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Discovery consists of looking at the same thing as everyone else and thinking something
different.

(Ontdekken is zien wat iedereen heeft gezien en denken wat niemand heeft gedacht.)

Albert Szent-Gyorgyi, American biochemist, 1893-1986
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Summary

Introduction

Caprolactam, the monomer of nylon-6, has been known since the 19" century. Commercial
interest in the caprolactam production increased in 1938, when |G Farben produced the first
spinnable polymer. Large-scale industrial production of caprolactam has increased rapidly
since then, resulting in a global demand of 3.5 million tons in 2001, which was expected to
rise to 3.9 million tons in 2005.

Various production processes have been developed for caprolactam which is accompanied by
an ongoing investigation of new or improved syntheses routes. Industrialy, however, 90% of
the caprolactam is produced via cyclohexanone formation, oximation and finally the
Beckmann rearrangement. The recovery of caprolactam from the reaction mixture starts with
neutralization, which results in the formation of a crude caprolactam top phase and an
agueous ammonium sulfate layer. Several different routes exist from this point, of which most
industrial processes use solvent extraction asfirst step in the further recovery and purification
of caprolactam.

The crude caprolactam layer is extracted with an organic solvent in the so-called forward
extraction, which is followed by back-extraction with water. Nowadays, benzene, toluene or
chlorinated hydrocarbons are often used as solvent in the industry. From the current market
situation it follows that in the near future existing technology will remain the dominating
production route for caprolactam. However, the growing awareness of the negative effects of
the used solvents on health and environment results in extremely strict legidation. Thus, till
an urgent need exists to improve the currently used processes, which are benchmarked in this
thesis by the DSM process.

Objectives

This research was started in cooperation with Bateman Advanced Technologies (Y okneam,
Israel). The first objective of the research presented in this thesis is the characterisation of
their pulsed disc and doughnut column, the so-called Bateman Pulsed Column, for its
applicability in the extraction of caprolactam, since it is a new type of column for the
extraction of organics. The second objective of the presented research is the selection and
characterization of alternative environmentally benign solvents for the extraction of
caprolactam. The final objective is to compare the caprolactam extraction for the selected
aternative solvent with toluene in the pilot scale pulsed disc and doughnut column.

Liquid-liquid reference systems

For the characterization of the pulsed disc and doughnut column and as reference for the
aternative solvent an accurate description of the phase compositions and the physical
properties of all liquid phases is required. Therefore experimental liquid-liquid equilibrium
data were measured for the systems water + caprolactam + ammonium sulfate + benchmark
organic solvent, where the organic solvent was either benzene or toluene. Furthermore, the
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following physical properties were determined: density and viscosity of the separate phases
and the interfacial tension of the two-phase systems. The equilibrium phase composition data
were correlated using the Non-Random Two-Liquid (NRTL) model. The physical properties
were correlated taking into account the influence of the concentration of the different solutes
and the influence of temperature.

Pulsed disc and doughnut column characterization

Characteristic parameters for liquid-liquid extraction in a column are the dispersed phase
hold-up, Sauter drop diameter and operational window. A theoretical model was developed
capable of describing these parameters for a pulsed disc and doughnut column (PDDC) as a
function of the physical properties and the operating conditions, being total flux, solvent to
feed ratio, pulsation frequency and amplitude, and temperature. This model consists of an
investigation of the operational window via a description of flooding due to insufficient
pulsation, flooding due to a too small relative velocity between the phases and phase
inversion. Within the operational window several operational regimes can be distinguished,
characterising mixer-settler, dispersion and emulsion type of operation. Equations are
presented for the description of the Sauter drop diameter and hold-up at each operational
point. These characteristics are correlated using physical properties, operational parameters
and geometrical characteristics of the column and internals.

In order to determine the above characteristics for the forward and back-extraction of
caprolactam with toluene, experiments were performed in a pilot scale PDDC with a 0.04 m
internal diameter and 4.24 m active column length. The experimental conditions covered the
industrial range with respect to the concentrations of caprolactam and ammonium sulfate and
phase continuity. The experiments were performed at equilibrium concentrations to avoid the
influence of mass transfer, such that no concentration profiles existed along the column. In the
determination of the operational window flooding because of too low pulsation intensity was
qualitatively observed. At high pulsation intensities flooding was limiting in the forward
extraction and phase inversion for the back-extraction. Application of the developed
theoretical model for the description of the obtained hydraulic data resulted in an accurate
description after fitting the drop diameter, hold-up and phase inversion data.

Next, the mass transfer characteristics were investigated to evaluate the contacting efficiency
of a PDDC for caprolactam extraction with toluene. The concentrations of caprolactam in
both phases were determined experimentally along the column length for both the forward
and back-extraction. Furthermore the dispersed phase hold-up, Sauter drop diameter and
operating regimes were determined and compared with the results obtained for the
equilibrium situation. In the forward extraction process a significant influence of operating
conditions was observed, where an increase in the flux decreased the separation efficiency,
but an increase in pulsation intensity, temperature or the addition of ammonium sulfate
increased the separation efficiency. HETS/m values were found between 0.42 and 0.67,
depending on the conditions. In the back-extraction all concentration profiles were identical
and all caprolactam was extracted after a column length of L/m = 2, resulting in HETS/m
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values of 0.29 to 0.41. Compared to the equilibrium situation the drop diameter and pulsation
intensity required for the transition of the mixer-settler to the dispersion regime were found to
increase under mass transfer conditions, while the hold-up decreased. The concentration
profiles were correlated with the backflow model, using a constant backflow parameter for the
continuous phase and a constant overall mass transfer coefficient. The interfacial area was
correlated using drop diameter and hold-up expressions derived for the equilibrium situation,
taking into account the relative effect of mass transfer.

Alternative solvent selection, characterization and application

It is known that non-polar solvents are unfavourable for caprolactam extraction, because of
their low caprolactam partition ratio, although they form alarge binary area with water. These
trends are opposite for polar solvents. As candidate aternative solvents, therefore, solvent
mixtures containing a polar solvent and an alkane were proposed in order to combine the
positive and eliminate the negative properties of both solvent classes. This approach was
confirmed by calculations performed with the Hansen and Unifac Dortmund model, although
these were not accurate enough for the selection of specific alternative solvents. In an
experimental screening procedure it was found that the distribution ratio of caprolactam
increased with increasing solvent (mixture) polarity. This was achieved by using a more polar
functional group (ether, ester, ketone and alcohol), by a decreasing carbon chain length of the
polar solvent (C12-Cg) or by an increasing polar solvent fraction in the mixture. Mixtures
containing heptanol (40 mass %) as polar component and methylcyclohexane or heptane as
non-polar component were selected as promising candidate solvents based on a high capacity
and a low mutual solvent solubility. The phase compositions of both mixed solvent systems
were comparable and the data were correlated using the NRTL model. Compared to benzene
an equal amount of mixed solvent is needed for both the forward and back-extraction
according to the industrial DSM process lay-out. The number of theoretical stages (NTS) for
the mixed solvents (m) and benzene (b) is5 (m) and 9 (b) in the forward and 10 (m) and 5 (b)
in the back-extraction, respectively. Furthermore the density and viscosity of the separate
phases and the interfacial tension of the two-phase systems, were determined for both
alternative solvents and correlated.

In the neutralized Beckmann rearrangement mixture impurities of inorganic and organic
nature are present, of which mainly the latter are extracted along with caprolactam in the
forward extraction. The effect of an alternative extraction solvent on the impurity distribution
Isinvestigated, since a different extract composition might lead to a different approach for the
final purification. Equilibrium experiments were performed to determine the distribution ratio
of four model impurities, aniline, n-methylcaprolactam, cyclohexanone and cyclohexane-
carboxamide using toluene and the mixed solvents methylcyclohexane-heptanol (40 mass %)
and heptane-heptanol (40 mass %). The experimental conditions covered the industrial case.

It was found that for al conditions the distribution to the organic phase was favourable for the
impurities compared to caprolactam, resulting in all impurities being extracted in the forward
extraction. Furthermore the distribution ratio of the impurities was similar for both mixed
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solvents, whereas it differed relative to toluene. From equilibrium calculations the amount of
each impurity in the extract of the back-extraction compared to the initial amount fed in the
forward extraction was calculated for toluene and the mixed solvent at 12.9% and 26.5% for
aniline, 92.0% and 85.9% for n-methylcaprolactam, 6.7% and 22.2% for cyclohexanone and
91.0% and 40.9% for cyclohexane-carboxamide, respectively. Overadl, a lower amount of
Impurities was extracted using the mixed solvent compared to toluene.

The solvent mixture heptane-heptanol (40 mass %) was finally selected as best aternative
solvent based on its beneficial physical properties, in principle alowing a higher operation
capacity, since the phase compositions and the impurity distribution ratio for both candidate
solvent mixtures are comparable.

Pilot plant experiments for both the forward and back-extraction of caprolactam with the
mixed solvent were performed to determine the hydraulic characteristics, being hold-up,
Sauter drop diameter, operational window, and separation performance as a function of the
operating conditions. Furthermore the influence of mass transfer on the dispersed phase hold-
up, average droplet diameter and operating regime was determined. It was found that the
hydraulic characteristics were qualitatively comparable to the behaviour determined for
caprolactam extraction with toluene and the obtained hydraulic data were described using the
derived theoretical model. For the mass transfer experiments it was found that the mixed
solvent was highly favourable in the forward extraction with HETS/m values of 0.26 to 0.37,
while less theoretical stages are required as well. Toluene was favourable as solvent in the
back-extraction, because less theoretical stages are required, since the HETS values are
comparable for both solvents. Mass transfer profiles were described using the backflow
model.

Outlook

The selected candidate solvent mixture, heptane-heptanol (40 mass %), shows beneficial
behaviour relative to toluene. The developed solvent mixture might, however, be improved
even further, with respect to considerations of economical nature, the ease with which it can
be recovered or freed from impurities and, if required, a further decrease of the solubility of
water in the organic phase.

It has furthermore been demonstrated that the use of solvent mixtures offers a possibility to
create environmentally benign solvents, which can replace currently used toxic solventsin a
technical and economical feasible way. Although studied for caprolactam in this thesis, it is
expected that solvent mixtures can be used as well in other applications where pure solvents
are not able to replace the currently used hazardous solvents. Mixed solvents can be designed
to perform better than pure solvents and/or to obtain economically attractive designer solvents
without the need of custom synthesizes.

Concerning the application of the selected mixed solvent relative to benzene in a PDDC,
qualitatively comparable hydraulic characteristics are expected, while benzene is expected to
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show amost equal characteristics compared to toluene, since only a minor difference exists
between the physical properties of these two solvents.

From the performed mass transfer experiments it follows that changing experimental
conditions influenced the extraction process beneficialy. The forward extraction with toluene
and the back-extraction from the mixed solvent were influenced beneficially by a temperature
increase and decrease, respectively, because of a positive change of the system properties.

The operation and design of a column for caprolactam extraction are dominated by the
concentrations and physical properties at the feed-section only, which change strongly,
however, along the column length. In order to obtain the desired raffinate concentration, the
required length of the column is, in contrast, dominated by the raffinate-side of the column,
which is operated in the unfavourable mixer-settler regime in case of the PDDC. A
customized design of the column internals along the column length might result in a more
efficient operation, assuring a less intensified energy input in the top (feed-section) and a
more intensified input in the bottom (raffinate-section). For a PDDC this might be obtained
by decreasing disc sizes, increasing doughnut aperture sizes and a larger distance between the
discs and doughnuts towards the top of the column.

In agitated columns a more even distribution of the mechanical energy input leadsto a smaller
drop size distribution, resulting amongst others in less formation of emulsions. A PDDC
might prove beneficial compared to a RDC, since the latter shows a locally high energy input
at the disc-tips.

During the operation of the column emulsion formation was observed, but not quantified, and
this effect on the extract quality of especially the forward extraction might prove necessary to
take into account.






Samenvatting

Inleiding

Caprolactam, het monomeer van nylon-6, is reeds bekend sinds de 19° eeuw. Commerciéle
interesse in de productie van caprolactam ontstond in 1938, toen 1G Farben het eerste
gesponnen polymeer produceerde. Caprolactam werd a gauw belangrijker zodat de
industriéle productie snel toenam, wat resulteerde in een wereldwijde vraag van 3,5 miljoen
ton in 2001. De verwachting is dat deze zal stijgen tot 3,9 miljoen ton in 2005.

Verschillende productieprocessen zijn ontwikkeld voor caprolactam terwijl er doorlopend
onderzoek plaatsvindt naar nieuwe of verbeterde syntheseroutes. In de industrie wordt echter
90% van het caprolactam geproduceerd via de vorming van cyclohexanon, daaropvolgende
oximering en uiteindelijk de Beckmann-omlegging. De winning van caprolactam uit het
reactiemengsel start vervolgens met een neutralisatiestap. Dit resulteert in de vorming van de
zogenaamde ‘ crude caprolactam’ toplaag en een waterige ammoniumsulfaatlaag. Er bestaan
verschillende opwerkingsprocessen vanaf dit punt waarbij de meeste industriéle processen
extractie gebruiken als eerste stap in de verdere winning en zuivering van caprolactam.

De ‘crude caprolactam’ laag wordt geéxtraheerd met een organisch oplosmiddel in de
zogenaamde heen-extractie. Deze wordt gevolgd door een terugextractie met water.
Tegenwoordig worden in de industrie benzeen, tolueen of gechloreerde koolwaterstoffen
gebruikt als oplosmiddel. Uit de huidige marktpositie volgt dat in de nabije toekomst de
bestaande technologie bepalend zal zijn als productieproces van caprolactam. Het groeiende
besef van de negatieve effecten van de gebruikte oplosmiddelen op de gezondheid en het
milieu resulteert echter in een zeer strenge milieuwetgeving. Daarom bestaat de behoefte om
de bestaande processen te verbeteren. Het DSM-proces wordt in dit proefschrift gebruikt als
referentiekader.

Doel

Dit onderzoek is gestart in samenwerking met Bateman Advanced Technologies (Y okneam,
Israel). Het eerste doel van het in dit proefschrift gepresenteerde onderzoek is de
karakterisering van hun gepul seerde schijf-en-ring kolom (pulsed disc and doughnut column,
PDDC, ofwel Bateman Pulsed Column) voor de toepassing in de extractie van caprolactam.
Dit is een nieuw type kolom voor de extractie van organische stoffen. Het tweede doel van het
onderzoek is de selectie en karakterisering van aternatieve milieuvriendelijke oplosmiddelen
voor de extractie van caprolactam. Het laatste doel is de vergelijking van de
caprolactamextractie met het geselecteerde alternatieve oplosmiddel en tolueen in de kolom
op ‘pilot’ schaal.

Vloeistof-vloeistof referentiesystemen

Voor de karakterisering van de PDDC en als referentie voor het aternatieve oplosmiddel, is
een nauwkeurige beschrijving nodig van de samenstelling van de fasen en de fysische
eigenschappen van ale vloeibare fasen. Daarom zijn experimentele vloeistof-vloeistof-
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evenwichten bepaald voor de systemen water + caprolactam + ammoniumsulfaat + referentie-
organisch oplosmiddel, waarbij het organische oplosmiddel benzeen of tolueen was. Verder
zijn de volgende fysische eigenschappen bepaald: dichtheid en viscositeit van iedere fase
apart en de grensvlakspanning van de tweefasensystemen. Met het ‘Non-Random Two-
Liquid' (NRTL) model is de evenwichtssamenstelling van de fasen beschreven. De fysische
eigenschappen zijn gecorreleerd op basis van de invloed van de temperatuur en de
concentratie van de verschillende opgel oste stoffen.

Karakterisering van de gepulseerde schijf-en-ring kolom

Karakteristieke parameters voor vloeistof-vlioeistof extractie in een kolom zijn de
volumefractie van de gedispergeerde fase (‘hold-up’), de gemiddelde druppeldiameter
(Sauterdiameter) en het operatiegebied. Een theoretisch model dat deze parameters kan
beschrijven voor een PDDC werd ontwikkeld op basis van de fysische eigenschappen en de
operatiecondities zijnde de totale flux, de debietverhouding van oplosmiddel en voeding, de
temperatuur en de pulsatiefrequentie en -amplitude. Uit het model volgt het operatiegebied
middels de beschrijving van het over- of vollopen van de kolom (‘flooding’) door
onvoldoende pulsatie, ‘flooding’ door een te kleine relatieve snelheld tussen beide fasen en
fase-inversie. In het operatiegebied kunnen verschillende regimes onderscheiden worden,
aangeduid als ‘mixer-settler-’, dispersiee en emulsieregime. Vergelijkingen voor de
beschrijving van de Sauterdiameter en ‘hold-up’ voor ieder operatiepunt zijn weergegeven.
Deze karakteristieken zijn gecorreleerd via de fysische eigenschappen, operatieparameters en
de geometrische karakteristieken van de kolom en ‘internals’.

Om de hierboven beschreven karakteristieken te bepalen voor de heen- en terugextractie van
caprolactam met tolueen zijn experimenten uitgevoerd in een ‘pilot’ PDDC met een interne
diameter van 0,04 m en een actieve kolomlengte van 4,24 m. De experimentele condities
kwamen overeen met die in de industrie wat betreft de concentraties van caprolactam en
ammoniumsulfaat en de selectie van de continue fase. De experimenten zijn uitgevoerd met
een systeem dat op evenwicht was om de invlioed van stofoverdracht te voorkomen: er treden
dus geen concentratieprofielen in de kolom op. Bij de bepaling van het operatiegebied is
‘flooding’ vanwege een te lage pulsatie-intensiteit kwalitatief waargenomen. Bij een hoge
pulsatie-intensiteit was ‘flooding’ limiterend bij de heen-extractie en fase-inversie tijdens de
terugextractie. Het ontwikkelde model gaf een nauwkeurige beschrijving van de verkregen
hydraulische data na het correleren van de data voor de Sauterdiameter, ‘hold-up’ en fase-
inversie.

Vervolgens zijn de stofoverdrachtskarakteristieken onderzocht om de effectiviteit te bepalen
van de PDDC voor de caprolactamextractie met tolueen. De caprolactamconcentraties in
beide fasen zijn experimenteel bepaald als functie van de positie langs de kolom, zowel voor
de heen- als de terugextractie. Verder zijn de ‘hold-up’, Sauterdiameter en operatieregimes
bepaald en vergeleken met de verkregen resultaten voor de evenwichtssituatie. In het heen-
extractieproces werd een significante invioed van de operatiecondities waargenomen, waarbij
een verhoging van de flux de effectiviteit verlaagde. Een verhoging van de pul satie-intensiteit,
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temperatuur of het toevoegen van ammoniumsulfaat vergrootte echter de effectiviteit. De
hoogte van een evenwichtstrap (HETS) werd bepaald op 0,42 tot 0,67 m, afhankelijk van de
operatiecondities. In de terugextractie waren alle concentratieprofielen identiek, waarbij a het
caprolactam reeds was geéxtraheerd na een kolomlengte van L/m = 2, hetgeen resulteerde in
waarden van HETS/m = 0,29 tot 0,41. Vergeleken met de evenwichtssituatie bleken de
druppeldiameter en de pulsatie-intensiteit voor de overgang van het ‘mixer-settler-’ naar het
dispersieregime groter tijdens stofoverdracht, terwijl de ‘hold-up’ juist kleiner werd. De
concentratieprofielen werden beschreven met het ‘backflow’ model, waarbij een constante
‘backflow’ parameter voor de continue fase werd gebruikt en een constante totale
stofoverdrachtscoéfficiént. Het uitwisselend oppervlak tussen de fasen werd beschreven met
de afgeleide relaties voor de Sauterdiameter en de ‘hold-up’ onder evenwichtscondities,
waarbij rekening werd gehouden met het relatieve effect van stofoverdracht.

Selectie, karakterisering en toepassing van het alternatieve oplosmiddel

Het is bekend dat apolaire oplosmiddelen ongunstig zijn voor caprolactamextractie vanwege
hun lage verdelingscoéfficiént voor caprolactam, alhoewel ze een groot binair gebied vormen
met water. Deze trends zijn omgekeerd voor polaire oplosmiddelen. Als mogelijke
aternatieve oplosmiddelen werden daarom mengsels van een polair oplosmiddel en een
akaan voorgesteld om zo de positieve eigenschappen van beide oplosmiddelsoorten te
combineren en de negatieve te elimineren. Deze aanpak werd bevestigd door berekeningen
uitgevoerd met het Hansen- en Unifac Dortmund model. Deze waren echter niet nauwkeurig
genoeg voor de selectie van specifieke alternatieve oplosmiddelen. Via een experimentele
screeningprocedure werd bepaald dat de verdelingscoéfficiént van caprolactam toenam met
een toenemende polariteit van het oplosmiddel. Dit werd bewerkstelligd door een meer
polaire functionele groep (ether, ester, keton en acohol), afnemende lengte van de
kool stofketen van het polaire oplosmiddel (Cq12-Cg) of een toenemende fractie van het polaire
oplosmiddel te gebruiken in het mengsel. Mengsels van heptanol (40 gewichts %) als polaire
component en heptaan of methylcyclohexaan als niet-polaire componenten werden
geselecteerd als veelbelovende mogelijke oplosmiddelen op basis van een hoge capaciteit en
een lage wederzijdse oplosbaarheid. De samenstelling van de fasen was vergelijkbaar voor
beide oplosmiddelen en de data werden gecorreleerd via het NRTL model. Vergeleken met
benzeen in het industriéle DSM-proces is een zelfde hoeveelheid mengsel nodig voor zowel
de heen- as de terugextractie. De hoeveelheid evenwichtstrappen (NTS) voor het mengsel
(m) en benzeen (b) is berekend op respectievelijk 5 (m) en 9 (b) in de heen- en 10 (M) en 5 (b)
in de terugextractie. Verder zijn de dichtheid en viscositeit van iedere fase apart en de
grensvlakspanning van de tweefasensystemen bepaald en gecorreleerd voor beide aternatieve
oplosmiddel en.

In het geneutraliseerde mengsel na de Beckmann-omlegging zijn verontreinigingen van
anorganische en organische aard aanwezig, waarvan voornamelijk de laatste samen met
caprolactam worden geéxtraheerd in de heen-extractie. Het effect van een alternatief
oplosmiddel op de verdelingscoéfficiént van deze verontreinigingen is onderzocht, aangezien
een andere samenstelling van het extract kan leiden tot een andere aanpak in de uiteindelijke
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zuivering. Evenwichtsexperimenten werden uitgevoerd waarbij de verdelingscoéfficiént voor
vier modelverontreinigingen, aniline, n-methylcaprolactam, cyclohexanon en cyclohexaan-
carboxamide, is bepaald voor zowel tolueen al's de mengsels methylcyclohexaan-heptanol (40
gewichts %) en heptaan-heptanol (40 gewichts %). De experimentele condities kwamen
overeen met de industriéle situatie.

Bij ale condities werd gevonden dat, vergeleken met caprolactam, de verdeling naar de
organische fase hoger was voor de verontreinigingen zodat in de praktijk ale
verontreinigingen volledig geéxtraheerd worden in de heen-extractie. Verder was de
verdelingscoefficiént van de verontreinigingen gelijk voor beide mengsels, maar anders dan
met tolueen. Met evenwichtsberekeningen werd de hoeveelheid van iedere verontreiniging in
het extract van de terugextractie bepaald voor tolueen en het mengsel in vergelijking tot de
initiéle hoeveelheid, die was gevoed in de heen-extractie. Deze was respectievelijk 12,9% en
26,5% voor aniline, 92% en 85,9% voor n-methylcaprolactam, 6,7% en 22,2% voor
cyclohexanon en 91,0% en 40,9% voor cyclohexaan-carboxamide. In totaliteit werd een
kleinere hoeveel heid verontreinigingen geéxtraheerd door het mengsel dan door tolueen.

Het mengsel heptaan-heptanol (40 gewichts %) werd uiteindelijk geselecteerd as beste
aternatieve oplosmiddel op basis van de gunstige fysische eigenschappen, die in principe de
mogelijkheid bieden tot een hogere operatiecapaciteit, aangezien de samenstelling van de
fasen en de verdelingscoéfficiént van de verontreinigingen voor beide kandidaatmengsels
gelijk zijn.

Experimenten in de ‘pilot’ voor de heen- en terugextractie van caprolactam met het
bovengenoemde mengsel werden uitgevoerd om de hydraulische eigenschappen, ‘hold-up’,
Sauterdiameter en operatiegebied, en het scheidingsvermogen te bepalen als functie van de
operatiecondities. Verder werd de invloed bepaald van de stofoverdracht op de genoemde
karakteristieken. Het bleek dat de hydraulische karakteristicken en de invioed van
stofoverdracht kwalitatief gelijk waren aan die voor de caprolactamextractie met tolueen. De
bepaalde hydraulische data werden beschreven met het ontwikkelde theoretische model. Uit
de stofoverdrachtsexperimenten werd bepaald dat het mengsel veel gunstiger was voor de
heen-extractie, waarbij HETS-waarden van 0,26 tot 0,37 m werden berekend, terwijl ook
minder theoretische trappen nodig waren. Tolueen was echter gunstiger in gebruik voor de
terugextractie, omdat minder theoretische trappen nodig zijn, aangezien de HET S-waarden
vergelijkbaar zijn voor beide oplosmiddelen. De stofoverdrachtsprofielen zijn beschreven met
het ‘ backflow’ model.

Nabeschouwing

Het geselecteerde mengsel, heptaan-heptanol (40 gewichts %), vertoont gunstig
extractiegedrag ten opzichte van tolueen. Het ontwikkelde mengsel kan echter nog verder
verbeterd worden in economisch opzicht, het gemak waarmee het teruggewonnen of van
verontreinigingen ontdaan kan worden en, indien gewenst, door de oplosbaarheid van water in
de organische fase verder te verlagen.
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Verder is aangetoond dat het gebruik van mengsels de mogelijkheid biedt om
milieuvriendelijke oplosmiddelen te creéren, die huidig toegepaste, giftige oplosmiddelen
kunnen vervangen op een technisch en economisch haalbare manier. Er wordt verwacht dat
mengsels ook gebruikt kunnen worden in andere toepassingen, waar een zuiver oplosmiddel
niet in staat is de huidige toegepaste gevaarlijke oplosmiddelen te vervangen. Anderzijds
zouden mengsels ontworpen kunnen worden voor betere prestaties en/of als een economische
manier om op maat gemaakte oplosmiddelen te verkrijgen zonder specifieke synthese.

Voor de toepassing van het geselecteerde mengsel en benzeen in een PDDC worden
kwalitatief gelijke hydraulische karakteristieken verwacht. Daarnaast wordt verwacht dat
benzeen dezelfde karakteristiecken zal vertonen als tolueen, aangezien slechts een klein
verschil bestaat tussen de fysische eigenschappen van de beide oplosmiddelen.

Uit de uitgevoerde stofoverdrachtsexperimenten volgt dat het aanpassen van de experimentele
condities het extractieproces gunstig beinvioedt. De heen-extractie met tolueen en de
terugextractie met het mengsel werden positief beinvioed vanwege de positieve verandering
van de systeemeigenschappen door respectievelijk een temperatuursverhoging en -verlaging.
De operatie en het ontwerp van een extractiekolom voor caprolactam wordt alleen gebaseerd
op de concentraties en fysische eigenschappen aan de voedingszijde van de kolom. Langs de
kolom veranderen deze echter sterk. De benodigde kolomlengte om de gewenste
raffinaatconcentratie te verkrijgen, wordt met name bepaald door de raffinaatzijde van de
kolom, welke wordt bedreven in het ‘mixer-settler’ regime voor een PDDC. Een specifiek
ontwerp van de ‘internals over de kolomlengte kan resulteren in een efficiéntere operatie,
waarbij energie minder intensief wordt toegevoerd in de top (voedingssectie) en meer
intensief in de bodem (raffinaat-secti€). Voor een PDDC kan dit wellicht worden gerealiseerd
door de schijfgrootte te verkleinen, door de ringdiameter te vergroten en door een grotere
afstand tussen de schijf en de ring te introduceren in de richting van de top van de kolom.

In een mechanisch aangedreven kolom resulteert een gelijkmatiger verdeling van de
energietoevoer in een smallere druppelgrootteverdeling wat onder andere een verminderde
emulsievorming oplevert. Een PDDC kan hierin gunstig blijken ten opzichte van een RDC,
aangezien de laatste een lokaal hoge energiedissipatie geeft aan de uiteinden van de schijf.

Tijdens het bedrijven van de kolom werd emulsievorming waargenomen, maar niet
gekwantificeerd. Het zou, met name voor de heen-extractie, kunnen blijken dat het
noodzakelijk is om rekening te houden met dit effect vanwege de extractkwaliteit.
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Chapter 1

Current caprolactam production processes

This thesis is concerned with new technology for caprolactam extraction, namely the
application of a new type of extraction column and an alternative environmentally benign
solvent. In this chapter the current market situation of caprolactam, the currently applied
production and recovery routes and finally a benchmark production process are discussed. For
extraction, as first recovery and purification step, al applied solvents and columns are
presented. The chapter is concluded with the objective and outline of thisthesis.

1.1 Introduction

Caprolactam, 2-oxohexamethylenimine, has been known since the 19" century. Gabriel and
Maas synthesized caprolactam first in 1899 by cyclization of e-aminocaproic acid.
Commercial interest in the caprolactam production increased in 1938, when 1G Farben
produced the first spinnable polymer. Caprolactam gained importance and large-scale
industrial production hasincreased rapidly since then.*?

Nowadays caprolactam is one of the most widely used chemica intermediates. The main
producers include Allied Signal, BASF, Bayer, DSM, Leuna Werke, Mitsubishi, Montedison
and Ube Industries. SNIA Viscosa and Toray produce the remaining part.® The globa
demand in 2001 was with 3.5 million tons covering 82% of the production capacity and is
expected to rise to 3.9 million tons in 2005.*” 90% of the produced amount is consumed for
the production of nylon fibers.*®

Caprolactam is a white, hygroscopic, crystalline solid at ambient temperature, with a
characteristic odour. It is very soluble in water and in most organic solvents and is sparingly
soluble in high molecular weight aiphatic hydrocarbons. The structural formula and its
melting point, Mpy/K, boiling point, By/K, and ignition point, |,/K, arelisted in Table 1.1.
Caprolactam is a cyclic amide and reacts according to this class of components. It can be
subjected to oxidation, hydrolysis, N-alkylation, halogenation, nitration and various other
reactions. The (industrially) most important chemica property of caprolactam is the
possibility of polymerization. The ring is hydrolyzed at 533-543 K and linear polymer chains
are formed by polycondensation.™
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Table 1.1. Structural formula and characteristic temperatures of caprolactam.

Structure Q

N0
4
Molar mass/lg-mol™  113.16
My/K 342.4
By/K (at 101.3kPa) 5417
/K 648

1.2 Production routes for caprolactam

All developed production routes for caprolactam are described together with investigated
improvements, alternative routes and currently performed research on (steps in the)
caprolactam synthesis. Finally, a commercially applied process route is selected as reference
for the process improvements discussed in this thesis.

1.2.1 Developed caprolactam synthesisroutes

Various synthesis routes have been developed for caprolactam. In a great number of them
cyclohexanone oxime is the main intermediate. In general, this oxime is obtained via
hydroxylamine salts reacting with cyclohexanone. In a conventional synthesis route, the
Raschig process, hydroxylamine sulfate is produced in several steps with ammonium sulfate
as a by-product. In the following oximation section hydroxylamine sulfate reacts with
cyclohexanone, where the formation of extra free sulfuric acid is avoided by the use of
agueous ammonia as a neutralizing agent while keeping the pH at a value of 4.5. The reaction
is shown in Reaction 1.1.228

NOH

2 + (NH;OH),SO, + 2 NH,OH —> 2 + (NH,),SO, + 4 H,0
Reaction 1.1
The formation of cyclohexanone oxime results in two liquid phases. The first phase,
consisting of oxime, is subjected to the Beckmann rearrangement for conversion into
caprolactam. The second phase is an ammonium sulfate solution.* The total amount of
ammonium sulfate formed is 2.7 tons per ton of oxime.?

Severa different processes have been developed for the production of hydroxylamine salts
and the following formation of the oxime, mainly in order to decrease the unfavourable
amount of by-product. These processes include:

e Nitrogen monoxide reduction process (BASF, Inventa), where 0.7 tons ammonium sulfate
per ton of cyclohexanone oxime is produced; >

e Hydroxyl ammonium sulfate oxime (HSO) process (BASF, Inventa) where 0.1 tons
ammonium sulfate per ton of oxime is produced;’***
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e Hydroxylamine fosfate oxime (HPO) process (DSM), where no ammonium sulfate is
produced; ™™

e The ammoximation process of EniChem is based on the reaction of cyclohexanone with
hydroxylamine, instead of a corresponding hydroxylamine salt, and no ammonium sulfate
is obtained as byproduct;*?

e In the PNC process (Toray) cyclohexane is converted by photonitrosation to
cyclohexanone oxime dihydrochloride, while no ammonium sulfate is produced.?**34

After the oximation reaction, the obtained cyclohexanone oxime is transformed into
caprolactam with sulfuric acid or oleum via the Beckmann rearrangement, as shown in
Reaction 1.2, where all manufacturers use a similar approach. The molar ratio of
cyclohexanone oxime compared to oleum ranges from 1.0 to 1.5.%****519 The rearrangement
is a very rapid, highly exothermic reaction and the rearrangement is more complete in
concentrated sulfuric acid.? Sulphur trioxide binds the water in the moist cyclohexanone
oxime to form sulfuric acid and in excess it increases the rate of the rearrangement. Free acid
can be neutralized with gaseous or agueous ammonia.>®

NOH
2NH,
+ H,S0, —> ®H,SO, —> + (NH,),SO,
N~ ~O N~ ~O
H

| |
H Reaction 1.2
If the acid is neutralized a total of 1.8 tons of ammonium sulfate per ton of caprolactam is
obtained in the neutralization process after the rearrangement reaction.?

The complete process starting from benzene or cyclohexane using the production route via
cyclohexanone oxime, Beckmann rearrangement and neutralization produces a maximum of
4.5 tons of ammonium sulfate per ton of product. Taking into account the improvements made
in the production of cyclohexanone oxime, 2 tons of ammonium sulfate is still produced in the
neutralization step following the rearrangement reaction of the oxime to caprolactam.™

With the formation of ammonium sulfate being the most important problem in the
caprolactam production, and due to the increasing costs of its removal, extensive research was
performed for new possibilities to produce caprolactam. Reduction of ammonium sulfate
production was investigated by avoiding the oxime as an intermediate product.’® The four
most important processes for the production of caprolactam avoiding cyclohexanone oxime
production include:

e The cyclohexane carboxylic acid process (SNIA), which is a toluene-based process, where
caprolactam is obtained in three steps. Tolueneis catalytically oxidated with air to benzoic
acid, followed by hydrogenation to cyclohexane carboxylic acid, which is then nitrosated.
One mole of carbon dioxide per mole of caprolactam is set free along with small amounts
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of other gases, while 3.3 moles of sulfuric acid per mole of caprolactam are
Consumed.z,lo,ZO,Zl

e The UCC process, in which cyclohexanone is oxidized with peracetic acid to
caprolactone, which is a precursor to caprolactam. Since 1967 this process was in
commercial use, but the caprolactam formation was given up in 1972;%°

e The TechniChem process, in which e-aminocaproic acid is formed from cyclohexanone in
severa steps, which then can be converted into caprolactam. This route was, however,
never industrialized;™

e The BP process, where cyclohexanone reacts with H,O, to 1,1-dihydroxydicyclohexyl
peroxide, which is converted to caprolactam and cyclohexanone. Comparable processes
are described by Inventa, Degussa and Toa Gosei.>™

1.2.2 Current developmentsin the caprolactam synthesis

As caprolactam is an intermediate product with a large demand, there is extensive research
ongoing for new synthesis routes which are more favourable due to less expensive reactants
or more economical processes. One very important point is the avoidance of the production of
large amounts of ammonium sulfate. As for the known process routes, the new developments
can be subdivided into a group using cyclohexanone oxime as the intermediate and a group
avoiding it. For the processes still using cyclohexanone oxime as an intermediate, both steps,
the oximation and the Beckmann rearrangement, have to be optimized.

In the further development of the known caprolactam production processes several new routes
for the production of cyclohexanone oxime have been investigated, including the oxidation of
cyclohexylamine with elemental oxygen (Allied Signal), the ammoximation of cyclohexanone
with ammonia and air (Allied Signal) and the reaction of cyclohexane with nitric oxide, alkyl
nitrites, or nitroalkanes to bis(nitrosocyclohexane), which rearranges in situ to cyclohexanone
oxime (Monsanto).*°

Furthermore extensive research has been performed as well on different routes for the
Beckmann rearrangement covering the non-catalytic Beckmann rearrangement in supercritical
water, % catalytic vapour phase'™®* and catalytic liquid phase rearrangement.® Severa
processes have been proposed and proved on pilot plant scale®'® whereas Sumitomo
Chemical now sets on caprolactam production via catalytic conversion on an industrial
scale

In the development of new caprolactam production processes several routes have been
investigated for an alternative formation of caprolactam from cyclohexanone. The proposed
processes include:?

e Oxidation of cyclohexanone with air to e-hydroxycaproic acid, which is converted to
caprolactam using ammonia (Teijin);

e Reaction of cyclohexanone with excess acetic anhydride to cyclohexenyl acetate, which is
converted to 2-nitrocyclohexanone followed by cracking with excess aqueous ammonia.
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The resulting agueous ammonium nitrocaproate solution is hydrogenated and the obtained
agueous g-aminocaproic acid solution is converted to caprolactam (TechniChem);

e Reaction of cyclohexanone in agueous ammonia solution with hypochlorite solution to
cyclohexanone isoxime, which is heated to give caprolactam (Leuna-Werke).

