore radial dispersion may be neglected
21

. 

 

Ng ∙ °
%6,��°X + b1 − Ngc ∙ L�>? ∙ °�°X = − Ò4{ ∙ °
%6,��°± + Ng ∙ �\l ∙ °w
%6,��°±w  Equation 5.7 

 

The boundary conditions of Equation 5.7 were defined as follows: the concentration 

gradient at the outlet of the column is assumed to be smooth (Equation 5.8) where L [m] 

is the length of the column and the inlet concentration is constant at the feed 

concentration (Equation 5.9). To estimate the breakthrough curve for a loading cycle, the 

initial concentration in the liquid and solid phase were equal to zero. 

 °
%6,��°± ¾±�h = 0       Equation 5.8 

 �|±�d = ��PP½        Equation 5.9 

 

The axial dispersion coefficient was estimated using the correlation developed by Chung 

and Wen
21

, this correlation is able to estimate the axial dispersion coefficient on the basis 

of the hydrodynamic parameters only, and no other physical properties such as diffusion 

coefficients of the solute are required. The model has been used in other studies for 

systems with comparable particle diameters and flow rates
22

. The Chung and Wen 
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correlation is given in Equation 5.10, where u is the interstitial velocity [m
.
s

-1
], Re is the 

Reynolds number and dp is the particle diameter [m]. 

 �\l = C3d.td.dd�∙?PÈ.7Ó ∙ « ∙ ¯O     Equation 5.10 

5.3 Experimental methods 

5.3.1 Chemicals 

The resins used in this study were Amberlite XAD2, Amberlite XAD4, Amberlite XAD16, 

Amberlite XAD1180, Dowex Optipore L493, Dowex Optipore V503, Dowex Optipore SD2, 

Supelite DAX8 and were supplied by Sigma-Aldrich. Additionally C18 functionalized silica 

supplied by Screening Devices (the Netherlands) and macro-porous propylene polymer 

(MPP, AkzoNobel MPPE systems, now Veolia) were used. 4-Cyanopyridine (98 %), pyridine 

(> 99.9 %), hydrochloric acid (37 %) and acetic acid (>99.7 %) were supplied by sigma 

Aldrich (Netherlands) and 4-nonylphenol (a mixture of branched isomers) was supplied by 

TCI-Europe. 

5.3.2 SIR preparation 

The SIRs were prepared using the dry impregnation method, the detailed procedure can 

be found in Babic et.
7
. All resins were washed with demineralized water and ethanol prior 

to impregnation to remove any impurities present in the resin. After washing with 

ethanol, the resins were dried during 24 hours at 80 °C. After drying, the resin was 

contacted with a solution of the reactive solvent NP in n-hexane during 24 hours at 25 °C 

and atmospheric pressure. Subsequently, the n-hexane was removed slowly in a rotary 

evaporator to keep NP inside the pores of the resin. The resins were characterized by 

measuring the weight before and after impregnation and by measuring the density of the 

impregnated particles using an Accupyc 1330 pycnometer (Micromeritics). The solvent 

loading of the resins are displayed in Table 5.2. 

5.3.3 Batch-wise contacting experiments 

In order to validate the model and to estimate the selectivities of the SIRs, batch-wise 

contacting experiments were performed. The selectivities were measured using aqueous 

solutions with 500 ppm CP and an initial concentration of either 4.5 kg
.
m

-3
 or 0.5 kg

.
m

-3
 of 

acetic acid. A volume of 10 mL of the aqueous phase was brought into contact with 0.3 

grams of the SIR. In order to validate the equilibrium model to estimate the capacity of 

the SIRs, isotherms were measured. For these experiments an initial concentration of CP 

varying from 0.1 kg
.
m

-3
 to 4 kg

.
m

-3
 was used. A volume of 10 mL of the aqueous phase was 

brought into contact with 0.3 gram of SIR. The mixtures were mixed over a period of 3 
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days at 300 rpm in an incubator at a temperature of 25 °C. At these conditions, 

preliminary experiments showed that equilibrium had been reached. After this period, a 

sample of the aqueous phase was taken and was analyzed using gas chromatography. The 

loading of the resin was determined by mass balance. 

The equilibrated samples were analyzed using gas chromatography to measure the 

concentration of CP and acetic acid. A sample of the aqueous phase was taken and filtered 

over a 45 micrometer filter. A sample of 1.2 mL was taken and mixed with 0.3 mL of a 0.10 

g
.
L

-1
 pyridine solution which was used as internal standard. The sample was then injected 

in a Varian CP-3800 gas chromatograph (Varian Inc, the Netherlands) equipped with a 25 

m x 0.53 mm CP-WAX column and flame ionization detector. The injected sample volume 

was 1 µL, the initial column temperature was 50 °C, followed by a ramp of 20 °C
.
min

-1
 to 

200 °C, after this ramp the temperature was further increased to 240 °C with a ramp of 50 

°C
.
min

-1
. Each sample was injected 3 times; the average relative standard deviation for the 

measurement of the concentration of CP was 0.35 % and for acetic acid 0.50 %. 

5.3.4 Zero length column experiments 

To study the mass transfer of the SIRs, zero length column experiments were 

conducted
23,24

. In a zero length column experiment, a thin layer of the SIR particles (2 mm) 

is placed inside a glass column (Ominfit, England). An aqueous solution with an initial CP 

concentration of 500 ppm was circulated over the column with a K1001 HPLC-pump 

(Knauer GmbH, Germany) while measuring the concentration with a Smartline 2500 inline 

UV-detector (Knauer GmbH, Germany). The aqueous phase was saturated with NP prior to 

the experiment to prevent leaching of the solvent to interfere with the measurement. The 

flow rate was set at a value of 25 mL
.
min

-1
 where the resistance of mass transfer in the 

aqueous film can be neglected and the mass transfer is completely determined by the 

diffusion inside the resin. In each experiment, approximately 0.3 gram of SIR particles was 

used. The volume of the aqueous phase was chosen so the aqueous phase concentration 

of CP would reduce with approximately 30 % for each experiment that was performed.  

5.3.5 Fixed bed column experiments 

Fixed bed column experiments were performed to evaluate the capacity, stability and 

regeneration cycles of the SIR containing NP as solvent. Amberlite XAD4 was used as resin. 

The setup consisted of a K1001 HPLC-pump (Knauer GmbH, Germany), a Smartline 2500 

inline UV-detector (Knauer GmbH, Germany) and an Ominfit Column (Omnifit, England). 

The bed height was 29 cm, the internal diameter 1.5 cm and the column was loaded with 

34.1 gram SIR. The bed porosity was determined on the basis of the density of the bed 

and SIR, and was 0.36. The loading cycles were performed with an aqueous solution of 

500 ppm CP as feed with a flow rate of 1, 2.5 and 5 mL
.
min

-1
. Additionally, experiments 
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were performed with a feed of 500 ppm CP and 4.5 kg
.
m

-3
 acetic acid at a flow rate of 5 

mL
.
min

-1
. The loading cycles were performed until complete saturation of the bed 

occurred (monitored with the inline UV detector). After the column was completely 

saturated, it was regenerated with a pH 1.08 hydrochloric acid solution at a flow rate of 1, 

2.5 or 5 mL
.
min

-1
. During the regeneration cycle the effluent concentration was analyzed 

with gas-chromatography and not by the inline UV-detector. Samples of the effluent were 

taken and mixed with a pH 14 sodium hydroxide solution to set the pH to 7, after which it 

was analyzed by gas-chromatography. After completing the regeneration cycle, the 

column was rinsed with demineralized water while monitoring the pH of the effluent until 

all hydrochloric acid was removed before another loading cycle was started. The tubing 

between the feed vessel and the column was purged with the feed solution to ensure that 

the feed entering the column did not contain any impurities from the previous 

measurement. The volume of the tubing between the column and the UV-detector was 5 

mL and was subtracted from the volume percolated through the bed.  

5.3.6 Mathematical modeling 

The mathematical model to estimate the breakthrough curves and to fit the linear driving 

force model to the experimental results was programmed in gProms model builder 3.3.1. 

The mass balance for the fixed bed model was solved numerically, using the centered 

finite discretization method. 

5.4 Results and discussion 

5.4.1 Model capacity and selectivity 

The capacity of the SIR as function of the aqueous phase concentration could be 

estimated with the liquid-liquid extraction equilibrium model that was previously 

developed in Chapter 3. Several resins were impregnated with NP and the experimental 

CP uptake was compared with the amount calculated using the equilibrium model. The 

resins that were used in this study can be divided in several groups, the non-functional 

resins, functionalized with aromatic groups and functionalized with amine groups. From 

each category one was selected to compare with the model calculation. The resins used 

for these measurements were the non-functional MPP, the aromatic functionalized resin 

Amberlite XAD4 and the amine functionalized resin Dowex Optipore SD2. In Figure 5.2a 

the measured isotherms are presented and in Figure 5.2b the parity plot to compare the 

experimental and modeled data is presented. 
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Figure 5.2 a) Experimental and modeled isotherms. Symbols are the experimental data: (�) 

Amberlite XAD4, (△  ) Optipore SD2, () MPP. Lines are the result of the model, continuous line 

(Amberlite XAD4), dashed line (Dowex Optipore SD2), dotted line (MPP). b) The parity plot with 

as symbols: (�) Amberlite XAD4, (△  ) Optipore SD2, () MPP and as dotted line the diagonal. 

 

In Figure 5.2a it can be observed that the trend in the data is that of a favorable isotherm. 

The model lines describe the experimental data with good accuracy. For the Optipore SD2 

and Amberlite XAD4 a slight overestimation of the capacity was made especially in the low 

concentration region. This difference may be attributed to solvent losses due to swelling 

of the organic phase by the extraction of 4-cyanopyridine and by leaching of the solvent. 

In the parity plot in Figure 5.2b it can be observed that the model correlates the data very 

well. The mean relative error that was obtained was 4.4 % which is only slightly higher 

than obtained for the liquid-liquid extraction equilibrium model, where a mean relative 

error of 3.8 % was reported. It can therefore be concluded that the model can be used to 

calculate the equilibrium composition with both functional and non-functional resins. In 

Table 5.2 the solvent loading of the SIR particles [mL 4-nonylphenol/g SIR] are presented. 

In order to estimate the selectivities of the SIRs used in this study, experiments were 

performed with a mixture of CP and acetic acid. The results indicated that the measured 

decrease in the concentration of acetic acid was within the analytical error of 0.5 % for all 

resins at all conditions with Dowex SD2 as exception. For this resin the concentration of 

acetic acid was reduced with 1.5 %, resulting in a capacity of 1.5 g
.
kg

-1
 for acetic acid for a 

feed solution of 4500 ppm acetic acid. The corresponding selectivity towards CP is only 50 

(on the basis of the capacity factors), while for all other types of resins the selectivity was 

higher than 250, which is comparably high as was previously obtained in liquid-liquid 

extraction with NP as solvent as described in Chapter 2. The reduced selectivity of Dowex 

SD2 is likely due to the interaction between acetic acid and the amine functional groups of 

the polymeric matrix, which is sufficiently strong to adsorb acetic acid. With exception of 
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Dowex SD2, it can be concluded that all impregnated resins have a high selectivity towards 

CP, which is comparable with the selectivity of the solvent itself. It can thus be concluded 

that the resin matrix has a negligible effect on the capacity and selectivity and that these 

properties are mainly determined by the solvent. 

 

Table 5.2: The 4-nonylphenol content of the SIRs and their selectivities 

Resin type 

 

SIR loading 

[mL NP
.
g

-1
 SIR] 

Selectivity 

[-] 

Amberlite XAD4 0.52 > 250 

Amberlite XAD2 0.39 >250 

Amberlite XAD16 0.67 > 250 

Amberlite XAD1180 0.65 >250 

Dowex Optipore SD2 0.47 50 

Dowex Optipore L493 0.56 > 250 

Dowex Optipore V503 0.52 >250 

Macro-porous propylene 0.31 > 250 

Supelite DAX8 0.28 >250 

C18 Functionalized silica 0.52 > 250 

 

5.4.2 Mass transfer 

To evaluate the mass transfer characteristics of the SIRs, zero length column experiments 

were performed, in which the conditions were chosen so that at equilibrium 

approximately 30% of the CP was adsorbed by the thin layer of SIRs in the column. In 

Figure 5.3 the reduction in the aqueous phase concentration in time is presented for all 

different types of resins used in this study including the results of the regression of the 

mass transfer coefficient. In Figure 5.3 it can be observed that in a typical experiment, the 

concentration of CP in the continuously recycled liquid phase approaches equilibrium in 

150 minutes, but depending on the type of resin this can be as fast as 5 minutes for C18 

functionalized silica, or may take up to 3 days for Dowex Optipore V503. In general it can 

be concluded that the linear driving force model in combination with the liquid-liquid 

extraction equilibrium model could describe the experimental data well. The error in the 

equilibrium composition was within the error margins of the equilibrium model. Only in 

the case of Dowex Optipore V503 the linear driving force model was not able to describe 

the experimental data well, and also the equilibrium model had an error of approximately 

7 %. For this specific resin it was observed that the mechanical strength was very low 

which may result in solvent losses and therefore a larger error in the model. 
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Figure 5.3: Zero length column results, symbols are the experimental data, lines are the model results: a) 

Amberlite XAD resins. Symbols: Amberlite XAD16 (�), Amberlite XAD1180 (), Amberlite XAD4 (�), Amberlite 

XAD2 (△  ). Lines : Amberlite XAD16 (Black dashed), Amberlite XAD1180 (Grey dashed), Amberlite XAD4 (Solid 

black) and Amberlite XAD2 (Light grey dashed). b) Dowex Optipore resins. Symbols: Dowex Optipore V503 (), 

Dowex Optipore SD2 (△ ), Dowex Optipore L493 (�). Lines: Dowex Optipore V503 (Black dashed), Dowex 

Optipore SD2 (Light grey dashed) and Dowex Optipore L493 (dark grey dashed). c) Results for MPP and Supelite 

DAX8. Symbols: MPP (�), Supelite DAX8 (). Lines: MPP (black), Supelite DAX8 (Light grey). d) Results for C18 

functionalized silica. Experimental results (�), model results dashed line. 

 

The mass transfer coefficients that were obtained by regressing the linear driving force 

model and the effective diffusion coefficient to the experimental data are presented for 

all resins in Figure 5.4. The mean average particle size between the distribution interval 

was used as reported in Table 5.1. In Figure 5.4a it can be observed that the overall mass 

transfer coefficient varied among the resins where the lowest value was obtained for 

Dowex Optipore V503 at a value of 5.5
.
10

-5 
s

-1
 and the highest value of 4.5

.
10

-2
 s

-1
 for C18 

functionalized silica. Among the Amberlite XAD resins the variation in the mass transfer 

coefficient was comparable small, only Amberlite XAD1180 had a significantly higher mass 
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transfer coefficient. Its higher mass transfer coefficient may be attributed to its larger 

pores of 30 nm, while Amberlite XAD2, 4 and 16 had a pore size of 9, 5 and 10 nm, 

respectively. Additionally, the Dowex Optipore SD2 had a higher mass transfer coefficient 

which may be attributed to the wider particle size distribution. The resins with a smaller 

particle diameter may adsorb CP at a higher mass transfer rate which increases the mass 

transfer coefficient. Equation 5.5 was regressed to the experimental data in order to 

estimate the effective diffusion coefficient. In Figure 5.4b the results are presented. The 

diffusion coefficient was estimated at a value of 1.48
.
10

-12
 ± 28 % m

2.
s

-1
. This large 

confidence interval is likely due to the variation in the resin tortuosity and is comparable 

with difference in the mass transfer coefficient found between Amberlite XAD4 and 

Amberlite XAD1180. In general it can be concluded that the particle diameter is the most 

important parameter for mass transfer, but in some cases other factors may provide 

significant additional contributions.  

 

 
Figure 5.4: a) Regressed mass transfer coefficients for the SIRs. b) Fitted mass transfer coefficient as function 

of the particle diameter, symbols are the experimental data and the dashed line is the model result. 

5.4.3 Fixed bed studies 

The results of the experiments using the zero length column showed that the most 

important factor to consider for SIR operation is the particle size and porosity. The particle 

size determines the mass transfer rate, whereas the porosity determines the capacity. 

Considering mass transfer, the particle size should be as small as possible, however for 

large scale operation the particle size is restricted to avoid extreme pressure drops. The 

pressure drop over the column can be calculated using Equations 5.11 to 5.13
25

. Here Re’ 

[-] is the Reynolds number, dp [m] the particle diameter, vm,0 [kg
.
(m

2.
s)

-1
] the superficial 

mass velocity through the bed, μ [Pa
.
s] the viscosity of the liquid phase, ρ [kg

.
m

-3
] the 

density of the liquid phase, Ô¢ [-] the friction factor and Δp [Pa] the pressure drop over 
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the column. The maximum pressure drop was taken as 0.7 bar. By varying the column 

diameter, the maximum length to diameter (L/D) ratio could be estimated for a selection 

of resins and was used for process evaluation. The resins used in this evaluation were: 

MPP, Supelite DAX8 and Amberlite XAD4. These resins were mechanically stable and had a 

high selectivity for CP. They vary in their capacity and mass transfer rate which allowed 

studying the effect of these properties on the breakthrough profiles. 

 �ÕÖ	 = ½/∙W.,ÈÊ        Equation 5.11 

 Ô¢ = �dd?P×        Equation 5.12 

 

Ô¢ = ½/∙D∙C3y∙∆Ot∙W.,È∙h∙b��C3cy      Equation 5.13 

 

In Figure 5.5a the maximum L/D ratio is presented for each resin as function of the 

diameter of the column and in Figure 5.5b the number of bed volumes that could be 

treated until breakthrough occurred at this maximum L/D is presented. The volumetric 

flow rate used in these calculations was 50 m
3.

h
-1

 with a concentration of 500 ppm CP. 