Furthermore new caprolactam production processes are investigated based on alternative raw
materials, being furfural, acetylene, propylene, ethylene and butadiene,® of which the latter is
the most promising from industrial point of view.’ DSM owns patented technology on the
butadiene-based production route and a DSM/DuPont joint venture develops this production
process, whereas a BA SF/DuPont joint venture worked on the scale of this process. Although
the |atter cooperation was given up in 1999, BASF tries to realize the process aone.™

A different aternative raw material is nylon-6 waste, which can be depolymerised with the
aid of a cracking catalyst and superheated steam. After concentration, removal of impurities
and final purification, the obtained caprolactam can be re-used.>*®* A DSM/Allied Signa joint
venture managed a commercial-scale nylon recycling plant. Higher than expected production
costs led to a production stop in 2001.

A completely different approach for the production of caprolactam was developed around
1960 using biological synthesis of caprolactam. DSM lately continued this research,
producing caprolactam from starch via a fermentative route, and by Allied Signal, developing
amicrobiological process for the conversion of cyclohexane to caprolactone.’®

1.2.3 Commercial synthesisroutes

The production routes for caprolactam vary per company, but from all possible routes four
basic processes that are important from commercia viewpoint can be distinguished, which are
schematically shown in Figure 1.1.%°

1) Cyclohexanone
» Cyclohexane P oxime HCI

@)

p Caprolactam

Cyclohexanone
oxime

Benzene Cyclohexanone —m p Caprolactam

Yy

> Phenol

A

Toluene p Benzoic acid > Cyclor_u_axang
(3) carboxilic acid

p Caprolactam

Figure 1.1. The various commercial routes for caprolactam production.*®

The production of caprolactam via the formation of cyclohexanone followed by oximation
and Beckmann rearrangement (2), is the main production route, being responsible for 90% of
the produced amount (BASF, Bayer, DSM, Allied Signal, Inventa and EniChem).? The
photonitrosation route (1) is used only in the Toray PNC process. Several companies
including SNIA follow the cyclohexane carboxylic acid route (3).
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With respect to the investments in new technology and production processes, the caprolactam
market seems not favourable. A capacity utilisation of 89% is considered as the bottom-line
rate for viable production and with the given demand additional production capacity is hardly
needed. DSM, as one of the leading producers, believes that no new caprolactam plants need
to be built at least until 2006.° Industrial facilities for caprolactam production will in the near
future therefore be based on (improved) existing production routes.

1.3 Caprolactam recovery processes

Using the main production route as starting point, applied caprolactam recovery routes are
described, together with alternative routes and currently performed research on caprolactam
recovery. Finally, areference recovery process is selected based on acommercia viewpoint.

1.3.1 Developed processesfor caprolactam recovery

The main reaction routes for the production of caprolactam end with the Beckmann
rearrangement as final step in caprolactam formation. In the resulting reaction mixture,
caprolactam, which is a very weak organic nitrogen base, is bound to the sulfuric acid in its
conjugated acid form.™*® For the separation of caprolactam from the reaction mixture two
possible routes exist.

The first route is the direct extraction of caprolactam from the reaction mixture. In order to
reduce the attraction between the acid and caprolactam the reaction mixture is diluted with
water and possibly partly neutralized. The advantage of this approach resides in avoiding the
neutralization step as described in Reaction 1.2.11°19%2% Degpite this advantage, direct
extraction is commercialy not applied, because of the high capital investments and a steep
risein energy costs of the process.*

For the second route, which is industrially applied, the rearrangement mixture is neutralized
with gaseous or aqueous ammonia, resulting in the formation of two liquid phases. The crude
caprolactam top phase, consisting of 65 to 70 mass % caprolactam, 1 to 1.5 mass %
ammonium sulfate and the remainder water, is in equilibrium with a nearly saturated 40 mass
% agueous ammonium sulfate solution containing 1 to 1.5 mass % residual caprolactam. Both
streams contain organic and inorganic impurities.* The formation of the two-phase liquid-
liquid systems can be explained from the ternary diagram of the system water (1) +
caprolactam (2) + ammonium sulfate (3), which is shown for 293 K in Figure 1.2. The
equilibrium diagram consists of a homogeneous liquid phase, L, extending from the pure
water corner of the triangle to the curve bounding the liquid two-phase area. The binodal
curve, the crystallization field of caprolactam and the two crystallization fields of ammonium
sulfate bound the liquid-liquid area, L+L. In the first crystallization field ammonium sulfate is
in equilibrium with a saturated aqueous phase, which is in equilibrium with an agueous
caprolactam solution, L+L+Ss. In the second field ammonium sulfate is in equilibrium with
the resulting liquid phase, L+Ss. In the last field crystallized ammonium sulfate and
caprolactam are in equilibrium with the liquid phase, L+S+S.3! The diagram determined for
the system water + caprolactam + ammonium sulfate at 293 K does not change much with an
increase of temperature up to 323 K.* From this diagram and the description of the
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commercia processes it can be concluded that the neutralization processes results in the
formation of the liquid-liquid area, L+L.

Figure 1.2. Ternary diagram for water (1) + caprolactam (2) + ammonium sulfate (3) at 293 K. %3

The obtained liquid-liquid system can now either be separated, after which both streams are
processed further'*”33" or the two-phase system can be pre-extracted first.2'®%“*! Both
approaches are industrially applied.

In case the two phases are separated, caprolactam is recovered from both phases and partly
purified by solvent extraction. The crude caprolactam phase is extracted with an organic
solvent followed by digtillation or by back-extraction with water. Advantage of this back-
extraction is the removal of organic impurities and a more concentrated product stream. A
drawback is the additional unit operation and that evaporation of water compared to an
organic solvent requires more energy. The agueous ammonium sulfate layer is extracted with
an organic solvent or treated with evaporation followed by crystalization, filtration and
recycling of the mother liquor."*"%**" A disadvantage of the direct crystalization of
ammonium sulfate from this layer is the presence of impurities and therefore a product of less
quality. Another disadvantage is the required energy consumption for partial evaporation of
water in order to let the ammonium sulfate crystallize. An advantage of the extraction of
caprolactam from the aqueous ammonium sulfate phase is the additional removal of organic
impurities from this phase. A drawback is the amount of organic solvent required and the
extra unit operation necessary before the ammonium sulfate phase is sent to the recovery. An
example of a process layout for the extraction of crude caprolactam and crystallization of
ammonium sulfate is shown in Figure 1.3.*’
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4 \_, Caprolactamin
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Figure 1.3. Caprolactam production followed by crude caprolactam extraction,’” via: 1: Beckmann
rearrangement; 2: Neutralization; 3: Liquid-liquid separator; 4: Crude caprolactam extraction; 5: Evaporation; 6:
Filtration.

In case of the pre-extraction process, the neutralized Beckmann rearrangement mixture is
treated with an organic solvent. The caprolactam is extracted and a new two-phase mixture is
formed, which is separated. The organic top layer can be washed with water or an agueous
sulfuric acid solution followed by distillation or is treated with distillation only.3!83¥% The
advantage of the washing step is the removal of impurities like ammonium sulfate, but part of
the caprolactam is washed as well and has to be processed again. Furthermore, washing
requires an extra unit operation. The agueous bottom layer from the separator can be liberated
from caprolactam by extraction after which ammonium sulfate is recovered.®'®%% An
example of a possible process layout for the pre-extraction processis shown in Figure 1.4.%°
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Figure 1.4. Caprolactam production followed by pre-extraction of crude caprolactam,® via: 1: Beckmann
rearrangement; 2: Neutralization; 3: Mixer; 4: Liquid-liquid separator; 5: Ammonium sulfate extraction; 6:
Washing of ammonium sulfate; 7: Caprolactam distillation.
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Comparing phase separation after the neutralization step with the pre-extraction operation, an
advantage of the latter is the relatively simple process layout, but a disadvantage is the
presence of impurities in the caprolactam and especially the ammonium sulfate product.?®%°
An dternative pre-extraction process layout (EniChem) solved the latter problem, at the cost
of amore complex process layout.?

Various new processes for caprolactam recovery from the neutralized Beckmann
rearrangement mixture, aqueous solutions or waste streams are investigated, like caprolactam
crystallization from crude caprolactam followed by liquid-solid separation,” micellar
extraction of caprolactam from an agueous stream containing ammonium sulfate® and
caprolactam extraction from crude caprolactam using electrodialysis with ion exchange
membranes.** However, taking into account the current caprolactam market situation,®’
caprolactam recovery in the near future will be based on existing processes with known
technology.

1.3.2 Commercial benchmark processes

Severa caprolactam production and recovery routes are discussed, but only afew of these are
applied commercially. The largest commercial production processes include those of DSM,
BASF, Inventa, Toray, SNIA, Bayer, EniChem and Allied Signal.**° They are all multi-step
processes with co-production of different amounts of ammonium sulfate and organic by-
products. All commercial production processes use benzene or toluene as the main starting
materials for caprolactam.**® Of the worldwide production capacity of caprolactam up to
90% is based on the synthesis of cyclohexanone oxime from cyclohexanone and a
hydroxylamine derivate followed by Beckmann rearrangement.*® Caprolactam is recovered
from the rearrangement mixture by neutralization with gaseous or agueous ammonia, after
which the resulting two-phase system is either pre-extracted with an organic solvent or
separated followed by caprolactam extraction from both phases.

The commercial recovery processes of DSM, BASF/Inventa and SNIA are based on the
extraction of the crude caprolactam followed by back-extraction and solvent distillation
(DSM*?,  SNIA?®?Y  or solvent and lactam distillation (BASF/Inventa™®®). The
Bayer/EniChem and Allied Signal recovery processes are based on pre-extraction of the
neutralized rearrangement mixture, separation of the obtained two-phase system, followed by
washing of the separated solvent phase and distillation (Bayer/EniChem?®®%%) or distillation
only (Allied Signa®®*'**). In the Toray PNC process caprolactam is recovered from crude
caprolactam, but it is the only process where the recovery is based on other separation
techniques then solvent extraction.?*

All commercial processes applying pre-extraction (Bayer/EniChem and Allied Signal) use
extraction to remove the residual amounts caprolactam from the agueous ammonium sulfate
layer, as does DSM, which uses phase separation and crude caprolactam extraction. The other
commercial processes (BASF/Inventa and Toray) use crystallization after phase separation
and in the SNIA process phase separation is achieved by ammonium sulfate crystallization.
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As one of the caprolactam main producers for the last 50 years and a capacity of over 500 000
tons,®’ the DSM process was chosen in this thesis as commercial benchmark process for the
recovery of caprolactam. The DSM caprolactam recovery processis shown in Figure 1.5.

J——@\;

Oleum

Oxi

X|me:@_—[ 2 3 Y, Water

NH,OH

\

Organic solvent

P

To ammonium  Effluent
sulphate recovery 7 > 8 —» Caprolactam

Figure 1.5. DSM process for the recovery of caprolactam:® 1: Beckmann rearrangement; 2: Neutralization; 3:
Liquid-liquid separation; 4: Ammonium sulfate extraction with an organic solvent; 5: Crude caprolactam
extraction with an organic solvent; 6: Back-extraction with water; 7: Hydrogenation; 8: lon exchange.

14 Solvents for caprolactam extraction

141 Investigated solvents

In the selection procedure of a suitable solvent for a liquid-liquid extraction process several
factors have to be taken into account. The solvent must have favourable selectivity in order to
give agood separation and high capacity in order to reduce the amount of solvent required. In
addition the solvent must preferably be chemically stable, of low toxicity, non-corrosive,
cheap, easily recoverable from the extract and the loss of solvent in the raffinate phase should
be as small as possible.**’

Solvents proposed in literature for crude caprolactam extraction, pre-extraction and extraction
of caprolactam from agueous ammonium sulfate solutions include aromatics and their

derivates, alcohols, ethers and chlorinated hydrocarbons. Specific proposed components are:

1,8,15-17,26,28,32-36,38-41,48-58 34,39,41 1,15,20,21,26,28,32,34-39,41,48-50,53,59-61

e Benzene, toluene, and

nitrobenzene;
e R-phenol (where R > C3),**® aliphatic alcohols (Cs to Ci),*#%*% cyclohexanol® and
dibutyl carbinol; %%

xylene,
1,48,49,52

e 2-Heptanone;®

e Diethyl ether;?**

e dichloroethane,**>**?#%51  gichloroethene,®  chloroform,t151826:26:34.35,33,41,43.49.52

tetrachloroethane,
trichloroethane®***

15,18,26,28 1,30,34,38,48,49,52-54 1,48,49,51,52

trichloroethene, tetrachloromethane,

and dichloromethane. >+
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For these extraction processes, as aternative for the pure organic solvents, it is claimed that
also mixtures of proposed solvents, being benzene, toluene, xylene, chlorinated hydrocarbons
and alcohols, can be applied, although mixture compositions are not specified, 33848656

14.2 Propertiesof investigated solvents

The solubility of a solute isafirst indication of the extraction capacity of a solvent and shows
whether a favourable solvent-solute interaction exists. The caprolactam solubility as function
of temperature for several proposed solventsis shown in Figure 1.6.
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Figure 1.6. Solubility of caprolactam, wep,, as function of temperature, T/K, for various solvents: B, benzene;>
[, toluene;™® @, cyclohexane;? A, cyclohexanone;? ¥, water.?

Figure 1.6 shows that the solubility of caprolactam is the highest in water, while it is
comparable for benzene, toluene and cyclohexanone, whereas it is low for cyclohexane.
Therefore the interaction of caprolactam with water is expected to be strong, moderate with
benzene, toluene and cyclohexanone and weak with cyclohexane.

In Figure 1.7 the ternary diagram is shown for the system water (1) + caprolactam (2) +
benzene (3) at 293 K.*! The ternary diagram shows the binodal curve, representing the
boundary line between the liquid single-phase region and the two-phase area. Every point on
the binodal curve, except the plait point in systems with a complete binodal curve, is in
equilibrium with another binodal point and the lines connecting points in equilibrium with
one another are called tie lines. From the bimodal curve follows furthermore the miscibility
gap between the solvents, representing the mutual solubility of the phases. The liquid one
phase region is limited furthermore by the solubility curve. For extraction operation a solvent
creating a large two-phase area, with a minimum mutual solubility and distribution in favour
of the solvent is desired.

For the solvents benzene,® toluene,*® and nitrobenzene™ the ternary diagrams are much alike.
For low concentrations of caprolactam the mutual solubility of water and the organic solvent
isvery low. An increase of the mutual solubility with an increasing amount of caprolactam is

11
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shown first for the organic solvent and at higher concentrations of caprolactam also for the
agueous phase. The tie lines show adistribution of caprolactam at equilibrium in favour of the
agueous phase.

W,

Figure 1.7. Ternary diagram for the system water (1) + caprolactam (2) + benzene (3) at 293 K,** where: H,
binodal curve; [, solubility line, —, tieline.

2 2
8 B

Compared to benzene the ternary diagrams for 1-heptanol®™ and cyclohexanol® show a
smaller two-phase area and a larger mutual solubility. Therefore, using these solvents no two-
phase system is formed for an aqueous 70 mass % caprolactam feed. The pure solvents can
therefore not be used in the extraction process. Within the two-phase area the equilibrium
distribution of caprolactam is slightly in favour of the organic phase. The temperature shows
only a dight influence on the two-phase area and a temperature increase results in a shift of
the distribution of caprolactam in favour of the organic phase.®?

The systems water + caprolactam + chlorinated hydrocarbon show two-phase areas
comparable to the benzene system. The tie lines show, however, a different behaviour. For
chloroform® the distribution of caprolactam is highly in favour of the organic phase, while
this is only dlightly the case for dichloroethane®® and trichloroethylene.® For
tetrachloromethane the distribution is even highly in favour of the aqueous phase.™

The distribution of caprolactam between the two phases represents the capacity of a solvent
system for the extraction of caprolactam. For different systems the distribution is presented in
Figure 1.8. From Figure 1.8 it can be concluded that the distribution is most favourable to the
organic phase for chloroform, followed by 1-heptanol and dichloroethane, while the
distribution is most in favour of the aqueous phase for tetrachloromethane. A high distribution
to the organic phase is desired for the crude caprolactam extraction, pre-extraction and
extraction of the agueous ammonium sulfate layer, but is also unfavourable for the back-
extraction.

12
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Figure 1.8. Mass fraction of caprolactam in the organic phase as function of that in the aqueous phase at 293 K
for: M, benzene;>* [, nitrobenzene;* A, tetrachloromethane;® O, trichloroethylene;* @, dichloroethane;® A\,
1-heptanol;* ¥, chloroform.>

Furthermore the selectivity of the various solvents is compared. The extracted amount of
caprolactam (CPL) is therefore compared to the amount of water (W) that is co-extracted to
the organic phase, relating therefore the selectivity and the mutual solvent solubility. This
calculated selectivity is assumed to give an indication on the extraction of caprolactam
compared to polar impurities® and is shown in Figure 1.9.
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Figure 1.9. Caprolactam selectivity at 293 K for: B, benzene;®! [, nitrobenzene;** A, tetrachloromethane;™ O,
trichloroethylene;** @, dichloroethane;® /\, 1-heptanol;®* ¥, chloroform.>

From Figure 1.9 it can be concluded that severa solvents, being benzene, trichloroethylene
and tetrachloromethane, have selectivities over 0.9 for al concentrations of caprolactam,
while the selectivity for the other solvents is lower in a certain range of caprolactam
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concentrations, for nitrobenzene, chloroform and dichloroethane, or over the full range, for 1-
heptanol.

In the industrial caprolactam extraction process, a certain amount of ammonium sulfate is
present in the feed for the crude caprolactam extraction, pre-extraction and the extraction of
the ammonium sulfate solution. The amounts of caprolactam and ammonium sulfate present
vary from 70 mass % caprolactam and 1 to 1.5 mass % ammonium sulfate in crude
caprolactam to 1 to 1.5 mass % and 40 mass % in the aqueous ammonium sulfate solution,
respectively. The influence of ammonium sulfate on the distribution of caprolactam is shown
in Figure 1.10 for the quaternary systems water (1) + caprolactam (2) + ammonium sulfate (3)
+ trichloroethylene (4).%%%

0.35 | -

0.30 - .

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

WCPL,aq

Figure 1.10. Caprolactam equilibrium distribution for the quaternary system water (1) + caprolactam (2) +
ammonium sulfate (3) + trichloroethylene (4) at 293 K,***? where: B, ws = 0.00; L, ws = 0.05; O, ws = 0.10; A\,
w; = 0.20; V, w; = 0.30.

It can be concluded that the presence of ammonium sulfate in the aqueous phase results in a
shift of the equilibrium distribution of caprolactam in favour of the organic phase. This effect
is known as the salting out effect®®*® and is also observed for other solvents.®?

143 Commercially applied solvents

In the commercia extraction processes especially benzene is often applied as extraction
solvent,“*#17>3 next to toluene and chlorinated hydrocarbons.**>* This can be understood
from the combined mutual solubility, equilibrium distribution and selectivity data.*®

Because of the growing awareness of the negative effects of benzene on health and
environment and the resulting extremely strict legislation on the use of benzene,®”® toluene
has become an important alternative solvent.?3"**%% However, because of unfavourable
properties the application of toluene and chlorinated hydrocarbons becomes more restricted as
well.”™
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15 Extraction columns used for caprolactam extraction

15.1 General extractor selection

The earliest large-scale continuous extraction equipment consisted of mixer-settlers and open-
spray columns and the vertical stacking of a series of mixer-settlers was a feature of a
patented column in 1935.” Over the years alot of different contactors are developed and it is
estimated that at least 25 different types of extractors are applied in commercial processes.
The two main reasons for this diversification are that the equipment must suit the individual
characteristics of each process and that alot of extractors are developed for a specific process
by a specific company.”

The following criteria should be considered when selecting a contactor for a particular
process: (1) stability and residence time, (2) settling characteristics of the solvent system (3)
number of stages required, (4) capital cost and maintenance, (5) available space and building
height and (6) throughput. The preliminary choice of an extractor for a process is primarily
based on consideration of the system properties and the number of stages required for the
extraction.?™*"

Extractors can be classified according to methods applied for dispersing the phases and
producing the counter-current flow pattern.>™"® Extractors can be divided first into gravity-
separated and centrifugally separated types. Of these the former, which greatly predominate,
are subdivided into unagitated-, pulsed-, mechanically agitated- and miscellaneous columns.
In each of these subdivisions the apparatus can be divided in continuous contact (differential)
types, discontinuous (discrete) contact types or mixer-settlers.”>"

Most modern differential contactors use an external energy input because the mechanical
energy will improve formation of new and smaller droplets and increase interfacial
turbulence, resulting in greater efficiency. The required energy can be introduced via agitation
or pulsation.

152 Extraction columnsused for caprolactam extraction

The extraction of caprolactam in the possible process layouts is in most cases carried out in
extraction columns with an external energy supply like those equipped with rotary inserts or
means for pulsating the liquid column or inserts.® The pre-extraction is, however, performed
in atype of mixer-settler combination.®*° Extraction columns proposed in literature for crude
caprolactam extraction, pre-extraction and extraction of caprolactam from agueous
ammonium sulfate solutions include:

e Columns without energy supply: packed columns®®

columng; /3233

and perforated plate or sieve plate

e Rotary agitated columns: Scheibel column,® Rotating Disc Contactor,>*>%"* Asymmetric
Rotating Disc Contactor™*** and the K iihni column;*

1,34,39,58

e Pulsed columns: pulsed packed column, reciprocating plate column®™ and the

pulsed sieve plate column.***
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The rotary agitated columns proposed for caprolactam extraction are shown in Figure 1.11.
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Figure 1.11. Rotary agitated columns: (a) Scheibel column; (b) Rotating Disc Contactor (c) Asymmetric
Rotating Disc Contactor; (d) Kiihni column.”™

In the Scheibel column double-bladed agitators are mounted on a shaft and the impeller
agitates every aternate compartment. The unagitated compartments act as settling zones and
are packed with open woven wired mesh in order to improve coaescence. Other designs use
horizontal baffles with or without wire mesh packing or a pumping impeller instead of a
turbine.”

In the rotating disk contactor (RDC) stator rings are mounted at close intervals in the column
and disks are fitted between the rings to a rotating shaft. The disks have a smaller diameter
than the aperture of the rings and the RDC uses the shearing action of the rapidly rotating
disks to disperse the phases. This construction results in a free cross-sectional area favorable
for large throughputs, but as well backmixing of the phases. An advanced development of the
RDC is the asymmetric rotating disk contactor (ARD). In this construction the shaft with the
agitator disksis located asymmetrically to the column axis. Non-perforated plates separate the
agitation zones and settling zones are separated from the agitation zones by a vertical wall.
The throughput of the ARD is smaller than for the RDC because of the subdivision of the
column.”*"

The Kuhni contactor is based on similar principles as the Scheibel column. It uses a shrouded
impeller to promote radial discharge within the compartments and a variable arrangement to
alow flexibility of design for different process applications.>""

As an dlternative to rotary agitated columns, mechanical energy can also be introduced by
pulsation. Either the liquids in the column or the inserts can be pulsated, as shown via the
pulsed sieve plate and (Karr) reciprocating plate column in Figure 1.12.
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Figure 1.12. Pulsed columns: (&) Pulsed sieve plate column, (b) Karr reciprocating plate column.”

The pulsed sieve plate column is fitted with horizontal perforated or sieve plates, which
occupy the entire cross section of the column. The total free area of the plate varies typically
from 20% to 40%.%" The columns are operated at frequencies varying from 0.5 to 4 Hz and
with an amplitude of 0.5 to 2.5 cm.*>™" The range of throughputs pulsed sieve plate
columns can handle is, however, rather small.

Pulsed packed columns (PPC) consist of vertical cylindrical vessels filled with packing. The
light and dense liquids passing counter currently through the packing are acted on by
pulsations to form a dispersion of drops.?"

In contrast to pulsed sieve plate or packed columns where the liquid contents is pulsed, in a
reciprocating or vibrating plate column the internals are subjected to a pulsing motion. Many
different types of columns exist, mainly because of different plate types.™

The application of pulsed columns is limited by the physical properties of the substances
concerned and the rather small range of throughputs these columns can handle. Systems that
emulsify easily and viscous liquids cannot be processed.?’

In the pre-extraction process a mixer and liquid-liquid separator are applied for the
caprolactam extraction.? Each mixer-settler stage consists of a stirring vessel and a settling
vessel and atypical mixer-settler configuration is shown in Figure 1.13.
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Figure 1.13. IMI type mixer-settler.”
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The IMI mixer-settler iswidely used in the industry. The basic design of a mixer-settler isthe
simple box-type. The mixing and separation zone are combined in a single unit and an
impeller mounted on a shaft disperses the two phases.*™* For processes requiring several
stages various arrangements are possible such as co-current, countercurrent or cross-flow.
Mixer-settlers are widely used in the chemical process industry because of reliability,
flexibility and high capacity and these extractors are particularly favorable for operations that
require high throughputs and few stages. Mixer-settlers reach aimost 100% stage efficiency
and are amost insensitive for load fluctuations. The main disadvantages of mixer-settlers are
the size and the inventory of material held up in the equipment.>™

1.6 Scope and outline of this thesis

From the current market situation it follows that in the near future existing technology will be
the dominating production route for caprolactam. Therefore, there is a drive to improve the
currently used processes, which consist of cyclohexanone formation, oximation, Beckmann
rearrangement and finally caprolactam recovery. The latter is based on neutralization of the
rearrangement mixture, separation of the resulting two-phase system after which both phases
are treated with solvent extraction, according to the industrial DSM process, which is used in
this thesis as benchmark. In the extraction process, however, toxic and carcinogenic solvents
are used. The replacement of these with environmentally benign alternatives is therefore an
important improvement with respect to the sustainability of the current recovery process.

This research was started in cooperation with Bateman Advanced Technologies (Y okneam,
Isragl). The first objective of the research presented in this thesis is the characterisation of
their pulsed disc and doughnut column, the so-called Bateman Pulsed Column, for its
applicability in the extraction of caprolactam, since it is a new column type for the extraction
of organics. The column operation and separation performance is therefore investigated on
pilot scale for caprolactam extraction with the conventional solvent toluene. The second
objective of the presented research is the selection and characterization of alternative
environmentally benign solvents for caprolactam extraction. Finally, caprolactam extraction
with the selected aternative solvent is compared with toluene in the pilot scale column.

In order to achieve these objectives the experimentally determined equilibrium phase
compositions and physical properties of the quaternary systems water + caprolactam +
ammonium sulfate + solvent, where the solvent is benzene or toluene, is described in Chapter
2. These data are required for the characterization of the operation and separation
performance in an extraction column and as reference for the alternative solvent. In Chapter 3
a theoretical model is developed for the description of the operational characteristics of the
pilot scale extraction column and this model is evaluated based on experiments with toluene
in Chapter 4. The separation performance of the pulsed disc and doughnut column for
caprolactam extraction with toluene is determined and modelled in Chapter 5. The selection
of alternative solvents as described in Chapter 6 is based on solvent capacity and selectivity
and makes use of the Hanson solubility and the Unifac Dortmund thermodynamic models and
an experimental screening procedure. For the alternative candidate solvents, phase equilibria
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and physical properties are determined for the quaternary systems water + caprolactam +
ammonium sulfate + alternative solvent. In Chapter 7 the impurity distribution for four model
impurities in the system water + caprolactam + best alternative solvent in comparison to
toluene is described, since the impurity profile determines the final lay-out of the purification
section after the caprolactam extraction. In Chapter 8 the extraction performance of the most
promising alternative solvent is experimentally evaluated and compared to that of toluene. In
Chapter 9, findly, the main findings of this research are summarized, whereas main issues are
discussed that should be further addressed in the future.
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Chapter 2

Liquid-liquid equilibria and physical properties of the quaternary
systems water + caprolactam + ammonium sulfate + benzene and
toluene

2.1 Introduction

Caprolactam is recovered from the neutralized Beckmann rearrangement mixture by phase
separation followed by solvent extraction of the resulting crude caprolactam and aqueous
ammonium sulfate layer, for which in industry benzene is often used as the organic solvent, as
described in Chapter 1. Several experimental studies on the ternary systems water +
caprolactam + ammonium sulfate and water + caprolactam + benzene and the quaternary
systems water + caprolactam + ammonium sulfate + benzene at 293 K exist."* However, in
most cases, the industrial caprolactam extraction is performed at elevated temperatures.
Although the effect of temperature, in some cases combined with the effect of ammonium
sulfate, has been measured,**° data on liquid-liquid equilibrium (LLE) phase compositions
covering al industrialy applied concentrations and temperatures are limited. Next to phase
composition data, physical properties, being density and viscosity of the separate liquid
phases and interfacial tension of the liquid-liquid system, are needed for the description of
extraction processes.™* Although the data for pure liquids and pure liquid-liquid systems have
been reported,™’ the influence of caprolactam and ammonium sulfate on these physical
properties is unknown.

As described in Chapter 1, toluene has been proposed and applied as an aternative solvent,
because of the growing awareness of the negative effects of benzene on health and
environment and the resulting extremely strict legislation on the use of benzene. Experimental
data on the system water + caprolactam + toluene at some temperatures are available,***® but
extensive data on phase compositions of the system water + caprolactam + ammonium sulfate
+ toluene at various temperatures are not reported, whereas physical properties are available
for the pure liquids and the binary liquid-liquid system only.

In this chapter the equilibrium phase compositions of the systems water + caprolactam +
ammonium sulfate + organic solvent are determined at 293 K, 313 K and 333 K, where the
organic solvent was benzene or toluene. The determined phase compositions were described
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using the Non-Random Two-Liquid (NRTL) model. Furthermore, density and viscosity data
of the separate phases and interfacial tension data of the systems studied were determined and
correlated.

2.2 Experimental section

Chemicals. Toluene (purity > 99%) was supplied by Fluka (USA), benzene (purity > 99.5%)
by Riedel de Haén (USA), e-caprolactam (purity 99%) and ammonium sulfate (purity > 99%)
by Sigma-Aldrich (USA), ethanol (purity 99.8%) and methanol (purity > 99.8%) by Merck
(Germany), and 1-methyl-2-pyrrolidinone (purity 99%) by Acros (Belgium). All chemicals
were used as received. MiliQ water was used in all experiments.

Equilibrium measurements. The experimental setup consisted of an equilibrium cell, which
had an inner chamber of about 55 mL. The cell was surrounded by a jacket for temperature
control. The jacket was connected to a Julabo F12 heating/cooling bath (Julabo Labortechnik,
Germany), and water was used as the heating/cooling fluid. The inner chamber had two
sampling ports, one in the upper haf and the other in the lower half of the cell, alowing
sampling of both phases. The cell was placed on the plate of a multiple point magnetic stirrer
(Variomag) and a magnetic bar (30 mm length) was used for agitation.

Equilibrium measurements were performed as follows. The organic solvent (20 mL, toluene
or benzene) and 20 mL of an aqueous caprolactam solution were introduced in the vessel by a
pipette. The mass fraction of caprolactam in theinitial aqueous solution was in the range from
0 to 60 mass %. After introduction of the solutions, the mixture was stirred for at least 45 min
at 450 rpm at an aternating regime of 90 s stirring and 20 s pause. The time of agitation
required to reach equilibrium was determined by measuring the change in concentration of
caprolactam for different stirring times and was found to be 25 min using the described
regime. After equilibrium was reached, the mixture was left to settle for at least 1 h. During
the agitation and settling, the temperature of the fluid in the vessels was kept constant at the
required value with an uncertainty of 0.1 K. After the phases settled, a sample from the
organic (100 pL) and two samples from the aqueous layer (both 20 uL) were taken with a
syringe. Finally, a sample from the organic layer (1000 uL) was taken with a pipette. The 100
uL organic phase sample and one aqueous phase sample were diluted with 1000 uL of ethanol
(in case of toluene as solvent) or methanol (in case of benzene as solvent). After that, 50 uL
of the internal standard was added for determination of the concentration of caprolactam in
the organic solvent and of the concentrations of organic solvent and caprolactam in water. The
second aqueous phase sample was diluted with 1000 uL of water. Of this solution, 50 uL was
diluted 500 times for analytical determination of the concentration of ammonium sulfate. The
1000 uL of the organic phase sample was used for analytical determination of the
concentration of water.

Density measurements. Densities were determined for the ternary system water +
caprolactam + ammonium sulfate and the binary systems benzene + caprolactam and toluene
+ caprolactam at 293 K, 313 K and 333 K using a DMA 5000 automatic density meter (Anton
Paar, Austria). Solutions of known composition (in mass fractions) were prepared and a
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sample was sucked up automaticaly via the SHx/SCx sample changer mode into the
measuring cell, having a volume of 1 mL, and heated until the desired temperature with an
uncertainty of 0.01 K. After measurement, the sample was gected, whereas the cell was
rinsed two times with water and acetone and finaly it was dried with air for 2 min. The
density was measured with an uncertainty of 1 x 102 kg-m™.

Viscosity measurements. Kinematic viscosities were determined for the ternary system water
+ caprolactam + ammonium sulfate and the binary systems benzene + caprolactam and
toluene + caprolactam at 293 K, 313 K and 333 K using capillary Ubbelohde viscosimeters
501 13/Ic, having a capillary constant of 0.02887 mm?-s? + 0.65%, and 501 03/0c, having a
capillary constant of 0.003162 mm?s? + 0.65% (Schott, Germany). The capillaries were
immersed in a Lauda 015T water bath (Lauda, Germany), and the temperature was controlled
using a Lauda E200 thermostat (Lauda, Germany) with an uncertainty of 0.1 K. Solutions of
known composition (in mass fractions) were prepared, and a sample was sucked up in the
capillary. The time needed for the meniscus of the sample to descend from the first to the
second marker on the capillary was measured and corrected if necessary according to the
Kinetic energy correction tables supplied with the respective capillaries. Measuring ranges for
both capillaries were 3 to 30 mm?s™* and 0.3 to 3 mm*s?, respectively. The measurement
uncertainty was 1 x 102 mm?s™.

Interfacial tension measurements. Interfacial tensions were determined of the ternary system
water + caprolactam + toluene and the quaternary system water + caprolactam + ammonium
sulfate + toluene at 293 K, 313 K and 333 K using a Kriiss K11 automatic tensiometer with a
thermostated vessel (Wilten Physica, Belgium). The thermostated vessel was connected to a
Julabo F12 heating/cooling bath (Julabo Labortechnik, Germany), and the temperature was
controlled with an uncertainty of 1 K. Interfacial tensions were determined via the Du Noty
Ring method using a standard ring and corrected by the Huh & Mason method. The agueous
and organic phases were prepared at various pre-calculated equilibrium compositions (in mass
fractions) and brought to the desired temperature in the water bath. After cleaning, the ring
was immersed in the light phase and the balance was set to zero. After removal of the light
phase and cleaning of the ring, the sample vessel containing the heavy phase was placed in
the thermostat vessel. The ring was placed above the surface, which was then searched for
with a speed varying from 20 to 1 mm:min’. After detection, the ring was immersed to 3 mm
in the heavy phase with a speed varying from 100 to 1 mm-min™. The heavy phase was
covered with the light phase using a 10-mL pipette. The determination of the interfacial
tension was performed at a speed varying from 2 to 0.2 mm-min™* with a relaxation of 10%
and the experiment was continued for 20 measurements or until a standard deviation of the
|ast five values < 0.3 mN-m™. The range applied for the experimental method settings covered
concentrations of caprolactam in the agueous phase from 0 to 30 mass %. The measurement
uncertainty was 0.3 mN-m™ for low concentrations of solute (w; < 0.10) up to 1 mN-m™ for
high concentrations of solute (w; > 0.20).

Chemical analysis. The mass fraction of caprolactam in both the organic and the agueous
phases and of toluene in the aqueous phase was determined in a gas chromatograph, CP-3800
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(Varian, USA), equipped with an EC-WAX column (30 m, 0.32 mm, 0.25 um film thickness)
using a flame ionization detector. During the analysis of caprolactam in the organic phase and
of caprolactam and toluene or benzene in the agueous phase, the column temperature was
raised from 333 K to 343 K with an increment of 10 K-min™ and then from 343 K to 523 K
with an increment of 50 K-min™. The temperatures of the injector and detector were kept
constant at 498 K and 523 K, respectively, using a pressure in the injector of 275 kPawith an
initial flow of 14.2 mL-min™ (in case of toluene as solvent) or with a constant flow of 5
mL-min™ with an initial pressure of 97 kPa (in case of benzene as solvent). A split ratio of 10
was used. Helium was used as the carrier gas, and a sample of 0.3 uL was injected into the
column. Quantification of caprolactam and toluene or benzene in the sample was done by
using an internal standard method where 1-methyl-2-pyrrolidinone was used as the internad
standard. A 10 mass % agueous caprolactam solution was prepared and analyzed 4 times to
test the repeatability and the uncertainty of the GC analysis. The mean value of 9.8 mass % is
found with an uncertainty of 0.2 mass % (determined as standard deviation).

The mass fraction of ammonium sulfate in the agueous phase was determined by ion
chromatography using a Metronm 733 IC Separation Center (Applikon, The Netherlands)
connected to a Metrohm 709 IC Pump (Applikon, The Netherlands) and a Metrohm 732 IC
Detector (Applikon, The Netherlands). The separation center was equipped with alCSep AN2
column (250 mm, 4.6 mm) (CETAC Technologies, USA). Sulfate was determined via
conductivity measurement with chemical suppression. Eluent consisting of 1 x 10 mol-L™
NaHCO; and 3.5 x 10 mol-L ™ Na,CO; was used at a flow of 1200 uL-min™. A temperature
of 308 K in the detector and a pressure of 800 kPa were applied. Quantification of the amount
of sulfate was performed using Metronm IC Metrodata for Windows 95 version 1.44
(Applikon, The Netherlands) and a calibration line of sodium sulfate. Sulfate was determined
with an uncertainty of 0.01 mass %.

The mass fraction of water in the organic phase was measured by coulometric Karl Fischer
determination with a Metronm 652 KF Coulometer (Applikon, The Netherlands), where
controlled-current potentiometry with two platinum indicator electrodes was used for
determination of the end-point, which was fixed at 250 mV. In the reaction vessel, 200 mL of
Hydranal-AK anode-liquid (Riedel-de Haén, USA) was transferred, and in the generation
electrode, 5 mL Hydranal CK-G cathode liquid from an ampule (Riedel-de Haén, USA) was
placed. When water was present at the start, iodine was automatically generated until
equilibrium was reached. For determination of water in a sample, a fixed amount of sample
was added to the Hydranal-AK liquid, whereas iodine was automatically generated until the
end point was reached. Water was determined with an uncertainty of 0.005 mass %.

Data analysis. By use of the described analytical methods, the amount of solute and the
mutual solvent solubility (in mass fractions) were determined in the organic and agueous
phase with the described uncertainties. The mass fraction of water in the agueous phase and of
toluene or benzene in the organic phase was finally determined using mass balance. The mass
fraction of ammonium sulfate in the organic phase was assumed to be negligible. This
assumption was based on the results of Huan et al.,'® where a very small amount of
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ammonium sulfate (AS) was detected in the organic phase near the phase boundary. The
amount detected was was < 0.004 at the highest amounts of caprolactam (CPL) and water (W)

in the organic phase (WepL org = 0.52 and Wi org = 0.23) at 333 K. In the determination of the
physical properties, phase compositions were directly calculated from the weighted amounts
and, in case of interfacial tension measurements, from the determined phase equilibria.

2.3 Results and data correlation

2.3.1 Equilibrium experiments

Tables Al and A2 (see Appendix A) present the LLE data of the systems water + caprolactam
+ ammonium sulfate + benzene and toluene, respectively, at 293 K, 313 K and 333 K. The
determined phase equilibrium data for the described systems were correlated with the
classicd NRTL model using the approach of de Haan and Niemann.® This model was
reported to provide a good representation of the experimental LLE data for the ternary and
quaternary systems water + caprolactam + ammonium sulfate + benzene at 293 K, 313 K and
333 K, when ammonium sulfate was treated as a fully dissociated pseudo-component and the
non-randomness parameter was determined in the fitting procedure and not set at the default
value of 0.2 or 0.3.2 This approach results, however, in vaues for a;; that are physically
unrealistic and reduces the NRTL model to afit procedure. The NRTL electrolyte model™® or
the extended NRTL electrolyte model'®® are capable of describing LLE and even LLLE
systems containing salts, but these models are more complicated. The classical NRTL model
using the described approach is, however, a simple and direct model available in ASPEN
Plus. Applying the classical NRTL model in fitting phase composition data of the quaternary
systems described here provided a calculation tool, which was sufficiently accurate for our
purposes of extraction column modelling. The binary interactions were calculated using
Equation (2-1)*

T, = 8§ +? Gij = exp(— o 'Tij) o = (2-1)

where G; and 7; are NRTL parameters, which are calculated via the non-randomness
parameter o;; and the parameters a; and b;/K. The five NRTL parameters (o, aj, &, bi/K and
b;i/K) for all component pairs were determined via data regression using ASPEN Plus 11.1.
Initial values for the solvent-solvent interactions were determined from binary solubility
data®* The interactions for the ternary system, and after initial regression also the solvent-
solvent interactions, were determined from the ternary phase equilibria data. Interactions of
al components with ammonium sulfate were determined from the quaternary phase
equilibrium data. In the determination of the interactions with ammonium sulfate, it was
found that the value of the non-randomness parameter was critical for obtaining a good
description of the system, which was also concluded by de Haan and Niemann.? The values of
the fitted parameters are listed in Table 2.1.
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Table 2.1. Fitted NRTL interaction parameters for the description of LLE of the systems water (1) + caprolactam
(CPL) (2) + ammonium sulfate (AS) (3) + solvent (4) at (293 to 333) K, with benzene or toluene as solvent.

Binary parameter aij aj aji bii/K b;i/K

water + benzene  0.200 2.280 2.272 1340 359.2
water + toluene 0.200 0.479 4.383 1963 -428.3
CPL + benzene 0.300 -6.050 1.139 1242 432.6
CPL + toluene 0.300 -6.965 3.159 1657 -327.3

CPL + water 0.300 24.89 -6.166 -6123 1147
CPL + AS 0.0063 45.90 23.56 3016 -24105
water + AS 0.118 3.682 -15.88 1921 2245
benzene + AS -0.260 -6.203 7.363 307.9 -629.3
toluene + AS -0.294 2.384 -14.24 -2345 4845

The uncertainty in the fitted data was described with an average absolute deviation (AAD).
For the benzene systems without and with ammonium sulfate, respectively, the AAD for the
mass fractions of caprolactam in both phases combined was 4.6 x 10° and 6.9 x 1073, the
AAD for water in the organic phase was 1.7 x 10° and 8.7 x 10°°, the AAD for benzene in the
agueous phase was 2.4 x 10° and 2.7 x 10°, and the AAD for ammonium sulfate in the
agueous phase was 9.0 x 10>, For the toluene systems without and with anmonium sulfate,
respectively, the AAD for the mass fractions of caprolactam in both phases combined was 3.7
x 10 and 2.4 x 10, the AAD for water in the organic phase was 2.1 x 10 and 2.3 x 103,
the AAD for toluene in the agueous phase was 3.0 x 10° and 3.7 x 103, and the AAD for
ammonium sulfate in the aqueous phase was 1.6 x 107,

Experimental and cal culated phase compositions of the ternary systems water + caprolactam +
benzene and toluene at 293 K are presented in parts (a) and (b) of Figure 2.1.

0.010
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W4
(b)
Figure 2.1. Equilibrium phase compositions (mass fractions) for the ternary systems water (1) + caprolactam (2)

+ benzene (3) (&) and toluene (4) (b) at 293 K: [, this work; +, Tettamanti et al.%; —, fitted values using the
NRTL model.

In this figure, the data measured for the system water + caprolactam + benzene are compared
to those reported by Tettamanti et al. It can be concluded that all data are in good agreement.
The figure shows, furthermore, that the two-phase region for both solvents is comparable and
well correlated by the NRTL model. The influence of temperature on the experimental and
calculated equilibrium data for caprolactam for both ternary systemsis shown in parts (a) and
(b) of Figure 2.2. The data for the benzene system at 293 K are compared to literature data
reported by Tettamanti et al.,? whereas the data for the toluene system at 313 K are compared
to literature data reported by Pajak et al.**
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Figure 2.2. Organic equilibrium mass fraction of caprolactam as a function of the aqueous equilibrium mass
fraction for the ternary system water (1) + caprolactam (2) + benzene (3) (a): ll, 293 K; @, 313 K; A, 333 K; +,
293 K reported by Tettamanti et al.;> —, fitted equilibria according to the NRTL model; for the ternary system
water (1) + caprolactam (2) + toluene (3) (b): [, 293 K; O, 313 K; A\, 333 K; x, 313 K reported by Pgjak et
al.;** — fitted equilibria according to the NRTL model.

From this figure, it can be concluded that the measured data show good agreement with the
literature data and that the temperature influence on the distribution of caprolactam is
represented well by the NRTL model for both solvents. It is clearly shown that for both
solvents the concentration of caprolactam in the organic phase is increased considerably at
elevated temperatures and that the concentration of caprolactam in the organic phase is aways
higher for benzene than for toluene at equal conditions. The influence of ammonium sulfate
on the experimental and fitted equilibrium data for caprolactam for both ternary systems is
presented in parts (a) and (b) of Figure 2.3. It shows that the influence of ammonium sulfate
on the distribution of caprolactam is fitted well with the NRTL model. Furthermore, it can be
concluded that the addition of ammonium sulfate to the system causes considerable salting
out of caprolactam for both solvents, resulting in significant changes of the distribution of
caprolactam between the two liquid phases. The concentration of caprolactam in the organic
phase is, however, still always higher for benzene than for toluene at equal conditions. For the
15 mass % ammonium sulfate system with benzene and the 5 mass % ammonium sulfate
system with toluene a three liquid-phase equilibrium region was observed at concentrations of
caprolactam higher than the presented experimental range in Tables A1 and A2. This
appearance of three-phase equilibria for the quaternary system water + caprolactam +
ammonium sulfate + benzene at 293 K, 313 K and 333 K was studied and fitted in more detail
by van Bochove et al.'®® However, three-phase equilibria do not occur in the industrial
caprolactam extraction process and were therefore not investigated further here. The three-
phase systems disappeared when going to the 40 mass % ammonium sulfate systems.
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Figure 2.3. Organic equilibrium mass fraction of caprolactam as a function of the aqueous equilibrium mass
fraction for the quaternary system water (1) + caprolactam (2) + ammonium sulfate (3) + benzene (4) () at 313
K: ¥, 0 mass % ammonium sulfate; B, 5 mass %, @, 15 mass %; A, 40 mass %; —, fitted equilibria according
to the NRTL model; and for the quaternary system water (1) + caprolactam (2) + ammonium sulfate (3) +
toluene (4) (b) at 313 K: V/, 0 mass % ammonium sulfate; [J, 5 mass %; /\, 40 mass %; —, fitted equilibria
according to the NRTL model.

2.3.2 Physical properties

Density. In Table A3 (see Appendix A), the results are given for the density data at 293 K,
313 K and 333 K of the systems water + caprolactam + ammonium sulfate, benzene +
caprolactam, and toluene + caprolactam. The presented density data were correlated using
Equation (2—2), which represents a linear effect of the solute mass fraction and a temperature
effect that is described with the volumetric expansion coefficient™
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Pir 1 +Z A-w,

= (2-2)
Pors 1+a-(T-293) T 1+¢-(T-293)"

where pi 1/kg:m is the density for given mass fractions w of solute i in the solvent at the
system temperature T/K, po2ss/kg-m™ is the density of pure solvent (w; = 0) at the reference
temperature of 293 K, A is an adjustable parameter describing the influence of the mass
fraction of solute i on the mixture volume, o/K™ is the volumetric thermal expansion
coefficient, and b is an adjustable parameter describing the influence of the temperature on
the mixture volume expansion as result of the addition of solute i. In the case of b = 1, the
temperature influence simplifies to the standard volumetric thermal expansion expression.?
The coefficients A, b;, and the volumetric thermal expansion coefficient were determined by
minimization of the standard error in fitting the density data for various amounts of solute at
293 K, 313 K, and 333 K using the program Origin 6.0. The determined parameters are shown
in Table 2.2.

Table 2.2. Fitted parameters for the description of densities according to Equation (2-2) of the systems solvent
(1) + caprolactam (CPL) (2) + ammonium sulfate (AS) (3) at 293 K, 313 K and 333 K, where the solvent is
water, benzene or toluene.

Water-system®  Benzene-system”  Toluene-system®

pPo.205/kg-m’ 998.4 879.0 867.6
Acp./kg-m® 0.086 0.204 0.216
bept 2 1 1
Angkg-m™ 0.580 - -

bas 1 - -
alK* 0.366 x 10°° 1.26 x 10°° 1.15x 10

@water (1) + caprolactam (2) + ammonium sulfate (3)
® benzene (1) + caprolactam (2)
“ toluene (1) + caprolactam (2)

The average of the ratio of the measured and calculated density data and its standard deviation
i 0.9999 + 8 x 10, 1.0000 + 3 x 10 and 1.0001 + 8 x 10" for the water, toluene, and
benzene systems, respectively. Experimental and calculated density data for the binary
systems water + caprolactam, benzene + caprolactam, and toluene + caprolactam as afunction
of the mass fraction of caprolactam, for the binary system water + ammonium sulfate as
function of the mass fraction of ammonium sulfate, and for the ternary system water +
caprolactam + ammonium sulfate as function of the concentration of caprolactam at 293 K
and 333 K are presented in Figure 2.4. Comparison of the calculated and experimental results
shows that the experimental data are very well represented by Equation (2-2). Figure 2.4
shows that for all solvents and all solutes the density increases linearly with increasing solute
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mass fraction. This increase is equal at different temperatures, except for the binary and
ternary solutions containing water and caprolactam, where the density increase with a higher
solute mass fraction was lower at elevated temperatures. From the figure, it can furthermore
be seen that an increase of the temperature resulted in a decrease of density. From the results
for the binary water + caprolactam and ternary water + caprolactam + ammonium sulfate
systems, it was concluded that the influence of solute mass fraction on the density was
additive.
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Figure 2.4. Densities as a function of the solute concentration of the binary systems water (1) + caprolactam (2):
H, 293 K; A, 333 K; of benzene (1) + caprolactam (2): @, 293 K; ¥, 333 K; of toluene (1) + caprolactam (2):
O, 293 K; \V/, 333 K; of water (1) + ammonium sulfate (2): X, 293 K; +, 333 K; and of the ternary system water
(1) + caprolactam (2) + ammonium sulfate (5 mass %) (3): [, 293 K; A\, 333 K; —, fitted values according to
Equation (2-2).

Viscosity. In Table A4 (see Appendix A), the results are shown for the kinematic viscosity
data of the systems water + caprolactam + ammonium sulfate, benzene + caprolactam, and
toluene + caprolactam at 293 K, 313 K and 333 K. The presented viscosity data were
correlated using the (extended) Dole-Jones equation as shown in Equation (2-3), which is
capable of correlating the influence of the concentration of solute on the viscosity for both
electrolyte® aswell as for non-electrolyte solutions®?

Vir *Pir Tir F
I =t =1+ ADJ,T ’\/E"' BDJ,T G+ DDJ,T G o (2-3)
Vor *Por  Mor

where y/m?st and 5 t/kg-mtst are the kinematic and dynamic viscosities for a given
concentration ¢/mol-L ™ of solutei at the system temperature T/K, vo1/m?s* and 5o /kg-m*-s?
are the kinematic and dynamic viscosities for the pure solvent (ci/mol-L™ = 0) at the system
temperature T/K, Apy/L¥?>mol™? accounts for the ion-ion interaction, Bpy/L-mol™ accounts for
ion-solvent interaction (in case of an electrolyte solution) or solvent-solvent interaction and
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viscosity difference of pure solvents (in case of a mixture of solvents), DpyL mol™ is an
adjustable parameter, which extends the validity of the empirical expression from 0.1 mol-L™
up to 1 to 2 mol-L™ %% in combination with parameter Fpy, which is generally set to Fp; = 2.
The electrolyte ion-ion interaction, expressed in parameter Ap;, is zero for non-electrolyte
solutes”?® and shows an influence for electrolyte solutes up to c/mol-L™* = 0.05.% Since the
concentrations of NH,* and SO,% in this study reached up to 3 to 6 mol-L™, the effect of
parameter Ap; was neglected.

The temperature influence on the pure solvent viscosity was described by the Guzman-
Andrade equation as shown in Equation (2—4)%

V .
ot " Pot _ Nox :exp( B, (E_LJJ ot
Vo203 Po20s o203 T 293

where 1203/ m?st and 7o1/kg-m™-s* are the kinematic and dynamic viscosities of the pure
solvent at the reference temperature of 293 K and Bac/K represents the Andrade-Guzman
coefficient. In binary solutions, the Dole-Jones coefficients Bp; and Dp; can be determined
graphically from the linear relation between (Bp; + DpJ-¢i) and ¢;, according to Equation (2-3)
when Fp; = 2.2 This method was found to be valid for al caprolactam solutions but not for
agueous ammonium sulfate solutions. Since the NH," and SO,* ions were always present in
the same ratio, their separate influence could not be distinguished. In the determination of the
Dole-Jones parameters for the NH," and SO, ions it was therefore assumed that ammonium
sulfate is fully dissociated and that the influence of all solutesis additive. The parameters Bp;
for the NH," and SO,* ions and the temperature influence on these parameters were taken
from literature.® The remaining Dole-Jones coefficients, Dp; for both ions, were determined
by minimization of the standard error in fitting the viscosity data for various amounts of
solute at 293 K, 313 K and 333 K using the program Origin 6.0. The Andrade-Guzman
coefficient for the pure solvents was also determined using this approach. As expected from
literature,”? a temperature influence on the Dole-Jones parameters was observed both from
the graphical interpretation as from the fitting method. The temperature influence was
assumed to be linear. The determined parameters are listed in Table 2.3, where the Dole-Jones
parameters determined for caprolactam are based on the combined data of the agueous
caprolactam solution and the agueous ammonium sulfate solution containing caprolactam. All
parameters were initially determined for data at ci/mol-L™* < 3 and Fp; = 2. The average of the
ratio of the fitted and measured viscosity data and its standard deviation for the Dole-Jones
equation is 0.96 + 7.0 x 102 1.001 + 3.7 x 10, and 1.000 + 3.8 x 10” for the water, toluene,
and benzene systems, respectively.
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Table 2.3. Fitted parameters for the description of dynamic viscosities according to Equation (2-3) and (2—4) of
the systems solvent (1) + caprolactam (CPL) (2) + ammonium sulfate (3) at 293 K, 313 K and 333 K, where the
solvent is water, benzene, or toluene.

Dole-Jones parameters

no,203/KQ mts?

1.02x 1032 0.66 x 10°°P 0.59x 10°3°¢

Bpy= kl(T-273)+ ko

SO/ k=19.8 x 10°*
k,=0.1570 ¢
NH, "  k,=7.8x 10"
k,=-0.0282 ¢
CPL  k=293x10* k=28x10" k=-15.8x 10"
k,=0.3960 k,=0.2388 k,=0.2944
Dpj=my:(T-273)+m, ; Fps=2
SO  my=-3.0x 10*
my=-1.4628
NH;"  m=-0.7 x 10"
m,=0.3843
CPL  m=-102x10* m=-7.7x10* m=-3.0x 10
m,=0.1353 m,=0.0929 m,=0.0892
Dps=my-(T-273)+ My ; Fpy=n1-(T-273)+ Ny
CPL  m=4.9x10*
m,=0.0555
n;=-1.5 x 10
n,=2.960
Bac/K 1943 ° 1266 1048

dwater (1) + caprolactam (2) + ammonium sulfate (3)
® benzene (1) + caprolactam (2)

“toluene (1) + caprolactam (2)

¢ based on literature data®™™**

Since it appeared that the description of the viscosity data using the Dole-Jones equation
showed a large deviation at concentrations of caprolactam of ¢/mol-L™ > 3, Equation (2-3)
was adjusted for the description of caprolactam solutions in order to ensure the validity over
an extended concentration range. The determined values for parameters Bp; and Bag were
kept constant, but the values for the parameters Dp; and Fpj were determined by minimization
of the standard error in fitting the viscosity data for various amounts of caprolactam at 293 K,
313 K and 333 K using the program Origin 6.0. The determined parameters are listed in Table
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2.3, where these parameters are obtained from the combined data of the agueous caprolactam
solution and the aqueous ammonium sulfate solution containing caprolactam. The average
ratio of the fitted and measured viscosity data and its standard deviation for the Dole-Jones
equation is 0.99 + 4.5 x 107 for the water system. Experimental and fitted viscosity data for
the systems water + caprolactam, benzene + caprolactam, toluene + caprolactam and water +
caprolactam + ammonium sulfate as function of the concentration of caprolactam and for the
system water + ammonium sulfate as function of the concentration of ammonium sulfate at
293 K and 333 K are presented in Figure 2.5.
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Figure 2.5. Dynamic viscosities as function of solute concentration of water (1) + caprolactam (2): ll, 293 K; A,
333 K; of water (1) + ammonium sulfate (2): X, 293 K; +, 333 K; of water (1) + caprolactam (2) + ammonium
sulfate (3): [J, 293 K; —, fitted values via Equation (2-3) and (2—4) (a) and of benzene (1) + caprolactam (2): @,
293 K; ¥, 333 K; and toluene (1) + caprolactam (2) (b): O, 293 K; \V, 333 K; —, fitted values via Equation (2—
3) and (2-4) (b).
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Comparison of the calculated and experimental results shows that the experimental data are
very well represented with the modified extended Dole-Jones and the Andrade-Guzman
equations. Figure 2.5 shows that for all solvents and all solutes the viscosity increases with
increasing solute concentration, but the increase is lower at elevated temperatures. Obvioudly,
it can be seen that an increase of temperature results in a decrease of viscosity.

Interfacial tension. In Table A5 (see Appendix A), the results are shown for the interfacial
tension of the system water + caprolactam + ammonium sulfate + organic solvent at 293 K,
313 K and 333 K, where the organic solvent is benzene or toluene. The presented interfacial
tension data were correlated using the Szyzkowski isotherm as described in Equation (2-5)%

}/i,T = 7/0’1. . |:1— BSZ . In{% + 1]:| (2_5)

where 7 1/N-m™ is the interfacia tension for a given concentration ¢/mol-L™* of solute i at
system temperature T/K, yot/N-m™ is the interfacial tension for the system without solute
present (c/mol-L™* = 0) at system temperature T/K, and Asz/mol-L™* and Bs, are so-called
Szyzkowski adsorption coefficients. The influence of the concentration of ammonium sulfate
on the interfacial tension was described via the concentration of ammonium sulfate in the
agueous phase, since ammonium sulfate was assumed not to be present in the organic phase.
The influence of the concentration of caprolactam on the interfacial tension of the ternary
system was described either via the concentration of caprolactam in the aqueous or the
organic phase. Both methods resulted in a good fit. For the quaternary system, an influence of
both solutes on the interfacial tension was expected, based on experimental data for the
ternary systems as shown in Table A5, although the influence of ammonium sulfate would be
small compared to caprolactam. Salting out of caprolactam caused by the presence of
ammonium sulfate would result in a large influence however. The water + caprolactam +
ammonium sulfate + toluene system was therefore described as the ternary caprolactam
system, where the concentration influence was based on the concentration of caprolactam in
the organic phase, assuming that the influence of caprolactam and the salting-out effect would
cover amost fully the influence of both solutes on the interfacial tension. The temperature
influence on the interfacial tension of the system without solute present was described by the
Jasper correlation as shown in Equation (2—6)%

Yor = Yoz — Ay - (T =293 (2-6)

where yo20/N-m* is the interfacial tension of the system without solute present (ci/mol-L™* =
0) at the reference temperature of 293 K and AyN-m™-K™ represents the Jasper coefficient.
The adsorption and Jasper coefficients were determined by minimization of the standard error
in fitting the interfacial tension data for various amounts of solute at 293 K, 313 K and 333 K
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using the program Origin 6.0. The determined parameters are shown in Table 2.4, where the
results showed a temperature influence on the caprolactam adsorption coefficients.

Table 2.4. Fitted parameters for the description of interfacial tension data based on the concentrations of
caprolactam (CPL) in the organic (org) and of ammonium sulfate (AS) in the agueous (ag) phase according to
Equation (2-5) and (2—6) of the systems water (1) + caprolactam (2) + ammonium sulfate (3) + toluene (4) at
293K, 313K and 333K

¥20/N-m™* AJN-mK*
Water+Toluene 35.8:10° 5.75:10°
Ag/mol L™ By
CPLorg -5.8-10" + 0.125 +
7.63-10°(T-273)  9.06-10°*(T-273)
ASy 5.1 -2.15.10"

The averages of the ratio of the fitted and measured interfacial tension data and its standard
deviation are 1.00 + 1.1 x 102, 1.02 + 9.1 x 10-2, and 0.98 + 1.0 x 10-1 for the systems water
+ ammonium sulfate toluene, water + caprolactam + toluene, and water + caprolactam +
ammonium sulfate + toluene, respectively. Experimental and calculated interfacial tension
data for the ternary system water + caprolactam + toluene as function of the concentration of
caprolactam in the organic phase and water + ammonium sulfate + toluene as function of the
concentration of ammonium sulfate in the agueous phase and for the quaternary system water
+ caprolactam + ammonium sulfate + toluene as function of the concentration of caprolactam
in the organic phase at 293 K and 333 K are presented in Figure 2.6. Comparison of the
calculated and experimental results shows that the experimental data are very well represented
with the Szyzkowski and the Jasper equations. Figure 2.6 shows that for the ternary system
water + ammonium sulfate + toluene the interfacial tension increased with solute
concentration, where it decreased for the ternary and quaternary systems containing
caprolactam. The figure illustrates furthermore the opposite behaviour with temperature, since
the interfacial tension decreases with increasing temperature for the binary system water +
toluene and the ternary system water + ammonium sulfate + toluene as expected from the
Jasper equation. It increases, however, with increasing temperature for the ternary and
guaternary systems containing caprolactam. The reason for this behaviour can probably be
found in the increase of the distribution ratio of caprolactam with increasing temperature as
presented in part (b) of Figure 2.2. At equal concentrations of caprolactam in the organic
phase this change results in decreasing concentrations of caprolactam in the agueous phase
with increasing temperature. These lower concentrations of caprolactam in the aqueous phase
have an effect on the interfacial tension. The combined effect of temperature and the phase
compositions at that temperature then results in the increase of the interfacial tension with
increasing temperature. Figure 2.6 shows aso that the experimental interfacial tension data
for the ternary system water + caprolactam + toluene and the quaternary system water +
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caprolactam + ammonium sulfate + toluene were comparable at equal equilibrium
concentrations of caprolactam in the organic phase, which supports the assumption that the
interfacial tension of the quaternary system could be described as the ternary system water +
caprolactam + toluene, where the influence of ammonium sulfate was taken into account via
the salting-out effect on the equilibrium distribution of caprolactam.
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Figure 2.6. Interfacial tension data of the ternary systems water (1) + caprolactam (2) + toluene (3) as function of
the concentration of caprolactam in the organic phase: W, 293 K; A, 333 K; of water (1) + ammonium sulfate
(2) + toluene (3) as function of the concentration of ammonium sulfate in the aqueous phase: X, 293 K; +, 333
K; and of the quaternary system water (1) + caprolactam (2) + ammonium sulfate (3) + toluene (4) as function of
the concentration of caprolactam in the organic phase: [, 293 K; /A, 333 K; —, model fits according to Equation
(2-5) and (2-6).

2.4 Conclusions

LLE phase compositions for the quaternary system water + caprolactam + ammonium sulfate
+ solvent, where the solvent was benzene or toluene, and density, viscosity, and interfacial
tension data for the respective phases were determined at 293 K, 313 K and 333 K, covering
the full concentration and temperature range as present in the industrial process. Data were
determined for the two liquid phase systems, where three liquid phases were observed for the
benzene and toluene system at, respectively, 15 mass % and 5 mass % of ammonium sulfate.
The measured data showed good agreement with results reported in the literature by
Tettamanti et al.? and Pajak et al.™*

Phase equilibria were correlated with the classical NRTL model, and a good representation
was obtained for both ternary and quaternary systems, when ammonium sulfate was treated as
a fully dissociated pseudo-component and the non-randomness parameter was determined in
the fitting procedure and not set at the default value of 0.2 or 0.3. This approach resulted in a
simple and direct applicable model in ASPEN Plus 11.1, although the developed model by
van Bochove et al.° and applied in Huan et al.® might give an even better representation and
holds also the possibility of describing LLLE data. Three-phase systems, however, do not
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occur in the industrial caprolactam extraction process and were therefore not further
investigated here.

Density data were correlated well using a linear relation for the influence of the concentration
of solute, whereas the volumetric thermal expansion coefficient is used to describe the
temperature influence on the system. Viscosity data were correlated using the adapted Dole-
Jones equation for the influence of concentration, taking into account the influence of
temperature on the Dole-Jones parameters. The Andrade-Guzman equation was used to
accurately describe the influence of temperature on the viscosity of the pure solvents.
Interfacial tension data were fitted with the Szyzkowski equation and the Jasper equation for
the temperature influence on the binary system. The influence of concentration on ternary
systems was described via the concentration of ammonium sulfate in the aqueous phase and
both the concentrations of caprolactam in the agueous and organic phase, which resulted in
good fits. The concentration influence on the quaternary system, however, was described via
the concentration of caprolactam in the organic phase assuming that the influence of
caprolactam and the salting-out effect would cover amost fully the influence of both solutes
on the interfacial tension. An influence of the temperature on the Szyzkowski coefficients for
caprolactam was observed, but for ammonium sulfate, this influence was not clearly present.
A good representation of the interfacial tension for al systems was obtained using this
approach.
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Chapter 3

Extraction of caprolactam with toluene in a pulsed disc and
doughnut column: model development for hydraulic characteristics

3.1 Introduction

Caprolactam is recovered from the neutralized Beckmann rearrangement mixture by phase
separation followed by solvent extraction of the resulting crude caprolactam phase, the so-
called forward extraction (FE), and the aqueous ammonium sulfate layer. Currently, benzene,
toluene and chlorinated hydrocarbons are used as solvent. After the forward extraction
caprolactam is recovered by back-extraction (BE) with water and for both extraction
processes columns like the Rotating Disk Contactor (RDC), Asymmetric Rotating Disc
Contactor (ARD) and Pulsed Packed Column (PPC) are applied, as described in Chapter 1.

In this research a novel type of extraction column for the extraction of organics, a Pulsed Disc
and Doughnut Column (PDDC), was investigated for its applicability in the caprolactam
extraction process. This column was analysed since it is simpler and cheaper to construct
compared to the rotating internals of the RDC and ARD, whereas the PDDC is less
susceptible to fouling than a PPC.

The PDDC is already applied in metal extraction for which the operational characteristics of
this column are therefore known.*® Furthermore fundamental research has been performed on
hydrodynamics, mass transfer and axial dispersion by means of numerical simulation™*,
whereas also some literature is available on experimental data for hydrodynamics and mass
transfer in a PDDC.™'® However, for the extraction of organics, like caprolactam, which
possess different physical characteristics than metal extraction systems, no information is

available.

In the design of an extraction column, besides the separation performance, the hydraulic
characteristics, being hold-up and drop size, which determine operating regimes and
operational window, are key parameters in order to determine the column capacity and the
required column diameter to provide the desired throughput.*”*?

In the present study a mathematical model is developed describing the hydraulic

characteristics of a PDDC for both the caprolactam forward and back-extraction configuration
with and from toluene, respectively. This model is developed based on existing column-
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independent equations and equations derived for pulsed sieve-plate and Karr columns. These
need to be valid for the industrial operating range with respect to the concentrations of
caprolactam and ammonium sulfate, solvent to feed ratio, phase continuity and operating
parameters, being temperature, flow rates, pulsation frequency and amplitude. It is
furthermore necessary that the geometrical characteristics used in the equations can be easily
trandated to a PDDC. Based on these constraints, finally, one equation is selected for each of
the hydraulic characteristics.

3.2 Experimental set-up

The experimental PDDC pilot set-up is shown in Chapter 4 of this study, but the geometrical
characteristics necessary for the model development are shown in Figure 3.1.
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Figure 3.1. Schematic presentation of the PDDC internals with characteristic dimensions.

3.3 Pulsed Disc and Doughnut Column operational window

In the operation of pulsed and reciprocating extraction columns various regimes can be
distinguished.*”**® The operating regimes are generally described as mixer-settler (MS),
dispersion (D) and emulsion (E) as presented schematically in Figure 3.2."*%% Comparable
operational characteristics have been reported for a binary water-kerosene system in a pulsed
disc and doughnut column.® The mixer-settler regime is limited by flooding due to a too low
amount of energy applied. The other two regimes are limited either by flooding due to a too
small relative velocity between the phases, phase inversion in which the original continuous
phase becomes dispersed or when the maximal allowable entrainment level is reached.'’
Depending on the desired flow ratio, R = Vy/V,, the dispersed phase hold-up, x, and the
maximum allowable entrainment level either regime can be limiting.” In Figure 3.2 four
possible operating points are shown, denoted by steady state operation point (A), maximum
throughput (B), minimal pulsation intensity (C) and maximum pulsation intensity (D).
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Figure 3.2. Pulsed column operational regimes (a)'"**% and limiting processes (b)."

The mixer-settler regime is observed for systems with high interfacial tension operated at low
pulsation intensities (being the product of pulsation frequency and stroke). It is created when
drops rise faster than the next pulsation stroke is performed, resulting in drops to be retarded
and to coalesce at the internals.’” The characteristics for pulsed sieve-plate columns operated
in this regime with the light phase being dispersed are schematically presented in Figure 3.3.°
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Figure 3.3. Schematic presentation of operational regimes for pulsed sieve-plate columns, where the light phase
is dispersed.?

At the quiescent time of the pulsation cycle (time |I) a zone almost without drops exists
together with a layer of densely packed or coalesced drops. At the start of the first half of the
pulsation cycle (time 11) the layer of dispersed phase is forced through the internals. The drops
coalesce again at the second quiescent time of the pulsation cycle (time Ill). With the
pulsation stroke in reverse direction (time IV) the continuous (heavy) phase is transported
through the internals with the possibility of phase inversion to occur.

The dispersion regime is characterized by (uniform) drops also rising in the quiescent times,
which are accelerated at the start of the first half of the pulsation cycle and retarded in the
second half of the pulsation cycle. The emulsion regime behaves like the dispersion regime,
except for the second half of the pulsation cycle where the drops are not only retarded, but
also dragged in opposite direction by the continuous phase flow. In the unstable regime slugs
are formed, which are the onset for flooding.®
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The behaviour of the dispersed phase hold-up, x, and the Sauter drop diameter, ds,/m, in
relation to the total flux (Flux/m-h™ = Vg + V) and pulsation intensity (pulsation intensity =
f-S/m-s™) is schematically represented in Figure 3.4
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Figure 3.4. Hold-up, x, and Sauter drop diameter, ds,, as function of total flux and pulsation intensity in pulsed
column operation at constant flow ratio.?

When the total flux is increased at constant pulsation intensity (line A to B in Figure 3.2) an
increase of the dispersed phase hold-up is observed until flooding is reached. The drop
diameter remains constant, but, however, near the flooding limit extra coalescence results in
larger average drop diameters.”’” Decreasing the pulsation intensity at a constant total flux (A
to C) will initially result in a decrease of the hold-up, because of alarger drop size, but finally
results in an increase of the hold-up near the flooding line due to atoo low pulsation intensity.
Increasing the pulsation intensity at a constant total flux (A to D) will result in an increase of
the hold-up, because of a decreasing average drop size with pulsation intensity, until flooding
due to atoo low relative velocity between the phases occurs.** Extraction column operation is
generally performed around point A.

3.4 Model development

According to the theory for pulsed sieve-plate columns, pulsed column operation can be
characterized by the dispersed phase drop diameter, ds,, the dispersed phase hold-up, x, of
which the latter is dependent on the operational regime in the column. The column can be
operated within a certain window covering a range of operational parameters, which islimited
by flooding (1) due to too low pulsation and by flooding (2), phase inversion or entrainment
at high pulsation. Equations describing the characteristics within the operational window,
being drop diameter, operational regime and hold-up, are selected first, after which the
equations describing the limitations of this window are selected.

The parameters on which the equations are based can be divided into three categories:
physical properties, operational parameters and geometrical characteristics of the column and
internals. The physical properties cover the densities of the phases, p. and p4, and thus the
corresponding density difference, Ap = Ipc - pdl, the dynamic viscosities of the phases, 5. and
ng, and the interfacial tension, y. These properties are dependent on the concentrations of
caprolactam and ammonium sulfate and the temperature, T, as operational parameter. The
conditions used in the experimental pilot set-up and the corresponding physical properties of
the quaternary system water + caprolactam + ammonium sulfate + toluene are described in
Chapter 4. The physical properties were correlated by the equations as presented in Chapter 2.
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The operational parameters cover furthermore the phase velocities, V. and Vq4, and thus the
corresponding flux and flow ratio, phase continuity and the pulsation intensity, f-S,. The
geometrical characteristics are determined by the internals as presented in Figure 3.1 and
cover amongst others the disc to doughnut spacing, H, and the fractional free area, e.

The model is developed for the hydraulic situation and therefore assumes equilibrium
conditions in order to avoid the influence of mass transfer. When the forward and back-
extraction processes are addressed, therefore the configuration used in these processes is
referred to, not the actual transfer of caprolactam.

34.1 Sauter drop diameter

Since (empirical) correlations for the drop size, dsp, in a PDDC column are not available, the
description for al operational regimes was based on unified equations or equations derived
for pulsed sieve-plate and Karr columns. From the large set of possible equations, however,
severa are not directly applicable or only partly valid since they make use of the plate hole
diameter, which is not present in the PDDC (Pietzsch and Pilhofer'” and Boyadzhiev and
Spassov?) or are only valid in one of the operating regimes (the emulsion regime for Baird
and Shen?, Baird and Lane* and Boyadzhiev and Spassov?).

The correct description of the influence of the energy input on drop size (and hold-up) via
pulsation is an ongoing discussion."® In many studies, however, pulsation intensity, f-S/m-s™,
is used to describe the energy input.?>?° Furthermore, most equations state that hold-up, flow
ratio and total flux do not influence the drop diameter.'"?*?° The equations considered for the
description of drop sizein aPDDC are shown in Equation (3-1) and (3-2)®%
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where Cy accounts for the influence of mass transfer. In the equilibrium situation Cy = 1. The
parameters Co, Cp, N, Ny, Nz and Cop in Equation (3-1) are 1.55, 0.42, 0.32, -0.35, -1.15 and
0.6, respectively, whereas C;, C,, Cz, ng, Ny, N3 and ng in Equation (3-2) have the values of
1.38, 0.16, -1.25, 0.30, 0.18, 0.14 and 0.06, respectively. The parameters p- and o+ represent
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reference density and surface tension values of water at 293 K, where p+/kg-m™ = 998.2 and
o+/IN-m™ = 0.0728.

Comparing both equations it can be seen that they are composed of comparable groups. They
are valid in al operating regimes, take the energy input into account via the pulsation
intensity, are based on the system physical properties and geometrical variables of the
column, these geometrical characteristics can be translated to a PDDC and the original
equations are derived for a wide range of experimental conditions.®% The fundamental
difference between both equations is therefore the influence of the dispersed phase viscosity,
n4, Which is present in Equation (3-2), but not in (3-1). It has to be taken into account that in
liquid-liquid dispersions a higher interfacial tension and a higher dispersed phase viscosity
both counter-act drop deformation and therefore drop break-up.***' In many liquid-liquid
extraction systems interfacial tension is the dominant cohesive force, but according to Arai
et al.** the dispersed phase viscosity becomes an important parameter in a system for which
nakg-stm?* > 107 (at y/N-m* = 22 x 10®). Arai et al. derived an expression relating the
influence of the dispersed phase viscosity and interfacial tension via the dimensionless
viscosity number, Nyi= 57¢-¢">-Ome /7. For stirred vessels it was found that for Ny < 10 there
was no influence of 74 on dmax but for Ny; > 10 the influence became distinct.** In order to
determine whether the dispersed phase viscosity is heeded to be taken into account, the value
of N,; was calculated using both Equation (3-1) and (3-2) for the Sauter drop diameter, ds,.
The application of ds, in N,; results, however, in smaller values than using dy.x and therefore
lower values for N,; are obtained. The calculated values for N,; are shown in Figure 3.5.
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Figure 3.5. N,; values as function of the pulsation intensity for FE: L], Wep oq = 0.00; O, Wep o = 0.25; A,

WepL aq = 0.50; and BE: ., WepL aq = 0.00; ., WepL aq = 0.25; and dgz/m calculated with: —, Equa[ion (3—1), -
Equation (3-2).