In Figure 5.5a it can be observed that the maximum L/D ratio varies between 0.5 and 9 

depending on the diameter of the column and diameter of the resin. With MPP, having 

the largest particles, longer columns could be applied as the pressure drop is lower. Since 

Supelite DAX8 has the smallest diameter its length to diameter ratio is the lowest at a 

value of maximum 3 which is an indication that the capacity of the column will be 

significantly lower. The minimum column diameter for all resins was 2 m as can be 

observed in Figure 5.5b. At a lower column diameter the superficial velocity through the 

bed is too high and mass transfer is too slow, resulting in an immediate breakthrough. 

With MPP, even though its L/D is higher, breakthrough of the column occurred much 

earlier than with Amberlite XAD4 and Supelite DAX8. While the mass transfer rate with 

Supelite DAX8 is higher than Amberlite XAD4, its lower L/D ratio resulted also in an earlier 

breakthrough. The maximum L/D ratio and the number of bed volumes that could be 

treated give the information on column sizing and efficiency.  
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Figure 5.5: a) Maximum allowable length to diameter ratio. b) Number of bed volumes that could be 

treated until breakthrough. Lines: MPP (continuous), Amberlite XAD4 (dotted) and Supelite DAX8 (dashed). 

 

For practical operation the operating time is important and is presented in Figure 5.6a. 

Since the solvents used in these applications may be expensive it is important to estimate 

what fraction of the resin is effectively used by the column, this is presented in Figure 

5.6b. The capacity used is defined as the average loading of the SIR particles in the column 

with respect to the equilibrium capacity of the SIR. Calculations were performed with a 

column diameter of 3 meter and an L/D of 4, which is a typical configuration of an 

adsorption column used. 

 

 
Figure 5.6: a) The operating time of the column until breakthrough at a column diameter of 3 m and an L/D ratio 

of 4. b) The effective capacity use of MPP (continuous), Supelite DAX8 (dashed) and Amberlite XAD4 (dotted). 

 

In Figure 5.6a it may be observed that the shortest operating time was established with 

Supelite DAX8. While its particle size is a factor 3 smaller than MPP, resulting in a factor 9 

increase in the mass transfer rate, the larger L/D ratio of MPP results in a longer operating 
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time. With Amberlite XAD4 the longest operating time was obtained. In Figure 5.6b it can 

be observed that with Amberlite XAD4 the capacity is used most effectively due to a 

higher mass transfer rate than MPP and a lower pressure drop than Supelite DAX8. With 

Amberlite XAD4 a good combination between capacity, mass transfer rate and L/D ratio 

could be established that resulted in a more effective use of the capacity of the bed. Thus, 

in conclusion in terms of efficiency and operating time Amberlite XAD4 is performing the 

best of the resins that were evaluated. This conclusion validates the frequent use of 

Amberlite XAD4 in SIR applications
10-15

. 

5.4.3.1 The loading cycle of the SIR 

The experimental and modeled breakthrough curves with 500 ppm 4-cyanopyridine as 

feed as function of the flow rate are presented in Figure 5.7a. In Figure 5.7b the 

breakthrough curve of acetic acid and CP are presented, where the feed consisted of 500 

ppm CP and 4.5 kg
.
m

-3
 acetic acid with a flow rate of 5 mL

.
min

-1
. In Figure 5.7a it can be 

observed that the concentration profile is very wide due to a slow mass transfer rate. This 

result is comparable with those found elsewhere in the literature, for example for the 

adsorption of l-phenylalanine with Amberlite XAD16 impregnated with 

tricaprylylmethylammonium chloride
22

. With a decrease in the flow rate the breakthrough 

curve narrows due to a longer residence time in the column, which reduces the effect of 

the mass transfer limitations. These results imply that due to the slow mass transfer, axial 

dispersion is of less importance in the shape and width of the breakthrough curve. 

Depending on the flow rate, complete saturation of the bed occurred after approximately 

35 to 50 bed volumes, visible by the outlet concentration approaching the feed 

concentration. It can be observed that the model prediction matches very well with the 

experimental results. However, the model does predict a slightly less wide concentration 

gradient at a flow rate of 2.5 and 1 mL
.
min

-1
. At 5 mL

.
min

-1
, breakthrough of the column 

starts immediately as the model estimated and the fit is nearly perfect. Overall it can be 

concluded that the differences between the model and experimental values were minor 

at all conditions and the R
2
 value for each dataset was 0.99. This indicates that the model 

describes the experimental data very well and that under these conditions the resistance 

towards mass transfer in the aqueous phase is negligible. In Figure 5.7b it can be observed 

that the breakthrough curve of CP in presence of acetic acid is identical to that obtained in 

absence of acetic acid and that the model can describe the data accurately. This indicates 

that both capacity and mass transfer are not affected by acetic acid. Furthermore it can be 

observed that acetic acid breaks through immediately due to the high selectivity for CP. 

These results also imply that the model developed in this study could be used for 

calculating the breakthrough profiles and thus validates the previously used methodology 

for resin selection. 
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Figure 5.7: a) Breakthrough curves for 500 ppm CP feed at varying flow rate. Dashed lines are the 

experimental results, and the continuous lines are the model results. The flow rates were: 5 mL
.
min

-1
 

(black), 2.5 mL
.
min

-1
 (dark grey), 1 mL

.
min

-1
 (light grey). b) Breakthrough curves with a feed consisting of 

500 ppm CP and 4.5 kg
.
m

-3
 acetic acid. The dashed line is the experimental breakthrough curve of CP, the 

continuous line the model calculations and the symbols are the experimental breakthrough curve of 

acetic acid. 

5.4.3.2 Regeneration cycle 

After full saturation of the bed, regeneration of the SIR particles was performed. 

Regeneration of the column was achieved by purging the column with a solution of 

hydrochloric acid at a pH of 1.08. In Figure 5.8 the required bed volumes (BV) to achieve 

90 % regeneration is presented for different flow rates used in the experiments.  

 

 
Figure 5.8: The number of bed volumes required 

for 90 % regeneration using a pH of 1.08 as feed. 
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In Figure 5.8 it can be seen that at a flow rate of 5 mL
.
min

-1
 approximately 12 bed volumes 

were required, while at 1 mL
.
min

-1
 5 bed volumes were sufficient to achieve 90 % 

regeneration. It can therefore be concluded that by reducing the flow rate, less volume is 

required to regenerate the SIR. This reduction is a result of the reduced mass transfer 

limitations with a reduction in the flow rate, as also observed for the loading cycle. 

5.4.3.3 Evaluation of the stability 

As a last element in this study, the performance of the SIR was evaluated in terms of 

stability, which is a key parameter in the design of a process based on SIR technology. 

Leaching of the solvent may result in rapid depletion of the capacity. In order to 

investigate the SIR stability, ten loading and unloading cycles were performed periodically, 

while the fixed bed column was continuously percolated with 7000 bed volumes of water 

at a flow rate of 5 mL
.
min

-1
. In the periodical loading cycles, the capacity was measured. 

The feed of the column was varied during this procedure, and contained either 500 ppm 

CP, or 500 ppm CP and 4500 ppm acetic acid or it was a pH 1.08 hydrochloric acid solution 

to regenerate the column. These conditions mimic the operational conditions of this 

process. In Figure 5.9 the capacities are plotted against the number of bed volumes that 

were percolated through the fixed bed. Also included in Figure 5.9 are the lines that 

represent the capacity on the basis of the equilibrium model and the lines representing 

the upper and lower boundaries that were set at 5 % based on the analytical error. 

 

 
Figure 5.9: The SIR stability over time. Symbols are the experimentally determined 

capacities, the continuous line is the capacity estimated with the liquid-liquid 

extraction model and the dashed lines are the upper and lower boundaries at 5 %. 

 

In Figure 5.9 it can clearly be observed that the SIR is very stable as the capacity remains 

constant with time. After percolating 7000 bed volumes, corresponding to 350 L, assuming 

that the concentration of NP in the effluent is equal to its maximum solubility, a solvent 
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loss of 10 % was expected. The results however, clearly show that the capacity did not 

decrease and it can therefore be concluded that the SIR is highly stable. The standard 

deviation of the capacities that were measured was 2.7 % and is far below the maximum 

reduction in capacity. This high stability is a result of the low solubility of 4-nonylphenol in 

the aqueous phase, a positive interaction between the solvent and resin, and due to mass 

transfer limitations which keeps the concentration of NP in the effluent far below the 

solubility limit of 5 ppm
6
.  

5.5 Conclusions 

Solvent impregnated resins were studied for the selective removal of 4-cyanopyridine 

from an aqueous waste stream also containing acetic acid. A resin screening study was 

performed to determine the effect of the resin on the capacity, selectivity and mass 

transfer of the SIR. It was concluded that the capacity of the SIR is fully determined by the 

solvent, the resins have hardly effect on the capacity. As a result, the previously 

developed liquid-liquid extraction equilibrium model was suitable for prediction of the 

capacity with an average error of 4.4 %. For the selectivity it was found that only when 

there is a strong interaction between acetic acid and the resin (e.g. amine functionality), 

the selectivity decreases, but remains at a value of 50. The mass transfer rates are 

primarily dependent on the particle size and the porosity only has a very small effect. By a 

process evaluation it was established that Amberlite XAD4 had the best combination of 

capacity, mass transfer rate, selectivity, pressure drop, mechanical strength and L/D ratio 

to apply in industrial applications. Amberlite XAD4 was applied in laboratory scale fixed 

bed columns to evaluate the loading and regeneration cycles, and the applicability of the 

mathematical model developed in this chapter. Mass transfer limitations resulted in a 

wide breakthrough curve that was well described by the model. The regeneration could 

be performed completely using a pH swing. The performance of the fixed bed setup was 

studied periodically while percolating with 7000 bed volumes of aqueous solutions of 4-

cyanopyridine, mixtures of 4-cyanopyridine and acetic acid and a pH 1.08 hydrochloric 

acid solutions. Within this timeframe there was no significant reduction in the capacity 

and it can therefore be concluded that Amberlite XAD4 impregnated with NP resulted in a 

highly stable SIR. 
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Nomenclature 
 

Abbreviations: 

BV: Bed volume 

CP: 4-Cyanopyridine 

NP: 4-Nonylphenol 

SIR: Solvent impregnated resin 

LDF: Linear driving force 

MPP: Macro-porous propylene 

 

Symbols 

A: Surface area      [m
2
] 

c: Concentration      [kg
.
m

-3
] 

CF: Capacity factor      [m
3.

kg
-1

] 

Dax Axial dispersion coefficient     [m
2.

s
-1

] 

D Effective diffusion coefficient    [m
2.

s
-1

] 

Dpore: Pore diffusion coefficient     [m
2.

s
-1

] 

dp: Resin diameter      [m] 

fm: Friction factor      [-] 

KLDF Overall mass transfer coefficient    [s
-1

] 

kf Aqueous phase mass transfer resistance   [m
.
s

-1
] 

KD: Distribution coefficient     [-] 

L: Length of the column     [m] 

M: Mass       [kg] 

Mw: Molecular weight      [g
.
mole

-1
] 

N: Number of moles      [mole] 

Δp: Pressure drop      [Pa] 

Qv: Volumetric flow rate     [m
3.

s
-1

] 

q: SIR loading      [kg
.
kg

-1
] 

Re: Reynolds number      [-] 

Re
’
: Modified Reynolds number    [-] 

S: Selectivity      [-] 

u: Interstitial velocity     [m
.
s

-1
] 

vm,0: Fluid superficial mass velocity    [kg
.
m

-2
.s

-1
] 

x: Molar fraction in the aqueous phase   [mole
.
mole

-1
] 

z: Axial position in the fixed bed column   [m] 

t: Time       [s] 
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Greek symbols: L: Density       [kg
.
m

-3
] 

μ: Viscosity       [Pa
.
s] εÙ: Bed porosity      [-] ¨: Tortuosity      [-] 

 

Subscripts 

aq: Aqueous phase 

org: Organic phase 

ini: Initial 

eq: Equilibrium 

 

Superscripts 

t: Time  
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6.1 Introduction 

 

Trace removal involves the removal of impurities present in low concentrations from 

either waste streams or product streams, and aims at preventing emission of toxic 

compounds or at product purification. The main issue in trace removal is the high number 

of separation stages that are required to achieve the desired concentration reduction of 

the trace compound(s) in the product stream, which typically is below 5 ppm. In order to 

perform these purifications, novel technologies are desired. Although traditional 

separation technologies like adsorption
1
 and extraction

2
 can obtain high capacities and 

selectivities, they suffer from drawbacks like difficult regeneration in the case of 

adsorption, and entrainment or irreversible emulsification in the case of extraction. In this 

study, a promising alternative for these technologies, the solvent impregnated resin (SIR)
3
 

was evaluated for a specific case of wastewater treatment. The wastewater stream that is 

considered in this work consists of pyridine derivatives, nitriles and oxygenated 

compounds that are typically formed in the production of cyanopyridine, acrylonitrile and 

pyridine
4-7

. These types of compounds were represented by the following model 

compounds: 4-cyanopyridine, succinonitrile and acetic acid. The aim was to selectively 

remove the highly water soluble pyridine derivatives from this stream since, without 

precautions there is a chance that they might end up in the wastewater stream. In that 

case, this results in highly diluted aqueous waste streams that are complex of nature. Due 

to the toxicity and poor biodegradability of some of these components, the treatment of 

such wastewater streams is pursued, being of great environmental importance. 

Using a SIR based process
3,8

 for water purification is beneficial, because the solvent is 

immobilized in a macro-porous particle, and as a result, mixing and settling of the aqueous 

and organic phase are no longer required and entrainment and irreversible emulsification 

are prevented. In the literature SIRs have been developed for the in-situ recovery of 

products from a fermentation broth
9
, the recovery of caprolactam from water

10
 and the 

removal of several other polar organic compounds from water
11-17

. The drawback of this 

technology is that leaching of solvent may result in a fast depletion of the capacity
18

, and 

should be minimized by selecting a solvent with a low solubility in water and a high affinity 

for the resin.  

In chapter 2 the solvent selection procedure for the selective removal of 4-cyanopyrine 

from an aqueous phase was discussed. The results showed that with phenol based 

solvents the highest capacity was obtained
19

, and 4-nonylphenol had a very low solubility 

of 5 ppm
20

 in the aqueous phase. By impregnating 4-nonylphenol in Amberlite XAD4, a 

resin consisting of polystyrene cross-linked with divinylbenzene, a highly stable SIR was 

obtained
21

. The regeneration could be performed by a pH swing with hydrochloric acid at 
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a pH of 1.08, where the concentration of 4-cyanopyridine could be increased from 0.5 

kg
.
m

-3
 in the loading cycle as feed solution to a maximum of 3 kg

.
m

-3
 in the effluent during 

the regeneration cycle.  

However, the capacity of the solvent impregnated resin containing 4-nonylphenol was 

limited, and for this reason a modified phenol with a higher capacity for the target 

compound was developed and custom synthesized. The solvent consisted of an 1:1 

mixture (mole basis) of 3,5-dibromo-4-(4,6,6-trimethylheptyl)phenol and 3,5,-dibromo-4-

(4,8-dimethylnonyl)phenol and is presented in Figure 6.1. This solvent will be abbreviated 

by DBP. A mixture of two molecules, varying in their alkyl chain was used to reduce the 

viscosity of the solvent. 

 

 
Figure 6.1: Molecular structure of the solvent, consisting of a 1:1 (mole basis) 

mixture of two alkylated dibromophenols. 

 

The aim of this study was to characterize a solvent impregnated resin consisting of 

Amberlite XAD4 impregnated with the brominated solvent for the selective recovery of 4-

cyanopyridine (CP) from a mixture of acetic acid (HAc) and succinonitrile (SN), the 

molecular structures of the solutes are given in Figure 6.2. 

 

 
Figure 6.2: Molecular structures of the solutes: 4-cyanoypridine, acetic acid and succinonitrile, respectively. 

 

For this evaluation a thermodynamic model was developed to estimate the capacity, a 

mass transfer model was developed to evaluate the mass transfer rate, and a fixed bed 

model was developed to evaluate the breakthrough profiles during the loading of a 

column and the effluent concentration during the regeneration of the column. The models 
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were validated with experimental data obtained with fixed bed column experiments. 

Finally, the evaluated model was used to perform process simulations to determine the 

length of the mass transfer zone and to study the radial concentration profiles inside the 

SIR during regeneration.   

6.2 Theory 

In the following section the model that was developed in this study will be discussed. 

There are three main elements in the model as presented in Figure 6.3: 

• The thermodynamic liquid-liquid equilibrium model: describing the 

concentrations of the species in the impregnated organic solvent phase at 

equilibrium with the bulk aqueous phase composition. 

• The mass transfer model: describing the diffusion through the organic phase in 

the pores of the resin. 

• The fixed bed model: describing the axial concentration gradients in the bed. 

 

 

 

Figure 6.3: Overview of the model consisting of three elements. In the equilibrium model DBP is the custom 

synthesized solvent, m the physical partitioning, KC,i,j the complexation strength between an oligomer of 

DBP and 4-cyanopyridine and i and j indicate the length of an oligomer and the stoichiometry of the 

complex. In the mass transfer model the concentration gradients in the SIR are displayed to illustrate how 

the concentration gradients build up in time inside the pores of the SIR particle. 
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6.2.1 Thermodynamic model 

The thermodynamic equilibrium of the extraction with a solvent impregnated resin can be 

described on the basis of an adsorption isotherm. The interactions included in the 

equilibrium isotherm are the hydrogen bonding interactions between CP and the phenol 

based solvent. In Chapter 3 the equilibrium model for the extraction of CP by 4-

nonylphenol was discussed, and from the results it could be concluded that the 

stoichiometry of the complexation reaction needs to be included to model the equilibrium 

correctly.  Due to the self-association of phenol and the presence of two reactive 

functional groups in CP, multiple complexes can be formed as depicted in Figure 6.3. 