It was found that 10 < Ny; < 10 for all experimental conditions. The values for N,; make it
therefore reasonabl e to believe that the dispersed phase viscosity should be taken into account
when fitting the Sauter drop diameter data. Equation (3-2) was therefore used for the
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calculation of Sauter drop diameter data for the caprolactam forward and back-extraction in a
PDDC. However, the characteristic internal sizes, e and H, are different for a PDDC
compared to sieve-plate internals and the resulting energy input is thus different as well.
Therefore the parameters C,, Cs, n; and n, might differ from the original values, which topic
will be investigated in Chapter 4.

3.4.2 Operating regimes

In the operation of a pulsed column severa regimes can be distinguished as shown in Figure
3.2. The transition from the mixer-settler (MS) to the dispersion (D) regime, characterized by
aminimum value for the dispersed phase hold-up,*"*" and the onset for the emulsion regime
(E) are predicted by Equation (3-3a) and (b), respectively,*’?

0.75

N4

i 2
(f-s,),,. :0.5-3/0'96 € (3-3b)
Pe

where the constant ky/m-kg®.s™? = 9.69 x 10°% The derivation of Equation (3-3a) by
Kumar and Hartland, however, was based on fitting hold-up data, the influence of parameters
on the regime transition was empirically determined, whereas the influence of p. and 7. was
not investigated.”” Furthermore, the influence of the fractional free cross-sectional area, e, on
the energy input might be different compared to sieve-plate or Karr columns. The theoretical
basis of both equations is therefore questionable, which is further investigated in Chapter 4.

0.33
A5 .o
(f-S,) 00 =k (L] (3-33)

3.4.3 Dispersed phase hold-up

Theoretical or empirical equations for the description of the dispersed phase hold-up in a
PDDC are not reported. The description of the hold-up was, therefore, based on unified
equations or equations derived for pulsed sieve-plate and Karr columns, like those of Godfrey
and Slater,* Kumar and Hartland,?”%** which was applied by Jahya et al. for the description
of a water-kerosene system in a pulsed disc and doughnut column,® and also Baird and
coworkers.??* The equations vary in approach from empirical to semi-empirica and
theoretical. Furthermore, the presented equations apply different approaches with respect to
the parameter that is fitted. In the first place the hold-up is related to the phase flow rates and
a characteristic velocity using the slip velocity concept as introduced by Gayler et al.*** and
Thornton,® as shown in Equation (3-4). Alternatively the hold-up itself is correlated directly
and finally it can also be calculated via numerical iteration. Although only one of these
equationsis valid in all operating regimes,?** all mentioned equations will be evaluated.
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V, V. .
Yo Yo v .(1-x 34

The presented equation is generally applied for the interpretation of hold-up data by fitting the
characteristic velocity V, at m = 1 or fitting both V, and m. These parameters, however, are
dependent on the system used® and, since the physical properties change appreciable in the
caprolactam system, this would result in multiple values for V, and m, for which a correlation
would have to be developed in order to take into account the effects of system properties. The
only correlations for V, and m that were not purely empirical were presented by Godfrey and
Slater, relating the characteristic velocity, V,, to the terminal velocity, V;, and m to the
Reynolds number.

Viathe terminal velocity (Godfrey and Slater;* Kumar and Hartland®®) or a balance of forces
based on the Ergun packed bed equation (Baird and Lane;?® Baird and Shen?®) the hold-up is
correlated using a drag coefficient, Cp. Calculating Cp for the terminal velocity of a drop in
the intermediate turbulent regime® for all systems in the forward and back-extraction where
WepL aq < 0.45 and Wep o < 0.20, respectively, it is found that 0.5 < Cp < 5, as shown in
Figure 3.6. In this figure a strong increase in the value of Cp is visible for systems with an
increased concentration of caprolactam, especially for the back-extraction and at increased
pulsation intensities. The high drag coefficients correspond to unrealistically low terminal
velocities and consequently too high hold-up values and too low flux values when predicting
the flooding (2) line as boundary of the operational area. Therefore, relations based on a drag
coefficient, including Equation (3—4), were not used for the correlation of the hold-up data.

50 T T T T T T T T

30 | }

20

WCPL,aq

Figure 3.6. Cp values as function of the aqueous caprolactam weight fraction for FE: [, 1‘-3,/m-s‘l = 0.015; O,
f-§/m-s' = 0.030; and BE: W, f-S/m-s* = 0.015; @, f-S/m-s" = 0.030.

In the relations derived by Kumar and Hartland the influence of the continuous phase density,
062" and viscosity, 7¢,"?** was not considered since their values vary not appreciably in

the available data®’® It is, however, stated that these parameters have a significant effect.?’
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From a unified equation, however, 7 is excluded since it proved statistically insignificant and
n+ is introduced as reference viscosity,” but for the data on pulsed columns used in this study
ne = n+. Since the continuous phase density and viscosity in the caprolactam system vary
appreciable it was assumed that these parameters needed to be taken into account when fitting
hold-up data. Therefore Equation (3-5) was applied for the description of the hold-up in the
forward and back-extraction of caprolactam, where the continuous phase viscosity was
introduced instead of the reference viscosity of water at 293 K.

Xx=I1-&-¥-T (3-5)
where

0.25 ™ 0.25 "2 0.25
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A Ny Ng ) 057"
‘P:Cw(—pJ (”_dj r=C, -e". H(pc_gj
Pe 1. 14

Equation (3-5) is a semi-empirical relation valid in the dispersion and emulsion operationa
regime. The critical pulsation intensity for the transition from the mixer-settler to the
dispersion regime is described by Equation (3-3a). The group I1 allows for the influence of
the energy input per unit mass, ® for the effect of phase velocities, W for the influence of the
physical properties and I" for the dimensions of the internals. The literature values for the
parameters, being C;;, Cr, Ny, Ny, N3, Ny, Ns and n;, were 0.27, 6.87, 0.78, 0.87, 3.34, -0.58, 0.18
and -0.39, respectively. The value for Cy was taken unity since the system operated without
mass transfer and ng = 0, which was the value in the unified equation for all types of pulsed
columns.” However, just as for the drop diameter description, the energy input is different for
a PDDC compared to a pulsed sieve-plate or Karr column. Therefore, the parameters C;;, Cr
and n; might differ for a PDDC compared to the literature values. The same accounts for ns
since the viscosity influence in Equation (3-5) changed compared to literature, although the
deviation in ns is probably not large as long as the continuous phase viscosity is close to the
value of water. The influence of these parameters on the hold-up in a PDDC isinvestigated in
Chapter 4.

3.4.4  Operational window

From Figure 3.2 it was concluded that several regimes could be limiting for the operation of
an extraction column. At low pulsation intensities flooding (1) limits the column operation,
while at high pulsation intensities flooding (2), phase inversion or entrainment is limiting for
the extraction process. The maximum amount of entrainment, however, is related to the
desired purity of the extract and does not imply whether the extraction process itself is
operable or not. Entrainment as limiting criterion for a process was therefore not considered.
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Equations describing flooding (1) were selected first after which correlations for flooding (2)
and phase inversion were selected.

Flooding (1). At low pulsation intensities flooding (1) limits column operation. In perforated
plate-columns this flooding line is often approximated by a linear relationship between the
volume displaced by pulsation and the total flux,*"* as shown in Equation (3-6a). However,
for systems with low interfacial tensions or systems with drop diameters smaller than the plate
hole diameter higher fluxes than this approximated flooding line are reported.*” Edwards and
Beyer therefore theoretically related the pulsation cycle in a perforated plate column to the
pulsed volume of alight and heavy phase, which implies the organic and agueous phase in the
caprolactam system, respectively, resulting in Equation (3-6b).%®

(Vd +Vc): f- Sp (3_68-)

(v, +V,)=f-S -|cosh Vg +V°rg (3-6b)
oo e i z-£-S, || 2

Because of its simplicity Equation (3—6a) is used for the estimation of the minimum amount
of pulsation required in order to operate the column, athough this amount might be over-
predicted.*”*®

Flooding (2). At the flooding point the maximum value for the hold-up, X, is reached. This

criterion can be related to the superficial velocity of both phases, V. and Vg, which do not
increase anymore at this point, according to Equation (3-7).%

() 28] -

dx dx

Godfrey and Slater,* Kumar and Hartland,?® Baird and Lane®® and Baird and Shen® derived
their flooding equations based on the above procedure, but since the latter three are predictive
equations these were only considered. The hold-up equations of Baird and Lane® and Kumar
and Hartland,”® however, are of comparable form, as shown in Equation (3-8a) and (b).?>%®
Baird and Shen®* used asimplified form of Equation (3-8a).

d,-g-Ap 150- X
—2 200 (1o x)=——— " 4175 (3-83)

Pe Vsip B Reg;p- (1-x)

.d- /.11 —
dy, - g Azp. %-(1 x()m: 24 053
Pe Vg, 1+4.56-X7 Regi,

(3-8b)
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Since all hold-up equations are of comparable form and Kumar and Hartland already derived
the correlation at flooding by applying the criterion in Equation (3-7) to Equation (3-8a),%
this correlation was used. It has to be taken into account, however, that the application might
be limited to a certain range of physical properties, as discussed in Figure 3.6. The resulting
correlation for the hold-up at flooding is shown in Equation (3-9).%

Z'ﬁz‘xf'(l_xf) _
B,-(1+456-x,°" (3-9)
(1+456-x,°% +3.33- %, °7 - (L- x, ]+ (B, - B) %, - (-, )-(R-1)=0

[Xf +R- (1_ Xt )] (B, - 5.)- (1_ 2 X )_

where
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By

Using Equation (3-9) the hold-up at flooding conditions can be calculated from physical
properties and the Sauter drop diameter, which is described via Equation (3—2). Substituting
the calculated hold-up in Equation (3-8b), the dlip velocity corresponding to the flooding
conditions can be found and via the flow ratio thus the flux at flooding. The behaviour of the
liquid-liquid system near the operational boundary changes, however, especialy with respect
to drop coalescence.’” The validity of Equation (3-2) at flooding conditions is therefore
guestionable and application of this equation will affect the uncertainty of the description.

Phase inversion. Next to flooding (2), phase inversion is a possible process limitation for the
operation of an extraction column. From simple batch-experiments, where phase continuity of
pure immiscible liquids was studied, it is known that a large hold-up region exists in which
either of the two phases can be the continuous phase. Which phase is the continuous one
within this region depends on how the dispersion is created. This region of ambivaence is
limited by a critica hold-up above which phase inversion spontaneously occurs.** The
critical hold-up in a batch system of a specified construction is therefore only dependent on
the physical properties of the two phases and at sufficiently high agitation the critical hold-up
becomes constant.***! The parameters influencing the critical hold-up in batch-experiments
were assumed to determine phase inversion in extraction columns as well.

Yeo et al.* related the critical hold-up at phase inversion to the interfacial energy in a system.
Deshpande and Kumar* related this phenomena qualitatively to the packing of drops in a
liquid-liquid system whereas Kumar qualitatively argued that drops in dispersions are charged
due to a difference in dielectric constant, which should be included the phase inversion
description since in the first two methods certain problems remain unaccounted for.*

The approach suggested by Y eo et al.* states that if the magnitude of the change in interfacial
energy is comparable to the total energy of the system, minimization of the interfacial energy
satisfies the criterion for phase inversion, Pl. Assuming that the liquid-liquid interfacial
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energy is comparable to the total interfacial energy and that the interfacial tension does not
change with phase inversion, Equation (3—10a) results as correlation for the hold-up at phase
inversion. Equation (3-10b) is obtained after substitution of Equation (3—-2), describing the
Sauter drop diameter.

_d

org,Pl 32,a0=c (3—108.)
(1 Xorg PI 32 org=c
org Pl nd ,org (3—10b)
org PI 77d ,aq

Using Equation (3-10b) the hold-up at phase inversion can be calculated from the drop
diameter. Substituting the calculated hold-up in Equation (3-5), phase velocities
corresponding to the phase inversion conditions can be found and via the flow ratio thus the
flux at phase inversion. Since the behaviour of the liquid-liquid system changes near the
operational boundary®’ the validity of Equation (3-2) and (3-5) at phase inversion conditions
is questionable such that the application of these equations will affect the uncertainty of the
description.

35 Conclusions

Using existing theory on pulsed columns, unified equations and equations derived for pulsed
sieve-plate and Karr columns a theoretical model was developed describing the operational
characteristics of a PDDC. For all applied equations it has to be taken into account, however,
that they were originally not derived for a PDDC and therefore corrections might be
necessary, which need to be established by pilot experiments.

The fina model consists of three equations describing the boundaries of the operational
window, being flooding (1) at low pulsation intensity and flooding (2) or phase inversion at
high pulsation levels. Furthermore, the Sauter drop diameter, hold-up and operational regimes
can be described within this operational window. The model therefore results in a quantitative
description of the operational window. All equations are based on the physical properties and
operational parameters of the system, geometrical characteristics of the column and internals
aswell as certain fit parameters, describing the influence of each variable.

Using this approach the difference in operation between the back- and forward extraction can
be understood, just as the influence of the physical parameters on the operation.

Nomenclature

Co Drag coefficient

D,E,MS Dispersion, Emulsion and Mixer-settler operating regime, respectively
d32, Omax Sauter drop diameter and Maximum drop diameter, respectively, m
Dc Internal column diameter, m
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Dy Disc diameter, m

D, Diameter of ring aperture in doughnut, m

e Fractional free cross-sectional area, e = 1-D¢?/D¢?

f Frequency, s*

S Pulsation intensity, m-s*

Flux Total throughput, Flux = Vg + Ve, mh™

g Gravitational constant, g/m?s* = 9.81

H Disc to doughnut spacing, m

Nyi Dimensionless viscosity group, Nyi= 7g-¢" O 1y

R Flow ratio, R = V4/V;

Re Reynolds number, Re = dsz:Vi-pd7c

S Stroke of pulsation (twice the pulsation amplitude), m

T Temperature, K

Vi Velocity of phase or component i, m-s*

Vsip, Vo, Vi Slip velocity, characteristic velocity and terminal velocity, respectively, m-s*
w Weight fraction

X Dispersed phase hold-up defined as volume fraction of the dispersed phase
Greek |etters

y Interfacial tension, N-m™*

e Mechanical power dissipation per unit mass, W-kg™

n Dynamic viscosity, kg-m*.s*

7 Reference dynamic viscosity of water at 293 K, 7+ = 0.001 kg-m*.s*
p Density [kg-m™]

P Reference density of water at 293 K, p+ = 998.2 kg-m™

Ap Density difference, kg-m™

o Reference surface tension of water at 293 K, o+ = 0.0728 N-m™
Subscript

ag, org Aqueous and organic phase, respectively

c,d Continuous and dispersed phase, respectively

f Denoting flooding

P Denoting phase inversion
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Chapter 4

Extraction of caprolactam with toluene in a pulsed disc and
doughnut column: experimental evaluation of the hydraulic
characteristics

4.1 Introduction

The hydraulic characteristics of an extraction column, being hold-up and drop size, determine
its operating regimes and operational window. These are key parameters in order to determine
column capacity and the required column diameter to provide the desired throughput.* In
Chapter 3 a theoretica model describing the hydraulic characteristics of a pulsed disc and
doughnut column (PDDC) was devel oped.

In this chapter the hydraulic characteristics of the PDDC are determined for both the forward
and back-extraction of caprolactam with and from toluene, respectively, as a function of the
operating conditions, being total flux, solvent to feed ratio, temperature, pulsation frequency
and amplitude. The experiments were performed at equilibrium conditions to avoid the
influence of mass transfer. When the forward and back-extraction processes are addressed,
therefore the configuration used in these processes is referred to, and not the actual transfer of
caprolactam. The experimental conditions covered the whole industrial operating range with
respect to the concentrations of caprolactam and ammonium sulfate and phase continuity.

The obtained results were described using the devel oped theoretical model. Initially the model
equations as presented in literature were used for the prediction of the hydraulic data. Since
the original equations were derived for different pulsed column types, relevant parameters
were fitted in order to obtain an improved description.

4.2 Experimental set-up

The PDDC pilot set-up is schematicaly shown in Figure 4.1. The active column section
consisted of four jacketed glass segments of each 1.04 m length and 40 mm internal diameter,
resulting in an empty column volume of 5.20 L. This active section was enclosed on both
sides by 42 cm long settlers, both having an inner diameter of 80 mm and avolume of 2.15 L.
All segments were connected using 20 mm Stainless Steel (SS) flenses. The column internals
consisted of alternately placed disc and doughnut baffles held in place by means of three tie
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rods with spacer sleeves located in a triangular pitch as already presented in Chapter 3. The
internals and space sleeves were made of PVDF or SS material to prevent wetting in
processes with the agueous or organic phase as dispersed phase, respectively. In the bottom
settler a piston type pulsator was placed, which could apply a certain sinusoidal stroke to the
liquid contents of the column at a desired frequency and amplitude. The stroke applied by the
pulsator was related to the stroke in the column by observation of the two extreme points in
the empty column. The influence of the internals on the column volume and therefore the
empty column stroke was adjusted for. Each phase was pumped from its storage vessel (1 and
2, respectively) via a mass flow controller (MF) and heat exchanger (HE) to the column,
where the agueous (heavy) phase (1) was introduced in the top and the organic (light) phase
(2) at the bottom both via a single glass tube. Both phases leaving the top and bottom of the
column returned to storage vessel 1 and 2, respectively, for reuse. The storage vessels were
kept under nitrogen purge in order to avoid a build-up of organic vapour. The heat exchangers
and the jacket of the column were connected to a Julabo 6 heating bath and a Julabo 26
heating bath (HE), respectively (Julabo Labortechnik, Germany) with water used as the
heating fluid. The temperature in the column was monitored via three Pt100 temperature
sensors (Pt100) in the top, middle and bottom of the column, which were connected to a
computer. When the agueous phase was the continuous phase, as in Figure 4.1, the interface
level in the top of the column was continuously observed via a LG DSP colour camera (C)
(Philips, The Netherlands). It was displayed on a computer via the program WinTV 2000
(Hauppauge Computer, USA). The interface level at the bottom of the column, when the
organic phase was the continuous phase, was observed visually. The interface level was
controlled via a manually operated valve in the agueous stream leaving the bottom, where the
organic top stream was allowed to leave the column via an overflow.
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Figure 4.1. Schematic presentation of the PDDC with the aqueous phase (1) continuous and the organic phase
(2) dispersed (back-extraction operation).
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4.3 Experimental procedure

Chemicals. All chemicals were used as received. Toluene (purity > 99%) was supplied by
Fluka (USA), e-caprolactam (CPL) (purity grade) by DSM (The Netherlands) and ammonium
sulfate (AS) (purity > 99%) by Sigma-Aldrich (USA). Demineralised water was used in all
experiments.

Conditions. The experimental conditions covered the full industrial range with respect to the
concentrations of caprolactam and ammonium sulfate, solvent to feed ratio, temperature and
phase continuity. In Table 4.1 the studied operationa conditions for both the forward and
back-extraction process are presented for each experiment (Exp.). In Table 4.2 the physica
properties, being densities and viscosities of both separate phases and the interfacial tension
between the phases, are presented dependent on the caprolactam (CPL) and ammonium
sulfate (AS) mass fractions and temperatures used.

Table 4.1. Experimental conditions regarding the forward and back-extraction of caprolactam.

Energy input Phase flows
Exp.  10%S f 10°fS,  Phase Flux=Vg+V, R = V4V,
m st m-s* [c] mh?

Forward extraction

13.9-15.8 1.15
1-8 8.8-15.8 1.84 15.8-39.4 org 14.7-30.2 0.20; 0.33; 1.0
6.3-15.8 2.49
Back-extraction
12.7-14.4 1.15
1-7 8.0-14.4 1.84 14.4-36.0 aq 12.9-35.1 1.0; 3.0
5.8-14.4 2.49

Table 4.2. Physical properties regarding the forward and back-extraction of caprolactam.

Forward extraction (FE)

extract / solvent feed / raffinate
EXp T WcpL 10_3'pc 103'770 WcpL Was 10_3',0(1 103'77d 103'y
K (org) kgm® kgm's!' (ag) (agq) kgm?® kgm's' N.m?

0.000 0.848 0.47 0.000 0.00 0.991 0.67 34.7
0.011 0.850 0.48 0.085 0.00 0.998 0.83 14.9
313 0.029 0.853 0.50 0.193 0.00 1.006 1.16 9.6
0.079 0.863 0.55 0423 0.00 1.023 2.55 39
0.085 0.864 0.56 0426 0.00 1.023 2.58 3.5

a b W DN P
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(Table 4.2 continued)
6 0.119 0.870 0.60 0475 000 1.027 3.03 16
313 0.023 0.852 0.49 0.114 003 1018 0.95 10.8
0.083 0.863 0.55 0.337 0.03 1.035 1.99 3.7

Back-extraction (BE)

EXp. Wep,  Was 10°%p.  10%c Wept 10%pg  10%ns  10%y
(aq) (ag) kgm® kgm's?t (org) kgm?® kgmts® N.m?
1 0.000 - 0.998 1.02 0.000 0.868 0.59 35.8
2 203 0.091 - 1.006 1.33 0.007 0.869 0.60 15.0
3 0.292 - 1.024 2.80 0.030 0.873 0.63 7.6
4 0.468 - 1.039 5.69 0.090 0.884 0.72 1.9
5 0.087 - 0.998 0.84 0.012 0.850 0.48 14.4
6 313 0.192 - 1.006 1.16 0.029 0.853 0.50 9.6
7 0.461 - 1.026 2.89 0.114 0.869 0.59 18

The physical properties of the quaternary system water + caprolactam + ammonium sulfate +
toluene as presented in Table 4.2 were correlated by the equations as presented in Chapter 2.
These correlations cover the entire range of concentrations and temperatures applied in this
study, except for the interfacial tension. The equation for the latter is only valid for
concentrations of caprolactam in the organic phase from O up to 5 mass %. For experimental
conditions with higher concentrations the relation was therefore extrapolated to determine the
interfacial tension. The mass fraction of caprolactam in both the organic and aqueous phase
and of ammonium sulfate in the aqueous phase was determined as described in Chapter 2.

Data analysis. In the correlation of the hydraulic characteristics the fitted parameters in the
model equations might differ for a PDDC compared to the origina equations, which were
derived for the unified case or for pulsed sieve-plate or Karr columns. These parameters were
fitted for a PDDC on the obtained hydraulic data, minimizing the absolute value of the
relative error, AARE,? defined according to Equation (4-1), where NDP reflects the number
of data points.

1 \offitted value— experimental valug
AARE = Y _
NDP “F experimental value

(4-1)

Operational procedure. All hydraulic experiments were performed at equilibrium
concentrations between the aqueous and organic phase. Before carrying out any experiments,
both phases were equilibrated. The solvent to feed ratio, total flux, temperature and pulsation
frequency and amplitude were set to the desired values. The system was stabilized to achieve
steady state condition by maintaining the interface at a given height.
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The hydraulic characterises, being Sauter drop diameter, operating regime, hold-up and
operational window, were determined using the following experimental procedures:

Drop sizes were determined by taking a digital photo of the column contents using a C-1400
XL digital camera (Olympus, USA) and comparing the drop dimensions with the known size
of the column internals as reference. For this comparison two characteristic lengths of the
internals were used, being the disc and doughnut thickness and the spacing, H. The
uncertainty of this method was determined by taking a digital photo of the column contents
and measuring the dimensions of the internals on the photo. The size of the internals was then
calculated based on each characteristic length and the results were compared with the known
sizes. It was found that using the disc and doughnut thickness or spacing, which were situated
in the direction of the column length, an average uncertainty of 4.6% in determining the size
of the internals was obtained. After the determination of the drop sizes at severa positions
aong the column the Sauter drop diameter, ds;, was calculated for the system at the
experimental conditions used. A change of the determined drop sizes along the column height
was experimentally not observed.

For each operational point the operating regime were established from visual observation
simultaneous with the results from the measurements of the drop diameter. Analogue to the
observations in the pulsed sieve-plate column operation, a zone without drops in a
compartment and a layer of dispersed phase (drops) on the internals was taken as
characteristic feature for the mixer-settler regime. A compartment uniformly filled with drops
was taken as characteristic for the dispersion regime.™*® Accurate visua observation of the
transition between the dispersion and emulsion regime was not possible.

The hold-up, x, defined as the volume fraction of dispersed phase, was measured by sampling
the column contents via ball valves (SP1 to SP4), which were placed in the SS flenses
connecting the separate segments of the column. The obtained volume was |eft to settle after
which the volumes of both phases were measured in a measuring cylinder. In order to
determine the validity of this method overall column hold-ups were determined as well by
shutting down all in- and outlet flows at a given time and determining the total amount of
dispersed phase present in the column by displacing the dispersed phase layer into a
measuring cylinder after settling. The uncertainty in the results using the overall compared to
the ball valve method was 6.9%. The measuring method using the ball valve was used as
standard method. The hold-up value was calculated as average from the hold-ups determined
at SP1 to SP4, since a change of the hold-up with column height was not observed. Using this
method the average uncertainty in a duplo experiment was 4.5%.

The operational window was determined by gradually increasing the pulsation stroke and
meanwhile observing the behaviour of the column. For the forward-extraction process the
operational window was limited by flooding, which could be observed by the rejection of
dispersed phase at the top of the column as a dense layer of droplets. In the back-extraction
process, however, an unstable column operation could be observed before the flooding point
was reached resulting in phase inversion at increasing pulsation amplitude. Using this method
the uncertainty in a duplo experiment was 3.0%.
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4.4 Experimental results and data correlation

The column could be operated within a certain window covering a range of operational
parameters. First the characteristics within the operational window, being drop diameter,
operational regime and hold-up, are described, after which the boundaries of the operational
window, being flooding (1) at low pulsation and flooding (2), phase inversion or entrainment
at high pulsation, are correlated.

441 Sauter drop diameter

The experimentally determined Sauter drop diameter values, ds,, for the forward and back-
extraction of caprolactam are presented in Figure 4.2 (a) and (b), respectively. In Figure 4.2
(a) and (b) it can be seen that an increase in the pulsation intensity resulted in a decrease of
the drop diameter, which is the result of increased droplet break-up. An individua influence
of frequency and pulsation stroke was, however, not observed. Furthermore it can be seen that
an increase in the concentration of caprolactam in the organic phase, either by an increase of
the concentration of caprolactam in the aqueous phase, an increase in temperature or addition
of ammonium sulfate, resulted in a decrease of the drop diameter. The reason for this
behaviour is the strong decrease of the interfacial tension with an increase in the concentration
of caprolactam (in the organic phase).

According to the developed model, Equation (3-2) was used to describe the Sauter mean drop
diameter. As was experimentally observed, the equation states that hold-up, flow ratio and
total flux do not influence the drop diameter. Using this equation the experimentally
determined Sauter drop diameter was predicted and the resulting AARE is presented in Table
4.3. In the description of the mean drop diameter, however, the geometrical characteristics, e
and H, are different for a PDDC compared to sieve-plate internals and the resulting energy
input is thus different as well. Therefore the parameters C;, Cs, n; and n, might deviate from
the original values.
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Figure 4.2. Experimental and fitted average drop sizes as function of the pulsation intensity in the forward
extraction (a) for: M, Wep o = 0.000; @, Wep o = 0.085; A, Wep oq = 0.193; ¥, Wepp o = 0.426; €, Wep oq =
0.475; \/, Wept aq = 0.114 and Was aq = 0.03; LI, Wep oq = 0.337 and Was o = 0.03; —, fit where wag o = 0.00; --,
fit where was = 0.03; and back-extraction (b) at 293 K as function of the pulsation intensity for: B, Wep, o =
0.000; @, Wcp oq = 0.091; A, Wep oq = 0.292; ¥, Wep o = 0.468; —, fit; and at 313 K: O, Wep o = 0.087; A,
Wep aq = 0.192; V/, Wep oq = 0.461; -- fit. All fits were based on the optimized Equation (3-2).

In the performed experiments, however, the characteristics of the internals, H and e, were
amost the same for the forward and back-extraction. So, the parameters n; and n, could not
be fitted and the original values were thus applied. Finally, Equation (3-2) is valid in all
operating regimes, but attention should be paid to the fact that drop coalescence might have
influenced the experimentally determined drop sizes in the mixer-settler regime. The
parameters C; and C; were fitted and the results are presented in Table 4.3. Using Equation
(3-2) and the fitted values for C; and C; drop diameter profiles for the forward and back-
extraction were calculated and presented in Figure 4.2 (&) and (b), together with the
experimentally determined data. From the presented profiles it can be concluded that the
determined drop diameter data were correlated accurately. In the figures it can, however, be
seen that at low pulsation intensities and low concentrations of caprolactam the determined
drop diameters are larger than the fitted values. Thisis probably the result of increased droplet
coalescence in the mixer-settler operating regime and is observed for al drop diameters
determined in this regime.
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Table 4.3. Origina and fitted parameters for the Sauter drop diameter and hold-up equations.

Fit parameters NDP AARE
%

ds2 C Cz Cs Ny Ny N3 N4

original 138 016 -125 030 018 014 0.06 68 28.4
fit 2.84 - -2.59 - - - - 68 14.5
X Crn Cr Ny Ny N3 N4 N5 ny

origina 027 687 078 087 334 -058 018 -039 349 68.8
fit (x) 239 045 034 - - - -0.08 -0.12 349 12.2
fit (PI) 000 6.15 0.38 - - - - -0.18 141 15.6

442 Operating regimes

Simultaneous with the drop diameter measurements operating regimes were established from
visual observation. Mixer-settler and dispersion regimes were found for both the back-
extraction and the forward extraction process at certain pulsation intensities as presented in
Figure 4.3 (a) and (b), respectively. In Figure 4.3 the points at which the column is operated
are presented as the mixer-settler regime (closed symbols) and the dispersion or emulsion
regime (open symbols). From the figures it can be concluded that at constant pulsation
intensity the operating regime changes from mixer-settler to dispersion type operation with an
increasing concentration of caprolactam. This is probably mainly caused by a decrease of the
drop size, since the interfacial tension decreases with increasing concentration of caprolactam.
Furthermore it can be seen that at constant concentration of caprolactam the operation
changes from mixer-settler to dispersion type operation with increasing pulsation intensity.
Since the drop size decreases as well with increased pulsation intensity, this observation is
explained accordingly. An individual influence of frequency and amplitude was not observed.
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Figure 4.3. Experimental and fitted operating regimes characterized by the pulsation intensity in the forward (@)
and back-extraction (b) as function of the agueous caprolactam weight fraction, where the M S regime was found
for: M, T/K = 293 (BE) and Was s = 0.00 (FE); @, Was s = 0.03 (FE); and the D or E regime was found for: L],
T/K =293 (BE) and Was o = 0.00 (FE); O, T/K = 313 (BE) and Was s = 0.03 (FE); and fit of MSto D transition
using the optimized Equation (3-3a): —, T/K = 293 (BE) and Was s = 0.00 (FE); -, T/K = 313 (BE) and Wasxq =
0.03 (FE); — —, prediction of D to E transition via Equation (3—3b) for all conditions.

The transition from the mixer-settler (MS) to the dispersion (D) regime and the onset for the
emulsion regime (E) are predicted by Equation (3-3a) and (b), respectively, according to the
derived model. From the observed operating regimes the value for ks was fitted at a minimum
and maximum value for both the forward and back-extraction. The minimum value was
obtained for the conditions at the last observation of the mixer-settler regime. The maximum
value was accordingly obtained from the first observation of the dispersion regime. It was
found that the regime transition in the forward extraction was represented for 1.43 x 10 < ks
< 1.70 x 10 and the back-extraction for 7.82 x 10 < ks < 8.97 x 10°. The determined values
corresponded therefore reasonably well with the literature value. Using average values, being
kymkg®.s”? = 157 x 102 and 8.40 x 103 for the forward and back-extraction,
respectively, the fitted regime transitions are presented in Figure 4.3 (@) and (b), together with
the experimentally observed regimes. It can be concluded that the mixer-settler to dispersion
regime transition is described accurately.

443 Dispersed phase hold-up

The experimental hold-up data are shown for the forward and back-extraction process in
Figure 4.4. Severa trends can be observed in the determined hold-up profiles. An increase of
flux, flow ratio or pulsation intensity resulted in an increased hold-up. This can be explained
by arelative increase of the dispersed phase flow and a decrease of the drop size, resulting in
drops being slowed down, respectively. The influence of the physical properties is accounted
for by the increase in hold-up with an increasing concentration of caprolactam, whereas the
hold-up decreases with increasing temperature. An increasing concentration of caprolactam
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results in increased viscosities and a decreased interfacial tension, leading to smaller drops
that are slowed down more. An increase in temperature results mainly in strongly decreasing
viscosities, which leads to drops moving faster. The influence of physical properties was
expected to appear as well for wepLaq = 0.085, 0.193 and 0.426 in the forward extraction, but
the experimentally determined hold-up values were similar. This is probably due to the fact
that at low concentrations the column was operated in the mixer-settler regime, see Figure
4.3. Thisresultsin an increase of the hold-up compared to operation in the dispersion regime.
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Figure 4.4. Experimental and fitted hold-up datain the forward (FE) (@) and back-extraction (BE) (b) as function
of the flux at f-S/m-s* = 0.015, R = 0.33 (FE) and R = 1.0 (BE), unless stated otherwise, for FE: B, Wep, oy =
0.337, Wassq = 0.03 and R = 0.20; ¥, Wep o = 0.337, Wassq = 0.03 and R = 1.0; 2\, Wept oq = 0.085; L, Wepy oq =
0.193; @, Wcpy o = 0.426; and for BE at T/K = 293: [, Wep( oq = 0.091; O, Wepl oq = 0.091 and R=3.0; A, Wep( o
= 0.468; W, Wcp o = 0.091 and f-S/m-s™ = 0.022; ¥, Wepi o = 0.087 and T/K = 313; and: —, fit; -, fit of FE
systemsin the mixer-settler regime. All fits were based on Equation (3-5).
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According to the derived model, the hold-up profiles were described using Equation (3-5),
which is a semi-empirical relation valid in the dispersion and emulsion operationa regime.
The parameter values are presented in Table 4.3, together with the results of the hold-up
prediction. However, just as for the drop diameter description, the energy input is different for
a PDDC compared to a pulsed sieve-plate or Karr column. Therefore, the parameters C, Cr,
n; and n; might differ for a PDDC. The same accounts for ns since the viscosity influence in
Equation (3-5) was changed compared to the original equation. Finally, since Equation (3-5)
is valid for the dispersion and emulsion regime only, hold-up values measured in the mixer-
settler regime were excluded from the fitting procedure. Equation (3-3a) with the average
values for ks was used to determine the critical pulsation intensity for the transition from the
mixer-settler to the dispersion regime. The parameters resulting after fitting are presented in
Table 4.3, together with the hold-up description results.

The calculated hold-up profiles using the fitted parameters are presented in Figure 4.4
together with the experimental data. In these figures it can be seen that the experimental data
are described well and that the influence of flux, flow ratio, pulsation intensity and physical
properties is covered. It can, however, be seen in Figure 4.4 (a) that the description of datain
the mixer-settler regime as expected differs from the experimentally determined data.

444  Operational window

In Chapter 3 it was concluded that several regimes could be limiting for the operation of an
extraction column. At low pulsation intensities flooding limits column operation, which is
described by the pulsed volume. In our experiments the necessity of a minimum amount of
pulsation intensity was also qualitatively observed, but not quantitatively determined. The
applicability of presented equation could therefore not be verified, but was used as estimate.
At high pulsation intensities flooding (2), phase inversion or entrainment is limiting. The
maximum amount of entrainment was neither specified nor determined and is therefore not
considered here. Flooding (2) was observed as the limiting process for the forward extraction,
which was described by a predictive equation. In the back-extraction process phase inversion
was observed to be limiting. The critical hold-up at phase inversion was predicted based on
the drop diameter. The corresponding fluxes were described by the hold-up equation.

The determined fluxes at the limiting operating conditions are presented in Figure 4.5 (a) and
(b) for the forward and back-extraction process, respectively. From both figures it can be
concluded that at increasing pulsation intensities, the total flux at flooding and phase
inversion decreases. This is due to a decrease of the drop size with increasing pulsation
intensity, which results in an increasing hold-up such that the critical hold-up is reached at a
lower total flux. The hold-up also increases with an increasing flow ratio and an increasing
concentration of caprolactam in the organic phase, which results in a lower total flux that can
be applied as well.
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Figure 4.5. Experimentally determined and predicted flooding (2) data in the forward extraction (a) for: @,
Wep aq = 0.475 and R = 0.20; B, Wcp o = 0.426 and R = 0.20; [, Wpy o = 0.426 and R = 0.33; --, prediction; and
phase inversion data in the back-extraction process (b) at Wcp o = 0.091 and T/K = 293: B, R=1.0; ®, R=3.0;
and fit via Equation (3-5) optimized for phase inversion, where: —, R=1.0; — - —, for R=3.0; and &t Wep oq =
0.192 and T/K = 313: [J, R=1.0; O, R = 3.0; and fit via the optimized Equation (3-5) for: --, R = 3.0; and

prediction: — —, flooding (1).

At the flooding point the maximum value for the hold-up, X;, is reached, which was calculated
x; = 0.14 to 0.24 for the complete range of experimental conditions. The calculated values
represent an acceptable maximum hold-up value compared to the experimentally determined
hold-up values at steady state operation. Using these theories the total flux at flooding could
be calculated as well with an uncertainty of AARE = 24.7%. It has to be noted, however, that
the calculated critical hold-up at flooding is higher than the hold-up calculated using Equation
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(3-5) at equal conditions. The AARE of the critical hold-up values compared to Equation (3—
5) was over 48%, which is probably caused by the change of the system behaviour near the
operational boundary, especially with respect to drop coalescence.* Since drop coalescence
behaviour changes near the operationa boundary, the validity of Equation (3-2) is dso
questionable, resulting in alarger AARE when prediction flooding data.

The description of the critical hold-up at phase inversion was based on Equation (3-10b). It
has to be noted, however, that the calculated critical hold-up at phase inversion is higher than
the hold-up calculated using Equation (3-5) at equal conditions, just as for the flooding
process. The uncertainty in the calculated critical hold-up values was AARE = 52%. In order
to correlate the flux at phase inversion Equation (3-2) or (3-5) need to be fitted for phase
inversion conditions especially. The different system behaviour near the operational boundary
was accounted for via Equation (3-5) by fitting parameters influencing the interfacial tension
and energy input, minimizing the AARE in the flux a phase inversion. The resulting
parameter values and flux description are shown in Table 4.3.

445 Comparison of flooding and phaseinversion

For both the theories describing flooding and phase inversion, the critica value for the
limiting process to take place is related to the critical hold-up. Therefore critical hold-up
values for both limiting processes and the corresponding fluxes were compared both for the
back-extraction as for the forward extraction process.

In the forward extraction flooding was observed and critical hold-ups were predicted at x; =
0.14 to 0.24 and these calculated values represent an acceptable maximum hold-up value
compared to the experimentally determined hold-up values at steady state operation. The
critical hold-up for phase inversion in the forward extraction process was predicted at Xp =
0.42 to 0.56 for the complete range of experimental conditions. The corresponding predicted
total flux at phase inversion was 2.1 times higher than the total flux at flooding at similar
conditions.

In the back-extraction phase inversion was observed and critical hold-ups were calculated at
Xpi = 0.43 to 0.48. The hold-up values measured at pulsation intensities of f-S, = 0.9-(f-S)e
had an average value of x = 0.30 with an AARE of 12.9%. The critical hold-up for flooding in
the back-extraction process could only be predicted for systems with an mass fraction of
caprolactam in the agueous phase of Wcp o < 0.20. At increasing concentrations of
caprolactam the drag coefficient, on which the theory is based, increased exponentialy,
resulting in very low termina velocities and therefore very low fluxes at flooding. For
systems in the back-extraction where wcp g < 0.20 the critical hold-up at flooding was
predicted at X = 0.24 to 0.37. The corresponding predicted flux at flooding was 1.2 to 1.06
times lower than the determined total flux at phase inversion at similar conditions.

The experimentally observed limiting processes are not completely predicted correctly by
comparison of the critical hold-up values and corresponding fluxes. Based on this approach
flooding is expected to be the limiting process for the forward extraction, which was indeed
observed experimentally. For the back-extraction phase inversion was observed and flooding
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predicted, but the predicted total fluxes for both processes were quite comparable. The
uncertainty and limitations in the applied equations result in the fact that the latter prediction
IS not consistent with the experimental observations, asisthefirst.

446 Operational diagram

Experimental data and the derived equations for the description of the operational window,
including flooding (1), the different operating regimes and the limiting process were applied
to construct an operational diagram specific for a PDDC. For Wcp o = 0.426 and R=0.20 in
the forward extraction and WcpL o = 0.087 at T/K = 313 and R = 1.0 in the back-extraction
such a diagram is presented in Figure 4.6 (a) and (b), respectively. In this diagram the
conditions at steady state operation, experimentally determined and fitted limiting process
conditions, being flooding (1), flooding (2) (a) and phase inversion (b), and the critical
pulsation intensity required for the transition between the operating regimes, being mixer-
settler (MS), dispersion (D) and emulsion (E), are presented. It can be seen that at a constant
flux and increasing pulsation intensity first the flooding (1) line is crossed. When the
pulsation intensity is increased further, the operational regime changes from mixer-settler to
dispersion and emulsion. Increasing the pulsation intensity even more or increasing the flux at
a constant pulsation intensity results in reaching the boundary of the operational window. At
each operating point the Sauter drop diameter and hold-up values can be calculated using
Equation (3-2) or (3-5), respectively. Diagrams as presented in Figure 4.6 (@) and (b) can be
constructed for each system in the back- and forward extraction, but are specific with respect
to concentrations, temperature and flow ratio.
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Figure 4.6. Operational diagram for the forward extraction at Wep oq = 0.426 and R = 0.20 (a) and for the back-
extraction a Wep o = 0.087, T/K = 313 and R = 1.0 (b), where: B, steady state operation; O, flooding (a) and

phase inversion (b); —, prediction flooding (2) (a) and fit phase inversion (b); — —, fit MS to D transition; --,
prediction D to E transition; — - —, prediction flooding (1).

45 Conclusions

The hydraulic operation of a PDDC was evaluated for the back- and forward extraction of
caprolactam in a pilot set-up. It was found that a PDDC showed qualitatively comparable
operational characteristics to a pulsed sieve-plate column. Mixer-settler and dispersion type
operating regimes were observed, as well as flooding due to too low pulsation. The conditions
for flooding in the forward extraction and phase inversion in the back-extraction were
determined. Hold-up and Sauter drop diameter values were determined in all operating
regimes.

The observed trends and determined data were described according to a previously devel oped
model, covering the operational window, operating regimes and a description of drop size and
hold-up. It was found that the measured values and observed trends could be described
accurately using this model after fitting drop diameter, hold-up and phase inversion data.
Using this approach the difference between the back- and forward extraction operation can be
understood, just as the influence of the physical properties and operational parameters on the
operation.

Using the developed model with the fitted parameters the optimal operating point for
caprolactam extraction can be determined, provided that the separation performance and the
influence of mass transfer on the hydraulic characteristics is known.

Nomenclature

AARE Average absolute value of the relative error
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D, E,MS
ds
e

Greek letters

Subscript
aq, org
c,d

f

Pl

Dispersion, Emulsion and Mixer-settler operating regime, respectively
Sauter drop diameter, m

Fractional free cross-sectional area

Pulsation intensity, where f/s™* denotes frequency and S/m stroke, m-s™
Total throughput, Flux = Vg + Ve, mh™

Disc to doughnut spacing, m

Number of data points

Flow ratio, R = Vy/V,

Temperature, K

Velocity of phase or component i, m-s*

Weight fraction

Dispersed phase hold-up defined as volume fraction of the dispersed phase

Interfacial tension, N-m™
Dynamic viscosity, kg-m*-s*
Density, kg-m™

Aqueous and organic phase, respectively
Continuous and dispersed phase, respectively
Denoting flooding

Denoting phase inversion

Literature cited
1. Godfrey, J.C. Slater, M.J. Liquid-Liquid Extraction Equipment; John Wiley & Sons, Inc.:
New York, 1994.

2. Kumar, A.; Hartland, S. A Unified Correlation for the Prediction of Dispersed-Phase
Hold-up in Liquid-Liquid Extraction Equipment. Ind. Eng. Chem. Res. 1995, 34, 3925-

3940.

3. Klicka, V.; Cemak, J. Zweiphasenstromung in der Pulsier-Extraktionskolonne.
Verfahrenstechnik 1971, 5, 320-327.

74



Chapter 5

Extraction of caprolactam with toluene in a pulsed disc and
doughnut column: mass transfer characteristics

51 Introduction

In Chapter 3 a theoretical model was developed describing the hydraulic characteristics of
caprolactam extraction in a pulsed disc and doughnut column (PDDC), being Sauter drop
diameter, hold-up, operating regimes and operational window. In Chapter 4 pilot plant
experiments for the caprolactam forward and back-extraction were performed and evaluated
using the theoretical framework of Chapter 3. Hydraulic characteristics were determined as a
function of the operating conditions, being total flux, solvent to feed ratio and pulsation
frequency and amplitude. The experimental conditions covered the industrial range with
respect to the concentrations of caprolactam and ammonium sulfate, temperature and phase
continuity. All hydraulic experiments were performed at equilibrium conditions in order to
avoid the influence of mass transfer. Application of the in Chapter 3 developed theoretical
model for the description of the obtained hydraulic data resulted in an accurate description
after fitting.

In this study the contacting efficiency of a PDDC is investigated for caprolactam extraction
with toluene, the so-called forward extraction, and its back-extraction with water. In literature
some studies are presented on the separation performance of the caprolactam extraction
process. Using benzene as extraction solvent the performance of different lay-outs of the
industrial EniChem process was studied. The interpretation of the results was based on the
two-film model with a contamination factor, accounting for the influence of contaminants on
the mass transfer. The overall mass transfer coefficient based on the dispersed phase was
determined from single drop mass transfer experiments at ko/m-s* = 1.5t0 3.0 x 10°.  In a
reciprocating plate extraction column caprolactam was extracted with toluene, where the
efficiency at different operating conditions was determined at HETS/m = 0.43 to 0.63.2
Furthermore studies are performed on the extraction of caprolactam using benzene*** and
trichoroethene®® as solvents. The processes studied include the forward and back-extraction
process,” extraction from agueous ammonium sulfate solutions™** and effluent water** and
the experiments are performed using single drop experiments,* vibrating plate columns,®°
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pulsed packed columns® and pulsed sieve plate columns.* The results are expressed in ko'
HETS values,? concentrations® and HTU values.®*

In this study the overall separation performance of a PDDC is investigated for both the
forward and back-extraction of caprolactam with and from toluene, respectively. The
experimental conditions covered the whole industrial operating range with respect to the
concentrations of caprolactam and ammonium sulfate, solvent to feed ratio, temperature and
phase continuity. In addition, the influence of operating parameters, being flow rates and
pulsation intensity was investigated. Furthermore, the dispersed phase hold-up, Sauter drop
diameter and operating regime were determined and compared with the results obtained from
previous hydraulic experiments at equilibrium conditions. The concentration profiles were
correlated with the backflow model, using a constant overall mass transfer and continuous
phase axial dispersion coefficient. The hold-up and drop size, necessary for the description of
theinterfacial area, were described using the expressions derived for the equilibrium situation,
taking into account the relative effect of mass transfer via an additional factor.

5.2 Theory

521 Backflow model description

In order to describe the separation performance in extraction processes different models, like
the plug flow model, are developed. The overal flow pattern in extraction equipment,
however, is complex and based on experience it became evident that the description of mass
transfer in column extractors with the plug flow model was oversimplified. Therefore, in
general, axial dispersion (backmixing) of one or both phases needs to be included in the
description, since it shows a major influence on the separation performance.® In order to
describe this effect Sleicher derived the diffusion model for differential extractors and later
gave the corresponding backflow difference equations for mixer-settlers, which are also
applicable to stage-wise columns.®’ These two distinct types of models represent idealized
limiting cases, but in practise the diffusion model is approached by differential extractors,
such as packed or baffle-plate columns. The backflow model is to be preferred for multi-
compartment columns such as rotary agitated, pulsed plate and reciprocating plate columns.’
The mass transfer performance in the PDDC is therefore described using the backflow model,
athough Jahya et al. use the diffusion model.® Based on these models the main characteristics
in the description of column extractors appear to be the axia dispersion and mass transfer,
besides the transport by convection.

The basis of the backflow model is graphically presented in Figure 5.1.” The model consists
of a series of well-mixed stages between which backmixing occurs, characterized by the
backflow parameters for phase x and y, oy and oy, respectively. Mass transfer takes place in
each stage with a flow rate of (koc-a:sh;) where the product of volume mass transfer
coefficient and stage volume is constant for each stage. The phases are assumed immiscible,
but, in contrast to the original model, the flow rates are dependent on the concentration of
caprolactam and therefore change for each stage. The distribution coefficient, finadly, is
determined from phase equilibria. The corresponding component mass balance for stage n at
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steady state for both phase x and y is given by Equation (5-1a) and (b) and the overall mass
balance is presented in Equation (5-2).

I:x,n—l : (1+ ax ) Cx,n—:L - I:x,n : (1+ 2 ax)' Cx,n + I:x,n+1 : ax : Cx,n+1 (5_1 )
* a
- kox -a-s- hc : (Cx,n —Cin ): 0
I:y,n—l ’ ay ’ Cy,n—l - I:y,n ’ (1+ 2 ay ) Cy,n + I:y,n+1 ’ (1+ ay ) Cy,n+1 (5-1b)
+k, -a-s-h,- (Cx,n -c,,, ): 0
(F ’ C)x, feed + (F ’ C)y,solvent = (F ’ C)y,extract + (F ’ C)x,raffinate (5_2)
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Figure 5.1: Graphical presentation of the backflow model (a) and the arrangement for the description of the feed
sides of the column (b).

In Figure 5.1 and Equation (5-1a), (b) and (5-2), the phase flows are presented dependent on
the stage number. This approach is necessary since the transfer of caprolactam is so large that
it results in a significant change in both phase flows, as well as the system properties, being
phase densities, viscosities, interfacial tension and the equilibrium distribution.
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The genera solution of Equation (5-1a) and (b), i.e. for backmixing in both phases, involves
four boundary conditions, two for each phase. Two of these define a concentration jump at the
phase inlets due to backmixed solute-depleted feed and solute-enriched solvent. The other two
correspond to zero concentration gradients at the phase exits.®’

The concentration jump in the phases fed to the column is accounted for by adding a
hypothetical stage O before the first column stage at the feed (x) side and a stage N+1 after the
last stage N at the solvent (y) side of the column. Via a mass balance the concentration change
asaresult of the backflow parameter can then be described as expressed via Equation (5-3).”

I:x, feed Cx,feed + Fx,l : ax : Cx,l = I:x,O : (1+ ax)' Cx,O

3
c (5-3)

c + Fy’N &, Cyy = Fy’,\,+1 . (1+ ozy)-cy’N+l

y,solvent ’ y,solvent

Since there is, however, no actual mass transfer taking place over these hypothetical stages, it
follows for the exiting phases at these stages that the concentrations remain unchanged as
expressed by Equation (5-4).’

Cx,raffinate = C><,N+1 = C><,N

C =C,o,=C

(5-4)

y,extract y,1

5.2.2 Description of model parameters

According to Equations (5-1) to (54) the parameters required to describe the concentration
profile in both phases are: phase flow rates, Fy and Fy, the volume of a characteristic column
segment, (s'he), the specific interfacial area, a, the backflow parameters, ax and ay, and the
overall mass transfer coefficient based on the feed phase (x), Kox.

The feed and solvent phase flow rates were, evidently, known being operational parameters.
As described, these phase flow rates change aong the column due to the change in
concentration. In the iterative procedure therefore Fy, and Fy, are introduced taking into
account the corresponding concentrations. These concentrations are expressed based on the
solute containing volume stream. Finaly, it was assumed that both phases are completely
immiscible.

The cross-sectional column area, s, was determined from the column dimensions. The
characteristic height was chosen at hy/m = 0.02, which corresponds to the disc to disc distance
of the internals. It is also the step size used in the iterative procedure.

The interfacial area was calculated via the hold-up, x, and Sauter drop diameter, ds,, of the
dispersed phase, according to Equation (5-5).

(5-5
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The hold-up and drop diameter in the caprolactam forward and back-extraction process can be
described for the equilibrium situation, as presented in Chapter 3 and Chapter 4. However,
mass transfer has also an influence on the drop size and hold-up.®*° The drop size increases
with mass transfer from the dispersed to the continuous phase, as is the case in the forward
and back-extraction of caprolactam, due to enhanced coalescence. According to Kumar and
Hartland the relative increase compared to the equilibrium situation varies from 1.0 to 3.0 and
is 1.67 for the unified case.” The hold-up decreases as result of an increase in the drop
diameter. According to Kumar and Hartland the relative decrease is 0.5 to 1.0 and is about 0.6
for pulsed perforated-plate and Karr reciprocating plate columns.® It has to be taken into
account furthermore that the hold-up description used is not valid in the mixer-settler
operating regime, whereas the pulsation intensity required for regime transition in the column
increases, because of the increasing drop size, see Chapter 3. The effect of mass transfer on
the interfacial area and operating regimes for caprolactam extraction in aPDDC was therefore
determined experimentally.

Detailed investigation of the axial dispersion phenomenon is based on concentration
gradients, drop residence time or tracer pulse injection studies. The results obtained for the
PDDC using these methods are fitted via empirical relations® or compared with results
obtained via numerical simulations.”**® In comparison, it is known for reciprocating plate
extraction columns that the axial dispersion in liquid-liquid systems has a maximum at low
pulsation intensities, stays constant at f-Sp/m-s'1 > 0.015, but increases with increasing
pulsation intensity in the emulsion operating regime. At lower dispersed phase velocities, the
axial dispersion coefficient increases as well.>” However, despite extensive studies, thereis no
complete understanding of this phenomenon such that no expression or model for the
prediction or description of axia dispersion coefficients is available. In general, axial
backmixing in the continuous phase plays a major role in determining the performance of an
extraction column. On the other hand, axial dispersion in the dispersed phase involves both
forward mixing and backmixing, though it can usually be disregarded.® The dispersed phase
backflow ratio was thus chosen at ay = 0 and since the feed phase (x) is the dispersed phasein
both the forward and back-extraction process ax = 0. This concept was aso applied in
previous models for mass transfer in a PDDC when fitting the separation performance.?

Various methods exist as well for the determination of the overall mass transfer coefficient,
ranging from experiments in mass transfer cells, single drop experiments and pilot studies.
Generally accepted expressions exist for the mass transfer coefficient of the continuous phase
in single drop systems.’®*® The liquid inside drops, however, may be stationary, moving in a
certain characteristic flow pattern or may be mixing randomly. As a result of this complex
behaviour, no reliable models exist to describe the dispersed phase mass transfer coefficient.'®
For the description of mass transfer coefficients in extraction columns, however, Kumar and
Hartland developed semi-empirical predictive correlations for the mass transfer coefficient of
the continuous and dispersed phase in pulsed, Karr, Kithni and rotating disc columns™ as
presented in Equation (5-6) and (5-7).
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where C; = C, = 4.33 for pulsed columns,*® which will be used for the description of the mass
transfer coefficient in the PDDC. Equation (5-6) and (5-7) are based on corresponding
equations for single drops. The presented dimensionless groups in latter equations covered a
range of experimental conditions of Re = 0.1-1400, Sc. = 180-570 000 and Sh, = 15-1900 for
the continuous phase and Re = 6-1300, Scq = 130-65 000 and Sh. = 17-1100 for the dispersed
phase.’® Both mass transfer coefficients can be combined via the two-film model as described
via Equation (5-8).

i=%+i where mD:C—d
Ko ko Ky

orwhenx=d: i=%+i with mD:& (5-8)
k k c

c c oX y X y

The unknown values of ko and ay were determined by fitting a value for ko at a given value
for ay, assuming ax = 0, in order to comply with the determined concentration profile and
raffinate concentration. Performing this procedure for a series of ay values resulted in a
minimized Absolute Average Error (AAE) in the experimentally determined and calculated
normalized weight fractions and therefore in optimal values of ko and ay. The separation
performance of the PDDC for the forward and back-extraction was furthermore interpreted
using the Height Equivalent of a Theoretical Stage (HETS), which is calculated based on the
determined concentration profiles and the equilibrium data. No evaluation is made based
using the well-known Number of Transfer Units, NTU = kox-a-he-S/Fy,” approach, since the
values of a, Fx and ko« change for every stage and therefore the NTUq value changes as well.

The concentration profiles used in the fitting procedure were determined along the column, of
which the active section had a length of LJ/m = 4.24. The feed and solvent feed-point,
however, are placed 0.18 m from the active column entrance, whereas mass transfer and
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backmixing proceeded in this part of the column as well. Therefore the distance from each
feed-point to the active section should be taken into account. Since the column contained no
internals in this part and the diameter doubled going from the active section to the settler, the
mass transfer and backmixing occurred in a different way. The distance of each feed-point to
the column entrance should thus be accounted for with an increase of 0.00 m to 0.18 m.
Arbitrarily three disc to disc stages were added, resulting in a 0.06 m increase of the active
column length on both sides of the column. The final active column length was therefore Lo/m
= 4.36.

Finally, it should be noted that in Equations (5-1a), (b) and (5-3) the coefficients ay and Koy
are presented as constants, i.e. average values over the column. It can be concluded from
literature on axial dispersion and mass transfer, however, that these processes depend on
system properties and operating conditions. The assumption that the coefficients are constant,
together with the assumption of the absence of backmixing in the dispersed phase, ax = 0,
results therefore in asimplified description of the caprolactam extraction process.

5.3 Experimental set-up and procedure

Experimental set-up. The PDDC pilot set-up is schematically shown in Figure 5.2. Its
operation is already explained in Chapter 4. The internals consisted of alternating disc and
doughnut baffles (Chapter 3). In contrast to the hydraulic experiments, the phases were after
contacting and separation in the top or bottom settler stored in vessel 3 and 4, respectively.

>
(1)
Figure 5.2. Schematic presentation of the PDDC for back-extraction operation.

Experimental procedure. All mass transfer experiments were performed at steady state,
which was created by maintaining a constant interface level. In genera the time needed to
reach a steady state concentration profile was observed to be approximated by the time
needed for three to four complete replacements of the column volume? After filling the
column and settlers once, this approximation was confirmed by taking samples after 2.5 and 3
column volume replacements and finding no change in the concentration profile.

81



Mass transfer characteristics

The hydraulic characteristics, being drop size, operating regime and hold-up, were determined
as for the equilibrium situation, see Chapter 4. The drop size was found by comparing the
dimensions of the drops on digital photos of the column contents to the reference size of the
column internals. Operating regimes were determined from digital images, where a zone
without drops accompanied by a dispersed phase layer on the internals were characteristic for
mixer-settler operation. A uniform dispersion over the column was taken as characteristic of
the dispersion regime. Visua observation of the emulsion regime was, however, not possible.
Hold-ups were measured by sampling the column contents via two ball valves (at SP2 and
SP4). The obtained volume was left to settle after which the volumes of both phases were
measured. Along the column length a change in the drop size and hold-up was found, which
was addressed to the effect of mass transfer, since in the equilibrium situation no change
aong the column length was observed for these parameters.

Concentration profiles were measured via sample ports, which were placed in each flense
(SP1 to SP5) and, since a steep concentration gradient was expected, at the feed side of the
column three additional sample ports were placed in the glass segment (SP1-1 to SP1-3 for
the back-extraction). The sample ports consisted of two separate tubes with an interna
diameter of 3 mm. One was wetted by the organic phase and faced downwards, whereas the
other was wetted by the aqueous phase and faced up. The phases were thus sampled
separately after which the samples were prepared for analysis, see Chapter 2.

Chemicals. All chemicals were used as received. Toluene (purity > 99%) was supplied by
Fluka (USA), e-caprolactam (CPL) (purity grade) by DSM (The Netherlands) and ammonium
sulfate (AS) (purity > 99%) by Sigma-Aldrich (USA). Demineralised water was used in all
experiments.

Conditions. The experimental conditions covered the full industrial range with respect to the
concentrations of caprolactam and ammonium sulfate, solvent to feed ratio, temperature and
phase continuity. In Table 5.1 the experimental conditions for both the forward and back-
extraction process are presented, where it has to be noted that in the caprolactam process the
feed (X) phase is aways dispersed (d) as in the industrial case. In order to compare the
conditions for the extraction processes, the extraction factor, E, is presented for the feed
location, where Kp' represents the equilibrium partition ratio based on the solute mass
fraction in the extract and F,’ and F,’ represent the solute free solvent and feed mass flow
rates.

In Table 5.2 the physical properties, being densities and viscosities of both separate phases
and the interfacial tension between the phases, are presented for the concentrations and
temperatures used.
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Table 5.1. Experimental feed conditions during mass transfer experiments in the forward and back-extraction
process of caprolactam (varied parameters are shown as ‘bold’ characters).

Forward extraction (FE): agueous feed phase dispersed
Wept Was T 10°£S,  Flux=ViedtVever R=V@Ve E=Kp' -F,/Fy

(ag) (ag) K ms? m-h*
FE-1 0.50 - 313 16.0 20 0.18 1.2
FE-2 0.50 - 313 16.0 26 0.18 1.2
FE-3 0.50 - 313 21.8 20 0.18 1.2
FE-4 050 0.01 313 16.0 20 0.18 1.3
FE-3/4 050 001 313 21.8 20 0.18 1.3
FE-5 0.50 - 333 16.0 20 0.18 15
FE-3/5 0.50 - 333 21.8 20 0.18 1.5
Back extraction (BE): organic feed phase dispersed
WepL T 10°£S,  FIUX=VieertVivent R=Vy/Ve E=Kp -Fy/Fy
(org) K m-s’ m-ht
BE-1 0.13-0.15 293 16.0 20 2.9 34
BE-2 0.13-0.15 293 16.0 12 2.9 34
BE-3 0.13-0.15 293 21.8 20 2.9 34
BE-4 0.13-0.15 313 16.0 20 2.9 2.4
BE-2/4 0.13-0.15 313 16.0 12 2.9 2.4
BE-3/4 0.13-0.15 313 21.8 20 2.9 2.4

Table 5.2. Physical properties regarding the forward and back-extraction of caprolactam covering the maximum
concentration range.

Forward extraction (FE): agueous feed phase dispersed

WepL Was WepL 10_3',00 103'110 10-3',0d 103'77d 103'})
(ag) (ag) (org) kgm?® kgm's' kgm® kgm's' N-m?

050 - 010 0866 057 1029 281 2.6
FE-1; FE-2; FE-3

000 - 000 0848 047 0991 067 347

050 001 010 0866 058 1035 284 26
FE-4; FE-3/4

000 002 000 0848 047 1003 069 348

050 - 010 0847 046 1011 159 2.1
FE-5; FE-3/5

000 - 000 0829 038 0984 046 335
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Back-extraction (BE): organic feed phase dispersed
Wepe Was  WepL 10'3-pc 103-77c 10'3-pd 103-77d 103-y
(org) (ag) (ag) kgm® kgm's' kgm® kgmtst N-m?

0.15 - 028 1.023 2.65 0.896 0.84 7.3
BE-1; BE-2; BE-3

0.00 - 0.00 0.998 1.02 0.868 0.59 35.8
BE-4: BE-2/4: 0.15 - 028 1.012 1.52 0.876 0.64 7.1
BE-3/4 0.00 - 0.00 0.991 0.67 0.848 0.47 34.7

The physical properties of the quaternary system water + caprolactam + ammonium sulfate +
toluene were correlated by the equations as presented in Chapter 2. These correlations cover
the entire range of concentrations and temperatures applied in this study, except for the
interfacial tension. The equation for the latter is only valid for concentrations of caprolactam
in the organic phase from 0 up to 5 mass %. For conditions with higher concentrations of
caprolactam the relation was therefore extrapolated to determine the interfacial tension. The
equilibrium distribution ratios, mp and Kp’, were based on equilibrium data, see Chapter 2
and described as function of the feed-phase concentration by relevant first or second order
polynomials. The mass fraction of caprolactam in both the organic and aqueous phase and of
ammonium sulfate in the aqueous phase was determined as described in Chapter 2.

54 Experimental results and data correlation

54.1 Concentration profiles

The influence of the operational conditions as presented in Table 5.1 on the concentration
profiles of both processes was investigated. The resulting experimentally determined
concentration profiles for the forward and back-extraction are shown in Figure 5.3.
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Figure 5.3. Experimental concentration profilesin the forward extraction (a) as function of the position along the
column, where T = 313, f-S, = 0.016, Was s = 0.00 and Flux = 20 (l), unless stated otherwise: @, Flux = 26; A,
Wasag = 0.01; A, Wagoq = 0.01 and f-§, = 0.022; ¥, T = 333; V, T = 333 and -, = 0.022; and for the back-
extraction (b) where T = 293, f-S, = 0.016, and Flux = 20 (M), unless stated otherwise: ¥, T = 313; V, T = 313
and f-S, = 0.022 (where T/K; Flux/m-h™; f-S/m-s™). All presented lines are trend lines.

In the forward extraction process the influence of operational parameters can be distinguished
clearly. The influence of flux can be attributed to an increase of the convective flow relative
to the mass transfer rate, although the latter increased dlightly because of an increase in the
hold-up, as expected from the hydraulic tests. The influence of ammonium sulfate and
temperature results in a change of system properties. This affects both the hold-up and drop
size, but the main influence results from the distribution ratio that increases favourable to the
solvent (y) phase, resulting in alarger driving force for mass transfer. It has to be noted that in
case ammonium sulfate was present in the feed, its concentration increased with a decreasing
concentration of caprolactam, which evidently affected the system properties. The influence
of pulsation intensity is directly related to a decrease in the drop size, resulting in an increase
of the hold-up and interfacial area and therefore of the mass transfer rate.

In the back-extraction process, the concentration profiles for all operational conditions were
comparable. Thisis probably the result of the highly favourable distribution ratio, resulting in
alarge driving force for mass transfer.

For the experimental results it was found that the overall mass balance of caprolactam
contained an average error of 6.2% and 3.9% for the forward and back-extraction process,
respectively. According to the plug flow model the mass balance over the feed and extract
side of the column and a random cross-section in the column should fit. Calculating this mass
balance based on the experimental results an average error comparable to the error in the
overall mass balance should be found. Since the transfer of caprolactam is complete in the
back-extraction, the amount of caprolactam in the feed and extract is equal. Therefore, the
amount passing a random cross-section in the column in both phases should be equal as well.

85



Mass transfer characteristics

Calculating for the back-extraction the error in the amount of caprolactam passing at S1-1,
S1-2 and S1-3, reflecting a column position of 0.32 m, 0.58 m and 0.84 m, respectively,
average errors of 45%, 44% and 54% are obtained. Calculating for the forward extraction the
error in the mass balance of caprolactam over the feed and extract and the streams passing at
HA-3, HA-2 and SA4-1, reflecting a column position of 4.02 m, 3.76 m and 3.50 m, respectively,
average errors of 16%, 14% and 13% are obtained. This strong increase of the error in the
mass balance according to the plug flow model is likely to be caused by the effect of
backmixing of one or both phases.”

54.2 Determination of masstransfer influence on the hydraulic parameters

The influence of mass transfer on the drop size, regime transition and hold-up relative to the
equilibrium situation, as discussed in Chapter 4, was determined experimentally.

The measured relative increase of the drop size for the forward and back-extraction process
was 1.4 + 0.1 and 1.9 + 0.1, respectively (accuracy determined as standard deviation). It was
furthermore observed that when mass transfer was negligible at the raffinate side of the
column, the relative increase of the drop size approached 1.0. The drop size was therefore
described using the relation derived for the equilibrium situation including the determined
factorsto account for the relative increase of the drop size due to mass transfer.

The increase in the required pulsation intensity for the transition from the mixer-settler to the
dispersion regime was determined experimentally. From the observed operating regimes the
relative increase was fitted at a minimum and maximum value for both the forward and back-
extraction. The minimum value was obtained for the conditions at the upper observation of
the mixer-settler regime. The maximum value was accordingly obtained for the first
observation of the dispersion regime. The relative increase in pulsation intensity for the
forward extraction was 1.15 to 1.20 and in the back-extraction 1.5 to 1.6. From experimental
observation and the determined relative increase under mass transfer conditions it was found
for al experimental conditions in both the forward and the back-extraction that at the feed
side of the column the operation started in the emulsion or dispersion regime. Moving along
the column, however, the regime changed from dispersion to mixer-settler, except at increased
pulsation intensities in the back-extraction. The regime transition was described using the
relation derived for the equilibrium situation including the determined factors to account for
the influence of mass transfer.

The relative decrease in the hold-up under mass transfer was experimentally determined,
where it has to be taken into account that the expression used for the hold-up is not valid in
the mixer-settler regime. Hold-up values determined in this regime were therefore excluded,
using the equation for regime transition under mass transfer conditions to distinguish between
these regimes. In the dispersion or emulsion regime the determined relative decrease of the
hold-up for the forward and back-extraction was 0.83 = 0.08 and 0.88 + 0.02 (accuracy
determined as standard deviation), respectively. As described, for both processes large parts
of the column were operated in the mixer-settler regime, which results in an increase of the
hold-up (see Chapter 3). Mixer-settler operation and mass transfer therefore counter-act each
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other with respect to the hold-up profile. Since insufficient data was available to describe both
effects, it was chosen to describe the hold-up profile over the column with the equation
derived for the equilibrium situation.

The increase of the drop size under mass transfer conditions resulted in an increase of the
pulsation intensity required for regime transition and a decrease of the hold-up compared to
the equilibrium system, see Chapter 3 and Chapter 4. An attempt was made to interpret the
latter two effects quantitatively from the increase of the drop size. The enhanced drop size
coalescence under mass transfer conditions is often interpreted as a result of an interfacial
tension gradient.>*"?*! |t was now assumed that the overall effect of this gradient, reflected
in the relative increase of the drop size, could be described as aresult of arelative increase in
the interfacial tension. Using this approach the effect of mass transfer on the interfacial
tension could be predicted from the determined increase of the drop size via d,, = f (y**™)
where ns = 0.06 (Equation (3-2)). The relative increase in the interfacial tension because of
mass transfer was predicted at 1.77 and 3.11 in the forward and back-extraction, respectively.
The effect of mass transfer on regime transition and hold-up can now be predicted,
introducing the calculated interfacial tension increase in the equations for the equilibrium
situation. The relative increase in the pulsation intensity required for the regime transition was
predicted at 1.21 for the forward extraction and at 1.45 for the back-extraction. The relative
decrease of the hold-up was predicted at 0.89 for the forward extraction and at 0.82 for the
back-extraction. Comparing the determined and predicted effects based on the increase of the
drop size, it can be seen that the approach used resulted in an accurate interpretation.

55 Model results

Back-extraction. In the back-extraction all caprolactam is extracted and the values for the
axial dispersion coefficient in the continuous phase, ay, and the overall mass transfer
coefficient, kox, were fitted by minimizing the value of the absolute average error (AAE), see
Table 5.3 for the results. Furthermore, the values of ko predicted with Equations (5-6) to (5~
8) are shown for the experimentally determined range of caprolactam concentrations, together
with the determined values of the Height Equivalent of a Theoretical Stage (HETS). The
experimental conditions (Exp.) were T/K = 293, f.§/m-s* = 0.016, Flux/m-h™* = 20 (BE-1),
unless stated otherwise, and the flow ratio was aways R = 2.9.

From the fit results it was found that the introduction of a fitted value of the backflow
parameter for the continuous phase resulted in a decrease of about 50% in the AAE value
compared to the case where ay = 0. Furthermore it was found that for all experiments a range
existed for ay + 1.2 where AAE was within 10% of the minimum AAE vaue. This
observation results partly from the fact that the fitted kox values are dependent on the set ay
value, since the effect of backmixing and mass transfer on the concentration profile are
coupled. It is therefore desirable to determine the backflow parameters, ax and ay, from
separate experiments. Furthermore it can be questioned whether the measured concentration
profiles were determined accurately enough in order to make a viable distinction between the
fit results, since all experimentally determined concentration profiles for the back-extraction
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were comparable. Finally, it can be seen in Table 5.3 that the fitted values of ko are within the
predicted range based on Equations (5-6) to (5-8) for all experiments.

With respect to the influence of the operational parameters on the fitted and predicted values
several observations can be made. It is shown that a decrease in flux resulted in an increase in
the backflow parameter while the value for ko« remained unchanged, as was predicted for the
latter. The determined increase in HETS points at a decreasing time for mass transfer. A
temperature increase, however, did not affect the determined oy values, but did result in an
increase of ko, which was predicted as well. The trend shown at increased pulsation
intensities is controversial. For BE-3 the value for ay increased slightly compared to BE-1,
while the value for ko was similar. BE-3/4, however, shows the opposite behaviour compared
to BE-4. For an increase in the pulsation intensity the value for kox was expected to increase
and an increased overall mass transfer rate was observed based on the HETS values.

Table 5.3. Determined ko and oy values at the fitted minimum AAE value in the back-extraction together with
the predicted ko, values using Equations (5-6) to (5-8).

Exp. ay 10°Kox HETS

Flux S T fit fit predicted

mh* mst K m-s* m-s* m
BE-1 20 0016 293 4.2 4.5 32-59 0.37
BE-2 12 0016 293 6.7 5.0 3.0-55 041
BE-3 20 0022 293 5.1 4.6 36-6.5 0.33
BE-4 20 0016 313 4.6 6.8 4.9-10.2 0.30
BE-2/4 12 0016 313 6.4 6.5 5.0-96 0.35
BE-3/4 20 0022 313 4.4 5.5 57-113 0.29

From the fitting procedure, profiles in the concentration of caprolactam, Sauter drop diameter
and hold-up were obtained for the different operational conditions. These profiles are
presented in Figure 5.4 for BE-1 and BE-4 as function of the normalized position within the
column, L/L.. As aready concluded from the experimental concentration profiles in Figure
5.3, the influence of operational parameters on these profiles was negligible, which was
represented by the model results in Figure 5.4 (a). Furthermore it can be seen that the plug
flow model, represented by the dotted line, shows a significant deviation from the optimized
fit, especialy for the extract phase. As expected, the calculated profiles in drop diameter and
hold-up shown in Figure 5.4 (b) change significantly over the column length. Thisis directly
related to the influence of the concentration of caprolactam on the physical properties and the
phase flow rates at each stage in the column. The calculated profiles present values in line
with the experimental data.
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Figure 5.4. Normalized concentration profiles over the normalized column position (&) where in the raffinate
phase: M, T = 293, f-S, = 0.016, Flux = 20 and R = 2.9 (BE-1); A, T = 313 (BE-4); and the corresponding open
symbols for the extract phase; and the fit of: —, BE-1,; --, BE-1 plug flow; ——, BE-4; and the drop diameter
(dsz) and hold-up (x) profiles over the normalized column position (b) for: I, d;, BE-1; @, x BE-1; [ ], d3, BE-4;
O, x BE-4 and the it of ds, and x for: —, BE-1; ——, BE-4 (where T/K; Flux/m-h™; f-S/m-s*;dz,/m).