While the reactive liquid-liquid equilibrium model could describe all data with high 

accuracy, it required a lot of experimental data to regress the parameters. Additionally, 

for process simulations it is important to reduce computational efforts and for this reason 

a simplified equilibrium model was developed. Instead of modeling all complexations 

between the phenolic solvent and its oligomers with CP individually, all interactions were 

combined in a single equilibrium reaction as depicted in Equation 6.1. Equation 6.1 

describes the complexation reaction between CP and DBP with the formation of a 

complex ((CP)nDBP) varying the stoichiometry that is designated by n. From the previous 

analysis it can be concluded that multiple phenol molecules can complex with CP, and 

therefore n indicates the overall stoichiometry and equals i + j as given in Figure 6.3.  
 ��r + �Yr	 ⇆ 	 b�rcS�Yr     Equation 6.1 

 

The complexation constant K�ÚÛÛ
 
[(m

3.
mole

-1
)

n
] describes the thermodynamic equilibrium 

and is defined by Equation 6.2 where [(CP)nDBP]s  [mole
.
m

-3
] is the molar concentration of 

complex in the solvent phase, [CP]s [mole
.
m

-3
] the molar concentration of CP in the solvent 

phase and [DBP]s [mole
.
m

-3
] the concentration of free DBP.  Since the pyridine nitrogen 

and cyanide nitrogen do not have the same reactivity, and self-association of DBP is not 

separately included, the complexation constant is defined as an apparent complexation 

constant in which all these effects are lumped. Furthermore, the physical solubility of CP 

in the organic phase was neglected and the stoichiometry was assumed to be 

independent of the concentration of CP in the organic phase. 

 !
\OO = �b"Gc��(G ��"G ��∙��(G �	      Equation 6.2 

 

The thermodynamic equilibrium model was applied in the development of the isotherm, 

given in Equation 6.3, and defined in a similar way as reported for the extraction of citric 

acid by tri-n-octylamine
17

. It can be considered as a modified Langmuir isotherm, with the 



Chapter 6 

120 

main difference being the stoichiometry of the complexation reaction that is included by 

the power n. 

 

�"G,P� = ��=�//∙��(G ���∙�"G ��,��� 	��=�//∙�"G ��,��� � ∙ �$,���∙ef,%6D$     Equation 6.3 

 

In equation 6.3, [DBP]ini [mole
.
m

-3
]  is the initial solvent concentration, [CP]aq,eq [mole

.
m

-3
] 

is the equilibrium aqueous phase concentration of CP, qS,ini is the initial solvent loading of 

the SIR particle [kg
 
solvent

.
kg

-1
 SIR], Mw,CP is the molecular weight of CP [g

.
mole

-1
] and 

qCP,eq is the loading of the SIR [g CP
.
kg

-1
 SIR]. The parameters K�ÚÛÛ

and n were regressed to 

the experimental data. Next to the capacity, the selectivity of the solvent is of great 

importance as the aim is to selectively recover CP from a mixture also containing SN and 

HAc. The selectivity was evaluated on the basis of the capacity factors. The capacity factor 

(CF [m
3.

kg
-1

]) was defined as the ratio between the equilibrium concentration in the 

aqueous phase (caq,eq [kg
.
m

-3
] and the amount adsorbed by the SIR at that concentration 

as defined in Equation 6.4.  

 �Ï = 
��,�����        Equation 6.4 

 

The selectivity (S [-]) of the solvent for CP over HAc is then defined by Equation 6.5, and 

the selectivity of the solvent for CP over SN by Equation 6.6. 

 :"G,'{
 = "�%6"�;<=       Equation 6.5 

 :"G,�� = "�%6"�$v       Equation 6.6 

 

6.2.2 Mass transfer 

The overall rate of mass transfer in SIRs is typically a function of the diffusivity of the 

solute in organic phase, but may in particular cases also depend on other phenomena like 

the reaction rate as was described in Chapter 4. The mass transfer rate needs to be 

calculated in order to determine the length of the mass transfer zone in a fixed bed 

columns, an essential parameter in the design of adsorption processes. In Chapter 4, it 

was established that for the specific case of the extraction of phenol by a phosphine oxide 

based solvent, multicomponent effects were not important due to the slow reaction. In 

the specific case of the extraction of CP with alkylated phenolic solvents, these effects 

may also be small since the physical solubility of CP in the organic phase is very low (see 
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Chapter 3), and CP will be mostly present as a complex. For this reason, the diffusion 

model that was used to describe the mass transfer was based on an assumed binary 

system consisting of the complex and the solvent DBP. Therefore the reaction rates do not 

need to be included, and the interfacial concentration gradients of the complex and 

solvent do not need to be modeled and it is no longer necessary to include volume 

expansion in the model. Overall, these assumptions result in a simplified diffusion model 

using Fick’s second law of diffusion as defined by Equation 6.7. Here, in contrast to the 

Maxwell-Stefan approach for multicomponent diffusion
28

, it is assumed that the mass 

transfer rate can be fully described by a single diffusion coefficient of CP through the 

solvent. In Equation 6.7, the concentration CP in the solvent is cCP,S [kg
.
m

-3
], the radial 

position in the SIR is r [m], t is the time [s] and Dpore is the pore diffusivity [m
2.

s
-1

]. The pore 

diffusion coefficient was defined as the effective diffusion coefficient of CP through the 

solvent corrected for the pore size and orientation of the resin and is obtained by 

regressing Equation 6.7 to the experimental data. 

 °
%6,�°X ¾[ = − �/���[w ∙ °°[ ,®t ∙ °
%6,�°[ 5¾[      Equation 6.7 

 

The SIR is assumed to be spherically symmetrical, and therefore the concentration 

gradients in the center of the SIR are equal to zero as boundary condition (Equation 6.8, 

see also Figure 6.3). In Chapter 5 it was established that the assumption that the mass 

transfer limitations are fully inside the organic phase of the SIR due to the high viscosity of 

the solvent was valid. Therefore, it is assumed that the interfacial concentration of CP at 

time t is equal to the equilibrium concentration (Equation 6.9). 

 °
%6,�°[ ¾[�d = 0       Equation 6.8 

 

�"G,QÜ[�?X = ��=�//∙��(G ���∙�"G ��,��� 	��=�//∙�"G ��,��� � ∙ EF,"G     Equation 6.9 

 

The concentration of CP in the aqueous phase can be described by Equation 6.10, 

employing Fick’s first law of diffusion. Where 3/R is the effective surface area [m
2.

m
-3

], 

assuming AmberliteXAD4 can be considered as perfectly symmetrical sphere. VSIR is the 

volume of the solvent impregnated resin [m
3
] and Vaq the volume of the aqueous phase 

used in an experiment [m
3
]. 

 °
%6,��°X = − u? ∙ �OU[P ∙ °
%6,�°[ ¾[�? ∙ @$AB@��     Equation 6.10 
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Where the Fick diffusion model gives the more complete description of the mass transfer, 

it might be possible to reduce computational efforts by applying a simpler mass transfer 

model like the linear driving force (LDF) model defined by Equation 6.11
26

. The LDF model 

was also applied previously in the resin screening procedure in Chapter 5. 

 °�°X = !h�� ∙ J�P�X − �XK      Equation 6.11 

 

Equation 6.11 relates an overall mass transfer rate to the difference between the 

equilibrium capacity at time t (�P�X  [g CP
.
kg

-1
 SIR]), the actual capacity at time t (�X [g CP

.
kg

-

1
 SIR]) and the overall mass transfer coefficient (KLDF [s

-1
]). The value for KLDF depends on 

the diffusivity of CP through the organic phase and can be estimated by regressing 

Equation 6.11 to the experimental data. 

6.2.3 Fixed bed column model 

In order to describe the concentration profile in a fixed bed, the previously derived 

equations for the equilibrium and the mass transfer rate were coupled to the overall mass 

balance defined by Equation 6.12. The left hand side of Equation 6.12 contains the none 

stationary terms that describe the time dependent change in the concentration in the 

aqueous phase and the mass transfer rate to the SIR particles. The right hand side 

contains the convective and dispersive term. The mass transfer term was calculated using 

either the Fick or the LDF model. 

 

Ng ∙ °
%6,��°X + b1 − Ngc ∙ L�>? ∙ °�%6°X = − Ò4{ ∙ °
%6,��°± + Ng ∙ �\l ∙ °w
%6,��°±w  Equation 6.12 

 

In Equation 6.12 cCP,aq [g
.
m

-3
] is the concentration CP in the aqueous phase, εb [-] is the 

void fraction of the bed, qCP [g
.
kg

-1
 SIR] the loading of the SIR, Qv [m

3.
s

-1
] the flow rate, A 

[m
2
] the cross-sectional area of the column, L [m] the length of the column, Dax [m

2.
s

-1
] the 

axial dispersion coefficient, ρ�Þß the density [kg
.
m

-3
] of the SIR and z [m] is the axial 

position in the column. 

In the regeneration cycle, the pH of the aqueous phase is reduced strongly, this leads to 

protonation of aqueous CP, resulting in a shift in the equilibrium distribution. As only the 

neutral form of CP is soluble in the organic phase
29

, the pH swing will result in a reduction 

of the equilibrium capacity, and the SIR particles will be regenerated. The equilibrium of 

the protonation reaction can be described by Equation 6.13, where all concentration 

terms are expressed in [mole
.
m

-3
]. Because of the instantaneous protonation, the aqueous 

phase composition using Equation 6.13 is solved simultaneously with Equation 6.12 to 

describe the concentration profiles of the neutral form and the protonated form of CP and 
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at each position in the fixed bed. 

 

!\ = �"G ��∙à'�á���"G'� �� 	      Equation 6.13 

 

The pH in the bed is a function of the pH in the feed. At the end of the loading cycle, the 

pH is uniform throughout the bed, and when starting to percolate the column with the 

hydrochloric acid solution the concentration profile is described by the axial dispersion 

term, as depicted in Equation 6.14. 

 

Ng ∙ °
;�°X = − Ò4{ ∙ °
;�°± + Ng ∙ �\l ∙ °w
;�,��°±w
    

Equation 6.14 

 

The boundary conditions of Equation 6.12 and 6.14 were as follows, the concentration at z 

= 0 is equal to the feed concentration (Equation 6.15) and a smooth outlet concentration 

profile was assumed (Equation 6.16). In Equations 6.15 and 6.16, L [m] is the length of the 

fixed bed column. 

 �'�,"GÜ±�d = �'�,"G,�PP½       Equation 6.15 

 °
;�°±°
%6°±
â

±�h
= 0       Equation 6.16 

 

The axial dispersion coefficient was calculated using the Chung and Wen correlation. The 

same equation was used in Chapter 5 to estimate the axial dispersion, and was found to 

have hardly any effect on the breakthrough profile. However, it was required for this 

system to estimate the concentration gradient of the acid through the column and was 

therefore used. The Chung and Wen correlation
30

 is given in Equation 6.17, where u is the 

interstitial velocity [m
.
s

-1
], Re is the Reynolds number and dp is the particle diameter [m]. 

The concentration gradients of SN and HAc were both calculated according to Equation 

6.14 as they were assumed to have a negligible concentration in the organic phase, an 

assumption that was validated experimentally (vide infra). 

 �\l = C3d.td.dd�∙?PÈ.7Ó ∙ « ∙ ¯O
     

Equation 6.17 
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6.3 Experimental 

6.3.1 Chemicals 

Amberlite XAD4, 4-cyanopyridine ( >99.9 %), n-hexane (> 97 %), ethanol ( > 99.5 %), acetic 

acid (> 99.7 %), succinonitrile (> 99 %), pyridine (> 99.9 %) and hydrochloric acid (37 %) 

were supplied by Sigma-Aldrich, the Netherlands. 3,5-dibromo-4-(4,6,6-

trimethylheptyl)phenol (98 %) and 3,5-dibromo-4-(4,8-dimethylnonyl)phenol (95 %) were 

supplied by Syncom, the Netherlands. 

6.3.2 SIR preparation 

Amberlite XAD4 was washed first with water and then with ethanol prior to the 

impregnation, after washing with ethanol the resin was dried during 24 hours at 80 °C. 

The dry resin was brought into contact with the DBP diluted in n-hexane during 24 hours 

and atmospheric pressure in an incubator at a stirring rate of 100 rpm. Then the resin was 

placed in a rotary evaporator at 25 °C and 250 mbar until all n-hexane was removed. DBP 

remained inside the pores of the resin and the loading of the SIR was determined by 

measuring the increase in the weight. The resin was characterized by measuring the 

density using an Accupyc 1330 pycnometer (Micrometrics). The loading of the SIRs was 

0.42 mL
.
g

-1
 SIR, corresponding with 95 % of the maximum porosity to allow the organic 

phase to expand without solvent losses. The density of the impregnated SIR was 1.24 

g
.
mL

-1
. 

6.3.3 Batch-wise contacting experiments 

Equilibrium adsorption measurements were performed by contacting 0.3 gram of the SIR 

during 3 days in an incubator with a stirring rate of 300 rpm with aqueous CP solutions 

varying in initial concentration between 0.1 and 10 kg
.
m

-3
. The liquid-liquid extraction 

experiments were conducted by mixing the bulk liquid organic phase with aqueous CP 

solutions of concentration 0.5 to 3.5 kg
.
m

-3
, in solvent-to-feed ratios from 0.1 to 1. The 

two liquid phases were magnetically stirred during 24 hours. After the samples were 

equilibrated the aqueous phase was analyzed using gas chromatography, the SIR loading 

and organic phase composition were determined on the basis of a mass balance. 

6.3.4 Zero length column experiments 

The rate of the uptake of CP by the SIR was determined in a zero length column setup (ZL 

column)
31,32

. In this setup a thin layer of SIR particles (2 mm) is placed inside a glass 

column (Ominfit, England) and a solution containing 0.5 or 3 kg
.
m

-3
 of CP was circulated 

through the column while measuring the concentration with a Smartline 2500 inline UV-

detector (Knauer GmbH, Germany). In the experiments the aqueous phase volume used 

was chosen such that the aqueous phase concentration reduced with 30 % during the 



Chapter 6 

125 

experiment. After equilibrium was attained, the column was rinsed with demineralized 

water to remove the CP, and was fed in recycle mode with a pH 1.08 hydrochloric acid 

solution, while measuring the concentration with the inline UV-detector. The flow rate 

with which the solutions were pumped through the bed was 25 mL
.
min

-1
 at which level it 

was ensured that the mass transfer resistance in the aqueous phase could be neglected 

and the mass transfer rate was only dependent on the diffusion through the organic phase 

inside the SIR particle. 

6.3.5 Fixed bed column experiments 

The breakthrough profiles were measured in fixed bed column experiments. In these 

experiments a glass column (Omnifit, England) was stacked with a bed of SIR particles with 

a height of 28 cm and a diameter of 1.5 cm. The loading and regeneration cycles were 

performed at flow rates of 1, 2.5 and 5 mL
.
min

-1
 pumped with a Knauer HPLC pump 

(Knauer GmbH, Germany). The feed solution consisted of 500 ppm CP or a mixture of 500 

ppm CP, 500 ppm SN and 4.5 kg
.
m

-3
 HAc. The effluent was analyzed with a Smartline 2500 

inline UV-detector (Knauer GmbH, Germany) to determine the concentration of CP. The 

concentration of SN and HAc were measured by gas chromatography. The regeneration 

procedure was started when the bed was fully saturated, and the liquid phase 

concentration inside the column was equal to the liquid phase concentration of the feed 

in the loading cycle. The feed while regenerating the bed, consisted of a pH 1.08 

hydrochloric acid solution. The effluent was analyzed using gas chromatography during 

the regeneration cycle. 

6.3.6 Gas chromatography 

Gas chromatography was used for the analysis of the equilibrium measurements, the 

measurement of the effluent of the fixed bed column experiments during regeneration 

and the measurement of HAc and SN in the fixed bed column experiments. For these 

measurements a sample of the aqueous phase was taken and filtered over a 45 μm filter. 

In the regeneration of the resins in fixed bed column experiments the sample was first 

mixed with a pH 14 sodium hydroxide solution to set the pH to 7. A sample of 1.2 mL was 

taken and mixed with 0.3 mL of a 0.10 kg
.
m

-3
 pyridine solution which was used as internal 

standard. The sample was then injected in a Varian CP-3800 gas chromatograph (Varian 

Inc, the Netherlands) equipped with a 25 m x 0.53 mm CP-WAX column and flame 

ionization detector. The injected sample volume was 1 µL, the initial column temperature 

was 50 °C, followed by a ramp of 20 °C
.
min

-1
 to 200 °C, after this ramp the temperature 

was directly increased to 240 °C with a ramp of 50 °C
.
min

-1
. Each sample was injected 

three times, the average relative standard deviation for the measurement of all 

compounds was below 0.5 %. 
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6.3.7 Mathematical modeling 

The thermodynamic equilibrium model was programmed in Matlab, and data regression 

was done with the global search function. The mathematical model to calculate the 

breakthrough curves was programmed in gProms model builder 3.3.1, and the equations 

were solved using the centered finite discretization method. Regression of the diffusion 

coefficient was also done with gProms model builder 3.3.1 using the data regression tool 

with a constant relative variance model set at 3 %.  

6.4 Results and discussion 

6.4.1 Model validation 

6.4.1.1 Equilibrium model 

Batch-wise equilibrium experiments were performed to study the thermodynamic 

equilibrium of the extraction of CP by DBP. Both liquid-liquid extraction experiments to 

study the capacity of the solvent and equilibrium adsorption measurements to determine 

the capacity of the SIR were performed. In Figure 6.4a the distribution coefficient 

measured in the liquid-liquid extraction experiments and in the adsorption experiments 

with the SIRs are presented. In Figure 6.4b the SIR adsorption isotherm is presented. In 

both figures the results of the model after data regression is also included. 

 

 
Figure 6.4: a) Distribution coefficient measured by liquid-liquid extraction experiments () 

and SIR experiments (�) and modeled with the isotherm (continuous line). b) The SIR 

isotherm regressed with the modified Langmuir isotherm (continuous line) and the 

standard Langmuir isotherm (dashed line), the symbols are the experimental data points. 