Forward extraction. In the forward extraction process the concentration of caprolactam
present in the raffinate was not zero. At a set value of the axial dispersion coefficient in the
continuous phase, ay, the value of the overall mass transfer coefficient, kox, was therefore
fitted in order to comply with the determined raffinate concentration. It has to be noted,
however, that this approach suffers from the drawback that the uncertainty in the raffinate
concentration affects the entire profile. Increasing the value of oy for 0 < ay < 6 resultsin a
decreasing value of AAE. Since an even further increase of the ay value seemed unrealistic,
no minimum AAE value was obtained. The range of fitted ko values is shown in Table 5.4,
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together with the predicted range of ko values for the experimentaly determined range of
caprolactam concentrations from Equations (5-6) to (5-8) at ay = 3 and the determined
HETS/m values. The experimental conditions (Exp.) were T/K = 313, f-Sp/m-s'1 = 0.016,
Flux/m-h™* = 20 (FE-1), unless stated otherwise, and the flow ratio was always R = 5.5.

Table 5.4. Determined ko, and HETS values at the investigated range of ay in the forward extraction, together
with the predicted k. values via Equations (5-6) to (5-8).

EXP. HETS

Flux .S T  Wasaq fit predicted

mh? mst K m-st m-s’ m
FE-1 20 0.016 313 - 11-13 11-18 0.55
FE-2 26 0016 313 - 0.8-0.9 12-19 0.67
FE-3 20 0.022 313 - 1.2-17 1.2-20 0.42
FE-4 20 0016 313 0.01 13-15 09-18 0.43
FE-3/4 20 0.022 313 0.01 1.1-15 1.0-20 0.35
FE-5 20 0.016 333 - 16-19 14-25 0.47
FE-3/5 20 0.022 333 - 1.7-20 16-28 0.32

From Table 5.4 it can be concluded that the fitted ko« values are comparable to the predicted
range according to Equations (5-6) to (5-8) for all experiments. Furthermore an influence of
operational conditions on the determined HETS values similar to the trends observed for the
back-extraction can be seen. An increase of the flux resulted in an increasing HETS, because
of an increase in the convective flow relative to the mass transfer rate, whereas a temperature
increase, the addition of ammonium sulfate and a pulsation intensity increase resulted in a
decreasing HETS, because of changing system properties for the first two and an increasing
interfacial areafor the latter. The obtained values and trends are comparabl e to those obtained
for the forward extraction in a reciprocating plate column of 0.05 m diameter and 4.0 m
height, with HETS/m values of 0.43 to 0.63, although in that study both higher fluxes and
pul sation intensities were used.?

From the fitting procedure profiles in the concentration of caprolactam, drop diameter and
hold-up were obtained for the different operational conditions and the resulting profiles for
FE-1 and FE-3/4 at ay = 3 are presented in Figure 5.5 as function of the normalized position
within the column, L/L.. It can be seen that the raffinate concentration at the column exit was
described correctly by the model results. Furthermore it can be seen that the calculated drop
diameter and hold-up profiles change significantly over the column length, which is directly
related to the influence of the concentration of caprolactam. The calculated drop diameter and
hold-up profiles values in Figure 5.5 (b) correlate well with the experimental data.
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Figure 5.5. Normalized concentration profiles over the normalized column position (&) where in the raffinate
phase: B, T = 313, f-S, = 0.016, Flux = 20 and R = 5.5 (FE-1); A, T = 313 and f-S, = 0.022 (FE-3/4); and the
corresponding open symbols for the extract phase; and the fit of: —, FE-1; --, FE-3/4; and the drop diameter
(d3p) and hold-up (x) profiles over the column length (b) for: W, ds, FE-1; @, x FE-1; [, dsy FE-3/4; O, x FE-3/4
and the fit of ds, and x for: —, BE-1; ——, BE-4 (where T/K; Flux/m-h’%; f-S/m-s;dz/m).

In Figure 5.5 the concentration gradient at the feed side of the column is under-predicted,
however. This results from the fitting procedure since the ko value is fitted in order to comply
with the experimentally determined raffinate concentration. Minimization of the AAE vaue
resulted in afar better description of the concentration gradient at the feed side of the column.
The description of FE-3/4, where AAE was minimized, is shown in Figure 5.6.
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Figure 5.6. Normalized concentration profiles over the normalized column position for FE-3/4 (a) for: A,
raffinate phase; /\, extract phase and their model fits for: —, raffinate concentration fit; --, minimized AAE fit.

From Figure 5.6 it follows that, evidently, the concentration profile in both phases is
described more accurately when the AAE value is minimized compared to the case where the
ay and ko values were fitted on the determined raffinate concentration. However, the
calculated raffinate concentration is now 3.5 times lower than the experimentally determined
value, which is a larger difference than the experimental uncertainty justifies. Furthermore it
can be seen in Figure 5.3 (a) for the experiments in the forward extraction with a steep
concentration gradient at the feed side, for Wass = 0.01, f-S/m-s® = 0.022, T/K = 333 or a
combination of these, that the slope of the concentration profile at the raffinate end of the
column was small. This behaviour was only partly described by minimizing the AAE value.

Another cause for the under-predicted concentration gradient at the feed side or the over-
predicted efficiency at the raffinate side is the fact that a ssimplified model was used to
describe the concentration profile. Finally, it should be taken into account that the raffinate
side of the column was operated in the mixer-settler regime, which might have an influence as
well. In this regime the hold-up increases compared to the dispersion regime (see Chapter 3),
but the major part of the time the dispersed phase is situated on the internals as coalesced
phase. The interfacial area and thus the mass transfer rate could therefore be decreased
drastically. Since this effect was not taken into account in the model, the fitted kox value might
be under-predicted in order to compensate for the over-predicted interfacial area in the
raffinate side of the column. This effect might play arole as well in the back-extraction, but is
probably masked by the large driving force for mass transfer and the fact that the ko value
could freely befitted in order to obtain a minimum AAE value.

5.6 Conclusions

The separation efficiency in relation to the operating conditions of a pulsed disc and doughnut
column (PDDC) was evaluated for the back- and forward extraction of caprolactam in a pilot
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set-up. In the forward extraction the separation efficiency was strongly influenced by the
operational parameters, being flux, pulsation intensity, ammonium sulfate and temperature,
whereas in the back-extraction the concentration profiles for all operational parameters were
similar showing a complete extraction at about the middle of the column.

The PDDC showed qualitatively similar operational characteristics compared to the hydraulic
operation at equilibrium, but mass transfer caused an increase of the drop diameter, a
decreasing hold-up and a corresponding shift in the operational regime. These parameters
could be described using the expressions derived for the hydraulic equilibrium situation
including an additional factor to account for the effect of mass transfer.

The concentration profiles in both the forward and back-extraction were described using the
backflow model, where a constant value for the overall mass transfer coefficient and the axial
dispersion coefficient in the continuous phase was fitted using the derived equations for the
Sauter drop diameter and hold-up. The back-extraction was described well using this
approach, but in the forward extraction either the concentration gradient at the feed side of the
column was under-predicted or the separation efficiency was over-predicted. This might be
caused by the experimental uncertainty in the raffinate concentration, assumptions made in
the model set-up, but also the mixer-settler operational regime can have an influence on the
column performance, which was not taken into account in the model.

HETS values were determined for both the forward and back-extraction. For the latter HETS
= 0.28 t0 0.41 m. The obtained vaues in the forward extraction, HETS = 0.32 to 0.67 m, are
comparable to those obtained in areciprocating plate column, where HETS/m = 0.43 to 0.63.

Nomenclature

AAE Average absolute error

a Specific interfacial area, m?>m™

Cin Solute concentration at stage n, kg-m™

Cx Theoretical solute concentration in equilibrium with ¢y, kg-m™

D Molecular diffusivity, m*s*

ds2 Sauter drop diameter, m

E Extraction factor, E = Kp'-F,' /Fy

e Fractional free cross-sectional area, e = 1-D¢?/D¢?

F Phase flow rate, m*.s*

F¢, Fy Feed and solvent phase mass flow rates on solute free basis, kg-s*
S Pulsation intensity, where f/s denotes frequency and S/m stroke, m-s*
Flux Total throughput, Flux = Ve+Vg, m-h

g Gravitational constant, g/m?s* = 9.81

H Disc to doughnut spacing, m

he Characteristic height, m

HETS Height Equivalent of a Theoretical Stage, m
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ki Mass transfer coefficient, m-s*

Ko’ Equilibrium distribution coefficient, Kp’ = wy' /wy
115} Equilibrium distribution coefficient, mp = c./cy
L Position along the column length, m

Lc Total column length, m

NTU Number of Transfer Units, NTUqx = kox-a-he-s/Fx
Pe Peclet number, Pg = dz-Vyip/Dj

R Flow ratio, R = V4/V;

Re Reynolds number, Re = dsz-Vsip:pd/nc

S Column cross-sectional area, m?

Sci Schmidt number, #;/p; D;

Shy Sherwood number, Sh; = k;-ds./D;

Shy, Sh, Sherwood number for rigid and circulating drops, respectively
T Temperature, K

Vi Velocity of phase or component i, m-s*

Vsip Slip velocity, Vsip = Va/x+Vd/(1-x), m-s*

w Weight fraction

w Weight fraction on solute-free basis

X Dispersed phase hold-up defined as volume fraction of the dispersed phase
Greek letters

a Backflow ratio

y Interfacial tension, N-m’*

£ Power dissipation per unit mass, W-kg*

n Dynamic viscosity, kg-m*.s*

p Density, kg-m™

Subscripts

c,d Continuous and dispersed phase, respectively
extract Extract phase

feed Feed phase

[ Denoting phase x or y

o] Overdl

raffinate Raffinate phase

solvent Solvent phase

X,y Raffinate and extract phase, respectively
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Chapter 6

Selection and evaluation of alternative solvents for caprolactam
extraction

6.1 Introduction

Caprolactam is recovered from the neutralized Beckmann rearrangement mixture by phase
separation followed by solvent extraction of the resulting crude caprolactam and aqueous
ammonium sulfate layer. In industry benzene, toluene or chlorinated hydrocarbons are often
used as the organic solvent. However, a growing awareness of the negative effects of these
solvents on heath and environment exists, resulting in extremely strict legislation, as
described in Chapter 1.

Therefore the need exists for an environmentally benign solvent as replacement in the
caprolactam extraction process. Thereby a solvent is demanded with a capacity towards
caprolactam and a mutual solvent solubility comparable to the currently applied solvents or
better. Literature on alternative solvents is limited to 1-heptanol and 2-heptanone, where the
influence of the concentrations of caprolactam and ammonium sulfate and temperature on
phase compositions is described.?® For cyclohexanol the binodal is determined at 293 K.*
Furthermore the distribution ratio of caprolactam is investigated as function of the carbon
chain length for a series of linear alcohols (Cs to Cg) a limited experimental conditions.”
These polar systems all show a favourable distribution ratio towards caprolactam, but also a
relatively high mutual solvent solubility. Non-polar solvents possess a low mutual solubility,
but show a non-favourable capacity towards caprolactam.®

The need for the replacement of solvents and the design of substitute candidates, because of
strict environmental legislation and required specific solvent properties, resulted in various
studies on general solvent selection procedures for the painting, cleaning and extraction
industry,”® specific procedures for extraction processes™'® and selection procedures for other
applications.**? The selection of aternative solvents can be performed empirically,
theoretically or experimentally. Empirical methods generally compare one or more properties
of the solvents to classify them and to assess the solvent capacity.’*** These methods,
however, can only identify possible alternative solvent classes, but a specific solvent selection

IS not possible. Theoretical screening methods are based on a thermodynamic description of
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the liquid-liquid system. Here, solvent selection is based on the solute distribution ratio,
selectivity and mutual solvent solubility, which are calculated using a thermodynamic
model.***" For an overview of possible alternative solvents the Hansen model was used by
plotting the 6, against the J, parameter for each solvent, representing the dipole and hydrogen
bonding interactions of this solvent, respectively. The comparison of solvent characteristics
relative to caprolactam, which is presented as (0,0), is shown in Figure 6.1. Furthermore the
Unifac Dortmund model***>'” was initially applied for the prediction of distribution and
mutual solubility data. Using the resulting model phase compositions could be calculated for
the systems water + caprolactam + benzene, toluene, 1-heptanol or cyclohexane at 293 K. The
calculated and experimentally determined concentrations of caprolactam at equilibrium?® are
presented in Figure 6.2.

From Figure 6.1 it can be concluded that several compounds with different functional groups
are more polar than the current solvents for caprolactam, whereas the alkanes are less polar. It
can also be seen that the structure of a molecule influences the polarity. Furthermore it is
shown that no pure solvent is present with a polarity comparable to benzene. The more polar
compounds show alarger capacity towards caprolactam and a higher mutual solubility, which
is known from literature’ and shown in Figure 6.2. The less polar compounds, the alkanes,
show a lower capacity and mutual solubility. Since the characteristics of the alternative
solvent should at least be comparable to benzene and toluene, solvent mixtures containing a
polar solvent and an alkane are investigated, in order to combine the favourable and eliminate
the negative properties of both solvent types. From Figure 6.2 it must be concluded, however,
that the results from the Unifac Dortmund model are not accurate enough for solvent
screening.
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Figure 6.1. Comparison of characteristics based on J, and ¢, Hansen solubility parameters relative to
caprolactam as origin (0,0), for solvents: x, current solvents; @, amines; O, ethers; A, ketones; <, alkanes; +,
esters; [, alcohals.
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Figure 6.2. Experimentally determined (dots) equilibrium concentrations of caprolactam in the organic and
agueous phase and calculated values using the Unifac Dortmund mode! (lines) at 293 K for: M, benzene; [], 1-
heptanol;? @, toluene and cyclohexane.

From Figure 6.1 and Figure 6.2 it can therefore be concluded that the solvent screening for an
aternative solvent (mixture) needs to be performed experimentally. Next to phase
composition data, physical properties, being density and viscosity of the separate liquid
phases and interfacial tension of the liquid-liquid system, are needed for the description of
extraction equipment.! Therefore, these have to be determined for the selection of the final
solvent (mixture), taking into account the influence of caprolactam.

In the experimental screening procedure the distribution ratio of caprolactam at equilibrium
between the agueous and (mixed) solvent phase was investigated at 293 K for an initial 10
mass % aqueous caprolactam solution as function of the active group of various polar
compounds (alcohol, ketone, ester, ether), their carbon chain length (Cs-Ci2) and their
concentration in a mixture with methylcyclohexane (MCH) or heptane. Solvents or solvent
mixtures showing favourable capacities for caprolactam were selected based on the
determined distribution ratios compared to benzene and toluene. For these (mixed) solvents
the capacity and mutual solvent solubility were determined as function of the mass fraction of
caprolactam in the agueous phase (WcpLaq = 0.0 to 0.6) at 293 K from which possible
aternative solvents were selected. For the remaining alternatives the equilibrium phase
compositions of the system water + caprolactam + ammonium sulfate + (mixed) solvent were
determined at 293 K, 313 K and 333 K. The experimentally determined phase compositions
were described using the NRTL model. Furthermore density and viscosity data of the separate
phases and interfacial tension data of the systems studied were determined and correl ated.
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6.2 Experimental set-up and procedure

Equilibrium and physical properties measurements. To obtain phase equilibrium data the
experimental set-up and procedure as described in Chapter 2 were used. The mass fraction of
caprolactam in both the organic and the agueous phase, the mass fraction(s) of the solvent(s)
in the agueous phase and of the polar solvent in the organic phase (in case of a solvent
mixture) was determined by gas chromatography (Chapter 2). For each (mixed) solvent the
same analytical method was applied, except for the temperature profile and column pressure,
which were optimised for each system. The mass fraction of ammonium sulfate in the
agueous phase and of water in the organic phase was determined as described in Chapter 2.

Densities, kinematic viscosities and the interfacia tension were determined as function of the
concentration of caprolactam at 293 K, 313 K and 333 K for the selected (mixed) solvents and
the ternary systems water + caprolactam + solvent (mixture), respectively, using the
procedures as described in Chapter 2.

Chemicals. All chemicals were used as recelved. These are: e-caprolactam (purity 99%),
ammonium sulfate (purity > 99%), di-propyl-ether (purity > 99%), propyl-butyrate (purity
99%), 2-heptanone (purity 99%), 5-nonanone (purity 98%), methylcyclohexane (purity >
99%) by Sigma-Aldrich (USA), butyl-butyrate (purity > 98%) and n-heptane (purity > 99%)
by Merck (Germany), di-hexyl-ether (purity > 97%), di-butyl-ether (purity > 99%) by Fluka
(Germany) and di-pentyl-ether (purity 99%), 3-octanone (purity 99%), 2-methylcyclohexanol
(purity 99%) and 1-heptanol (purity 98%) by Acros (Belgium). MiliQ water was used in all
experiments.

Data analysis. Using the described analytical methods the amount of solute and the mutual
solvent solubility (in mass fractions) were determined in the organic and aqueous phase with
the described uncertainties. The mass fraction of water in the agueous phase and of the
solvent (in case of a pure solvent) or the alkane fraction in the organic phase (in case of a
solvent mixture) was finaly determined from the mass balance. The mass fraction of
ammonium sulfate in the organic phase was assumed to be negligible. The distribution ratio
of asolutei, Kp,, isdefined as the ratio of the determined solute mass fractions at equilibrium
in the organic phase, Wi org, and in the aqueous phase, Wi a;:

Koy =% (6-1)

This distribution ratio represents the capacity of a solvent system in the extraction of
caprolactam and was used for interpretation and evaluation of the experimental results.

6.3 Solvent screening results

In Figure 6.3 the results are shown for the distribution ratio of caprolactam, Kpcp, of the
systems water + caprolactam + (mixed) solvent at 293 K for an initial 10 mass % aqueous
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caprolactam solution as function of the equilibrium polar solvent mass fraction in the organic

phase.
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Figure 6.3. Kp cp. as function of the polar solvent fraction in MCH for: V, di-hexylether; >, di-butylether; <J, di-
pentylether; /\, di-propylether; O, butyl-butyrate; @, propyl-butyrate; <, nonanone, <, octanone; 4, heptanone;
V. methylcyclohexanol; A, heptanol; x, benzene and --, toluene as reference at 293 K and Wcp o = 0.10
initialy.
The data presented in Figure 6.3 are compared with the equilibrium distribution ratio for
benzene and toluene at similar conditions. The amount of caprolactam extracted was
increased with increasing polarity of the organic phase. This was shown by an increase of the
distribution ratio at higher concentrations of polar solvent, at shorter carbon chains, which
trend was observed in literature before,” and a more polar functional group. The distribution
ratio with toluene as solvent, visualised as dashed line, was used to represent the minimal
required capacity for a system. From Figure 6.3 it could be concluded that several solvents or
solvent mixtures showed an acceptable to favourable distribution ratio relative to toluene.
These solvents were heptanone, which was aready known to possess a too high mutual
solvent solubility,® propyl-butyrate, octanone and the solvent mixtures with heptanol and
methylcyclohexanol. The latter three solvents were therefore further investigated. The
equilibrium distribution ratio and mutual solubility for the solvent systems octanone, MCH-
heptanol (15 mass % initially) and MCH-methylcyclohexanol (12 mass % initialy) were
investigated at 293 K and concentrations of caprolactam in the agueous phase up at
equilibrium to 50 mass %. The distribution ratio for these systems as function of the
concentration of caprolactam in the aqueous phase at equilibrium compared to the values for
benzene and toluene is shown in Figure 6.4.
From Figure 6.4 it was concluded that, although the selected solvent systems showed
favourable capacities at low concentrations of caprolactam, the capacity at high
concentrations of caprolactam was below that of toluene. The capacity of the aternative
solvent therefore needs to be increased.
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Figure 6.4. Kpcp as function of wep o for: <, octanone; A, MCH-heptanol (15 mass % initialy); ¥, MCH-
methylcyclohexanol (12 mass % initialy); —, benzene and toluene as reference at 293 K.

For the solvent mixtures it was known from Figure 6.3 that the distribution ratio of
caprolactam increased with an increasing concentration of polar solvent in the organic phase.
For the alcohol mixtures shown in Figure 6.3 the polar solvent fraction could be increased
further, whereas octanone already was used as pure solvent. It was therefore investigated
whether the concentration of acohol in the mixed solvents could be increased such that at
high concentrations of caprolactam a capacity comparable to benzene and toluene was
obtained, without increasing the mutual solvent solubility too much. Since the fractional loss
of alcohol to the agueous phase for the MCH-methylcyclohexanol system was already 0.015
at Wep g = 0.2 and an alcohol fraction of 0.1 in the organic phase, it was expected that at
higher concentrations of alcohol and caprolactam the mutual solubility would be too high. It
was therefore investigated if in the system MCH-heptanol the alcohol content could be
increased in order to obtain a suitable solvent concentrations of caprolactam in the agueous
phase up to 50 mass % at equilibrium. The distribution ratio of caprolactam as function of the
concentration of caprolactam in the agueous phase at initial concentrations of alcohol in the
organic phase of 5, 15, 20, 30 and 40 mass % at 293 K is shown in Figure 6.5. It can be
concluded that the amount of caprolactam extracted to the organic phase increased strongly
with the amount of alcohol in the organic phase, as already expected from Figure 6.3. In
comparison to the distribution ratio in toluene at 293 K a mixed solvent with initially 40 mass
% heptanol showed a higher extraction capacity. Relative to benzene the distribution ratio is
comparable. The concentration of alcohol was not increased further, since increasing the
alcohol content would, next to an increase of the distribution ratio of caprolactam, aso result
in a further increase of the mutual solvent solubility. Based on Figure 6.5 the
methylcyclohexane-heptanol (40 mass % initially) mixed solvent was selected as candidate
aternative solvent for benzene and toluene and this candidate solvent mixture was
characterized further.
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Figure 6.5. Kpcp. as function of the mass fraction of caprolactam in the agueous phase for MCH-heptanol
mixtures having initial heptanol mass fractions of: l, 0.05; A, 0.15; ¥, 0.20; 4, 0.30; @, 0.40; —, benzene and
toluene asreference at 293 K.

6.4 Solvent characterization results and data correlation

The characterization of the selected mixed solvent was performed by determining phase
compositions at equilibrium of the system water + caprolactam + ammonium sulfate + MCH
+ heptanol (40 mass % initially) at 293 K, 313 K and 333 K. Furthermore the influence of the
alkane structure on the system behaviour was determined by replacing methylcyclohexane
with heptane. The experimentally determined phase compositions for both mixed solvents
were described using the NRTL model. Furthermore density and viscosity data of the separate
phases and interfacial tension data for both mixed solvents were determined and correlated.

6.4.1 Equilibrium experiments

Tables B1 and B2 (see Appendix B) present the liquid-liquid equilibrium data of the systems
water (1) + caprolactam (2) + ammonium sulfate (3) + methylcyclohexane (4) + heptanol (5),
respectively heptane (4) + heptanol (5), at 293 K, 313 K and 333 K. The determined phase
equilibrium data for the described systems were correlated with the NRTL model using the
approach of De Haan and Niemann, which was used to describe the phase compositions of the
guaternary systems water + caprolactam + ammonium sulfate + benzene, respectively toluene,
at 293 K to 333 K, as presented in Chapter 2. The influence of ammonium sulfate on the
system behaviour was not fitted, since there were not enough data points available. The five
NRTL parameters for all component pairs were determined via data regression using ASPEN
Plus 11.1. Therefore the quaternary systems water + caprolactam + MCH + heptanal,
respectively heptane + heptanol, were simplified to water + caprolactam + solvent, where the
solvent was defined as pseudo-component in ASPEN with a mass based average molecular
weight and a density, which was determined experimentally. The interactions for the resulting
ternary system were determined from the corresponding ternary phase equilibrium data. The
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values of the fitted NRTL parameters are listed in Table 6.1, where these parameters were
used for the description of both mixed solvents. Initialy the values for the CPL-Water
interaction were taken as described in Chapter 2, but eventually the interaction parameters
were fitted in order to obtain a good description. The different interaction parameters for
CPL-Water for this system compared to those for the system water + caprolactam + benzene
or toluene are the result of the possible influence of ternary interactions and of the fact that the
interactions of the quaternary systems used are simplified to those of ternary systems.

Table 6.1. Fitted NRTL interaction parameters for the description of liquid-liquid phase equilibria of the systems
water + caprolactam (CPL) + solvent at 293 K to 333 K, where the solvent is methylcyclohexane-heptanol (40
mass % initially) or heptane-heptanol (40 mass % initialy).

Binary parameter aij aj aji bii/K b;i/K
CPL+Water 0.300 273.8 -10.21 -6123 2282
CPL+Solvent 0.300 -5.056 109.5 1170 4400

Water+Solvent 0.200 -16.52 0.227 7444 338.9

Both solvents are well correlated by the NRTL model. The uncertainty in the fitted data was
described with the average absolute deviation (AAD) between the experimental and fitted
phase compositions at equal concentrations of caprolactam in the aqueous phase. For the
MCH-heptanol and heptane-heptanol systems the AAD for the mass fractions of caprolactam
in the organic phase was 8.7 x 10° and 1.6 x 107, for water in the organic phase it was 4.9 x
107 and 7.8 x 10°®, and for the solvent in the agueous phase it was 1.6 x 102 and 1.3 x 102,
Experimental and calculated phase compositions of the systems water + caprolactam +
solvent for MCH + heptanol and heptane + heptanol at 293 K are presented in Figure 6.6.

0.010

Figure 6.6. Equilibrium phase compositions (mass fractions) at 293 K for the ternary systems water (1) +
caprolactam (2) + solvent (3) for the solvents: ll, MCH-heptanol (40 mass % initially); O, heptane-heptanol (40
mass % initialy); —, NRTL fit solvent; --, benzene as reference.
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It can be concluded from this figure that the amount of water in the organic phase for both
solvents is dlightly higher than for benzene and that consequently the two-phase region for
both alternative solventsis dightly smaller than for benzene.

The influence of temperature on the experimental and calculated equilibrium data for
caprolactam for the MCH + heptanol system is shown in Figure 6.7, relative to benzene. It
can be concluded that the concentration of caprolactam in the organic phase is increased
considerably at elevated temperatures and that it is higher for the mixed solvent than for
benzene at low concentrations of caprolactam (WcpL o < 0.3) and comparable to benzene at
high concentrations of caprolactam (Wcpy aq > 0.3).

0.8 |- i

0.0 0.1 0.2 0.3 0.4 0.5 0.6
WCPL,aq

Figure 6.7. Kp cp. &s function of the mass fraction of caprolactam in the agueous phase for MCH-heptanol (40
mass % initially) for: @, 293 K; [, 313 K; A, 333 K; —, NRTL fit solvent; --, benzene as reference at 293 K
and 333 K.

The experimental equilibrium data of both alternative solvents are compared in Figure 6.8 at
293 K and 333 K. In this figure it is shown that the influence of the type of alkane on the
distribution ratio of caprolactam, by replacing MCH by heptane, is negligible. The influence
of ammonium sulfate on the experimental equilibrium data of caprolactam for the MCH +
heptanol system is presented in Figure 6.9. It can be concluded that addition of ammonium
sulfate to the system causes considerable salting out of caprolactam, resulting in significant
changes of the distribution ratio of caprolactam between the two liquid phases, which is
similar to the observation for the quaternary systems water + caprolactam + ammonium
sulfate + benzene, respectively toluene. The concentration of caprolactam in the organic phase
is, however, still higher for the mixed solvent than for benzene at equal conditions. For the 6
mass % ammonium sulfate system with the mixed solvent a three liquid phase equilibrium
region was observed at concentrations of caprolactam higher than the presented experimental
range in Table B1. This three-phase system was aso observed for a 15 mass % ammonium
sulfate system with benzene and a 5 mass % ammonium sulfate system with toluene.
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Figure 6.8. The mass fraction of caprolactam in the organic phase as function of that in the agueous phase for
MCH-heptanol (40 mass % initialy) for: @, 293 K; A, 333 K; and for heptane-heptanol (40 mass % initially) at:
0O, 293K; A\, 333K; —, NRTL fit solvent; --, benzene as reference at 293 K and 333 K.
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Figure 6.9. Kp cp as function of wep o for MCH-heptanol (40 mass % initially) at: @, 293 K; A, 333 K; and
MCH-heptanol (40 mass % initially) with 6 mass % ammonium sulfate (AS) at: O, 293 K; [], 313 K; A, 333 K;
and benzene and benzene with 5 mass % AS asreference at: —, 293 K;; --, 333 K.

6.4.2 Calculation of the number of theoretical stages

Using the presented results in Figure 6.7 and Figure 6.8, the solvent to feed ratio, SF, and the
number of theoretical stages, NTS, needed for the extraction of caprolactam with the
proposed mixture alkane + heptanol (40 mass %) according to the industrial DSM process
lay-out as reference was calculated and compared to benzene. Since the equilibrium
distribution of caprolactam for both mixed solvent systems is similar, the results apply to
either the MCH or heptane system. In the forward extraction of caprolactam a 70 mass %
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agueous caprolactam phase is extracted at 313 K with an organic solvent. The solvent to feed
ratio for both benzene and the mixed solvent was chosen at SF = 3.0, since the minimum
solvent to feed ratio for the mixed solvent and benzene was calculated as (SF)min = 2.0 and
1.9, respectively. The fraction of caprolactam remaining in the raffinate after extraction is
shown in Figure 6.10 (@) as function of the number of equilibrium stages. It was thereby
assumed that there was no mutual solubility of the solvents, that no ammonium sulfate was
present in the feed stream and the extraction of the aqueous ammonium sulfate layer, which is
present in the industrial process was not considered. In the back-extraction the caprolactam
rich organic phase from the forward extraction is re-extracted at 313 K with water as solvent.
Using the extract concentration from the forward extraction, WepL extract = 0.189, the minimum
solvent to feed ratio needed for the back-extraction process at 313 K was calculated for both
the mixed solvent and benzene at (SF)min = 0.45. Therefore, using again 1.5 times this
amount, S'/F = 0.67 was selected for both solvents. The fraction of caprolactam remaining in
the raffinate after extraction is shown in Figure 6.10 (b) as function of the amount of
equilibrium stages.
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Figure 6.10. Caprolactam raffinate fraction at 313 K as function of NTS used in the forward extraction (a) and
back-extraction with water (b) for: — —, both MCH-heptanol (40 mass %) and heptane-heptanol (40 mass %)

and --, benzene.

From Figure 6.10 (a) it was concluded that in the forward extraction the mixed solvent with
NTS = 5 needs only half of the NTS in order to reach the required raffinate concentration of
WepL raffine = 5 X 10™ relative to benzene under similar conditions. From Figure 6.10 (b) it
can, however, be concluded that this trend is reverse. This behaviour can be understood from
Figure 6.7. In this figure it can be seen that at high concentrations of caprolactam the
behaviour of both solvents is more or less similar, whereas at low concentrations the
distribution ratio of caprolactam is higher for the mixed solvent compared to benzene. This
results in the mixed solvent being favourable in the forward extraction at low concentrations
of caprolactam, but benzene being favourable in the back-extraction at low concentrations.
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6.4.3 Physical properties

Density. In Table B3 (see Appendix B) the results are given for the density data of the
systems MCH + heptanol (40 mass % initialy) + caprolactam and heptane + heptanol (40
mass % initially) + caprolactam at 293 K, 313 K and 333 K. The presented density data were
correlated using a linear effect of the solute mass fraction and the volumetric expansion
coefficient, as described in Chapter 2. The determined parameters are shown in Table 6.2.

Table 6.2. Fitted parameters for the description of densities, dynamic viscosities and interfacial tensions of the
systems alkane + heptanol + caprolactam (CPL) and water + alkane + heptanol + CPL, respectively, at 293 K,
313 K and 333 K, where the alkane is methylcyclohexane or heptane.

Parameters Methylcyclohexane system Heptane system
Density
po205/kg-m> 789.4 733.3
Acp /kg-m™ 0.269 0.337
bepL 1 1
alK? 1.07 x 10°® 1.16 x 10°°
Dynamic viscosity
nozslkgm*st 1.45x 107 0.92 x 10°
Bos=k1-(T-273)+k
CPL ky=-15.2 x 10" ki=-5.0 x 10"
ko=0.2660 k,=0.2968
Dps=my(T-273)+my, ; Fpy=2
CPL m=2.2 x 10 m;=-5.9 x 10"
m;=0.0614 m=0.0591
Bac/K 1659 1334
Interfacial tension
Asz/mol I 6.3x 10°
By 0.294

The average of the ratio of the measured and calculated density data and its standard deviation
is 1.000 + 8 x 10 and 1.000 + 7 x 10™ for the MCH and heptane systems, respectively.
Experimental and calculated density data for the ternary systems MCH (1) + heptanol (2) +
caprolactam (3) and heptane (1) + heptanol (2) + caprolactam (3) as function of the mass
fraction of caprolactam at 293 K and 333 K are presented in Figure 6.11 relative to the
calculated data for the binary system benzene + caprolactam. Comparison of the calculated
and experimental results shows that the experimental data are represented very well and that
for al solvents the density at different temperatures increases linearly with increasing solute
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mass fraction. It can furthermore be seen that an increase of the temperature resulted in a
decrease of density. It can be concluded that the benzene system has the highest density,
whereas the heptane-heptanol system has the lowest.
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Figure 6.11. Densities as a function of the concentration of caprolactam of the systems solvent + heptanol +
caprolactam, where the solvent is MCH or heptane for: ll, MCH at 293 K; [ ], MCH at 333 K; @, heptane at 293
K; O, heptane at 333 K; —, fitted densities of both systems and benzene as reference at 293 K and 333 K.

Dynamic viscosity. In Table B4 (see Appendix B) the results are shown for the kinematic
viscosity data of the systems MCH + heptanol (40 mass % initially) + caprolactam and
heptane + heptanol (40 mass % initially) + caprolactam at 293 K, 313 K and 333 K. The
presented viscosity data were correlated using the (extended) Dole-Jones equation and the
Guzman-Andrade equation as described in Chapter 2. The determined parameters are listed in
Table 6.2. The average of the ratio of the fitted and measured viscosity data and its standard
deviation for the Dole-Jones and Guzman-Andrade equation is 0.99 + 1 x 10% and 1.00 + 4 x
10 for the MCH and heptane systems, respectively. Experimental and fitted dynamic
viscosities for MCH (1) + heptanol (2) + caprolactam (3) and heptane (1) + heptanol (2) +
caprolactam (3) as function of the concentration of caprolactam at 293 K and 333 K are
presented in Figure 6.12 relative to the calculated data for the binary system benzene +
caprolactam. Comparison of the calculated and experimental results shows that the
experimental data are very well represented with the modified extended Dole-Jones and the
Andrade-Guzman equations. Figure 6.12 shows that for all solvents and al solutes the
viscosity increases with increasing solute concentration, but the increase is lower at elevated
temperatures. Obvioudly, it can be seen that an increase of temperature results in a decrease of
viscosity and that the benzene system has the lowest viscosity, followed by the heptane-
heptanol system.
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Figure 6.12. Dynamic viscosities as a function of the concentration of caprolactam of the systems solvent +
heptanol + caprolactam, where the solvent is MCH or heptane for: B, MCH at 293 K; [], MCH at 333 K; @,
heptane at 293 K; O, heptane at 333 K; —, fitted dynamic viscosities of both systems and benzene as reference
at 293 K and 333 K.

Interfacial tension. In Table B5 (see Appendix B) the results are shown for the interfacial
tension data of the systems water + caprolactam + MCH + heptanol (40 mass % initially) and
water + caprolactam + heptane + heptanol (40 mass % initially) at 293 K, 313 K and 333 K.
Previous to the experiment a pre-calculated amount of caprolactam was added to both phases
in order to obtain initially (nearly) equilibrated systems. The presented interfacial tension data
were correlated using the Szyzkowski isotherm, where the influence of the concentration of
caprolactam on the interfacial tension of the system was described via the concentration of
caprolactam in the organic phase (see Chapter 2). For all temperatures the determined
interfacial tension of both solvent systems without caprolactam varied between 11.3 and 12.4
mN-m™. This is probably due to a combined effect of the interfacial tension decrease with
increasing temperature for the binary systems water + MCH and water + heptane, the
parabolic dependence of the interfacial tension on temperature for the binary system water +
heptanol*® and finally the experimental accuracy. Therefore an average interfacial tension of
11.9 mN-m™ for both ternary solvent systems water + alkane + heptanol (40 mass % initially)
and all temperatures was used for the fitting and prediction of interfacial tension data. The
determined parameters are shown in Table 6.2. The average of the ratio of the fitted and
measured interfacial tension data and its standard deviation for the Szyzkowski equation is 1.0
+ 65 x 102 and 1.0 + 4.3 x 102 for the MCH and heptane systems, respectively.
Experimental and calculated interfacial tension data for the systems water (1) + caprolactam
(2) + MCH (3) + heptanol (4) and water (1) + caprolactam (2) + heptane (3) + heptanol (4) as
function of the concentration of caprolactam in the organic phase at 293 K are presented in
Figure 6.13 relative to the calculated interfacial tension data of the ternary system water (1) +
caprolactam (2) + toluene (3) at 293 K.
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Comparison of the calculated and experimental results shows that the experimental data are
very well represented with the Szyzkowski equation. Figure 6.13 shows that the interfacial
tension decreased with increasing concentration of caprolactam for the ternary and quaternary
systems. It can furthermore be seen that at high concentrations of caprolactam in the organic
phase the interfacial tension of al systems is comparable with a decreasing concentration the
interfacial tension of the toluene system increases exponentially, whereas it increases slightly
for the mixed solvent systems.

Toluene (293 K)
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Figure 6.13. Interfacial tension as a function of the concentration of caprolactam in the organic phase of the
systems alkane + heptanol + caprolactam, where the alkane is MCH or heptane at 293 K for: B, MCH; [,
heptane; —, fitted interfacial tensions of both systems and toluene as reference.

6.5 Conclusions

Possible alternative solvents for the replacement of benzene and toluene in the caprolactam
extraction process were screened using the Hansen solubility model and the Unifac Dortmund
model. Using the Hansen model an indication of possible aternative solvent groups was
obtained. The results of the Unifac Dortmund model were, however, not accurate enough for
in depth solvent selection. Therefore the solvent screening was performed experimentally
where it was found that the distribution ratio of caprolactam increased with increasing solvent
(mixture) polarity, characterized by a more polar active group (ether, ester, ketone and
alcohol), decreasing carbon chain length (C;» to Cg) or increasing fraction of polar solvent in
the mixture. Based on a high capacity and a low mutual solvent solubility the mixture
methylcyclohexane-heptanol (40 mass %) was selected as candidate replacement solvent. The
influence of alkane structure on phase compositions was observed to be negligible by
replacing methylcyclohexane with heptane, resulting in heptane-heptanol (40 mass %) being
selected as second candidate solvent.