 

In Figure 6.4a it can be observed that the distribution coefficient varies from a maximum 

value of 290 to a value of 35 over the concentration range from 0.02 kg
.
m

-3
 to 6 kg

.
m

-3
 4-

cyanpyridine in the aqueous phase. Also it can be observed that the distribution 
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coefficients obtained by the liquid-liquid extraction experiments follow the same trend as 

those measured by SIR experiments, which results in the conclusion that the SIR capacity 

is fully determined by the capacity of the solvent. In Figure 6.4b it can be observed that 

the capacity of the SIR follows a favorable isotherm as expected. It is clearly visible that 

the standard Langmuir isotherm, assuming a stoichiometry of 1:1 (CP:DBP), was not able 

to describe the data accurately, while the modified Langmuir isotherm with a 

stoichiometry of n:1 (CP:DBP) = 0.73:1 and a complexation constant of 0.052 (m
3.

mole
-1

)
n
 

gave a very good fit of the model with a mean relative error of 2.3 %. The capacity varies 

up to 70 g
.
kg

-1
 at an aqueous phase concentration of 6 kg

.
m

-3
 of CP. The value of n is 

smaller than 1, indicating that multiple DBP molecules can attach to 1 CP molecule. This is 

in accordance with the expectations, because both the pyridine and the nitrile 

functionalities are Lewis bases that may complex with the Lewis acid phenol. Another 

parameter of interest was the selectivity, defined as the ratio of the capacity factors of CP 

in comparison with SN and HAc. In the SIR experiment with a feed consisting of a mixture 

of 500 ppm CP, 500 ppm SN and 4.5 kg
.
m

-3
 HAc no significant reduction in the 

concentration of SN and HAc was measured while the concentration of CP was reduced by 

60 %. These results indicate that the selectivity of this SIR is above 500 for CP with both 

succinonitrile and HAc, given the analytical uncertainty in the measurement of these 

compounds.  

6.4.1.2 Mass transfer 

ZL column experiments were conducted to study the mass transfer in the SIR. The Fick 

diffusion model and the LDF model were regressed to the experimental data obtained 

with an initial concentration of 0.5 and 3 kg
.
m

-3
, resembling the operating conditions in 

the fixed bed column in loading and regeneration. After equilibrium was reached, the 

regeneration was performed with a pH 1.08 HCl solution. The results are presented in 

Figure 6.5, where c/c0 for a loading experiment was defined as the ratio of the measured 

concentration over the initial concentration, and for the regeneration cycle it was defined 

as the ratio of the measured concentration over the equilibrium concentration obtained 

at the end of the regeneration cycle. 

In Figure 6.5a and Figure 6.5b it can be observed that the LDF model is not able to 

describe all data accurately. Especially the regeneration cycle at an initial aqueous phase 

concentration of 0.5 kg
.
m

-3
 is largely overestimated, and during the loading cycle at 0.5 

kg
.
m

-3
 a slight overestimation of the mass transfer rate was made. At a higher 

concentration the differences tend to become smaller. The LDF model assumes a mass 

transfer coefficient that is independent on the concentration, the results however show 

that the mass transfer rates are depending on the concentration and as a result the LDF 

model could not describe all experimental data. 
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Figure 6.5: Results of the zero length column experiments with the LDF model for an initial 

concentration of 0.5 kg
.
m

-3
 (a), 3 kg

.
m

-3
 (b) and with the Fick model for an initial concentration of 

0.5 kg
.
m

-3
 (c) and 3 kg

.
m

-3
 (d). Lines are the model results: regeneration cycle (black) and the 

loading cycle (grey). Symbols are the experimental data for the loading cycle () and the 

regeneration cycle (�). 

 

The Fick model, presented in Figure 6.5c and Figure 6.5d gives a better description. The 

loading cycles at both 0.5 and 3 kg
.
m

-3
 were well described, and the regeneration cycle 

with 0.5 kg
.
m

-3
 as initial concentration is perfectly described with Fickian diffusion. It can 

however be observed that at an initial concentration of 3 kg
.
m

-3
 there is an 

underestimation of the mass transfer rate during the regeneration cycle. The estimated 

value of the diffusion coefficient will be used in the next section to compare the model 

results in fixed bed operation. The overall mass transfer coefficient for the LDF model was 

estimated at 2.2
.
10

-4
 s

-1
 ± 2.2 %. The effective diffusion coefficient of CP in the SIR particle 

was estimated at 6.53 
.
10

-13 
m

2.
s

-1
 ± 2.5 %. This low value of the diffusion coefficient can be 

explained by the high viscosity of the solvent, as also found for the transfer of CP in a SIR 
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containing 4-nonylphenol as solvent (see Chapter 5). 

6.4.1.3 Loading cycle 

A fixed bed column stacked with SIR particles was loaded with CP by displacing a feed with 

a 500 ppm solution of CP through the column at varying flow rates. One additional 

experiment was performed with a mixture of 500 ppm CP, 500 ppm SN and 4.5 kg
.
m

-3
 HAc 

at a flow rate of 5 mL
.
min

-1
. The breakthrough profiles estimated with the model and 

experimentally determined are presented in Figure 6.6. 
 

 
Figure 6.6: Breakthrough profiles of SIR fixed bed experiments: a) LDF model and b) Fick 

model. Lines: flow rate 1 mL
.
min

-1
 (black), 2.5 mL

.
min

-1
 (dark grey) and 5 mL

.
min

-1
 (light 

grey), experimental results (dashed) and the model results (continuous). The black dotted 

line is the modeled breakthrough profile of SN and HAc. Symbols: HAc () and SN (�). 

 

From Figure 6.6 it can be observed that by reducing the flow rate, a narrowing of the 

breakthrough profiles occur. This trend was also observed previously in the case of 4-

nonylphenol impregnated in Amberlite XAD4 with CP as feed (Chapter 5). The narrowing 

of the breakthrough profile at lower flow rates can be explained by the reduced effect of 

the mass transfer limitations due to the longer residence time of the percolated fluid in 

the column. Breakthrough of the column was defined as the moment when the outlet 

concentration was 1 % of the feed concentration and occurred after approximately 5, 10 

and 23 bed volumes at a flow rate of 5, 2.5 and 1 mL
.
min

-1
, respectively. In Figure 6.6a it 

can be observed that HAc and SN breakthrough immediately due to the very high 

selectivity of the SIR. The breakthrough profiles of HAc and SN were modeled by the axial 

dispersion only, assuming the adsorption was zero. In Figure 6.6a it may be observed that 

with this assumption the breakthrough profile of HAc and SN could be described well.  

  



Chapter 6 

130 

6.4.1.4 Regeneration cycle 

After the column was fully saturated, it was regenerated with a pH 1.08 HCl solution at a 

flow rate of 1, 2.5 and 5 mL
.
min

-1
. The outlet concentration of the column was monitored 

and the results were compared with the calculated values by the model using both the 

Fick and the LDF model. In Figure 6.7 the outlet concentration normalized to the original 

feed concentration as measured and calculated with both models are presented after 

percolating 1 bed volume through the bed, i.e. when the outlet concentration started 

increasing. 

 
Figure 6.7: Effluent concentration during regeneration: a) modeled with the LDF model and b) modeled 

with the Fick model (b). Lines are model results: flow rate 5 mL
.
min

-1
 (black), 2.5 mL

.
min

-1
 (dark grey) and 

1 mL
.
min

-1
 (light grey). Symbols are experimental data: flow rate 5 mL

.
min

-1
 (), 2.5 mL

.
min

-1
 (�) and 1 

mL
.
min

-1
 (△  ). 

 

In Figure 6.7 it can be observed that the outlet concentration is initially seven times higher 

than the original feed concentration. At a pH of 1, only 14 % of CP is in its neutral form 

which results in a factor seven reduction in the capacity and hence a factor seven increase 

in the aqueous phase concentration at equilibrium. After this maximum was obtained, it 

gradually reduces with respect to time as the SIR particles are regenerated. In Figure 6.7a 

the results of the LDF model are included, where it can be observed that at 5 and 2.5 

mL
.
min

-1
 a large underestimation of this outlet concentration was obtained and only at 1 

mL
.
min

-1
 the model agrees well with the experimental data. In Figure 6.7b it can be 

observed that the Fick model agrees with the experimental data under all conditions. The 

main difference between the Fick model and the LDF model is that the LDF model 

assumes a constant mass transfer coefficient, while the mass transfer rate in the Fick 

model is inherently time dependent.  
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6.4.1.5 Model validation overview 

In the previous sections the models were developed to describe the mass transfer of CP 

from the aqueous phase to the organic phase inside the SIR with the LDF model and Fick 

model. A comparison of the accuracy of the two models was made, and the R
2
 values that 

were obtained for the ZL experiments and fixed bed experiments, for the loading and 

regeneration cycle are presented in Table 6.1. 

 

Table 6.1: R
2
 values obtained with the LDF and Fick model for the ZL 

experiments and Fixed bed experiments in the loading and regeneration cycle. 

Zero length column experiments 

 

Initial CP 

concentration 

[kg
.
m

-3
] 

R
2
 value 

Fick LDF 

Loading 
0.5 0.94 0.87 

3 0.97 0.98 

Regeneration 
0.5 0.99 0.69 

3 0.91 0.84 

Fixed bed experiments 

 

Feed flow rate 

[mL
.
min

-1
] 

R
2
 value 

Fick LDF 

Loading 

1 0.98 0.98 

2.5 0.99 0.99 

5 0.97 0.99 

Regeneration 

1 0.99 0.98 

2.5 0.96 0.78 

5 0.95 0.45 

 

In Table 6.1 it can be observed that the Fick model is best applicable for the description of 

the mass transfer rates as obtained in the ZL column experiments as was previously 

concluded. The dependency of the mass transfer on the concentration could not be 

described by the LDF model. For the fixed bed column experiments it can be concluded 

that during the loading cycle, both the Fick model and LDF model could describe all data 

accurately, and at a flow rate of 5 mL
.
min

-1
 the LDF model was even more accurate than 

the Fick model. At a fixed position in the bed the concentration changes from initially 0 to 

the feed concentration in time. This gradual increase in the concentration resulted in a 

small dependency of the mass transfer coefficient with time, and therefore the LDF model 

was able to describe the experimental data with sufficient accuracy. With the Fick model 
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however, the initial mass transfer rate will be higher due to the steeper concentration 

gradients, this effect seems to be overestimated, resulting in a narrower breakthrough 

profile then experimentally obtained, and a higher accuracy with the LDF model. For the 

regeneration of the column the Fick model is best applicable, as the R
2
 values are much 

higher than the LDF model. It can clearly be observed that the LDF model could not 

describe the data as function of flow rate and is only accurate at low flow rates where the 

residence time in the column is longer. The time dependent mass transfer rate as 

estimated with the Fick model was required for an adequate description of the 

experimental data as also observed with ZL column experiments. Hence, for simulation of 

complete loading and unloading cycles, the model making use of Fickian diffusion can be 

applied, whereas the LDF model is inapplicable due to failure in simulating the 

regeneration. 

6.4.2 Simulations 

Simulations were performed with the model making use of Fickian diffusion to determine 

the mass transfer zone length and to study the evolution of the axial and radial 

concentration gradients. These results help in explaining the observed effects like the 

great impact of the flow rate on the width of the breakthrough profile and mass transfer 

enhancement during regeneration. Since the length of the mass transfer zone is long, as 

can be observed in Figure 6.6, the column used in simulations had a length of 2 m that 

ensures that the mass transfer zone will fit in the column. This allowed studying the effect 

of flow rate on the mass transfer zone length in a larger range of flow rates. 

6.4.2.1 The loading cycle 

In the simulation during the loading cycle the column was initially filled with pure water 

and was from t = 0 continuously fed with a 500 ppm CP solution at varying flow rates. The 

length of the mass transfer zone (MTZ) was calculated at each time and is plotted in Figure 

6.8 as function of the breakthrough time, defined as the ratio of time (t) and the time until 

breakthrough (tbt). In Figure 6.8 it can be observed that initially the length of the MTZ do 

not strongly vary with flow rate, as time progresses the differences between the lengths 

of the MTZ increase. With a flow rate of 2.5 and 1 mL
.
min

-1
, the MTZ attains a constant 

pattern while at a flow rate of 5 mL
.
min

-1
 this constant pattern is not yet established due 

to the shorter residence time in the column. The last explains the greater differences 

between the model and experimental results previously determined. The MTZ length 

varied between 0.4 m up to 1.2 m under the conditions applied in these simulations.  
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Figure 6.8: Length of the mass transfer zone as function of the flow rate. Colors: 

flow rate of 5 mL
.
min

-1
 (black), 2.5 mL

.
min

-1
 (dark grey) and 1 mL

.
min

-1
 (light grey). 

6.4.2.2 Regeneration 

The regeneration cycle of the SIR by a pH swing was simulated to estimate the axial 

concentration gradients in the column and the radial concentration gradients inside the 

SIR particle. The column was loaded with a 500 ppm CP solution, and the simulation was 

started with a column where the aqueous phase had a concentration of CP equal to feed 

concentration and the SIR particles were fully saturated with CP. In Figure 6.9 the axial 

concentration gradients during regeneration are presented, where the breakthrough time 

was defined as the time where the outlet concentration was at its maximum.  

In Figure 6.9 it can be observed that the concentration profile develops as a wave through 

the column. A maximum concentration is reached, from this maximum the concentration 

reduces to the original feed concentration. The profile is set by the gradient of the HCl 

concentration through the column which was described by the axial dispersion. At a flow 

rate of 1 mL
.
min

-1
, the maximum outlet concentration was reached at a factor seven times 

the original feed concentration which is the thermodynamic maximum at these 

conditions. This can also be observed by the flatted concentration gradient near the exit 

of the column which shows that the aqueous phase composition is in equilibrium with the 

organic phase composition. At a flow rate of 5 mL
.
min

-1
 this maximum was not reached, 

because the residence time in the column was too short and the mass transfer limits the 

regeneration. Therefore only a maximum concentration of approximately five times the 

original feed concentration is reached.  
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Figure 6.9: a) Axial concentration profile in the column during regeneration at 1 mL

.
min

-1
 

(black) and 5 mL
.
min

-1
 (light grey) at a breakthrough time of 0.1 (continuous), 0.5 (dashed) 

and 1 (dotted). b) Radial concentration profiles in the SIR particle during regeneration. 

 

In Figure 6.9b the radial concentration profiles are presented as it develops inside the SIR. 

Initially the concentration gradient was steep. This results in the fastest mass transfer due 

to a higher driving force for diffusion. As time progresses the gradient flattens and mass 

transfer reduces, these results show a great dependency of mass transfer with respect to 

time that could be correctly described by the Fick model, but not with the LDF model. 

6.5 Conclusions 

A solvent impregnated resin was developed for the selective removal of 4-cyanopyridine 

from an aqueous waste stream containing also acetic acid and succinonitrile. The solvent 

impregnated resin consisted of Amberlite XAD4 impregnated with a 1:1 mixture (mole 

basis) of 3,5-dibromo-4-(4,8-dimethylnonyl)phenol and 3,5-dibromo-4-(4,6,6-

trimethylheptyl)phenol with a capacity of 21 g 4-cyanopyridine
.
kg

-1
 SIR at an aqueous feed 

concentration of 500 ppm 4-cyanopyridine. The selectivity of the solvent impregnated 

resin towards 4-cyanopyridine was above 500. A thermodynamic model was developed 

based on the hydrogen bonding interactions between 4-cyanopyridine and the reactive 

solvent and was able to describe the equilibrium isotherm with high accuracy. The mass 

transfer rates were studied and the diffusion coefficient of 4-cyanopyridine in this solvent 

was estimated at 6.53
.
10

-13
 m

2.
s

-1 
± 2.5 %. While the results indicated that it is likely that 

the diffusivity is concentration dependent, the validation of the model with fixed bed 

column experiments revealed that with a constant diffusion coefficient the data could be 

described with sufficient accuracy for the loading cycle as well as the regeneration cycle. 

Using the Fick model R
2
 values of 0.94 to 0.99 were obtained. With the linear driving force 

model the loading cycles could be described with accuracy comparable to that obtained 

with the Fick diffusion model. However, the regeneration of the solvent impregnated resin 
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could not be described accurately by the linear driving force model, because of the 

constant mass transfer coefficient resulted in an underestimation of the mass transfer 

rates. Simulations were performed to determine the axial concentration gradients and it 

was found that mass transfer is strongly limiting and the mass transfer zone lengths varied 

from 0.4 m to 1.5 m depending on the superficial velocity through the bed. 

 

Nomenclature 
 

Abbreviations: 

CP:   4-Cyanopyridine 

(CP)nDBP:  Complex of 4-cyanopyridine with the reactive solvent 

CPH
+
:
   

Protonated 4-cyanopyridine 

DBP: Custom synthesized solvent  

LDF:   Linear driving force 

HAc:   Acetic acid 

H
+
:
   

Proton 

SIR:   Solvent impregnated resin 

SN:   Succinonitrile 

 

Symbols: 

[ ]:  Molar concentration    [mole
.
m

-3
] 

A:  Cross sectional area of the column   [m
2
] 

c:  Mass concentration    [kg
.
m

-3
] 

CF:  Capacity factor     [m
3.

kg
-1

] 

D:  Effective diffusion coefficient   [m
2.

s
-1

] 

Dax:
  

Axial dispersion coefficient   [m
2.

s
-1

] 

dp:  Diameter of the SIR    [m] Ô¢:  Friction factor     [-] !
\OO
:  Apparent complexation strength   [(m

3.
mole

-1
)

n
] 

Ka:  Dissociation constant    [m
3.

mole
-1

] 

kf:  Aqueous phase resistance towards mass transfer  [s
-1

] 

KLDF:  Overall mass transfer coefficient   [s
-1

] 

KD:  Distribution coefficient    [-] 

L:  Length of the column    [m] 

Mw:  Molecular weight     [g
.
mole

-1
] 

n:  Stoichiometry     [-] 

q:  Loading of the SIR    [kg
.
kg

-1
] 
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Qv:  Volumetric flow rate    [m
3.

s
-1

] 

R:  Radius of the SIR     [m] 

r:  Radial position     [m] 

Re:  Reynolds number     [-] 

S:  Selectivity     [-] 

t:  time      [s] 

u:  Interstitial velocity    [m
.
s

-1
] 

V:  Volume      [m
3
] 

z:  Axial position in a fixed bed column  [-] 

 

Greek symbols: 

εb:  Void fraction in the bed    [-] 

εp:  Void fraction in the resin    [-] 

 

Subscripts: 

eq:  Equilibrium 

s:  Solvent phase 

ini:  Initial 

aq:  Aqueous phase 

bt:  Breakthrough 

 

Superscript: 

t:  Time 
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7.1 Introduction 

 

In the production of pyridine, cyanopyridine and acrylonitrile several of the by-products 

that are formed have a relatively high solubility in the aqueous phase, and may end up in 

the process water stream. Hence, without precautions there is a chance that they end up 

in the wastewater stream, resulting in highly diluted aqueous waste streams that are 

complex of nature. Due to the toxicity and poor biodegradability
1-4

 of some of these 

components, the treatment of such wastewater streams is pursued, being of great 

environmental importance. Typical compounds that are present in such streams are 

pyridine derivatives (e.g. cyanopyridine), nitriles (e.g. succinonitrile) and oxygenated 

compounds (e.g. acetic acid)
4
. There are several technologies that can be used for the 

treatment of such streams, like micro-biological treatment, which is difficult to apply in 

presence of nitrogen species, in particular for pyridine derivatives
4
. Therefore, prior to 

microbiological wastewater treatment, the removal of these pyridine derivatives from the 

waste stream by another technology can be considered. This study is focused on the 

removal of the model compound 4-cyanopyridine (CP) from water as a representative of 

the class of pyridine derivatives. The concentration of the trace compound should be 

reduced from an initial concentration of 500 ppm to below 5 ppm. For the removal of the 

pyridine derivatives prior to the biological process, conventional separation technologies 

like distillation cannot be applied energy effectively due to the low concentration of the 

solute in the aqueous phase, and the high boiling point (that would mean sending all 

water over the top, which is tremendously energy intensive). An alternative is the use of 

solvent extraction (SX) where the solute is transferred from the aqueous phase to an 

organic solvent phase. The traditional process applied for the recovery of pyridine 

derivatives from aqueous streams by SX uses toluene as solvent. The toluene phase, rich 

in the pyridine derivative is then partially evaporated and subsequently treated in a 

crystallizer to obtain the pyridine derivative as solid product. Due to the limited capacity 

of toluene for cyanopyridine (distribution coefficient is 4.8
5
, Chapter 2) a high toluene flow 

rate is required to obtain a raffinate with a concentration below 5 ppm, and hence, a large 

amount of toluene needs to be evaporated that requires a large amount of energy.  

An alternative for solvent extraction is reactive extraction (RX) where a task specific 

extractant is added to the solvent phase
6
 that can undergo a reversible complexation 

reaction with the solute to enhance the overall capacity. For the extraction of CP, the 

capacity of the solvent can be increased by a factor 10 to 50 by using an undiluted phenol 

phase for reactive extraction
5
. This increase in capacity can largely reduce the volumetric 

flow rate of the solvent required in an extraction process, but there are also several 
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drawbacks of this technology. The reactive solvents can be expensive in comparison with 

traditional solvents and solvent losses through entrainment and emulsification may occur, 

which is economically and environmentally unacceptable. Therefore the use of solvent 

impregnated resins (SIRs)
7,8

 as an alternative to the conventional solvent extraction 

process was proposed. In a SIR, the solvent is immobilized in a macro-porous particle. This 

allows using RX in fixed bed operation and mixing and settling of the phases is therefore 

no longer required thus preventing emulsification and entrainment. For the removal of 

cyanopyridine (CP), phenol based solvents are most promising as discussed in chapter 2. A 

solvent was designed, custom synthesized and evaluated. The aim of this chapter was to 

investigate the technical and economic feasibility of SIR based processes for the recovery 

of cyanopyridine from wastewater by comparing the traditional SX process and SIR 

process. For the SIR, two solvents were evaluated. The commercially available solvent 4-

nonylphenol (NP) and a 1:1 mixture (mole basis) of 3,5-dibromo-4-(4,6,6-

trimethylheptyl)phenol and 3,5,-dibromo-4-(4,8-dimethylnonyl)phenol (DBP). The key 

parameters that were compared were the energy requirements and the total processing 

costs per m
3
 of wastewater. 

7.2 Approach and theory 

 

Because there is no standard flowsheeting software available for SIR based processes, this 

section discusses the approaches and required theoretical considerations for the 

development of a flowsheet for the SIR based processes, as well as the approach in 

modeling the conventional SX process applied in industry for the purification of pyridine 

derivatives
9
. 

7.2.1 SIR purification process 

7.2.1.1 Configuration   

SIR technology can be applied in the same manner as conventional adsorption, in unit 

operations like slurry columns, stirred tanks and fixed bed columns. This study focusses on 

the application of the SIR technology in a fixed bed column since the mass transfer 

limitations are completely inside the porous phase, and fixed beds obtain the maximum 

volumetric capacity. In a fixed bed two regions can be identified at the moment of 

breakthrough as illustrated in Figure 7.1. In the bottom section of the column the SIR is 

saturated and in the top section there is a concentration gradient. The bottom section is 

the equilibrium zone and the top section is the mass transfer zone (MTZ) 
10

. The general 

flow diagram of a SIR based process is given in Figure 7.2. 
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Figure 7.1: A typical axial concentration gradient in a column at breakthrough, where the axial position 

indicates the vertical position in the column (0 being the bottom and 1 the top of the column). 

 

 

 
 

Figure 7.2: General outline SIR process. Continuous lines are the feed stream and the CP lean water phase. The 

dashed line is the regeneration stream. The process consists of a minimum of two columns acting in parallel and 

additional columns can be added to deal with mass transfer limitations (indicated by the third dotted column). 

 

As presented in Figure 7.2, the process consists of a minimum of two fixed bed columns 

acting in parallel where one column is in the loading cycle and a second in the 

regeneration cycle. The size of the columns depend on the required capacity, the mass 
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transfer rates and the maximum pressure drop over the columns. This parallel 

configuration is advantageous when the cost in adsorbent is low and the column sizes can 

be large. The minimum size of a column is equal to the mass transfer zone
10

, any increase 

in the length of the column results in an increase in the equilibrium section at 

breakthrough which increases the capacity. For very large mass transfer limitations, the 

mass transfer zone is broad, and in order to limit the pressure drop, instead of elongating 

the column, additional columns can be added in series to allow for sufficient capacity. In 

this configuration each column length is equal to the MTZ and is therefore at the minimal 

length. In such a configuration, two or more columns are operated in series and any 

additional columns in parallel. In Figure 7.2, three columns are configured, of which the 

first two are in operation. Column N1 is fed with the feed, the effluent proceeds to column 

N2 which acts as buffer. At the moment of complete saturation of column N1, the feed is 

switched to column N2 and the effluent proceeds to column N3 while column N1 is in the 

regeneration mode. After column N2 is completely saturated, the feed switches to N3 

with column N1 as buffer, while N2 is being regenerated. This configuration is 

advantageous when mass transfer limitations are severe and the cost in adsorbent are 

high, because the capacity is fully utilized with a minimum volume of the fixed bed. 

7.2.1.2 Process cycles 

The cycles of SIR based processes consist of three phases, the loading phase, the 

regeneration phase and the purging phase. A loading phase is performed until a certain 

design criteria is met, e.g. when the outlet concentration exceeds the threshold value for 

saturation, in this case 1 % of the feed concentration. This design criteria is typically 

applied in a two column configuration, while for a configuration with three columns where 

two columns are operated in series, the loading cycle can be continued until the second 

column in line breaks through or until the first column in line is nearly saturated, 

depending on the size of the fixed beds. 

After the loading phase is finished, the column needs to be regenerated to be re-used. 

Typical regeneration methods applied in adsorption like solvent swing
11

 could not be 

applied in this process, as a second solvent immiscible with the solvent phase inside the 

SIR particles is required. Other techniques like evaporation and thermal swing were found 

unsuitable, since the target compound is not volatile (for the case of evaporation) and a 

temperature increase may result in faster leaching of the solvent and only a minor 

reduction in capacity (in the case of thermal swing). For this reason, in this study pH swing 

was evaluated as regeneration methodology. The pH swing relies on the change in the 

thermodynamic equilibrium in the aqueous phase when the target compound is either a 

base or an acid. By reducing the pH below the pKa of CP (pKa=1.9
12

), CP becomes 
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protonated. Since only the neutral form of CP is soluble in the organic phase
13

, a reduction 

in the ratio of neutral CP over protonated CP will result in reduction in the capacity which 

facilitates the regeneration. The concentrated CP stream created in the regeneration cycle 

is neutralized by sodium hydroxide and subsequently processed to obtain the solid 

product. Although this methodology requires the use of chemicals for the regeneration 

and results in an aqueous waste stream with salt, it is the preferred technique as it 

prevents leaching of the expensive solvent. 

The third phase in the SIR process is a purging phase, in which the remaining liquid in the 

column from the regeneration phase is removed before starting the new loading phase. 

Typically, half an hour is required to remove excess of liquid from the column from the 

bed
14

. The liquid that is purged from the column is processed further together with the 

regenerate. 

7.2.1.3 Equilibrium and mass transfer 

In Chapter 6, a model that describes the equilibrium composition with a modified 

Langmuir equation, the mass transfer rate with Fick diffusion and the axial concentration 

gradients with the mass balance inside the columns have been presented. The equilibrium 

isotherm was applied for DBP, but not yet for NP. For NP a physico-chemical realistic 

model including oligomerization of the NP and a range of complexation stoichiometries 

was previously developed and applied to obtain in depth understanding of the 

phenomena in the liquid-liquid system. But to minimize computational efforts the 

modified Langmuir equation was applied for NP as well. The experimental data presented 

in Chapter 3 was used to regress the parameters of the modified Langmuir isotherm for 

NP
15

. The values as input for the isotherm and for the mass transfer model are presented 

in Table 7.1.  

 

Table 7.1: Physical and chemical parameters and fixed bed properties of the the SIRs containing NP and DBP. 

 NP DBP 

Kc [(m
3.

mole
-1

)
n
] 0.011 0.052 

n [-] 0.87 0.73 

[solvent]ini [mole.m
-3

] 4828 3341 

qS,tot [kg solvent
.
kg

-1  
SIR] 0.52 0.42 

Dpore 
.
10

-12
 [m

2.
s

-1
] 1. 48 0.65 

dp [m] 0.5
.
10

-3
 0.5

.
10

-3
 ρ�Þß [kg

.
m

-3
] 1240 1056 Ng [-] 0.38 0.38 
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In Table 7.1 Kc is the affinity constant, n the stoichiometry of the complexation reaction, 

[solvent]ini the initial molar concentration of the solvent and qS,tot the total solvent loading 

of the SIR, and were used as input in the equilibrium isotherm (Equation 6.3). Dpore is the 

pore diffusion coefficient of CP through the solvent, used as input in Equation 6.10. 

Additionally the properties of the SIR like the resin diameter (dp) and the SIR density (ρ�Þß) 

and the void fraction (Ng) of the fixed bed were used as input of the model. 

For dimensioning of the SIR columns the maximum length of the column is an important 

factor, and is correlated to the maximum allowed pressure drop which was set at 0.7 

bar
10

. Equations 7.1 to 7.3 were used for pressure drop calculations. The maximum 

allowable length to diameter ratio (L/Dc) where L [m] is the length of the column and Dc 

[m] is the diameter of the column, and could be computed on the basis of Equation 7.4. In 

these equations Re
’
 is the modified Reynolds number, fm the friction factor [-], vm,0 the 

fluid superficial mass velocity [kg
.
(m

2.
s)

-1
], μ the viscosity of the feed [Pa

.
s], ρ the density of 

the feed [kg
.
m

-3
], ΔP the pressure drop [Pa], and v0 the superficial velocity through the bed 

[m
.
s

-1
]. Amberlite XAD4 was used as resin with a particle diameter of 0.5 mm and the fixed 

bed columns had a bed porosity of 0.38. 

 �ÕÖ	 = ½/∙W.,ÈÊ        Equation 7.1 

 Ô¢ = �dd?P×        Equation 7.2 

 

Ô¢ = ½/∙D∙C3y∙∆Ot∙W.,È∙h∙b��C3cy      Equation 7.3 

 

h�=¾¢\l = �dd∙ã∙t∙W.,Èw ∙b��C3cy½/w ∙Dw∙C3y∙∆O.�1∙WÈ∙�=     Equation 7.4 

 

A second important element for the sizing of the columns is mass transfer. Where the 

maximum length is governed by pressure drop, the minimum length of the column is given 

by the length of the mass transfer zone. The minimum L/Dc of a SIR column was defined by 

Equation 7.5. The length of the mass transfer zone was calculated using a numerical model 

that was developed previously in Chapter 6.  

 h�=¾¢RS = häåæ�=        Equation 7.5 
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7.2.2 Solvent extraction process 

7.2.2.1 Column sizing 

The solvent extraction process is performed in countercurrent operation. It is assumed 

that the distribution coefficient of CP over the solvent and aqueous phase remains 

constant with respect to the concentration of the compound. The distribution coefficient 

(D [-]) is defined by Equation 7.6. The minimal solvent to feed ratio required to reduce the 

feed concentration (cfeed [kg
.
m

-3
]) to a certain level in the raffinate (craffinate [kg

.
m

-3
]) was 

determined on the basis of Equation 7.7, which was taken 50 % more than the minimal 

flow rate as explained in Chapter 1. A model was developed in gProms Modelbuilder to 

determine the concentration profile over the extraction column, the number of stages 

required and the outlet concentration of CP in the extract phase. The height of a 

theoretical stage was assumed to be 2 m, and contain 10 trays
17

.  

 � = 
���
��         Equation 7.6 

 J: Ïç K¢RS = 1.5 ∙ 
�����
����������∙
����      Equation 7.7 

 

For sizing the extraction column, Equation 7.8 was used to determine the flooding point 

and Equation 7.9 to determine the required column diameter
19

. In Equations 7.8 and 7.9, 

vflooding is the maximum velocity through the column [m
.
h

-1
], Δρ the density difference 

between the continuous and dispersed phase [kg
.
m

-3
], μ the viscosity [Pa

.
s], ddr the droplet 

size [m], Qv the volumetric throughput [m
3.

h
-1

] and Dextr the diameter [m] of the extraction 

column. The indices d and c are the dispersed phase and continuous phase, respectively. It 

is assumed that no emulsification occurs
18

. 

 

²ªVUU½RS` = �.Æ∙�dy∙∆DÈ.wÓ
éd.tdut∙Ê=È.ÈêÉ∙D�È.Éd.ÆëÑ∙½��È.É�∙D�È.É∙�Ò4,� Ò4,=ì �È.Éíw   Equation 7.8 

 

�PlX[ = î Æ∙Ò4,=d.Æ∙ï∙W�0������      Equation 7.9 
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7.2.2.2 Toluene losses 

In the extraction process, toluene will partially dissolve in the aqueous phase resulting in 

solvent losses. These traces of toluene need to be removed from the aqueous stream 

prior to further treatment. For this purpose, macro-porous polypropylene extraction 

(MPPE) can be applied which is a proven technology for the trace removal of 

hydrocarbons from water
19

. MPPE technology used a porous polymeric bead, impregnated 

with a paraffin oil phase to extract the toluene from water. These beads are loaded in a 

fixed bed, through which the typical superficial velocity is 10 to 12 m
.
h

-1
. The L/Dc of these 

type columns are approximately 2.5
19

. Steam stripping can be applied to regenerate the 

MPPE particles and to recover toluene, with a feed of 10 ppm of the toluene and a 99.9 % 

removal efficiency a steam consumption of 5 kg
.
m

-3
 of water treated was required. 

7.2.3 Process lay outs 

The overall SIR process consists of SIR columns to selectively capture CP, followed by a 

regeneration procedure with an HCl solution to release the CP from the SIR. This stream is 

acidic and is neutralized with NaOH, obtaining NaCl in a mixture with neutral CP. This 

stream is then concentrated by evaporation of water by mechanical vapor recompression 

where a maximum efficiency can be reached. The remaining stream contains CP and NaCl, 

which is cooled down in a crystallizer to obtain the solid product, and separate CP from 

the water stream containing NaCl. The aqueous phase leaving the crystallization section 

still contains CP at its maximum solubility in water which will be approximately 1000 ppm. 

The stream obtained will be small in comparison with the total wastewater stream and 

may be mixed to dilute the concentration to below 5 ppm. The process outline is 

presented in Figure 7.3a. The solvent extraction process consists of an extraction column, 

a treatment of the water stream saturated with toluene by MPPE columns, evaporation of 

toluene and finally the crystallization of CP from the concentrated mixture. In Figure 7.3b 

the layout of the process is presented.  
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Figure 7.3: Process layout of the solvent impregnated resin process (a) and the solvent extraction process (b). 
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Both processes end with a crystallizer to obtain the final solid product. The aqueous phase 

solubility of CP used as input in the flow sheet was calculated on the basis of the melting 

enthalpy which was estimated from literature data
20

 on the solubility of CP. Equation 7.10 

was used to estimate the temperature dependency of the solubility. In Equation 7.10, xCP 

is the maximum solubility of the solute [mole
.
mole

-1
], ∆Hmelt [J

.
mole

-1
] the melting enthalpy 

of the solute, R the ideal gas constant, T [K] the temperature and Tmelt [K] the melting 

temperature of the solute. The melting enthalpy was estimated at -72 kJ
.
mole

-1
. The 

solubility of CP in toluene was estimated with COSMO-RS, which is proven to be able to 

estimate the solubilities of solutes in hydrophobic solvents
21

, and was used as input in the 

flow sheet for calculating the temperature in the crystallizer. 

 lnbk"Gc = ∆'.�0�? ∙ ,�x − �x.�0�5     Equation 7.10 

 

7.2.4 Cost parameters  

In the following sections the solvent extraction process and the SIR process will be 

discussed. A process design will be performed on the basis of simulations in which the 

costs of the process in terms of capital, utilities and chemicals are incorporated. A 

summary of the cost parameters that were used in the evaluation is given in Table 7.2. 