Liquid-liquid equilibrium phase compositions were determined for both candidate solvents
covering the full concentration and temperature range of the industrial process. Data were
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determined for the two liquid phase systems, where three liquid phases were observed for the
both systems at 6 mass % of ammonium sulfate. Since the phase compositions of both
aternative solvent mixtures are similar they result in equal required SF and NTS values.
Phase equilibria were correlated with the classical NRTL model and a good representation
was obtained for both systems, where the mixed solvent was treated as one pseudo-
component. This approach resulted in a simple and directly applicable model in ASPEN Plus
11.1. Density data were correlated well using a linear relation for the influence of the
concentration of solute and the volumetric thermal expansion coefficient. Viscosity data were
correlated using the extended Dole-Jones equation and the Andrade-Guzman equation.
Interfacial tension data were fitted with the Szyzkowski equation via the concentration of
caprolactam in the organic phase, which resulted in good fits.

The interfacial tension of both systems is similar. The density of the heptane + heptanol
mixture is however lower than for the MCH + heptanol mixture and benzene, while the
viscosity is lower than for MCH + heptanol and comparable to benzene. Lower densities are
expected to result in alarger hydraulic capacity in extraction columns and the lower viscosity
in a lower drag coefficient when the solvent is the continuous phase. The final selection of
heptane + heptanol (40 mass %) as best replacement solvent is therefore based on its
beneficial physical properties since the phase compositions of both candidate solvent mixtures
are comparable.
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Chapter 7

Impurity distribution behaviour in caprolactam extraction with
environmentally benign mixed solvents

7.1 Introduction

Caprolactam is recovered from the neutralized Beckmann rearrangement mixture by phase
separation, where both streams contain various impurities, followed by solvent extraction of
the resulting crude caprolactam phase, the so-caled forward extraction, and the aqueous
ammonium sulfate layer, as described in Chapter 1. Currently, benzene, toluene and
chlorinated hydrocarbons are used as solvents in the caprolactam extraction process. Because
of the negative effects on health and environment of these solvents and the resulting strict
legislation, the need exists for an alternative solvent. In Chapter 6 a mixed solvent composed
of an akane, being heptane or methylcyclohexane, and an acohol, 40 mass % heptanol, was
selected from an experimental screening procedure. The solvent mixture heptane + heptanol
(40 mass %) was finaly selected as replacement solvent based on its beneficial physical
properties, since the phase compositions of both candidate solvent mixtures are similar and
satisfying relative to the conventiona solvents.

The impurities entering the forward extraction process reside from the feedstock (benzene,
toluene, phenol, cyclohexane, etc.), by-products formed in the reaction steps (oxidation,
hydrogenation, dehydrogenation, Beckmann rearrangement, etc.) and additional compounds
introduced in the different process steps (neutralization, extraction, etc.). They are of both
inorganic and organic nature,"*® of which mainly the latter are extracted along with
caprolactam in the forward extraction.*

The specifications for fibre-grade commercial caprolactam are severe, resulting in a required
high purity (> 99.9%). The impurities present in the crude caprolactam need therefore to be
reduced to a very low level.*®* After the first separation step, being extraction, a series of
purification steps, including chemical treatment and vacuum distillation, is applied to obtain
the required purity.! Changing the solvent in the extraction process might result in a different
impurity profile in the extract and therefore a different composition of the feed for the final
purification, which needs to be identified before the implementation of the alternative solvent.
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Therefore, in the present study the equilibrium distribution ratio of caprolactam and four
model impurities of organic nature was studied at 293 K, 313 K and 333 K for toluene as
reference solvent and both alternative mixed solvents, in order to determine the effect of
different solvent mixtures on the distribution ratio. The experimental conditions covered the
industrial operating range with respect to the concentrations of caprolactam and ammonium
sulfate. The phase equilibria results were interpreted using the equilibrium stages model for a
conceptual extraction column design.

In Chapter 8 the extraction performance of the best alternative solvent with respect to phase
compositions, physical properties and impurity distribution ratio is experimentally evaluated
and compared to that of toluene.

7.2 Experimental set-up and procedure

Model impurities. In the crude caprolactam phase a large amount of impurities can be
detected.® These are represented by four model impurities detected in crude caprolactam
covering (1) impurities with low boiling points compared to caprolactam, (I1) impurities with
amoderate boiling point, (111), derivatives of caprolactam, (1V) impurities with a boiling point
higher than caprolactam. The selected model impurities were cyclohexanone (1),%* aniline
(11),% n-methylcaprolactam (111)** and cyclohexane-carboxamide (1V),® which are structures
comparable to those used in other model studies.* The structural formulas of these model
impurities are shown in Figure 7.1
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Figure 7.1. Structural formulas of: 1, Caprolactam; |, Cyclohexanone; I1, Aniline; 111, N-methylcaprolactam; 1V,
Cyclohexane-carboxamide.

Equilibrium measurements. To obtain experimental phase equilibrium data the same
procedure as described in Chapter 2 was followed. The initial mass fraction of caprolactam in
the aqueous phase ranged from wepL o = 0.3 to 0.7 and the initial organic heptanol mass
fraction was Wheptanol,org = 0.4. T0 the agueous mixture 0.5 mass % of each impurity was added
and 1.5 mass % ammonium sulfate if required. The mixtures were stirred for at least 45 min
to be sure that equilibrium was reached and then allowed to settle for at least 1 h after which
the phases were completely separated. Then samples were taken from both phases with a
syringe. The samples were diluted and prepared for analysis. The determined equilibrium data
were interpreted using the distribution ratio, Kp j, as introduced in Chapter 6.

Chemicals. All chemicals were used as received. These are: e-caprolactam (purity 99%),
ammonium sulfate (purity > 99%), methylcyclohexane and n-methylcaprolactam (purity 99%)
by Sigma-Aldrich (USA), 1-heptanol (purity 98%) and cyclohexane-carboxamide (purity
97%) by Acros (Belgium), cyclohexanone (purity > 99%), aniline (purity > 99.5%) and n-
heptane (purity > 99%) by Merck (Germany). MiliQ water was used in all experiments.
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Chemical analysis. The mass fraction of caprolactam and the impurities in both the organic
and the agueous phase was determined by gas chromatography. The same analytical
procedure as described in Chapter 2 and Chapter 6 was applied for both phases and each
solvent. An agueous mixture containing 0.5 mass % of the four impurities was analyzed four
times with an uncertainty of 0.01 mass %. The mass fraction of ammonium sulfate in the
agueous phase was determined as described in Chapter 2 and the amount distributed to the
organic phase was assumed negligible.

7.3 Experimental results and discussion

7.3.1 Toluene

In Figure 7.2 the results are shown for the distribution ratio of all four model impurities and
caprolactam with toluene as benchmark solvent at 293 K and 333 K. The data measured are
compared with the equilibrium distribution ratio for toluene at similar conditions.
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Figure 7.2. Equilibrium distribution ratio as function of wcp( s With toluene as solvent at 293 K: @, caprolactam;
Hl, aniline; @, n-methylcaprolactam; A, cyclohexanone; ¥, cyclohexane-carboxamide; at 333 K: corresponding
open symbols; and: —, NRTL fit of the distribution ratio of caprolactam (Chapter 2); --, trend lines.

In Figure 7.2 it can be seen that all impurities at both temperatures showed a distribution ratio
higher than the distribution ratio of caprolactam. Furthermore, it follows that the model
impurities show different behaviour in the liquid-liquid system due to differences in the
chemical structure. N-methylcaprolactam, as derivative of caprolactam, and cyclohexane-
carboxamide, because of the strong amide-water interaction, showed a low distribution ratio
that was dlightly increasing with an increasign concentration of caprolactam in the aqueous
phase, which is comparable to the behaviour of caprolactam itself. The less polar aniline and
cyclohexanone showed high distribution ratios that were decreasing with the concentration of
caprolactam. The dependence of the distribution ratios on the amount of caprolactam present
in the system is explained by the fact that both phases become more alike at higher
concentrations of caprolactam. An increasing temperature resulted in a slight increase of the
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distribution ratio of n-methylcaprolactam and cyclohexane-carboxamide, which is comparable
for caprolactam, while the distribution ratio of aniline and cyclohexanone decreased. Thisfirst
observation is explained by the weakening of hydrogen bond formation in the agueous phase
with increasing temperature, whereas in this phase the repelling forces to non-polar organic
components decrease, explaining the latter observation.

In the crude lactam phase 1 to 1.5 mass % ammonium sulfate is present. It is known that its
presence increases the distribution ratio of caprolactam because of the salting-out effect. The
influence of this effect on the distribution ratio of the impurities was investigated at 293 K,
313 K and 333 K by addition of an initial amount of 1.5 mass % ammonium sulfate to the
above agueous mixture before extraction. This resulted in equilibrium concentrations of 1.5 to
2.0 mass %. The impurity distribution ratio at 313 K with and without ammonium sulfate is
shown in Figure 7.3, compared to caprolactam.
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Figure 7.3. Equilibrium distribution ratio as function of wep( s With toluene as solvent at 313 K: @, caprolactam;
l, aniline; @, n-methylcaprolactam; A, cyclohexanone; ¥, cyclohexane-carboxamide; and with 1.5 mass %
ammonium sulfate: corresponding open symboals; and: —, NRTL fit of the distribution ratio of caprolactam
(Chapter 2); --, trend lines.

From Figure 7.3 it can be concluded that with ammonium sulfate present the distribution ratio
of the impurities seems to be increased slightly. Similar to caprolactam the increase is caused
by salting-out. The effect shown in this figure is, however, not very large and will therefore
not be investigated further in this study, although it has to be taken into account for process
design. Furthermore it can be seen that al trends observed were similar to those already
shown in Figure 7.2, which was also the case for the determined temperature effect.

7.3.2 Mixed solvents

Whether and how the impurity distribution ratio changes when applying both selected mixed
solvents, being heptane + heptanol (40 mass %) and methylcyclohexane + heptanol (40 mass
%) isshownin Figure 7.4 at 293 K, 313 K and 333 K.
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Figure 7.4. Equilibrium distribution ratio as function of wep o With heptane + heptanol (40 mass %) as solvent
a 313 K: @, caprolactam; M, aniline; @, n-methylcaprolactam; A, cyclohexanone; V¥, cyclohexane-
carboxamide; and for methylcyclohexane + heptanol (40 mass %): corresponding open symbols; and: —, NRTL
fit of the distribution ratio of caprolactam (Chapter 6); — —, trend lines.

In Figure 7.4 it can be seen that, as for toluene, the impurity distribution ratio is comparable
or higher than the distribution ratio of caprolactam in both mixed solvents. Furthermore, it is
shown that the impurity distribution ratio was similar for both mixed solvents used. In
Chapter 6 the solvent mixture heptane + heptanol (40 mass %) was selected as candidate
solvent based on its beneficial physical properties, since the distribution ratio of caprolactam
and the mutual solvent solubility were similar for both solvents. As the impurity distribution
ratio is equal for both solvent mixtures as well, the previously selected solvent was
investigated further as best aternative solvent for the extraction of caprolactam.

The caprolactam and impurity distribution ratio for heptane + heptanol (40 mass %) at 313 K
are shown in Figure 7.5 (a) and (b), compared to those in toluene. In this figure it can be seen
that the distribution ratio for some impurities differed compared to the distribution in toluene.
The equilibrium data for aniline and n-methylcaprolactam were more or less comparable to
toluene showing a dlight decrease and increase, respectively, but the distribution ratio of
cyclohexanone decreased strongly, whereas the distribution ratio of cyclohexane-carboxamide
increased significantly. From the equilibrium distribution ratio of caprolactam it is known that
it is higher for the mixed solvents compared to toluene, because of the heptanol present,
which is capable of hydrogen bond formation. This influence seems the same now for n-
methylcaprolactam and especially for cyclohexane-carboxamide, while aniline and
particularly cyclohexanone are more repelled by the more polar organic phase.

In Figure 7.6 the influence of the temperature on the impurity distribution ratio is shown using
heptane + heptanol (40 mass %) as solvent relative to the fitted distribution ratio of
caprolactam. It can be concluded that the distribution ratio decreased with increasing
temperature for aniline and cyclohexanone, as aso found for toluene, and in addition also for
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cyclohexane-carboxamide, whereas it increased for n-methylcaprolactam, as was the case
with toluene. The presented influence can be explained by the lower hydrogen bonding
strength at elevated temperatures. Furthermore, the non-polar organic compounds are less
repelled by the aqueous phase. Finaly it can be seen that the distribution ratio of the
impuritiesis comparable or higher than that of caprolactam, as also found for toluene.
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Figure 7.5. Equilibrium distribution ratio as function of wep o With toluene as solvent at 313 K: @, caprolactam;
l, aniline (3); @, n-methylcaprolactam (a); A, cyclohexanone (b); ¥, cyclohexane-carboxamide (b); and for
heptane + heptanol (40 mass %): corresponding open symbols; and: —, NRTL fit of the distribution ratio of
caprolactam (Chapter 2 and Chapter 6); --, trend lines for toluene; — —, trend lines for mixed solvent.
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Figure 7.6. Equilibrium distribution ratio as function of wcp o With heptane + heptanol (40 mass %) as solvent
at 293 K: M, aniline; @, n-methylcaprolactam; A, cyclohexanone; ¥, cyclohexane-carboxamide; and at 333 K:
corresponding open symbols, — —, trend lines; and NRTL fit of the distribution ratio of caprolactam (Chapter
6): --, 293 K; —, 333K.
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7.4 Equilibrium calculations

Using equilibrium data and the solvent to feed ratio, SF, the number of theoretical stages,
NTS, needed for the extraction of caprolactam according to the industrial DSM process lay-
out® with toluene and the proposed best solvent mixture heptane + heptanol (40 mass %) was
calculated. Furthermore the fraction of impurities extracted was calculated. In the calculations
the influence of the extracted fraction of caprolactam on the mass flows was taken into
account, but the influence of the impurities was assumed negligible. Furthermore, it was
assumed that there was no mutual solubility of both phases, no ammonium sulfate was present
in the feed stream, whereas the extraction of the aqueous ammonium sulfate layer, which is
present in the reference process, was not taken into account.

In the forward extraction of caprolactam a 70 mass % aqueous caprolactam phase is extracted
at 313 K with an organic solvent. The solvent to feed ratio for toluene and the mixed solvent
was calculated at SF = 5.0 and 3.0, both equal to 1.5 times the minimum solvent to feed ratio.
In Figure 7.7 the fraction of impurities extracted along with caprolactam is shown as function
of the NTS for toluene (a) and the mixed solvent (b). It can be seen that for both solvents all
impurities (100%) are present in the extract after NTS = 5 and 4, respectively. In this figure
furthermore the caprolactam raffinate concentration is shown as function of the NTS. It was
calculated that the mixed solvent with NTS = 5 only needs one half of the NTS in order to
reach the required raffinate concentration of WepL saffinae < 5 X 107 relative to toluene under
equal conditions. Based on these calculated values of NTS it can therefore be concluded that
for both solvents in the forward extraction process the total fraction of impurities, 100%, is
present in the extract. This can be explained by the fact that all impurities possess a
distribution coefficient higher than caprolactam.
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Figure 7.7. Calculated concentration of caprolactam in the raffinate as function of the NTS with toluene (a) and
heptane + heptanol (40 mass %) (b) as solvent in the forward extraction: X, caprolactam; —, trend line; and the
extracted impurity ratio (a): M, aniline; @, n-methylcaprolactam; A, cyclohexanone; V¥, cyclohexane-
carboxamide; --, trend line; and (b): corresponding open symbols, — —, trend line.
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In the back-extraction the caprolactam-rich organic phase from the forward extraction is re-
extracted at 313 K with water as solvent. Using the extract concentration from the forward
extraction, Wepp extract = 0.123 and 0.189 for toluene and the mixed solvent, respectively, the
minimum solvent to feed ratio was caculated at (SF)min = 0.26 and 0.45, respectively,
resulting in §F = 0.39 and 0.67 for toluene and the mixed solvent. The calculated raffinate
fraction of caprolactam as function of the amount of equilibrium stagesis shown in Figure 7.8
(@ and (b) for toluene and the solvent mixture, respectively. Furthermore the extracted
impurity ratio is presented as function of the amount of equilibrium stages.
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Figure 7.8. Calculated concentration of caprolactam in the raffinate as function of the NTS with toluene (a) and
heptane + heptanol (40 mass %) (b) as feed phase in the back-extraction: x, caprolactam; —, trend line; and the
extracted impurity ratio (a): M, aniline; @, n-methylcaprolactam; A, cyclohexanone; V¥, cyclohexane-
carboxamide; --, trend line; and (b): corresponding open symbols; — —, trend line.

From Figure 7.8 it can be concluded that the trend shown for the required amount of
equilibrium stages for caprolactam extraction is reversed. This behaviour can be understood
from the equilibrium distribution ratio of caprolactam, which is higher for the mixed solvent
compared to toluene. This results furthermore in a reduced amount of mixed solvent required
in the forward extraction, while in the back-extraction the toluene process can operate with a
lower solvent to feed ratio. Since, however, the amount of toluene used in the forward
extraction is 1.7 times higher than the amount of mixed solvent and the solvent to feed ratio
for the toluene process in the back-extraction is 1.7 times lower, the absolute amount of water
required in the back-extraction is similar for both processes. In the back-extraction,
furthermore, the distribution coefficient towards the solvent is favourable for caprolactam and
since the distribution coefficients differ for the impurities and for each impurity in the
different solvents according to Figure 7.5, different profiles are calculated. The resulting
impurity amount in the extract of the back-extraction compared to the initial amount fed in the
forward extraction using toluene and heptane + heptanol (40 mass %) isshown in Table 7.1.
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Table 7.1. Calculated extracted impurity ratio for toluene and mixed solvent as feed in the back-extraction.

Cyclohexanone  Aniline N-methyl-  Cyclohexane- Total
caprolactam  carboxamide

Toluene 6.7% 12.9% 92.0% 91.0% 50.6%
Mixed solvent 22.2% 26.5% 85.9% 40.9% 43.9%

7.5 Conclusions

The equilibrium distribution ratio of caprolactam and four model impurities of organic nature
was studied at 293 K, 313 K and 333 K for toluene as reference solvent and two alternative
solvents, being heptane or methylcyclohexane + heptanol (40 mass %). The selected model
impurities were aniline, n-methylcaprolactam, cyclohexanone and cyclohexane-carboxamide.

For the model impurities at all conditions it was found that the distribution to the organic
phase was higher compared to caprolactam. Furthermore it can be concluded that changing
the alkane structure in the mixed solvent from heptane to methylcyclohexane did not
influence the impurity distribution ratio. The salting-out effect caused by the presence of an
initial 1.5 mass % ammonium sulfate was determined for the toluene system, but the effect on
the impurity distribution ratio was not large. The temperature influence was measured, but the
effect differed depending on the solvent system and chemical structure of the impurities.

The required solvent to feed ratio, S'F, and number of theoretical stages, NTS, for the forward
extraction of caprolactam followed by back-extraction using toluene and heptane + heptanol
(40 mass %) were calculated. For the forward extraction SF = 5.0 and 3.0 and NTS = 11 and
5, respectively, and for the back-extraction S'F = 0.39 and 0.67 and NTS = 4 and 10,
respectively. Based on the equilibrium calculations it was found that the impurities
representing group | and Il were present in a higher ratio using the mixed solvent. For group
[11 the fraction was comparable, while of group IV a significantly lower amount was present
compared to toluene. Overall it can be concluded that the fraction of impurities co-extracted
with toluene was higher than with the new environmentally benign mixed solvent.
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Chapter 8

Extraction of caprolactam with an alternative benign solvent in a
pulsed disc and doughnut column

8.1 Introduction

In Chapter 6 and Chapter 7 an aternative benign solvent for the extraction of caprolactam was
developed. The mixed solvent heptane-heptanol (40 mass %) was selected via an
experimental screening procedure based on arelatively high distribution ratio of caprolactam,
alow mutual solvent solubility, beneficial physical properties and a low distribution ratio of
impurities. From the phase compositions it was calculated that when using the mixed solvent
less theoretical stages are required in the forward extraction compared to benzene and toluene,
NTS = 5 relative to 9 and 11, respectively, whereas this trend was reverse in the back-
extraction, NTS = 10 compared to 5 and 4, respectively. The physical properties showed
dlightly higher viscosities, but lower densities and interfacial tensions for the mixed solvent.
The first two effects are expected to counteract each other with respect to their influence on
the hold-up and operational window of an extraction column. However, the lower interfacial
tension will result in smaller drops, which are expected to have a large influence on the
extractor performance. The overall effect on the operational characteristics, capacity and
separation efficiency of the caprolactam extraction process when applying the mixed solvent
instead of the currently used solvents needs, therefore, to be investigated experimentaly in a
pilot scale column.

The applicability of the developed alternative solvent for caprolactam extraction was therefore
experimentally validated in a pulsed disc and doughnut column (PDDC). First, pilot plant
experiments were performed in the PDDC to determine the hydraulic characteristics, being
Sauter drop diameter, hold-up, operating regimes and operational window, at equilibrium
conditions for the forward and back-extraction configuration. These characteristics were
determined as a function of the operating conditions and the experimental conditions covered
the industrially applied range. The results were compared with those obtained for toluene as
benchmark solvent (Chapter 4) and interpreted using a previously developed theoretical
model (Chapter 3), which was fitted to the obtained toluene data. Furthermore, the overall
separation performance in a PDDC was investigated for the forward and back-extraction of
caprolactam with and from the mixed solvent, respectively. The experimental conditions and
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operating parameters were similar to those in the hydraulic experiments. Additionally, from
the above the influence of mass transfer on the hydraulic characteristics could be determined
and compared with the results at equilibrium conditions. The determined separation efficiency
and mass transfer influence were compared with those obtained for toluene as benchmark
solvent (Chapter 5) and the concentration profiles were correlated with the backflow model.

8.2 Experimental set-up and procedure

Experimental set-up. The PDDC pilot set-up and its operation are shown and explained in
Chapter 4 concerning the hydraulic characteristics and Chapter 5 for the separation
performance. All hydraulic and mass transfer experiments were performed at steady state,
which was created by maintaining a constant interface level. The time needed to reach a
constant concentration profile is approximated by the time needed for three to four column
volume replacements, which was already confirmed for extraction with toluene. Drop sizes
were determined by comparing drops on digital photos of the column contents with the known
size of the column internals as reference and from the digital images simultaneously the
operating regimes were determined. Hold-ups were measured by sampling the column
contents via two ball valves (at SP2 and SP4). The obtained volumes were left to settle after
which the volume of both phases was measured. Along the column length no change in drop
size and hold-up was found for the hydraulic experiments at equilibrium, but for the mass
transfer experiments a profile was observed. Concentration profiles were determined from
chemical analysis of separate samples of both phases, which were obtained via 8 sample ports
placed along the column.

Chemicals. All chemicals were used as received. Heptane (purity 99 %) and heptanol (purity
99 %) were supplied by Fluka (USA) and e-caprolactam (CPL) (purity grade) by DSM (The
Netherlands). Demineralised water was used in al experiments.

Conditions. The experimental conditions for the determination of hydraulic characteristics
and separation performance were derived from the full industrial range with respect to the
concentration of caprolactam, flow ratio, temperature and phase continuity. In Table 8.1 (a)
the studied operational conditions for the hydraulic characteristics in both the forward and
back-extraction process are presented for each experiment (Exp.) and in Table 8.1 (b) the
corresponding physical properties are presented. The hydraulic experiments were performed
at equilibrium conditions to avoid the influence of mass transfer.

Table 8.1a. Experimenta conditions for the determination of the hydraulic characteristics in the forward and
back-extraction of caprolactam.

Pulsation intensity Phase flows
Exp. 10°S, f 10°£-S, Phase  Flux=Vg+V. R=VdV;
m st m-s* [c] m-ht

Forward extraction

1,2 8.8-15.8 1.80-2.49 15.8-39.4 org 5.3-60.5 0.20; 0.33
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Back-extraction

1,2 8.0-14.4 1.50-2.49 12.0-36.0 aq 5.3-25.0 1.0; 3.0

Table 8.1b. Physical properties for the determination of the hydraulic characteristics in the forward and back-
extraction of caprolactam.

Organic phase Aqueous phase
Exp. T WepL 10%00rg  10%%0rg WepL 10%p,q  10%7q  10°y
K (org) kgm®  kgmts'  (ag) kgm®  kgmts® Nm?
313 0.000 0.717 0.67 0.000 0.991 0.67 11.9
313 0.159 0.755 0.89 0.389 1.020 2.28 18

In Table 8.2 (a) and (b) the experimental conditions and corresponding physical properties are
presented as used in the mass transfer experiments for both the forward and back-extraction.
The conditions for both FE-1 and BE-1 are directly derived from toluene experiments. In the
forward extraction it was further investigated whether the column could be operated at a
lower energy input and higher flux, which was expected based on the determined phase
compositions and physical properties. In the back-extraction the effect of a temperature
decrease was determined, since this beneficially reduces the required number of theoretical
stages. In order to compare the conditions for the extraction processes, the extraction factor,
E, is presented for the feed location, where Kp' represents the equilibrium partition ratio
based on the solute mass fraction in the extract and Fy' and FxX' represent the solute-free
solvent and feed mass flow rates.

Table 8.2a. Experimental feed conditions during mass transfer experiments in the forward and back-extraction
process of caprolactam (varied parameters are shown as ‘bold’ characters).

Forward extraction (FE): agueous feed phase dispersed
Wepl  Was T 10°£S,  FUX=VieertVoivent R=Vy/Ve E=Kp -Fy/Fy

(@) (ag) K ms? mh*
FE-1 0.50 - 313 16.5 20.4 0.23 1.7
FE-2 0.50 - 313 12.7 20.6 0.23 17
FE-3 0.50 - 313 12.7 30.1 0.23 1.7
Back extraction (BE): organic feed phase dispersed
WepL T 1S,  Fux=VieHVeoner R=VeVe E=Kp'-Fy/Fy
(org) K m-s’ m-h*t
BE-1 0.15 313 16.0 20.8 2.1 1.7
BE-2 0.15 293 16.0 20.6 2.1 1.8
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Table 8.2b. Physical properties regarding the forward and back-extraction of caprolactam covering the maximum
concentration range.

Forward extraction (FE): agueous feed phase dispersed

WepLd Wasd WepLe 10°%pc  10%7.  10%pg  10%5g  10%y
(ag) (o) (org) kgm?® kgm's' kgm® kgm's' N-m?

0.50 - 0.14 0.751 0.87 1.029 281 119
0.00 - 0.00 0.717 0.67 0.991 0.67 2.3

FE-1; FE-2; FE-3

Back-extraction (BE): organic feed phase dispersed
WepLd Wase Weple 103%pc  10%5  10%py  10%5g 10y
(org) (aq) (aq) kgm® kgm*s' kgm?® kgmts' N.m?

BE.1 0.15 - 0.19 1.006 117 0.771 0.89 34
0.00 - 0.00 0.991 0.67 0.717 0.67 119
0.15 - 020 1.016 1.95 0.754 124 3.6
BE-2 0.00 - 0.00 0.998 1.02 0.733 0.92 119

In Table 8.1 (b) and Table 8.2 (b) the physical properties, being densities and viscosities of
both separate phases and the interfacial tension between the phases, are presented for the
concentrations and temperatures used. The physical properties of the quaternary systems
water + caprolactam (CPL) + mixed solvent were correlated by the equations as presented in
Chapter 2. These correlations cover the entire range of concentrations and temperatures
applied in this study, except for the interfacia tension. The latter is only valid for
concentrations of caprolactam in the organic phase from 0 up to 5 mass %. For experimental
conditions with higher concentrations the relation was therefore extrapolated to determine the
interfacial tension. The equilibrium distribution ratio, Kp’, was based on equilibrium data
(Chapter 6) and fitted as function of the feed-phase concentration by relevant first or second
order polynomials. The mass fraction of caprolactam in both the organic and the agueous
phase and of heptanol in the organic phase was determined by gas chromatography, where the
same analytical method was applied for both phases, as described in Chapter 2 and Chapter 6.

8.3 Hydraulic experiments: experimental results and data correlation

The column could be operated within a certain window covering a range of operational
parameters as described in Chapter 3 and as determined and correlated in Chapter 4. First the
characteristics within the operational window, being drop diameter, operationa regime and
hold-up, are described, after which the boundaries of the operational window, being flooding
(1) at low pulsation and flooding (2) or phase inversion at high pulsation, are correlated.

128



Chapter 8

8.3.1 Sauter drop diameter.

The experimentally determined Sauter drop diameter values, ds,, for the forward and back-
extraction of caprolactam with the mixed solvent are presented in Figure 8.1 (a) and (b),
respectively, and compared with data obtained for toluene (Chapter 4).

30 T T T T T T T T T T

25

20

15+

3
10 d32/m

10

05

OO L | L | L | L | L | L
5 10 15 20 25 30 35

30 T T T T T T T T T T

25 —

20| -

15

10|

3
10 d32/m

0.5

0.0 . 1 . 1 . 1 . 1 . 1 .
5 10 15 20 25 30 35

10° £ S,/ ms™
(b)
Figure 8.1. Experimental and fitted average drop sizes in the forward (a) and back-extraction (b) as function of
the pulsation intensity at 313 K at various caprolactam concentrations for toluene: B, Wep o = 0.000; @, Wep o

= 0086, A, WCPL,H] = 0192, v, WCPL,aq = 0461, 4, WCPL,aq = 0475, and for the mixed solvent: D, WCPL,aq =
0.000; <>, Wept oq = 0.389; and: —, fit toluene; -- fit mixed solvent.

In Figure 8.1 (a) and (b) it can be seen that the determined drop diameter data show
comparable trends to the drop diameter data for the toluene system (Chapter 4). An increase
in the pulsation intensity or concentration of caprolactam resulted in a decreasing drop
diameter, because of increased droplet break-up or a strong reduction of the interfacial tension
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with an increase in the concentration of caprolactam (in the organic phase), respectively. It
was furthermore found that a change in the flow ratio or total flux did not affect the Sauter
drop diameter and an individual influence of frequency and amplitude was not observed.
Finaly, it can be seen that at similar conditions the drop size for the mixed solvent system is
much smaller than for the toluene system, especially when the concentration of caprolactam is
low. Thisis caused by the lower interfacial tension of the mixed solvent system.

The drop diameter data determined for the mixed solvent was described according to the
developed model for a hydraulic system in a PDDC (Chapter 3), using parameter values fitted
on drop diameter data obtained for toluene as solvent. Application of the derived equation
resulted in an uncertainty of AARE = 12.1% for NDP = 14. The resulting drop diameter
profiles for both solvents in the forward and back-extraction are presented in Figure 8.1 (a)
and (b), together with the experimentally determined data. From the presented profiles it can
be concluded that the determined drop diameter data were correlated accurately.

8.3.2 Operating regimes

Simultaneous with the drop diameter measurements operating regimes were established from
visual observation. Mixer-settler and dispersion regimes were found for both the back-
extraction and the forward extraction process at certain pulsation intensities as presented in
Figure 8.2 (@) and (b), respectively. The points at which the column is operated, are presented
as the mixer-settler region (closed symbols) and the dispersion or emulsion region (open
symbols). It can be concluded that at constant pulsation intensity the operating regime
changes from mixer-settler to dispersion regime with an increasing concentration of
caprolactam. This is mainly caused by a decrease of the drop size. Since the latter decreases
as well with increased pulsation intensity at a constant concentration of caprolactam, the
operation changes from mixer-settler to dispersion regime with increasing pulsation intensity.
Since the drop size for the mixed solvent system is smaller compared to the toluene system,
the mixer-settler regime transists to the dispersion regime at lower pulsation intensities.
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Figure 8.2. Experimental and fitted operating regimes characterized by the pulsation intensity in the forward (a)
and back-extraction (b) as function of the aqueous caprolactam weight fraction, where the M S regime was found
for: l, toluene; @, mixed solvent; and D or E regime: [J, toluene; O, mixed solvent; and fit of MS to D
transition: —, toluene; --, mixed solvent; prediction of D to E transfer: — —, toluene; — - —, mixed solvent.

The transitions from the mixer-settler to the dispersion regime and from the dispersion to the
emulsion regime were correlated according to the developed model (Chapter 3). The latter is
based on a predictive equation, but the correlation of the first contains an empirical constant,
ka/m-kg®.s™? = 9.69-10°%, which was fitted on regime transition data in the PDDC with
toluene as solvent for the forward and back-extraction within a range of 1.43-102 < ks <
1.70-107 and 7.82-10° < ks < 8.97-10°, respectively (Chapter 4). Based on the regime
transition data for the mixed solvent system this range could be fitted for the forward and
back-extraction at 1.11:107 < ks < 1.65-102 and 1.01-10° < ks < 1.50-10°%, respectively. It can
be concluded that the determined values for both solvents correspond well. In the back-
extraction, however, only the upper boundary for the toluene and the lower boundary for the
mixed solvent system are comparable. Using an average value, being ki/mkg®.s”*? =
1.57-10° and 8.40-10° for toluene and ky/m-kg™®-.s”*? = 1.38:10% and 1.25-10°2 for the mixed
solvent in the forward and back-extraction, respectively, the calculated regime transitions are
presented in Figure 8.2 (a) and (b), together with the experimentally observed regimes. It can
be concluded from these figures that the observed mixer-settler to dispersion regime transition
IS described accurately.

8.3.3 Dispersed phase hold-up

The experimentally determined hold-up data for the mixed solvent in comparison to toluene
(Chapter 4) are shown for the forward and back-extraction in Figure 8.3 (&) and (b),
respectively.
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Figure 8.3 Experimentally determined and fitted hold-up data in the forward (FE) (@) and back-extraction (BE)
(b) as function of the flux, where in FE for toluene: R = 0.20, Wep o = 0.43 and f-S, = 0.016 (£2), unless stated
otherwise; <, f-S,=0.016; V, R= 3.0, [, WcpL oq = 0.47; for the mixed solvent: R = 0.20, WcpL oq = 0.39 and f-S,
= 0.016 (A), unless stated otherwise; ¥, R = 0.33; in BE for toluene: R = 1.0, Wep o = 0.09 and f-S, = 0.015
(A), unless stated otherwise; V, R = 3.0, [, Wep oq = 0.19; for the mixed solvent: R = 3.0, Wep o = 0.0 and f-S,
=0.022 (A), unless stated otherwise, ¥, R= 1.0, ®, f-, = 0.027; B, wcp o = 0.39; and: --, fit toluene; —, fit
mixed solvent (where f-S/m-s™).

In Figure 8.3 (a) and (b) several trends can be observed in the determined hold-up, X, profiles.
An increase of the flux, flow ratio, R, or the pulsation intensity, f-S,, resulted in an increasing
hold-up. This can be explained by a (relative) increase of the flow rate of dispersed phase
compared to continuous phase and a decreasing drop size, resulting in the drops being slowed
down. The influence of the physical properties is accounted for by the increase of the hold-up
with an increasing concentration of caprolactam, which results in increased viscosities and a
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reduction in interfacial tension. This leads to smaller drop velocities. Furthermore, it can be
seen that at similar conditions, the hold-up for the mixed solvent is comparable in the forward
extraction and smaller in the back-extraction than for the toluene system, which is caused by
the counter-acting effects of a smaller interfacial tension, larger viscosity and lower density
for the mixed solvent.

The hold-up profiles determined for the mixed solvent were correlated according to the
developed model for a hydraulic system in a PDDC (Chapter 3), using parameter values fitted
on hold-up data obtained for toluene as solvent (Chapter 4). Application of this correlation
resulted in an uncertainty of AARE = 21.6%, where NDP = 81. The main contribution to the
AARE resulted from the hold-up data in the forward extraction at Wcp o = 0.000, where the
hold-up data were very low and the relative error therefore large. The calculated hold-up
profiles for the toluene and mixed solvent system are presented in Figure 8.3 (a) and (b)
together with the experimentally determined data. From this figure it can be concluded that
the description of the datais accurate.

834 Operational range

In the model development (Chapter 3) it was concluded that several regimes could be limiting
for operation of the extraction column, being flooding (1) due to atoo low pulsation intensity,
flooding (2) due to a too low relative velocity between the phases or phase inversion.
Flooding at low pulsation is described by the pulsed volume and was in our experiments
gualitatively observed, but not quantitatively determined. For the forward and back-extraction
flooding (2) was observed as the limiting process. The determined fluxes at flooding (2)
conditions are presented in Figure 8.4 () and (b) for the forward and back-extraction process,
respectively.
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Figure 8.4 Experimentally determined and predicted flooding (2) data in the forward extraction (a) for toluene at
WepL o = 0.086: M, R=0.20; ¢, R=0.33; and for the mixed solvent at Wcp o = 0.000: [, R=0.20; ¢, R=0.33;
and at Wep oq = 0.389: A, R=0.20; V, R=0.33; and in the back-extraction phase inversion data for toluene: 'V,
WepL o = 0.39 with R = 3.0; and flooding (2) data for the mixed solvent: at Wcp o = 0.000: [], R = 0.20; O, R=
0.33; and at Wep o = 0.389: /A, R=0.20; V, R=0.33; —, flooding (2) prediction; --, phase inversion fit; — —,
flooding (1) prediction.

In Figure 8.4 (a) and (b) it can be seen that at increasing pulsation intensities, the total flux at
flooding and phase inversion (for toluene in the back-extraction) decreases. This is due to a
decrease of the drop size with increasing pulsation intensity, which results in an increase of
the hold-up, such that the critical hold-up is reached at a lower total flux. The hold-up also
increases with an increasing flow ratio and an increasing concentration of caprolactam in the
organic phase, which resultsin alower total flux that can be applied as well.