Capital costs were estimated using Aspen Economic evaluator v7.2.  

 

Table 7.2: Cost parameters used for estimation of the operational costs 

 

 

In Chapter 6 it was established that the stability of a SIR consisting of Amberlite XAD4 and 

an alkylated phenol is very high and solvent losses to the aqueous stream are below the 

maximum solubility of the solvent. In the literature it is reported that these solvent losses 

may be 5 times lower than the maximum solubility of the solvent in water
26,27

. For NP this 

would result in an outlet concentration with a maximum of 1 ppm of solvent in the 

Price Unit 

Steam 6.22
22

 €/GJ 

Cooling water 1.73
22

 €/GJ 

NP 2.15
23

 €/kg 

DBP 100 €/kg 

HCl 65.7
24

 €/tonne 

NaOH 385
24

 €/tonne 

Electricity 0.0841
25

 €/kWh 
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aqueous phase. In our analysis it was not possible to quantify the amount of DBP in water, 

as the concentration was below the detection limit of the analytical technique. But, in 

order to make the comparison also for DBP a maximum outlet concentration of 10 times 

lower was assumed at 0.1 ppm. The total solvent losses were based on a flow rate of 50 

m
3.

h
-1

, an operational time of 85 % per year and a maximum solubility of the solvents. This 

results in costs of solvent losses of € 0.01m
-3

 wastewater treated for DBP and € 0.002
 
m

-3
 

wastewater treated for NP. The initial investment in the solvent inventory was based on 

the total amount of solvent present in the fixed bed columns, and was depreciated over a 

period of 10 years. The cost of solvent inventory was normalized to the number of cubic 

meters of wastewater treated and combined with the cost for solvent losses.  

7.2.5 Simulation software 

All the equations and the procedures to simulate the cyclic processes were programmed 

in gProms model builder 3.3.1. and solved numerically using the centered finite 

discretization method. The simulations were initialized using an empty bed, starting with 

the loading cycle. In a configuration using two columns the loading cycle of a column was 

finished when the outlet concentration became 1 % of the feed concentration. When 

using three columns, the loading cycle was finished when the outlet concentration of the 

first column became 99 % of the feed concentration, i.e. the MTZ ended. At this point, the 

outlet concentration of the second column was still below 1% of the feed concentration, 

and the regeneration cycle of the first column was started by changing the flow direction 

and switching the boundary conditions to mimic the countercurrent regeneration cycle. 

The switching between the loading and regeneration cycle was simulated using a valve-

system that was programmed in gProms model builder 3.3.1. to direct the flow. To 

estimate the energy requirements and the capital costs of the process, Aspen plus 7.1 was 

used. 

7.3 Results 

7.3.1 SIR process 

The aim of the following sections is to compare various configurations of the SIR process 

for the two solvents. First, the operational window of the process will be established in 

terms of the maximum and minimum L/Dc of the columns. After this, the regeneration 

efficiency of a configuration consisting of two and three columns will be compared for 

both solvents. On the basis of these results, a comparison will be made between the SIR 

processes and the traditional SX process. 
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7.3.1.1 Operational window 

Simulations were performed in order to determine the MTZ length and therefore the 

minimal L/Dc in the fixed bed columns containing SIRs impregnated with NP and DBP. 

Additionally the maximum length of the column was determined on the basis of the 

maximum pressure drop of 0.7 bar, calculated by Equation 7.4. The flow rate of the feed 

was in all cases 50 m
3.

h
-1

 with 500 ppm of CP. The results are presented in Figure 7.4. 

 

 
Figure 7.4: L/Dc analysis of the SIR process for a SIR containing DBP (a) and NP (b). The 

continuous line is the maximum L/Dc on basis of the allowed pressure drop, the dashed line is 

the minimum L/Dc based on the MTZ and the grey area is the operating regime of the process. 

 

In Figure 7.4 it can be observed that the minimum L/Dc is strongly decreasing with 

increasing column diameter. This can be explained by the strong reduction of the 

superficial velocity with increasing column diameter that leads to a reduced MTZ length. A 

minimum diameter of 2.6 m is required for the DBP containing SIR to reduce the MTZ 

length below the maximum allowable length of a column. With NP this minimum diameter 

is shifted to a higher value of 3.5 m, which is caused by the longer MTZ, due to the less 

favorable isotherm of this SIR. 

7.3.1.2 Effect of regeneration on the overall cycle procedure 

After breakthrough the column is regenerated, and the constraint in the regeneration is 

that regeneration and purge should be finalized before the column is switched back to the 

loading cycle. The variable in the regeneration cycle is the regeneration degree and pH of 

the aqueous phase. Starting with the degree of regeneration, simulations were performed 

with a pH 1 HCl solution as regeneration medium. For the configuration consisting of two 

columns, simulations were performed with the minimum and maximum L/Dc at a column 
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diameter of 4 m, slightly above the minimal L/Dc as indicated in Figure 7.4 and a 

regeneration degree of 85, 90 and 98 %. With the configuration consisting of three 

columns the simulations were only performed at a regeneration degree of 98 % which was 

the minimum to be able to operate the process continuously. Using these variations, the 

concentration factor was estimated which was defined as the ratio of the maximum outlet 

concentration while regenerating and the original feed concentration. 

 

 
Figure 7.5: Concentration factor depending on the degree of regeneration for DBP (a) and for NP (b). Black 

bars are obtained with the minimum L/Dc in the two column configuration, the grey bars with the maximum 

L/Dc in the two column configuration and the white bars with the minimum L/Dc in the three column 

configuration. The flow rate was 50 m
3.

h
-1

 with a feed of 500 ppm CP and a column diameter of 4 m. 

 

In Figure 7.5 it can be observed that upon an increase in the L/Dc a higher concentration 

factor can be achieved with both NP and DBP. With a longer column the capacity can be 

more effectively utilized and also the regeneration can be performed more efficiently. In 

comparing the concentration factor of both solvents it can be concluded that with NP the 

effects of the degree of regeneration and the column length are both much less strongly 

pronounced than for the solvent DBP. This is mainly due to the less strong complexation 

strength between CP and NP (see Table 7.1). If higher regeneration degree is desired in 

the case of DBP, the amount of regeneration fluid strongly increases, because of the 

strong complexation between the solvent and CP, resulting in less concentrated effluent 

streams. Comparing the configurations consisting of two and three columns, it can be 

observed that in the three columns configuration (operated at minimum L/Dc), the 

concentration factor is higher than for the two column configuration (operated at 

minimum L/Dc), but lower than with a two column process with the maximum L/Dc ratio. 

In Figure 7.6 the operational costs of the processes with DBP and NP, using the three and 
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two column configuration are presented as function of the degree of regeneration. The 

operational costs include the consumption in chemicals (NaOH and HCl) and the energy 

requirements in the evaporation step. 

 
Figure 7.6: Operational costs of the SIR process with DBP as solvent (a) and with NP as solvent (b). Black 

bars are obtained with the minimum L/Dc in the two column configuration, the grey bars with the maximum 

L/Dc in the two column configuration and the white bars with the minimum L/Dc in the three column 

configuration. The flow rate was 50 m
3.

h
-1

 with a feed of 500 ppm CP and a column diameter of 4 m. 

 

In Figure 7.6a it can be observed that reducing the degree of regeneration from 98 % to 90 

% results in a strong reduction in the costs. This effect is mostly caused by the large 

difference in the flow rate of the regeneration medium and therefore a strong reduction 

in the costs of the NaOH and HCl consumption. When reducing the degree of regeneration 

from 90 to 85 % the difference is much smaller, because the change in the required flow 

rate of the regeneration medium is much smaller. With DBP as solvent the three column 

configuration is slightly more expensive than a two column configuration with the 

minimum L/Dc. In Figure 7.6b with NP as solvent the differences in operational costs are 

much smaller, because the efficiency in regeneration did not vary as strongly as with DBP. 

With NP as solvent the costs at a regeneration degree of 90 % are strongly reduced in 

comparison with 98 %, while the reduction at 85 % is much smaller. With DBP as solvent 

the costs become lower as the degree in regeneration becomes lower. Because the 

difference in costs between 90 % and 85 % in regeneration with DBP are small, and with 

NP the same was observed, the 90 % regeneration degree was used for further evaluation. 

In addition to the degree in regeneration, the pH of the mobile phase has an effect on the 

total costs of the process. A lower pH requires less volume to regenerate, less energy in 

evaporation, but higher expenses in chemical consumption. In order to determine the 

optimal choice in the pH, the operating costs as function of the pH were determined and 

presented in Figure 7.7.  
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Figure 7.7: Operating costs as function of the pH. Black line obtained 

with NP as solvent and the grey line with DBP as solvent with the 

minimum L/Dc and a column diameter of 4 m. 

 

In Figure 7.7 it can be observed that a higher concentration of HCl reduces the operational 

costs. The flow rate of the HCl solution required for regeneration of an NP loaded SIR 

column could be reduced from 8.8 m
3.

h
-1

 at pH 1 to 1.8 m
3.

h
-1

 at pH 0. While the chemical 

consumption did increase, the total energy requirements reduced and hence the 

operating costs reduced. With DBP as solvent, a similar effect was observed, the flow rate 

required for regeneration could be reduced from 17.6 m
3.

h
-1

 to 4.5 m
3.

h
-1

, resulting in a 

reduction in costs. However, the regeneration could still not be performed with the same 

efficiency as for NP, and as a result NP yields lower operational costs. 

7.3.1.3 SIR process 

With the data reported in the previous paragraphs it could be concluded that the fixed 

bed columns could be smaller with DBP as solvent due to the more favorable isotherm. 

The operational costs were lowest with a higher concentration of HCl, and a partial 

regeneration of 90 %. The operational costs of the configuration consisting of three 

columns were higher because a higher regeneration degree was required of 98 %. In 

addition to this it was found that it is more favorable to use columns at the maximum 

length, because the regeneration could be done more efficiently, reducing the operational 

costs. Therefore a configuration was chosen consisting of two columns acting in parallel at 

its maximum L/Dc. Using a column diameter of 4 m, this would result in a volume of the 

fixed bed of 125 m
3
 with NP as solvent, and 42 m

3
 with DBP as solvent. The regeneration 

cycle was performed with a pH 0 solution of HCl at a flow rate of 1.8 m
3.

h
-1

 with NP, while 

with DBP a flow rate of 4.8 m
3.

h
-1

 was required. This stream was first concentrated by 

evaporation of water. Approximately 90 % of the water needed to be evaporated to be 
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able to crystallize CP, obtaining 24 kg
.
h

-1
 of solid product. The vapor generated in the 

evaporation step is compressed in a compressor with a temperature increase of 20 °C and 

recycled to the heat exchanger in the evaporator, resulting in a total electrical energy 

consumption of 150 kW with NP and 390 kW with DBP. 

7.3.2 The solvent extraction process 

With the solvent extraction process, CP is transferred from the aqueous phase to the 

organic phase consisting of toluene. The distribution coefficient of CP over a two phase 

system of toluene and water is 4.8. To minimize the feed concentration of 500 ppm to a 

raffinate concentration of 5 ppm a volumetric flow rate of 15.5 m
3.

h
-1

 of toluene is 

required according to Equation 7.7. With an aqueous feed of 50 m
3.

h
-1

 and a solvent flow 

rate of 15.5 m
3.

h
-1

 the column diameter, calculated with Equations 7.8 and 7.9, was 2 m. 

Using the gProms model for the extraction column it was estimated that 10 separation 

stages were required to reduce the raffinate concentration below 5 ppm. With an average 

separation stage height of 2 m, this results in a column of approximately 20 m in height. 

The raffinate stream needs to be processed by the MPPE column to remove toluene, 

requiring a fixed bed diameter of 2.5 m and a column length of 6.3 m. The energy 

consumption based on a steam consumption of 5 kg
.
m

-3
 wastewater treated is 190 kW. 

The solvent phase is loaded with 1.6 kg
.
m

-3
 of CP, and needs to be concentrated prior to 

the crystallizer by evaporating toluene. The total energy requirement for the evaporation 

is estimated at 2300 kW in the form of steam. 

7.4 Comparison of the SX and SIR process 
To compare the SX and SIR processes the total energy requirements and costs per cubic 

meter of water treated were calculated. The total costs were divided over three 

categories, i.e. capital costs, operational costs including the chemicals consumption and 

energy requirements, and the SIR expenses including the resin and solvent. The solvent 

expenses were based on an initial investment of solvent and resin, and costs in solvent by 

losses due to leaching. The capital costs were depreciated over 10 years. All costs were 

normalized to the number of cubic meters of wastewater treated for a fair comparison of 

the different processes. The energy requirements of the SX process were based on the 

evaporation of toluene, and the energy requirements of the SIR processes were based on 

the electrical energy in the compressor. The results are presented in Figure 7.8 for all 

three different types of processes.  

In Figure 7.8 it can be observed that for all three processes the capital costs are 

comparable. The capital investment sum up to a normalized value of approximately € 0.50 

m
-3

 wastewater treated, and varies with 9 % among the three different types of processes. 
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In Table 7.3  the capital costs of the equipment are presented. In Table 7.3 it can be 

observed that the SIR process with NP as solvent has the lowest capital costs. Comparing 

the SIR process with NP as solvent with the SX process, it can be observed that the costs of 

the evaporator are much lower due to the reduced volumetric flow rate of the solvent. In 

the case of the SX process this was 15.5 m
3.

h
-1

 of toluene, and with the NP containing SIR 

1.8 m
3.

h
-1

. Although with the SIR process additional capital investments are required in the 

compressor, and the fixed bed column are much larger, the total capital costs are 

significantly reduced. Comparing the DBP and NP containing SIR processes it can be 

observed that the evaporator and compressor with DBP are more expensive, due to the 

higher volumetric flow rate of the regeneration stream, but the fixed bed columns can be 

smaller resulting in comparable costs. 

 

 
Figure 7.8: a) The total costs of the SX process and SIR process, colors: capital costs (black), operational 

costs (dark grey) and SIR expenses (light grey). b) Energy requirements of the SX process and SIR process. 

 

Table 7.3: Capital costs of the SX and SIR processes in M€ 

SX NP SIR DBP SIR 

Evaporator 0.68 0.36 0.52 

Crystallizer 0.18 0.18 0.18 

Fixed bed column 0.47 0.86 0.37 

Extraction column 0.62 - - 

Compressor - 0.30 0.66 

Total capital costs 1.95 1.70 1.73 

 

In addition to the lower capital costs, the operational costs with NP could be reduced 

significantly. These reductions were due to the much lower energy requirements as 
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presented in Figure 7.8b. Even though chemicals are consumed, the total operation costs 

are lower. With DBP as solvent the regeneration efficiency was too low, that resulted in 

operation costs that were comparable to the SX process. The last element in the costs 

calculations was the estimation of the solvent costs. As presented in section 7.2.4, the 

investment in solvent of the SIR process was based on an initial investment depreciated 

over 10 years, and additional costs for solvent losses. The costs for NP as solvent for the 

SIR were lower due to the price of the chemical. For the custom synthesized solvent these 

costs were much higher and in combination with the high operation costs, due to the 

difficulties in regeneration, resulted in a far more expensive process than the SX process 

and SIR process with NP.  Based on these results it can be concluded that the SIR process, 

using NP as solvent has a total processing costs of 15 % lower than the traditional solvent 

extraction process.  

7.5 Conclusions 

The application of SIR technology for the selective recovery of pyridine derivatives from an 

aqueous waste stream was studied by process simulations, and compared with a 

traditional solvent extraction process. SIR processes with two different alkylated phenolic 

solvents were compared in two process configurations, consisting of either two columns 

or three columns. Process economics were best for the process in which the commercially 

available solvent 4-nonylphenol was applied in a two column configuration. While the size 

of the fixed bed column with dibromophenol as solvent was 2.5 times lower, the 

regeneration was much more difficult to perform, resulting in higher operational costs. A 

comparison was made between the solvent extraction process and the SIR processes in 

terms of €
.
m

-3
 wastewater treated. The total costs of the solvent extraction process was 

estimated at € 1.8 m
-3

 of wastewater treated and could be reduced by 15 % to € 1.5 m
-3

 

with the SIR process using 4-nonylphenol as solvent. With the custom synthesized solvent 

the operational costs were the highest at € 2.7 m
-3

. On the one hand, a disadvantage of 

the SIR process remains that chemicals are required to perform the regeneration since pH 

swing was the best applicable method. While on the other hand the reduction of the total 

energy requirements of the process is a big advantage, these could be reduced from 2300 

kW in the form of steam with the solvent extraction process to 150 kW with the SIR 

process using 4-nonylphenol as solvent. 
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7.6  Nomenclature 
 

Abbreviations: 

SIR:  Solvent impregnated resin 

CF:  Concentration factor 

DBP:  1:1 mixture (mole basis) of 3,5-dibromo-4-(4,6,6-trimethylheptyl)phenol 

and 3,5,-dibromo-4-(4,8-dimethylnonyl)phenol  

NP:  4-Nonylphenol 

CP:  4-Cyanopyridine 

S/F:  Solvent to feed ratio 

L/Dc:  Length to diameter ratio 

MTZ:  Mass transfer zone 

 

Symbols: 

[ ]:  Molar concentration    [M] 

c:  Mass concentration    [kg
.
m

-3
] 

Dpore:  Pore diffusion coefficient    [m
2.

s
-1

] 

ddr:  Droplet diameter     [m] 

dp:  Diameter of the SIR    [m] 

DC:  SIR fixed bed column diameter   [m] 

Dextr:  Extraction column diameter   [m] Ô¢:  Friction factor     [-] 

∆Hmelt:  Melting enthalpy     [J
.
mole

-1
] 

Kc:  Complexation strength    [(m
3.

mole
-1

)
n
] 

KD:  Distribution coefficient    [-] 

LMTZ:  Length of the mass transfer zone   [m] 

n:  Stoichiometry     [-] 

q:  SIR loading     [kg
.
kg

-1
] 

Qv:  Volumetric flow rate    [m
3.

h
-1

] 

Re
’
:  Modified Reynolds number   [-] 

v:  Velocity      [m
.
h

-1
] 

x:  Molar fraction     [mole
.
mole

-1
] 

T:  Temperature     [K] 

 

Greek symbols: 

ρ:  Density      [kg
.
m

-3
] 
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μ:  Viscosity      [Pa
.
s] 

 

Subscripts: 

c:  Continuous phase 

d:  Dispersed phase 

ini:  Initial 

max:  Maximum 

min:  Minimum 

s:  Solvent 

tot:  Total 
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8.1 Conclusions 

The aim of this thesis was to design a solvent impregnated resin for the trace removal and 

recovery of cyanopyridine from an aqueous stream followed by a design and techno-

economic evaluation of the process. On the basis of the data in the literature and the 

results presented in this thesis, the following parameters were found to be the most 

important: 

• Capacity and selectivity of the solvent impregnated resin 

• Aqueous phase solubility of the impregnated solvent 

• Mass transfer of the solute 

• Regeneration methodology 

Considering the parameters above and the results presented in this thesis, the main 

conclusions will be discussed in the following paragraphs. 

8.1.1 Solvent impregnated resin design 

8.1.1.1 Solvent selection and design 

For the solvent design an equilibrium model was developed to estimate the number of 

bed volumes that could be treated in a fixed bed column until saturation. Preliminary 

results suggested that a minimum capacity of approximately 30 g
.
kg

-1
 was required, 

corresponding to a distribution coefficient of 150. Furthermore, to obtain long term 

stability of the solvent impregnated resin, a very low aqueous phase solubility of the 

solvent in water is necessary, which was set at a maximum of 5 ppm. To obtain very low 

aqueous phase solubility, the solvent needs to be hydrophobic but this results in a low 

capacity for a polar solute. Affinity solvents are therefore needed, and to compensate for 

the hydrophobicity, a strong complexation is required to obtain sufficient capacity. For 4-

cyanopyridine, which is a weak Lewis base, phenol based solvents have been found the 

most suitable. To further increase the capacity, the reactivity of the phenolic functional 

groups may be increased. A distribution coefficient of 50 was obtained with 4-nonylphenol 

as solvent at a 500 ppm aqueous solution of 4-cyanopyridine. According to the equilibrium 

model 16 bed volumes can be treated until saturation with this solvent impregnated in a 

bed with 38% porosity and a resin porosity of 52%. By bromination of the phenols the 

reactivity of the phenol group increased which resulted in an increased capacity, and a 

mixture of two dibromophenols differing in the alkyl chain structure resulted in a 

chemically and physically stable solvent with the highest observed capacity. The structure 

of the solvent is given in Figure 8.1. With this solvent a distribution coefficient of 110 was 
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obtained at an aqueous solution of 500 ppm 4-cyanopyridine. According to the 

equilibrium model 35 bed volumes can be treated until saturation with this solvent. This is 

more than double compared to the commercially available solvent 4-nonylphenol. 

 

 
Figure 8.1: The optimized solvent consisting of a mixture of two 

alkylated dibromophenols varying in their alkyl chain structure 

8.1.1.2 Resin selection 

After the solvent class was selected, a thermodynamic model was developed to calculate 

the capacity of the SIR on the basis of the impregnated volume in the resin. Also a 

mathematical model was developed to study mass transfer, and with the experimental 

data it was concluded that intra-particle diffusion is limiting the overall rate of mass 

transfer. A combination of the thermodynamic and mass transfer models were used to 

make estimations of the capacity of the solvent and the mass transfer rates. With these 

models, the process characteristics of three different types of resins, differing in their 

porosity and particle size were estimated. From these results it was concluded that mass 

transfer is limiting the overall process. To obtain sufficient mass transfer rates and to 

allow sufficiently long columns (the maximum length being determined by the allowable 

pressure drop), a resin diameter of 0.5 mm was optimal. For these reasons, Amberlite 

XAD4, a polystyrene resin cross-linked with divinylbenzene and with a particle diameter of 

0.5 mm, was chosen for this application. Experimental studies were performed to validate 

the selection procedure and to estimate the stability of the solvent impregnated resin. It 

was found that after percolating 7000 bed volumes through a fixed bed, the capacity 

reduction was less than 2.5 %, and it can therefore be concluded that the solvent 

impregnated resin is highly stable. SIRs consisting of Amberlite XAD4 impregnated with 4-

nonylphenol resulted in a capacity of approximately 13 g 4-cyanopyridine
.
kg

-1
 SIR at 500 

ppm 4-cyanopyridine in the aqueous phase, and with the optimized dibromophenol 

solvent this was increased to 20 g 4-cyanopyridine
.
kg

-1
 SIR. 
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8.1.2 Process design and evaluation 

With the selected solvent and resin, a model was developed that could describe the 

equilibrium and mass transfer with high accuracy for 4-nonylphenol and the optimized 

dibromophenolic solvent. These models were used to perform process simulations. A 

comparison was made between the performance of 4-nonylphenol and the optimized 

solvent, both impregnated in the resin Amberlite XAD4. For both solvents it was 

concluded that mass transfer is limiting, therefore requiring large bed volumes. With the 

optimized solvent, mass transfer limitations could be reduced because of the more 

favorable isotherm, while with 4-nonylphenol a 2.5 times larger bed volume was required 

due to more severe mass transfer limitations.  

The regeneration of the SIR appeared difficult, mostly due to the limited options available 

for regeneration. Traditional regeneration techniques like solvent swing, thermal swing 

and steam purging were not applicable for stability reasons. Therefore, pH swing was the 

best recovery technique applicable as it does not affect stability and could efficiently 

regenerate the SIR particles. This technique was found efficient, although it required acidic 

streams for regeneration due to the low pKa of 4-cyanopyridine. Due to the more 

favorable isotherm of the dibromophenol-SIR, the regeneration was less efficient 

compared to the 4-nonylphenol-SIR. Since a large part of the total costs are determined by 

the consumption of chemicals during regeneration, and by the processing of the 

regeneration liquid, the total process economics were less favorable with the newly 

developed solvent.  

The processes that were designed for both solvents were compared with a traditional 

solvent extraction process with toluene as solvent. In comparison with the traditional 

solvent extraction process, the total energy requirements could be reduced from 2300 kW 

in the form of steam to 150 kW in electrical power with the SIR process using 4-

nonylphenol as solvent. With the newly developed solvent the energy requirements of the 

process were 2.5 times higher due to the less efficient regeneration. The total costs of the 

process with 4-nonylphenol was € 1.5 m
-3

 and was 15 % lower than the traditional solvent 

extraction process which was estimated at € 1.8 m
-3

. With dibromphenol as solvent the 

total costs were highest at € 2.7 m
-3

. 

8.1.3 General conclusion 

On the basis of the results it can be concluded that by performing an extensive solvent 

selection procedure it was possible to obtain a high capacity, and also a high stability of 

the solvent impregnated resin. Mass transfer limitations remain high due to the high 

viscosity of the solvent, but by evaluating different types of resins varying in the particle 
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diameter, sufficient mass transfer rates can be obtained. From the process evaluation it 

follows that the SIR process, with 4-nonylphenol as solvent, has 15 % lower costs and 

could reduce the energy requirements to a great extent compared to the traditional 

process using solvent extraction with toluene.  

However, the regeneration of the SIR remains the main challenge, since large amount of 

chemicals are required to perform the regeneration by a pH swing. This results on the one 

hand in a stream containing salts that needs to be disposed, but also requires a large 

intake of chemicals to run the process. In comparing the two solvents that have been used 

in this study, 4-nonylphenol and the dibromophenol, it could be concluded that even 

though the capacity was much higher with dibromophenol, the regeneration could be 

performed much less effectively. King
1
 reported a chart with binding energies used in 

affinity separation processes, and identified a minimum binding strength (10 kJ
.
mole

-1
) to 

obtain sufficient capacity, and a maximum binding strength (50 kJ
.
mole

-1
) that could still 

result in efficient regeneration. With the enthalpy and entropy estimated for the complex 

formed between 4-cyanopyridine and 4-nonylphenol (Chapter 3) the binding energy of the 

complex could be calculated by Equation 8.1
2
. The binding energy of both the hydrogen 

bond with the cyanide group and pyridine group were summed to express the total 

binding energy. For the dibromophenol the energy was calculated on the basis of the 

increase in the complexation strength as reported in Chapter 7. The range of bond 

strengths reported by King for different types of interactions, and the range of bond 

strengths for the complexation mechanisms used in this study are presented in Figure 8.2. 

 ∆ð = ∆ñ − ò ∙ ∆:       Equation 8.1 

 

In Figure 8.2 it can be observed that the measured bond energy obtained with the 

solvents developed in this study is within the range of hydrogen bonding, and within the 

range of bond energies suited for chemically complexing separation processes. With 4-

nonylphenol the bond energy was approximately 10 kJ
.
mole

-1
, which is on the limit of the 

suggested bond energy range. The results of the process design also showed that with 4-

nonylphenol the fixed bed column size needed to be large to obtain sufficient capacity, 

and is in agreement with the range suggested by King. With dibromophenol the bond 

energy was approximately 17 kJ
.
mole

-1
. The results showed that the regeneration could 

not be performed efficiently while the bond energy is significantly below 50 kJ
.
mole

-1
. 

From these results it can be concluded that the operational regime of the SIR process is 

narrower, and that the chemical properties (specifically the acidity) are hampering the 

regeneration method and not the physical or chemical properties of the solvent. 
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8.2

On the basis of the work presented in this thesis it can be concluded that solvent 

impregnated resins are promising for the trace removal of 4

topics should be studied in more detail to finally prove the technology and also to

the scope of the designed solvent impregnated resins.

8.2.1

This study was focused on a model feed, comprising of a mixture of 4

acetic acid and succinonitrile. However, in a typical (waste) wat

trace compounds may be present that could affect the extraction mechanism and this 

could result in a lower capacity or selectivity. In addition to this, other traces like metals 

may be present which could also be co

eluted during the regeneration cycle this may complicate the processing to obtain the 

product. Also it could be possible that these traces are not eluted, but remain in the 

solvent phase inside the SIR. This could reduce capa

degradation of the solvent. It is therefore required to evaluate the solvent with an 
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industrial stream that contains these impurities to test the real viability of this technology. 

While the solvent losses are low, and after 7000 bed volumes no significant capacity loss 

was observed, solvent losses do occur. For this reason it may be required to perform 

additional experiments, with the industrial stream, over a longer time period, to 

determine how fast capacity reduction occurs. It is possible to replace the SIRs in the fixed 

bed on a regular interval to prevent too early breakthrough of the bed. However, in case 

of high costs of the solvent it may also be possible to recover the solvent from the SIR in 

order to re-use it. Another alternative is to re-impregnated the existing SIR with solvent to 

compensate for the solvent losses. For re-impregnation a procedure needs to be 

developed to perform it on a large scale. 

8.2.2 Applicability to other systems. 

The work presented in this thesis strictly focusses on one specific solute, namely 4-

cyanopyridine. There are however several limitations to the use of solvent impregnated 

resins for this specific application. Mostly, these limitations are due to the low reactivity of 

4-cyanopyridine, which results in a low complexation strength and low capacity, and also 

in difficult regeneration. pH swing was found to be the best applicable regeneration 

technique, but since the pH should be at least below the pKa of the solute (pKa = 1.9 for 4-

cyanopyridine) to perform the regeneration efficiently, the consumption in chemicals is 

high. However, the SIR developed in this study may also be used for other types of 

pyridine derivatives with a higher reactivity. For example, with pyridine as solute and 4-

nonylphenol as solvent, a distribution coefficient of 150 was measured at an aqueous 

solution of 500 ppm pyridine, this would result in a capacity of approximately 30 g
.
kg

-1
 or 

higher. This capacity is about 2.5 to 3 times higher than with 4-cyanopyridine due to the 

higher reactivity of pyridine. These results indicate that the solvent impregnated resin 

developed in this study can also be used for other types of pyridine derivatives.  

In addition to a higher capacity, the pKa’s of these pyridine derivatives are more favorable 

for regeneration, which was identified as the largest problem in the process with 4-

cyanopyridine. With pyridine, having a pKa of 5.2
3
, regeneration could be performed at a 

much lower acidity of the aqueous stream. While for 4-cyanopyridine a pH of 0 was 

required, with pyridine a pH of 3 could be used. This would reduce the chemical 

consumption with a factor 1000. Alternatively, regeneration by dissolving pressurized 

carbon dioxide in water could be considered for the regeneration. The carbon dioxide can 

be easily released by a pressure swing, and no NaOH is required to neutralize the stream. 

However, such a system does result in higher capital costs, and a more detailed process 

design should be done to determine the feasibility of such a process.  
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The mass balance with respect to the reference component as used in Chapter 4, is 

derived as given in this Appendix. The mass balance at a certain position inside the resin 

can generally be defined according to Equation A.1. Here, ci is the concentration of 

component i, r is the radial position, qR¢ is the molar flux of component i, vi is the velocity 

of component i and Ri the reaction rate of component i. The equation can be rewritten in 

a new coordinate system. 

 ,°
�°X 5[ = − �[w ∙ °°[ b®t ∙ qR¢c + �R = − �[w ∙ °°[ b®t ∙ ²R ∙ �Rc + �R   Equation A.1 

 

The coordinate system is based on the total number of moles of solvent and complex that 

is present inside the resin and is maintained constant with respect to time and is defined 

by Equation A.2. Here, cref is the sum of the mole concentration of the complex and free 

solvent, and εp is the particle porosity. 

 ¬XUX =  b�t + �uc ∙ NO ∙ ®t ∙ ¯®[d =  J�[PªK ∙ NO ∙ ®t ∙ ¯®[d   Equation A.2 

 

The change in the concentration of component i can be formulated by Equation A.3. 

 ¯�R = ,°
�°±5X ¯Á + ,°
�°X 5 ¯ó      Equation A.3 

 

The change in the concentration as function of time and position can then be defined as 

Equations A.4 and A.5. 

 ,°
�°[5X = ,°
�°±5X ,°±°[5X + ,°
�°X 5± ∙ ,°X°[5X = ,°
�°±5X ∙ ,°±°[5X   Equation A.4 

 ,°
�°X 5[ = ,°
�°±5X ∙ ,°±°X5[ + ,°
�°X 5± ∙ ,°X°X5[ = ,°
�°X 5X ∙ ,°±°X5[ + ,°
�°X 5± Equation A.5 

 

The change in z in time can be derived on the basis of Equation A.6. 

 ,°±°X5[ = � °°X ∙  �[Pª ∙ ®t ∙ NO ∙ ¯®[d �[ = � °
���°X ∙ ®t ∙ NO ∙ ¯®[d �[  Equation A.6 

 

The total chemical reaction rate of the reference component can be set to 0, because the 

stoichiometry is 1:1, therefore the mass balance for the reference component is equal to 

Equation A.7. 
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,°
���°X 5[ = �− �[ ∙ °°[w ∙ J®t ∙ q[Pª¢ K�X = �− �[w ∙ °°[ J®t ∙ ²[Pª ∙ �[PªK�X Equation A.7 

 

From Equations A.7 and A.6 it then follows that: 

 ,°±°X5[ =  �− �[w ∙ °°[ J®t ∙ ²[Pª ∙ �[PªK� ∙ ®t ∙ ¯®[d = − � °°[ J®t ∙ ²[Pª ∙ �[PªK� ¯® = −®t ∙[d²[Pª ∙ �[Pª       Equation A.8 

 

Substituting Equation A.8 into Equation A.5, results in Equation A.9. 

 ,°
�°X 5[ = ,°
�°X 5± − ®t ∙ ²[Pª ∙ �[Pª ∙ ,°
�°±5X = ,°
�°X 5± − ²[Pª ∙ ,°
�°[5X Equation A.9 

 

The concentration of component i with respect to the reference component is defined by 

Equation A.10. 

 «R = 
�
���       Equation A.10 

 

The derivative of ui can be written as Equation A.11, and substitution of Equation A.9 

results in Equation A.11. 

 

,°_�°X 5± = − 
�
���w ∙ ,°
���°X 5± + �
��� ∙ ,°
�°X 5± = �
��� ∙ ³− 
�
��� ∙ ,°
���°X 5 + ,°
�°X 5±´  

        Equation A.11 

 

By substitution of Equation A.7 and A.9 in Equation A.11 the equations can be developed, 

obtaining the diffusion equation in the mole centered coordinate system given by 

Equation A.12. 

 ,°_�°X 5± = °°± J−®t ∙ qR[PªK + ?�
���     Equation A.12 
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The custom synthesized solvent used in the evaluation in Chapter 2 as well as for the 

model development in Chapter 6 was synthesized by the methodology that is described in 

this Appendix. Starting materials for the synthesis of 3,5-dibromo-4-(4,6,6-

trimethylheptyl)phenol and 3,5-dibromo-4-(4,8-dimethylnonyl)phenol were commercially 

available and were used without further purification. 
1
H-NMR spectra were recorded on 

either a VNMRS spectrometer with a 7.05 Tesla magnet from Oxford Instruments and an 

indirect detection probe at 300 MHz, or a MP300 spectrometer with a 7.05 Tesla magnet 

from Oxford Instruments containing a 4 nuclei auto switchable probe. Chemical shifts are 

denoted in δ (ppm) referenced to the residual protic solvent peaks. Coupling constants (J) 

are denoted in Hz. The splitting patterns are designated as follows: s (singlet), d (doublet); 

dd (double doublet); t (triplet); q (quartet); m (multiplet), br (broad). 
13

C-NMR spectra 

were recorded on the MP300 spectrometer (at 75 MHz). 
13

C-NMR multiplicities were 

distinguished using an attached proton test (APT). HPLC-MS apparatus: Agilent 1100 series 

with UV detector and HP 1100 MSD mass detector. GC-MS apparatus: Agilent 6890 series 

with Agilent 5973 mass selective detector; Column: Varian Factor Four VF-5MS (CP9013), 

30m x 250 µm x 0.25 µm. Temp: 60 °C (2 min) 20 °C/min → 250°C (4.5 min); total run time 

16 min. Injection temperature : 250 °C; injection volume : 3 µL; Split ratio: 75 : 1; Detector: 

MSD EI. 

B.1 Synthesis procedure of the brominated phenol 

A route for the synthesis of compounds 1 and 2 was developed and is depicted in Figure 

B.1. The synthetic strategy starts from 3,5-dibromophenol (3) which was protected by a 

bulky trimethylsilyl group. According to Dabrowski et al.
1
 the para-position of compound 

(4) can then be selective deprotonated by LDA and the anion quenched with DMF to 

afford aldehyde (5). Indeed, ortho lithiation was not observed in this step. Initial attempts 

to keep the TMS protected group intact by quenching the reaction with base instead of 

acid were not successful resulting in impure mixtures. When the reaction was quenched 

with acid, pure 2,6-dibromo-4-hydroxybenzaldehyde (5) was isolated which could be used 

in the next step without further purification. Compound (5) was treated with dimethyl 

sulfate in acetone to afford (6) in 95-99% yield. A procedure in which the reaction was 

carried out in water did not work very well. The reaction did not go to completeness even 

though additional amounts of dimethyl sulfate were added. Changing the solvent to 

acetone gave protected (6) in excellent yield. 
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Figure B.1: Route towards target compounds 1 and 2 

 

Grignard reaction on (6) initially showed to be problematic. With alkylmagnesium iodides 

prepared from alkyl iodides (9) and (10) (Figure B.2) product (7) was formed in low yield 

(20-30%) probably due to the formation of by-products via cross-coupling reactions.  

 

 

Figure B.2: Preparation of alkylhalides 

 

When alkylmagnesium bromides prepared from alkyl bromides (11) and (12) were used, 

the yield improved to 57%. During addition a substantial amount of aldehyde (6) was 

reduced to benzylic alcohol (13). Also mono-bromides (14) and (15) were formed during 
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the 1,2-addition reaction (Figure B.3). Bromides (11) and (12) were prepared in excellent 

yield from their commercially available alcohols by treatment with HBr and sulfuric acid
2,3

. 

Dehydroxylation of compounds (7) was accomplished by reaction with triethylsilane and 

borontrifluoride etherate in quantitative yield. Demethylation with BBr3 gave target 

compounds (1) and (2). The target compounds were obtained in respectively 89% and 78% 

yield after column chromatography. 

 

O

Br

OH

Br

13

O

Br

HO
15

O

Br

14
HO

 
Figure B.3: By-products formed in the Grignard reaction 

 

8.2.3 Experimental Section 

2,6-Dibromo-4-hydroxybenzaldehyde (5) was prepared in two steps from 3,5 

dibromophenol (3) according to a procedure as described by Dabrowsk
1
. 1-Bromo-3,5,5-

trimethylhexane 11
2
 and 1-Bromo-3,7-dimethyloctane 12

3
 were prepared according to 

literature procedures. 2,6-Dibromo-4-methoxybenzaldehyde (6). To 2,6-dibromo-4-

hydroxybenzaldehyde (70 g, 0.25 mol) in acetone (600 mL) was added potassium 

carbonate (51.8 g, 0.38 mol) and dimethylsulfate (47.3 g, 0.38 mol). The mixture was 

stirred overnight at room temperature. The color of the mixture turns from pink to white. 

The acetone was removed by rotary evaporation at 50 °C under reduced pressure. Water 

(200 mL) was added to the residue and the mixture was stirred for 15 min and filtered. 

The pale yellow solid was washed with water. The solid was dried in vacuum and stripped 

with toluene yielding a pale yellow solid (73 g, 0.248 mol, 99%). 
1
H NMR (DMSO-d6): ∂ 

10.06 (s, 1H), 7.39 (s, 2H), 3.87 (s, 3H). 
13

C-NMR (75 MHz, CDCl3): 190.34 (CH), 162.91 (C), 

127.22 (C), 124.79 (C), 119.93 (CH), 56.39 (CH3). 
13

C-NMR data identical to
1
. A similar 

reaction has been performed on 0.1 mol scale. The product was obtained in 95% isolated 

yield. 

1-(2,6-Dibromo-4-methoxyphenyl)-4,6,6-trimethylheptan-1-ol (7a). 1-Bromo-3,5,5-

trimethylhexane 11 (62.15 g, 0.3  mol) was added portion wise to a suspension of 

Magnesium (7.44 g, 0.3 mol) in Et2O (100 mL) containing a few drops of 1,2-

dibromoethane. After start of the Grignard the remainder of the bromide was added drop 

wise at such a rate as to maintain reflux. After addition the solution was heated at reflux 

for an additional 30 minutes and after cooling added drop wise to a solution of 2,6-
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dibromo-4-methoxybenzaldehyde (45 g, 0.15 mol) in THF (600 mL) keeping T < 27 ºC using 

a water bath. The solution was allowed to stir at RT for 3h and poured into 1N HCl (500 

mL). After separation of the layers, the water phase was extracted with TBME (2x250 mL). 

The combined organic layers were washed with brine (150 mL), dried (Na2SO4), filtered 

and concentrated in vacuum to give 68 g of crude oil. Heptane (100 mL) were added to the 

oily residue and a precipitate ((2,6-dibromo-4-methoxyphenyl)methanol, 12.4 g) formed 

which was filtered off. The target material dissolved in heptane was subjected to column 

chromatography (silicagel, 300 g) and eluted with heptane to remove alkane cross 

coupling by-products and subsequently with heptane/EtOAc 95/5 to 90/10 to give 7a (36 g 

in two fractions, 21 g pure and 15 g less pure, containing 10% of unreacted 1-Bromo-3,5,5-

trimethylhexane 11. The yellow oily residues were combined (36 g, 85.2 mmol, 57%). 
1
H 

NMR (CDCl3): ∂ 7.10 (s, 2H), 5.28 (m, 1H), 3.78 (s, 3H), 2.74 (dd, 1H), 1.97 (m, 2H), 1.58-

1.38 (m, 1H), 1.26-1.18 (m, 2H), 1.08-1.00 (m, 2H), 0.93-0.76 (m, 12H). 

1-(2,6-dibromo-4-methoxyphenyl)-4,8-dimethylnonan-1-ol (7b). This compound was 

synthesized from 1-Bromo-3,7-dimethyloctane analogous to compound (7a). The material 

dissolved in heptanes was subjected to column chromatography (silicagel, 300 g) and 

eluted with heptane to remove alkane cross coupling by-products and subsequently with 

heptane/EtOAc 95/5 to 90/10 to give 7b (33.7 g in two fractions, 15.2 g pure and 22 g less 

pure, containing 10% of 1-(2-bromo-4-methoxyphenyl)-4,8-dimethylnonan-1-ol. The 

yellow oily residues were combined (33.7 g, 85.2 mmol, 57%). 
1
H NMR (CDCl3): ∂ 7.12 (s, 

2H), 5.30 (m, 1H), 3.80 (s, 3H), 2.76 (d, 1H, J=9.8 Hz), 2.1-1.9 (m, 2H), 1.59-1.04 (m, 10H), 

0.95 (m, 9H).  

1,3-Dibromo-5-methoxy-2-(4,6,6-trimethylheptyl)benzene (8a). 11-(2,6-Dibromo-4-

methoxyphenyl)-4,6,6-trimethylheptan-1-ol 7a (36 g, 85.2  mmol) was dissolved in DCM 

(500 mL) and cooled to 0 ºC. Triethylsilane (38.5 mL, 241 mmol) was added at once 

followed by  drop wise addition of BF3.Et2O (15.2 mL, 120.4 mmol) keeping T < 5 ºC and 

the solution was stirred at this temperature for 1.5 hours. The solution was treated with 

sat. NaHCO3 (500 mL) and diluted further with some DCM and stirred for 30 min until gas 

evolution ceased. The layers were separated and the organic phase was washed with 

brine, dried (Na2SO4), filtered and concentrated in vacuum to give 8a (34.2 g, 99%) which 

was isolated as a yellow oil. The product was used in the next step without further 

purification. 
1
H NMR (300 MHz, CDCl3): ∂ 7.10 (s, 2H), 3.78 (s, 3H), 2.87 (m, 2H), 1.6-0.86 

(m, 19H). 
13

C-NMR (75 MHz, CDCl3): 158.20 (C), 133.75 (C), 124.96 (C), 118.31 (CH), 55.89 

(CH3), 51.44 (CH2), 39.63 (CH2), 36.58 (CH2), 31.32 (CH2), 30.37 (CH3), 29.34 (CH), 26.46 

(CH2), 22.86 (CH3); GC-MS: m/z 404, 406.01, 408. MS calculated for C17H26Br2O: 404,04; 

406.03; 408.03. 

1,3-Dibromo-2-(4,8-dimethylnonyl)-5-methoxybenzene (8b). This compound was 
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synthesized analogous to 8a from 1-(2,6-dibromo-4-methoxyphenyl)-4,8-dimethylnonan-

1-ol 7b. The product (34.2 g, quant.) was isolated as a yellow oil and used in the next step 

without purification. 
1
H NMR (CDCl3) ∂ 7.07 (s, 2H), 3.76 (s, 3H), 2.85 (m, 2H), 1.6-1.1 

(3xm, 12H), 0.87 (2xd, 9H).
 13

C-NMR (75 MHz, CDCl3): 158.20 (C), 133.78 (C), 124.94 (C), 

118.32 (CH), 55.92 (CH3), 39.60 (CH2), 37.38 (CH2), 37.12 (CH2), 36.55 (CH2), 32.69 (CH), 

28.21 (CH), 26.26 (CH2), 24.96 (CH2), 22.97 (CH3),  22.88 (CH3), 19.91 (CH3). GC-MS: m/z 

418; 420.1; 422. MS calculated for C18H28Br2O: 418,05; 420.05; 422.05.  

1-Iodo-3,5,5-trimethylhexane (9). 1-Chloro-3,5,5-trimethylhexane (20 g, 0.11 mol) was 

dissolved in acetone (100 mL) and sodium iodide (17.0 g, 0.12 mol) was added. The 

mixture was refluxed for 24 h but the reaction was still incomplete. Therefore additional 

sodium iodide (17.0 g, 0.11 mol) was added and the reaction mixture refluxed for another 

24 h. The salts were filtered off and extracted with acetone. The acetone was evaporated. 

Water (100 mL) and TBME (200 mL) were added to the residue. After separation of the 

layers, the TBME layer was washed with water (100 mL) and brine (100 mL). After drying 

(Na2SO4), the organic phase was concentrated in vacuum to give 9 (27.2 g, 0.1 mol, 90%) 

as an oil. 
1
H NMR (CDCl3) ∂ 3.23-3.11 (m, 2H), 1.88-1.82 (m, 1H), 1.68-1.59 (m, 2H), 1.22-

1.05 (m, 2H), 0.92-0.80 (m, 12H). 
13

C-NMR (75 MHz, CDCl3): 50.89 (CH2), 43.42 (CH2), 31.42 

(C), 30.60 (CH), 30.29 (CH3), 22.05 (CH3), 5.60 (CH2). GC-MS: purity 96.6%; m/z 254.0. MS 

calculated for C9H19I: 254,05 

1-Iodo-3,7-dimethyloctane (10). This compound was synthesized analogous to 9 from 1-

Chloro-3,7-dimethyloctane. Target material 10 (27.2 g, 89%) was isolated as an oil. 
1
H 

NMR (CDCl3) ∂ 3.29-3.12 (m, 2H), 1.93-1.81 (m, 1H), 1.70-1.48 (m, 3H), 1.33-1.10 (m, 6H), 

0.88-0.90 (m, 9H). 
13

C-NMR (75 MHz, CDCl3):  41.21 (CH2), 39.42 (CH2), 36.72 (CH2), 34.11 

(CH), 28.18 (CH), 24.78 (CH2), 22.96 (CH3), 22.86 (CH3), 19.12 (CH3), 5.77 (CH2). Analytical 

data is identical to published data
4
. GC-MS: purity 99.3%; m/z 268.0. MS calculated for 

C10H21I: 268,07.  

3,5-Dibromo-4-(4,6,6-trimethylheptyl)phenol (1). 1,3-Dibromo-5-methoxy-2-(4,6,6-

trimethylheptyl)benzene 8a (34.0 g, 83.7 mmol) was dissolved in DCM (270 mL) and BBr3 

(100  mL, 1M in DCM, 100 mmol) was added. The reaction was not complete after 24h of 

stirring at room temperature. Therefore additional BBr3 (40 mL, 1M in DCM, 40 mmol) was 

added. The reaction was complete after 6 additional hours of stirring. The solution was 

treated carefully with H2O (300 mL) and stirred for 30 min. The layers were separated and 

the DCM layer was washed with sat. NaHCO3 (300 mL), brine (150 mL), dried (Na2SO4), 

filtered and concentrated in vacuum to give 34 g of crude oil. The material was subjected 

to column chromatography with heptane/EtOAc 9/1 to give 1 (29.1 g, 74.2 mmol, 89%) 

which was isolated as an orange oil. HPLC-MS showed a purity of 98% (215 nm) and 97% 

(288 nm). 
1
H NMR (300 MHz, CDCl3): ∂ 7.03 (s, 2H), 4.87 (br s, 1H), 2.83 (m, 2H), 1.6-0.86 
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(m, chain, 19H). 
13

C-NMR (75 MHz, CDCl3): 154.08 (C), 134.15 (C), 124.98 (C), 119.76 (CH), 

51.44 (CH2), 39.63 (CH2), 36.54 (CH2), 31.32 (CH2), 30.39 (CH3), 29.33 (CH), 26.42 (CH2), 

22.88 (CH3).  HPLC-MS: purity: 98.00% at 215 nm, 97.08% at 288 nm. Column: Zorbax SB 

Aq (2.10 x 50 mm; 1.7 μm, 1200 bar); Mobile phase: Solution A : Solution B = 50:50 (0 min) 

→ (1.5 min) → 0:100 (1.5 min); Flow: 0.60 ml/min; UV Detection: 210 nm and 288 nm; 

Injection volume: 0.2 μL; Mass Detection: API ES positive and negative; solution A: 9.65 g 

ammonium acetate; 2250 mL H2O; 150 mL methanol; 100 mL acetonitrile; solution B: 9.65 

g ammonium acetate; 250 mL H2O; 1350 mL methanol; 900 mL acetonitrile. MS calculated 

for C16H24Br2O: 390.02; MS (API ES Neg): m/z 389.00 (M-1).  

3,5-Dibromo-4-(4,8-dimethylnonyl)phenol (2). This compound was synthesized analogous 

to 1 from1,3-dibromo-2-(4,8-dimethylnonyl)-5-methoxybenzene 8b. The material was 

subjected to column chromatography with heptane/EtOAc 9/1 to give 2 (28.3 g, 69.6 

mmol, 86%) which was isolated as an orange oil (25.8 g, 63.5 mmol, 78%). 
1
H NMR (300 

MHz, CDCl3): ∂ 7.03 (s, 2H), 4.80 (br s, 1H), 2.84 (m, 2H), 1.60-1.06 (m, 14H), 0.87 (2xd, 

9H). HPLC-MS: purity: 96.4% at 215 nm, 94.7% at 288 nm. Column: Zorbax SB C18 (2.10 x 

50 mm; 1.8 μm, RRHD 1200 bar); Mobile phase: Solution A : Solution B = 20:80 (0 min) → 

(1 min) → 0:100 (3 min); Flow: 1.0 ml/min; UV Detection: 215 nm and 288 nm; Injection 

volume: 0.2 μL; Mass Detection: API ES positive and negative; solution A: 9.65 g 

ammonium acetate; 2250 mL H2O; 150 mL methanol; 100 mL acetonitrile; solution B: 9.65 

g ammonium acetate; 250 mL H2O; 1350 mL methanol; 900 mL acetonitrile. MS calculated 

for C17H26Br2O: 404.04; MS (API ES Neg): m/z 402.95 (M-1). A small impurity which was 

identified as 3-Bromo-4-(4,8-dimethylnonyl)phenol was detected (2.9% at 215 nm and 

4.8% at 288 nm; MS calculated for C17H27BrO: 326.12, MS (API ES Neg): m/z 325.10 (M-1)). 
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Exact 5 jaar voor de promotie datum, 8 oktober 2008 tekende ik het contract bij de TU/e 

om te beginnen met mijn promotie onderzoek. Nu, 5 jaar later zal ik terugkijken op een 

mooie periode waarin ik de mogelijkheid heb gekregen leuk onderzoek te doen, veel te 

leren, veel mensen te ontmoeten en 5 jaar geleden had ik niet verwacht dat ik dit zou 

zeggen, maar dit allemaal in de leuke stad “Eindhoven”!. Al dit werk, en het resultaat wat 

hier nou in de vorm van een boekje ligt was natuurlijk niet mogelijk geweest zonder de 

hulp van een groot aantal mensen die ik hierbij graag wil bedanken. 

Ten eerste gaat mijn grote dank uit naar Andre, mijn promotor. Heel erg bedankt dat je 

mij de gelegenheid hebt gegeven om mijn promotie onderzoek in jou groep uit te voeren. 

Heel erg bedankt voor de discussies en de ideën die je me altijd hebt gegeven en voor het 

altijd heel snel corrigeren van publicaties en hoofdstukken. Waar ik je in het bijzonder 

voor wil bedanken is dat je me altijd motiveerde om het onderzoek te doen op een manier 

wat aan de ene kant goed voor het project is, maar tegelijk ook mijn interesse heeft, ik 
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