At flooding the maximum value for the hold-up, X, is reached, which was calculated at x; =
0.10 to 0.25 for the complete range of experimental conditions investigated. These are
acceptable maximum hold-up values compared to the experimentally determined hold-up data
at steady state operation. A high mass fraction of caprolactam in the agueous phase, WepL aq =
0.389, in the back-extraction, however, results in a high drag coefficient in the applied theory,
corresponding to an unrealistic prediction of the flux at flooding, as presented in Figure 8.4
(b) and as concluded previously for the toluene system (Chapter 3 and Chapter 4). Removing
these unreliable data the uncertainty was AARE = 30.7% at NDP = 28.

In back-extraction flooding (2) was found as limiting process for the mixed solvent, while
phase inversion was found for toluene. In the comparison of the conditions at which the
respective limiting processes occurred, the critical hold-up at flooding (2) and phase inversion
and the resulting fluxes were considered (Chapter 3 and Chapter 4). The critical hold-up at
phase inversion for the mixed solvent was calculated at xp = 0.49 to 0.52, compared to x; =
0.10 to 0.25 for the experimental conditions investigated. The corresponding fluxes are 1.2 to
3.2 times larger for phase inversion compared to flooding (2), which results in the conclusion
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that flooding (2) could be expected as limiting process for the mixed solvent in the back-
extraction.

Comparing the operational windows limited by flooding (2) for toluene and the mixed
solvent, several parameters have an effect on the flux that can be reached, which are ds,, Ap,
X, e and pc, and of these ds; and Ap change the most for the different solvents. The smaller
drop diameter for the mixed solvent would result in a smaller operational window, but the
larger density difference compensates for this effect. Therefore there is not a large difference
in the size of the operational window for both solvents. The comparison of the effects of
different parameters on phase inversion for toluene and flooding (2) for the mixed solvent in
the back-extraction is more complicated. For toluene it was, however, calculated according to
the respective theories that the flux at phase inversion and flooding (2) are aimost equal
(Chapter 4). In accordance with the discussion for the forward extraction a comparable
operational window can be expected for both solvents in the back-extraction as well.
However, flooding (2) can not be predicted accurately for wep 4 > 0.2 in the back-extraction,
since the drag coefficient used in the applied theories increases exponentially for higher
concentrations.

8.3.5 Operational window

Experimental data and the derived equations for the description of the operational window,
including flooding (1), the different operating regimes and the limiting process were applied
to construct an operational diagram. For Wep aq = 0.389 at R = 0.20 and 0.33 in the forward
and Wep aq = 0.000 at R = 1.0 and 3.0 in the back-extraction such a diagram is presented in
Figure 8.5 (@) and (b). In this diagram the conditions at steady state operation, experimentally
determined and fitted limiting process conditions, being flooding (1) and flooding (2), and the
critical pulsation intensity required for the transition between the operating regimes, being
mixer-settler, dispersion and emulsion, are presented.
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Figure 8.5. Operational diagram for wep o = 0.389 in the forward (&) and wep, o = 0.000 in the back-extraction
(b), where for R=0.20 (FE) and 1.0 (BE): M, steady state operation; /\, flooding (2) and for R = 0.33 (FE) and
3.0 (BE): L, steady state operation; V, flooding (2); and : —, prediction flooding (2), — —, fit MSto D
transition; --, prediction D to E transition; — - —, prediction flooding (1)

It can be seen that at a constant flux and increasing pulsation intensity first the flooding (1)
line is crossed after which the operational regime transists from mixer-settler to dispersion
and emulsion. Increasing the pulsation intensity even more or increasing the flux at a constant
pulsation intensity results in reaching the boundary of the operational window. At each
operating point Sauter drop diameter and hold-up values can be calculated. Diagrams as
presented in Figure 8.5 (a) and (b) can be constructed for each system in the back- and
forward extraction, but are specific with respect to concentrations, temperature and flow ratio.

Comparing the operational window and especially the operational range, it can be concluded
that using toluene as solvent results in a dightly larger operational window compared to the
mixed solvent. The extraction process with toluene can therefore be operated at higher fluxes
and pulsation intensities, which is beneficial for the column capacity and the interfacial area,
respectively. However, for the treatment of a set feed stream in the forward extraction alower
amount of mixed solvent is required relative to toluene, resulting in a lower flux. For the
back-extraction the mixed solvent system operates with a larger solvent to feed ratio than
toluene. However, since the feed, being the extract stream from the forward extraction, is
lower for the mixed solvent system, the absolute amount of solvent required in the back-
extraction is comparable for both solvent systems and the resulting flux for the toluene system
is even higher. Finally, the lower interfacial tension of the mixed solvent system results in
smaller drops compared to toluene, which result in a relatively high interfacial area even at
lower pulsation intensities. Despite the slightly smaller operational window, it can therefore
be concluded that the experimentally determined hydraulic characteristics at equilibrium are
beneficial for the mixed solvent relative to toluene.
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8.4 Mass transfer experiments

84.1 Experimental results

The influence of the operational conditions as presented in Table 8.2 (a) on the concentration
profiles of both processes using the mixed solvent was investigated and compared to results
obtained with toluene (Chapter 5). The resulting experimentally determined concentration
profiles for the forward and back-extraction are shown in Figure 8.6 (a) and (b), respectively.
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Figure 8.6. Experimental concentration profilesin the forward extraction (&) as function of the position along the
column at Flux = 20, f-§, = 0.016 and T = 313, unless stated otherwise: for toluene (H): @, Flux = 26; A, f-§ =
0.022; and for the mixed solvent (L)): A, f-S, = 0.013; <, f-S, = 0.013 and Flux = 30; and in the back-extraction
(b) at Flux = 20, f-S, = 0.016 and T = 293, unless stated otherwise: for toluene (M): ¥, T = 313; and for the
mixed solvent (V): [, T = 313 (presented lines are trend lines; where Flux/m-n™; f-S/m-s* and T/K).
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In Figure 8.6 (a) and (b) the determined concentration profiles for the forward and back-
extraction of caprolactam with toluene and the mixed solvent are presented. It is obvious that
the mixed solvent is superior in the forward extraction, while toluene is favourable in the
back-extraction. This is the result of the phase equilibria of both systems, which result in a
higher equilibrium distribution coefficient, Kp’, for the mixed solvent. In the forward
extraction the driving force for mass transfer is therefore higher for the mixed solvent, while it
is lower in the back-extraction. In both processes the influence of operational parameters can
be distinguished clearly. An increasing flux resulted in a relatively poor separation
performance. This can be attributed to a reduction in residence time relative to mass transfer
time, although the mass transfer rate increased slightly because of an increase in the hold-up,
as expected from the hydraulic tests. The influence of pulsation intensity is directly related to
a changing drop size and hold-up and therefore interfacial area, resulting in an influence on
the mass transfer rate. The influence of temperature in the back-extraction resulted in a
change of system properties. This affected the hold-up, drop size, and the distribution ratio,
resulting in a change of the driving force for mass transfer. For the mixed solvent a
temperature increase resulted in an unfavourable process, but for toluene the concentration
profiles for all operational conditions were comparable. This is probably the result of the
highly favourable distribution ratio under al conditions, resulting in a large driving force for
mass transfer.

842 Backflow model

Mass transfer profiles for caprolactam extraction with toluene in a PDDC were correlated via
the backflow model (Chapter 5). The basis of the backflow model consists of a series of well-
mixed stages, between which backmixing occurs. The parameters required to describe the
concentration profile in both phases are: phase flow rates, Fx and Fy, the volume of a
characteristic column segment, (s-he), the specific interfacial area, a, the backflow parameters,
ax and ay, and the overall mass transfer coefficient based on feed phase (x), Kox.

According to the developed model, the phase flow rates Fxn and Fy, are introduced in the
iterative procedure, since the flow rates change along the column due to the change in the
concentrations. These concentrations are expressed based on the solute-containing volume
streams for which it was assumed that both phases are immiscible. The cross-sectional
column area, s, was determined from the column dimensions. The characteristic height was
chosen at hy/m = 0.02, which corresponds to the disc to disc distance of the internals. It is also
the step size used in the iterative procedure. The interfacial area was calculated via the hold-
up, X, and Sauter drop diameter, ds,. The hold-up and drop diameter are influenced by mass
transfer, resulting in an increasing drop size and a decreasing hold-up compared to the
hydraulic characteristics at equilibrium conditions. The effect of mass transfer on the
interfacial area and operating regimes for caprolactam extraction in a PDDC was therefore
determined experimentally. The backflow parameters for phase x and y, ax and ay,
respectively, and the overall mass transfer coefficient, ko, Were assumed constant over the
length of the column, where ax = 0, since in genera the effect of axia dispersion in the
dispersed phaseis small.
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The unknown values of Ko and ay were determined by fitting a value for ko a a given value
for ay, assuming ax = 0, in order to comply with the determined concentration profile and
raffinate concentration. Performing this procedure for a series of ay values resulted in a
minimized Absolute Average Error (AAE) in the experimentally determined and calculated
normalized weight fractions and therefore in optimal values of ko and ay. The separation
performance of the PDDC for the forward and back-extraction was furthermore interpreted
using the Height Equivalent of a Theoretical Stage (HETS), which is calculated based on the
determined concentration profiles and the equilibrium data.

8.4.3 Determination of masstransfer influence on the hydraulic parameters

The hold-up and Sauter drop diameter in the caprolactam forward and back-extraction process
can be described for the hydraulic situation. The experimentally determined increase of the
drop size under mass transfer conditions was 1.3 + 0.1 and 1.8 + 0.1 (accuracy determined as
standard deviation) for the forward and back-extraction, respectively, compared to 1.4 + 0.1
and 1.9 + 0.1 for the toluene system. It was furthermore observed that when mass transfer was
negligible, the factor describing the relative increase of the drop size approached 1.0. The
drop size was thus described using the relation derived for the hydraulic situation including
the determined factors to account for the relative drop size increase due to mass transfer.

Since the drop size changes under mass transfer conditions, the transition between the
operating regions changes as well compared to the hydraulic conditions. The experimentally
determined increase in the required pulsation intensity for the transition from the mixer-settler
to the dispersion regime was 0.94 to 1.15 for the forward extraction and 1.3 to 1.4 for the
back-extraction. From experimental observation and the derived increase in the pulsation
intensity required for regime transition, it was found for al experimental conditions that at the
feed side of the column the operation started in the emulsion or dispersion region. Moving
along the column, however, the operating regime changed from dispersion to mixer-settler.

The hold-up decreases as a result of a drop diameter increase under mass transfer conditions,
but operation in the mixer-settler regime results in an increase of the hold-up compared to
operation in the dispersion regime. Mixer-settler operation and mass transfer therefore
counter-act each other with respect to the hold-up profile and since insufficient data was
available to describe both effects, it was chosen to describe the hold-up profile over the
column with the equation derived for the equilibrium situation.

The increase of the drop size under mass transfer conditions resulted in an increase of the
pulsation intensity required for regime transition and a decrease of the hold-up compared to
the equilibrium system. As for the toluene system, the increase of the drop size was assumed
to result from an average interfacial tension increase. Using this approach the effect of mass
transfer on the regime transition and hold-up could be predicted from the determined drop
diameter increase. The increase in the pulsation intensity required for regime transition was
predicted at 1.17 and 1.4 and the decrease in hold-up at 0.90 and 0.83 for the forward and
back-extraction, respectively. Comparing the determined and predicted effects based on the
drop sizeincrease, it can be seen that the approach used resulted in an accurate interpretation.
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844 Modd results: forward extraction

In the forward extraction using the mixed solvent all caprolactam is extracted and the values
for the axial dispersion coefficient in the continuous phase, ay, and the overall mass transfer
coefficient, kox, were fitted by minimizing the value of the absolute average error (AAE) in
the experimentally determined and calculated normalized weight fractions, see Table 8.3 for
the results. Furthermore, the predicted values of k. are shown for the experimentally
determined range of caprolactam concentrations, together with the determined values of the
Height Equivalent of a Theoretical Stage (HETS). The experimental conditions (Exp.) were
T/K = 313, f-S/m-s* = 0.016, Flux/m:h* = 20 (FE-1), unless stated otherwise, and the flow
ratio was always R = 0.23.

Table 8.3. Determined ko, and a, values at the fitted minimum AAE value in the forward extraction together with
the predicted ko, values.

Exp. ay 10°Kox HETS
Flux S T fit fit predicted
mh* mst K ms’ ms’ m
FE-1 20 0016 313 2.0 3.3 1.7-38 0.26
FE-2 21 0013 313 2.4 31 15-35 0.32
FE-3 30 0013 313 1.0 2.5 16-37 0.37

The results obtained as presented in Table 8.3, show partly similar trends to those obtained for
the back-extraction process with toluene as solvent (Chapter 5). The introduction of a
backflow parameter for the continuous phase, ay, resulted as well in a significant decrease in
the AAE value compared to the case where ay = 0 and for all experiments a range existed for
ay = 1.2 where AAE was within 10% of the minimum AAE value. Finaly, it can be seen that
the fitted kox values are within the predicted range for all experiments. Since all fitted values
are more or less comparable and since a large range of possible ay, values exists, no
conclusions can be drawn about the influence of the operational parameters on the fitted
values. It is therefore desirable to determine the values of the backflow parameters, ay and ay,
from separate experiments.

Comparing the fitted values to those obtained for toluene it has to be noted that for toluene no
minimum AAE value was obtained for 0 < ay < 6. Fitted values for a, can therefore not be
obtained. The fitted and predicted values of ko are higher for the mixed solvent, which might
be a part of the explanation of the faster extraction using this solvent compared to toluene.

In the table HETS values are presented as well, which are calculated based on the determined
concentration profiles and equilibrium data. The influence of operational conditions can be
seen clearly on the determined values as for toluene, where the decrease in pulsation intensity
and the increase in flux resulted in an increase of HETS. This was mainly caused by less
interfacial area and an increased ratio of flow rates to mass transfer rate, respectively. For
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toluene at Flux/m-h* = 20 and f-S/m-s* = 0.016 it was calculated that HETS/m = 0.55
compared to 0.26 for the mixed solvent. Changing the conditions for toluene to Flux/m-h™* =
26 or f-&;/m-s‘1 = 0.022 resulted in HETS/m = 0.67 and 0.42, respectively. It can therefore be
concluded that in the forward extraction the mixed solvent not only needs less theoretical
stages relative to toluene, but that these are obtained over a smaller column height as well.

From the fitting procedure caprolactam concentration, Sauter drop diameter and hold-up
profiles were obtained for the different operational conditions and the resulting profiles for
FE-1 are presented in Figure 8.7 as function of the normalized column length, L/L..
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Figure 8.7. Normalized concentration profiles along the normalized column position (a), where T/K = 313,
f-.§/m-s* = 0.016, Flux/m:h™* = 20 and R = 0.23 (FE-1): W, raffinate phase; [], extract phase; —, model fit; and
the drop diameter (ds,/m) and hold-up (x) profiles along the normalized column position (b) for: B, ds,/m; [, X;
and model fitsfor: —, X; --, day/m.
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From Figure 8.7 it can be concluded that the description of the concentration profiles in the
forward extraction with the mixed solvent is accurate. As expected, the calculated drop
diameter and hold-up profiles change significantly over the column length, which is directly
related to the influence of the concentration of caprolactam on the physical properties and
phase flow rates at each stage in the column. The calculated drop diameter and hold-up
profiles present values in line with the experimental data. The hold-up profile is comparable
to the one calculated for toluene, but the drop diameter profile shows for toluene values that
are more than two times higher relative to the mixed solvent, which overall resultsin a higher
interfacial area.

From Figure 8.6 (@) it was already concluded that the forward extraction proceeds much faster
for the mixed solvent than for toluene. Thisis expressed by the lower HETS values, while the
mixed solvent requires less theoretical stages as well. The reduced HETS values for the
solvent mixture can be explained by the higher ko values and the larger interfacial area,
athough the ay, values could not be compared.

845 Modd results: back-extraction

In the forward extraction using the mixed solvent practically all caprolactam is extracted,
WepL org < 0.003, and the values for the axial dispersion coefficient in the continuous phase, ay,
and the overal mass transfer coefficient, ko, were fitted by minimizing the value of the
absolute average error (AAE), see Table 8.4 for the results. Furthermore, the predicted values
of kox are shown for the experimentally determined range of caprolactam concentrations,
together with the determined HETS values. The experimental conditions (Exp.) were T/K =
313, f-Sy/m=st = 0.016, Flux/m-h™ = 21 (BE-1), unless stated otherwise, and the flow ratio
wasawaysR=2.1.

Table 8.4. Determined k.,/m-s* and ay values at the fitted minimum AAE value in the back-extraction together
with the predicted k,,/m-s* values.

Exp. ay 10°Kox HETS
Flux S T fit fit predicted
mh* mst K ms’ ms* m
BE-1 21 0016 313 4.1 8.6 52-6.2 0.33
BE-2 21 0016 293 4.0 4.5 41-53 0.40

From the results presented in Table 8.4 similar trends can be observed as for the forward
extraction. It can be concluded that the fitted kox values are comparable to the predicted range,
although the fitted temperature influence is stronger than predicted. The introduction of a
backflow parameter for the continuous phase, ay, resulted in a significant decrease of AARE
and no influence of temperature on ay was found. Comparing the fitted values to those
obtained for toluene it was found that both the fitted oy, and kox values are comparable.
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The influence of a temperature decrease on the separation performance resulted in an
increasing HETS value, because of changing system properties. For toluene a Flux/m-h™* =
20, f-S/m-s' = 0.016 and T/K = 313 it was calculated that HETS/m = 0.30 compared to 0.33
for the mixed solvent. Changing the conditions for toluene to T/K = 293 resulted in HETS/m
= 0.37. It can therefore be concluded that in the back-extraction the mixed solvent needs more
theoretical stages relative to toluene, but that each stage requires a similar column height.

From the fitting procedure concentration, drop diameter and hold-up profiles were obtained

for the different operational conditions and the resulting profiles for BE-2 are presented in
Figure 8.8 as function of the normalized column length, L/L..
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Figure 8.8. Normalized concentration profiles along the normalized column position (a), where T/K = 293,
f-.§/m-s! = 0.016, Flux/m-h™ = 21 and R = 2.1 (BE-2): M, raffinate phase; [, extract phase; —, model fit; and
the drop diameter (ds/m) and hold-up (x) profiles along the normalized column position (b) for: M, ds/m; [, X;
and model fitsfor: —, X; --, day/m.
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In Figure 8.8 it can be seen that both concentration profiles are described accurately. It can
furthermore be seen that the calculated drop diameter and hold-up profiles change
significantly over the column length, as observed for the forward extraction, and the model
results present profiles in line with the experimental data. Compared to toluene the drop
diameter and hold-up profiles show lower values, therefore, counter acting each other with
respect to their influence on the interfacial area.

According to the model description, however, al caprolactam is extracted and the
concentration gradient is amost zero for L/L. > 0.7. The caprolactam concentrations as
calculated from the model are lower than experimentally determined, which is caused by the
fitting procedure since the kox value is fitted in order to minimize the AAE. Fitting the kox
value in order to comply with the raffinate concentration would result in an exact description
of the raffinate side of the column, as performed for the forward extraction with toluene, but
also results in an under-prediction of the concentration gradient at the feed-side of the
column. This observation might be explained partly from the model assumptions, but might
also be influenced by the fact that the column at the raffinate side was operated in the mixer-
settler regime, resulting in a decreasing column efficiency, which was not taken into account.

From Figure 8.6 (b) it was aready concluded that the back-extraction proceeds faster for
toluene than for the mixed solvent. This is caused by the increased amount of theoretical
stages the mixed solvent requires relative to toluene, whereas the HETS values are
comparable.

8.5 Conclusions

The performance of a PDDC was evaluated for the forward and back-extraction of
caprolactam in a pilot set-up with an alternative mixed solvent compared to toluene. The
PDDC showed qualitatively comparable operational characteristics for both solvents.

In the hydraulic experiments the mixed solvent showed smaller drop diameters, mainly
because of a lower interfacial tension of this system, and slightly smaller hold-ups, which is
the result of a combined effect of the interfacial tension, phase viscosities and densities. The
pulsation intensities required for the transition from the mixer-settler to the dispersion regime
are lower for the mixed solvent system, while the pulsation intensities for the dispersion to
emulsion transition are more or less comparable for both solvent systems. The operational
windows are slightly smaller for the mixed solvent where flooding was observed as limiting
process for both the forward and back-extraction, while phase inversion was observed for
toluene in the back-extraction. However, based on the treatment of a set feed stream the
experimentally determined hydraulic characteristics at equilibrium conditions are beneficial
for the mixed solvent, despite the slightly smaller operational window.

For both solvents mass transfer resulted in an increasing drop diameter and pulsation intensity
required for regime transition. In the forward extraction the mixed solvent was superior,
which is expressed by the lower HETS/m values, being 0.26 to 0.37 for the mixed solvent and
0.42 to 0.67 for toluene, while the mixed solvent requires less theoretical stages as well. For
the back-extraction the determined HETS/m values are comparable, being 0.33 to 0.40 for the
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mixed solvent and 0.30 to 0.37 for toluene, but toluene is favourable with respect to the
required column length, because of the lower amount of theoretical stages required.

The hydraulic characteristics at equilibrium and concentration profilesin both the forward and
back-extraction were described accurately using the developed models.

Nomenclature

a
AARE
AAE
D, E,MS
ds2

E

F

f

Fo Ry
S
Flux
he
HETS

Greek letters

a

7
h

Specific interfacial area, m*m>

Average absolute value of the relative error

Average absolute error

Dispersion, Emulsion and Mixer-settler operating regime, respectively
Sauter drop diameter, m

Extraction factor, E = Kp’-F' /Fy

Phase flow rate, m*.s*

Frequency, s*

Feed and solvent phase mass flow rates on solute free basis, kg-s™
Pulsation intensity, where f/s denotes frequency and S/m stroke, m-s*
Total throughput, Flux = Ve+Vg, m-ht

Characteristic column height, m

Height Equivalent of a Theoretical Stage, m

Mass transfer coefficient, m-s*

Equilibrium distribution coefficient, Kp’ = wy' /wy’

Length, m

Total column length, m

Number of data points

Flow ratio, R = V4/V;

Column cross-sectional area, m?

Stroke of pulsation (twice the pulsation amplitude), m

Temperature, K

Velocity of phase or component i, m-s*

Weight fraction

Dispersed phase hold-up defined as volume fraction of the dispersed phase

Backflow ratio
Interfacial tension, N-m’*
Dynamic viscosity, kg-m™-s*
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p Density, kg-m™

Ap Density difference, kg-m™
Subscript

aq Denoting agueous phase

c Denoting continuous phase
d Denoting dispersed phase

f Denoting flooding

feed Feed phase

o] Overdl

org Denoting organic phase

Pl Denoting phase inversion
raffinate Raffinate phase

X, Y Raffinate and extract phase, respectively
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Conclusions, outlook and recommendations

9.1 Conclusions

From the current market situation it follows that in the near future existing technology will
remain the dominating production route for caprolactam. The current recovery route uses
solvent extraction as initial step, but in this extraction process toxic and carcinogenic solvents
are used.

The first objective of research was the characterisation of the Bateman pulsed disc and
doughnut column (Bateman Advanced Technologies, Isragl) for its applicability in the
extraction of caprolactam. The second objective was the selection and characterization of
aternative environmentally benign solvents for caprolactam extraction. Finally, caprolactam
extraction with the selected alternative solvent has been compared with toluene.

9.1.1 Pulsed disc and doughnut column char acterization

For the hydraulic characteristics of caprolactam extraction with toluene in a pulsed disc and
doughnut column (PDDC) it was found that the operation of a PDDC could be characterized
by the operational window and regimes, which are mainly dependent on the Sauter drop
diameter and hold-up and are qualitatively comparable to those of a pulsed sieve-plate
column. The measured properties described above and observed trends could be described
accurately after fitting drop diameter, hold-up and phase inversion data, using a theoretical
model based on the system physical properties, operational parameters and geometrical
characteristics of the column and internals. Using this approach, the difference between the
back- and forward extraction operation can be understood, just as the influence of the physical
parameters on the operation.

The HETS values obtained from mass transfer experiments in the forward extraction were
HETS/m = 0.32 to 0.67, whereas in the back-extraction HETS/m = 0.28 to 0.41. Mass transfer
caused a drop diameter increase, a decreasing hold-up and a corresponding shift in the
operational regime. Concentration profiles were described using the backflow model.
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9.1.2 Selection and characterization of alternative environmentally benign solvents

Based on an experimentally determined high capacity, low mutual solvent solubility and
beneficial physical properties, the mixture heptane-heptanol (40 mass %) was selected as best
candidate solvent for the replacement of benzene and toluene in the extraction of caprolactam.

For the equilibrium distribution of caprolactam and four model impurities of organic nature,
being cyclohexanone (I), aniline (11), n-methylcaprolactam (I11) and cyclohexane-
carboxamide (IV), it was found at all conditions that the distribution ratio of the impurities to
the solvents, being toluene or heptane + heptanol (40 mass %), was higher than that of
caprolactam. Based on equilibrium calculations for the back-extraction, it was found that
group | and Il impurities are present in a higher ratio in the mixed solvent. For group Il
components the fraction was comparable, while for group 1V species a lower amount was
present. In total a lower amount of impurities was extracted using the mixed solvent
compared to toluene.

The selected mixture was applied in the PDDC for caprolactam extraction where the
operational characteristics were found to be qualitatively comparable to toluene. Smaller drop
diameters and dlightly smaller hold-ups and operational windows were determined for the
mixed solvent. However, for the treatment of a particular feed stream relative to toluene the
mixed solvent shows hydraulic characteristics beneficial for caprolactam extraction.

In the forward and back-extraction the determined HETS/m values were 0.26 to 0.37 and 0.33
to 0.40, respectively. In the forward extraction the mixed solvent is therefore superior
compared to toluene with respect to the required column length, while the mixed solvent
requires less theoretical stages as well. Toluene is favourable in the back-extraction, because
of the lower amount of theoretical stages required.

9.2 Outlook

The selection of the solvent mixture heptane-heptanol (40 mass %) as best candidate solvent
was based on a high distribution ratio of caprolactam relative to benzene and toluene as well
as beneficial physical properties, but the mutual solvent solubility was dightly higher for
water in the organic phase. The latter in itself it not a problem, since back-extraction is
performed with water as solvent. The mixed solvent feed is thus freed from the dissolved
water, because it is transferred to the agueous phase. With the dissolved water, however,
inorganic impurities might be transferred as well, resulting in a different feed composition for
the purification section. The feed composition is furthermore influenced by the different
impurity distribution ratio for the mixed solvent relative to toluene.

Other considerations on the use of the developed solvent mixture might be of economical
nature or on the ease with which it can be recovered or freed from impurities. It might be
economically interesting to apply a mixed solvent composed of other compounds when these
are cheaper to purchase or aready available. The recovery of the solvent, freeing it from
impurities, is often performed with distillation, which was possible for benzene and toluene
with boiling points of 353.2 K and 383.8 K, respectively, while that of the low-boiling
organic impurities (cyclohexanone) is 428.2 K. Heptane has a boiling point of 371.6 K, which
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is between the values of benzene and toluene, but that of 1-heptanol is 449.2 K. Freeing the
binary solvent mixture partly or completely from impurities might therefore prove more
complex than for the currently used solvents.

From the used solvent selection approach it follows, however, that by changing the
composition of a mixture, its properties can be adjusted as required. Taking into account the
extra requirements, water solubility in the organic phase, process economics, impurity
distribution behaviour and solvent recovery, the developed solvent mixture might be
improved even further by changing the mixture composition without losing the obtained
beneficial properties.

Findly, in this thesis it has been demonstrated that the use of solvent mixtures offers a
possibility to create environmentally benign solvents, which can replace currently used toxic
solvents in atechnical and economical feasible way. Although studied for caprolactam in this
thesis, it is expected that solvent mixtures can be used in a beneficial way for many other
applications where pure solvents are not able to replace the currently used hazardous solvents.
Furthermore it is expected that mixed solvents can be designed to perform better than pure
solvents and/or to obtain economically attractive designer solvents without the need of custom
synthesizes.

For the application of the selected solvent mixture in the PDDC qualitatively comparable
operational characteristics were found relative to toluene, whereas smaller drop diameters and
dlightly smaller hold-ups and operational windows were measured. Between the currently
used solvents benzene and toluene only minor differences exists between the physical
properties and therefore comparable hydraulic characteristics are expected for these two
solvents. Furthermore, because of almost equal physical properties, HETS values comparable
to toluene are expected for benzene, although an influence might exist of the different flow
ratio.

In the forward extraction the column length required using the mixed solvent is less than half
of the column length required when using benzene and toluene, because of the lower amount
of theoretical stages required, whereas the HETS values are much lower as well. In the back-
extraction the column length required using the mixed solvent is twice the column length
required for benzene and toluene, because of comparable HETS values and the double amount
of theoretical stages required. The column throughput in both processes using the mixed
solvent is comparable to benzene but smaller than for toluene. Therefore, using the mixed
solvent, an environmentaly benign aternative is obtained for benzene and toluene with
column throughputs comparable to benzene and a much smaller column for the forward and a
larger column for the back-extraction.

Since the operational diagrams of al solvents do not show large differences with respect to
the fluxes that can be obtained, it is expected that the columns can be operated at comparable
capacities. Because of a comparable interfacial tension, benzene and toluene will require a
similar energy input, while the solvent mixture requires less as result of the lower interfacial
tension of this system.
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From the performed mass transfer experiments it follows that changing experimenta
conditions influences the extraction process beneficialy. This is the case for an increased
energy input, resulting in an increased interfacial area, but also for a temperature change. The
forward extraction with toluene and the back-extraction from the mixed solvent especialy
were influenced beneficially by a temperature increase and decrease, respectively, compared
to the operational temperature of 313 K, because of a beneficial change of the system
properties. Performing the forward extraction at 333 K and the back-extraction at 293 K will
therefore prove beneficial for caprolactam extraction, whatever solvent and column is used.

In the extraction process large concentration changes are obtained along the column,
especialy for the forward extraction of caprolactam where 0.0 < wcpLoq < 0.7. This
concentration decrease results in enormous changes of the system properties, but process
operation and column design are dominated by the concentrations at the feed-section only.
The column length required to reach the desired raffinate concentration is, however,
dominated by the raffinate-side of the column, which is operated in the unfavourable mixer-
settler regime in case of the PDDC. Keeping the process as it is, a different design of the
column internals might result in a more efficient operation. The basis of the alternative design
is aless intensified energy input in the top (feed-section) and a more intensified input in the
bottom (raffinate-section), created by a specific internal design along the column length. For a
PDDC this might be obtained by decreasing disc sizes, increasing doughnut aperture sizes and
alarger distance between the discs and doughnuts towards the top of the column. For an RDC
decreasing disc sizes and an increased distance between the discs towards the top of the
column can be applied.

In agitated columns a better distribution of the mechanical energy leads to a smaller drop size
distribution, resulting amongst others in less emulsion formation. A PDDC might prove
beneficial compared to a RDC, since the latter shows a high energy input at the disc-tips.

In the column operation emulsion formation was observed, but not quantified, for both
toluene as for the mixed solvent, especially at high concentrations of caprolactam and
therefore low interfacial tensions. This effect of emulsion formation on the extract quality of
especially the forward extraction might prove necessary to take into account in the
comparison of the solvents.

9.3 Recommendations for further research on the extraction of caprolactam

In the presented work an environmentally benign mixed solvent is presented as candidate
solvent for the replacement for benzene and toluene in caprolactam extraction, based on a
high distribution ratio of caprolactam relative to benzene and toluene and beneficial physical
properties. Further attention might be paid to solvent optimization with respect to the mutual
solvent solubility, solvent recovery, economics and the impurity distribution behaviour.

Furthermore it is interesting to investigate the optima experimental conditions for
caprolactam extraction, with respect to caprolactam yield, solvent requirement, column
dimensions, energy input, solvent loss, solvent recovery, impurity distribution behaviour and
the purification section. Thereby emulsion formation deserves further investigation as well, in
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combination with the development of a (predictive) model, especially when it proves of
importance for the product quality or results in a strong influence on the purification section.

The PDDC is described via the backflow model, using a constant overall mass transfer
coefficient and a constant backflow parameter for the continuous phase. The latter effect
should, however, be investigated for both phases separately as function of the operational
parameters and experimental conditions in order to make a valid distinction between the
influence of mass transfer and backmixing on the separation efficiency.

From the presented work it follows that the extraction operation is affected by numerous
effects. A predictive model describing extraction operation or its separate characteristics,
being hold-up drop diameter and operational window, from first principles should therefore
prove an enormous asset.
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Appendix A

System properties of the reference systems

Table Al. Liquid-liquid equilibria of the quaternary system water (1) + caprolactam (2) + ammonium sulfate (3)
+ benzene (4) at 293 K, 313 K and 333 K.

Organic phase Aqueous phase Organic phase Aqueous phase
100w, 10w, 102w, 10%w; 10%w, 10%w; 10%w, 100w, 100w, 10w, 10%w; 104w, 10Aw; 10%w,
293K (313 K continued)
0.04 0.00 9996 99.87 0.00 0.00 013 167 1790 8043 6753 2650 5.06 0.91
0.09 153 9838 9028 951 0.00 021 374 2730 6896 57.83 3450 515 252
018 402 9580 8103 1860 000 037 488 31.30 63.82 5572 3580 5.33 3.15
042 824 9134 7113 2820 000 0.67 0.09 000 9991 8497 000 1500 0.03
071 1090 8839 6166 37.00 000 134 083 1160 8757 7714 697 1580 0.09
120 1620 8260 51.08 4590 0.00 3.02 393 2850 6757 7135 1270 1570 0.25
239 2360 7401 3953 5340 0.00 7.07 005 000 9995 6020 000 39.80 0.00
004 000 999 9485 000 507 0.08 329 3190 6481 5940 060 40.00 0.00
014 247 9739 8460 939 58 016 930 5000 4070 5853 067 40.80 0.00
0.38 739 9223 7615 1850 516 0.19 1080 55.70 3350 5782 0.68 4150 0.00
0.80 1320 86.00 6691 2740 501 0.68 13.70 58.00 2830 5956 084 39.60 0.00
170 2030 7800 5714 36.00 507 179 333K

208 2270 7522 5497 3760 521 222 007 000 9993 9988 000 000 012
006 000 9994 8477 000 1520 0.03 022 361 9617 9056 915 000 0.29
040 846 9114 7646 795 1550 0.09 062 782 9156 8119 1820 000 061
161 1950 7889 69.29 1570 1470 031 109 1250 8641 7122 2750 000 1.28
0.06 0.00 9994 6000 000 40.00 0.00 171 1750 80.79 6048 3640 0.00 312
313 3220 6467 5853 057 4090 0.00 3.08 2360 7332 4925 4430 0.00 6.45
832 5110 4058 5659 061 4280 0.00 774 3440 5786 3690 4910 0.00 14.00
1100 5590 3310 5848 0.72 40.80 0.00 0.04 000 9996 9479 000 512 0.09
1380 5890 2730 59.85 0.85 39.30 0.00 019 370 9611 8513 889 582 016
313K 122 1370 8508 76.71 1760 523 046

005 000 9995 9989 000 000 011 308 2450 7242 6813 2560 522 105
015 255 9730 9022 955 000 0.23 9.00 3910 5190 5961 3180 547 312
0.31 578 9391 8078 1880 000 042 0.05 0.00 9995 8527 000 1470 0.03
0.72 986 8942 7075 2830 000 095 137 1470 8393 7756 646 1590 0.08
108 1450 8442 60.83 3710 0.00 2.07 709 3690 56.01 7397 964 1620 0.19
185 1980 7835 49.69 4570 0.00 461 010 0.00 9990 5950 000 4050 0.00
402 2810 67.88 3780 5150 000 1070 366 3270 6364 5922 058 4020 0.00
006 000 9994 9483 000 508 0.09 1040 5640 3320 5756 064 4180 0.00
019 375 9606 8480 909 59 0.15 1120 5570 3310 5842 068 40.90 0.00

069 1030 8901 7646 1780 535 0.39 1310 5950 2740 5815 075 4110 0.00
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Table A2. Liquid-liquid equilibria of the quaternary system water (1) + caprolactam (2) + ammonium sulfate (3)
+ toluene (4) at 293 K, 313 K and 333 K.

Organic phase Aqueous phase Organic phase Aqueous phase
100w, 10w, 10%w, 10%w; 107w, 10%w; 10%w, 100w, 100w, 10%w, 10°%w; 104w, 10%w; 10%w,
293K (313 K continued)

0.04 008 9987 9854 1.20 0.00 0.26 0.05 015 9980 9380 098 5.07 0.16
0.06 028 9966 9538 441 0.00 0.21 0.08 111 9881 89.09 5.87 4.84 0.20
0.07 0.69 9925 9099 8.79 0.00 0.22 0.11 168 9821 8651 835 4.98 0.16
008 114 9878 86.13 1363 000 0.24 028 492 9480 7589 1887 483 041
010 169 9821 8107 1869 000 0.24 059 861 9080 6591 2770 485 155
0.12 231 9757 7719 2240 0.00 041 080 1279 8641 5562 3758 516 1.63
016 327 9657 7097 2851 000 0.52 006 047 9947 59.72 012 4016 0.00
028 546 9426 5969 3920 000 111 006 093 99.00 6035 017 3945 0.03
058 1049 8893 4541 5158 0.00 3.01 0.08 131 9861 5982 020 3992 0.05
0.79 1181 8740 4116 5344 0.00 5.40 0.16 406 9578 5796 028 4172 004
326 2493 7182 1741 6021 000 2238 048 11.09 8843 5922 0.65 4013 0.00
005 009 9987 9370 102 510 0.8 142 2067 7791 5893 081 4025 0.01
006 051 9944 9077 400 503 0.20 292 3103 6605 5946 082 3970 0.02
007 124 9869 8565 916 498 0.22 333K

017 363 9.21 7519 1924 507 0.50 006 015 9979 9873 09 000 0.32
031 702 9267 6377 3046 505 0.73 008 083 99.09 9484 501 000 015
050 1062 8888 5308 4045 5.00 1.46 0.11 229 9760 8846 1112 0.00 0.42
0.04 040 9956 5996 014 3986 004 0.19 384 9597 80.77 1879 0.00 0.44
0.05 0.86 99.09 59.76 0.18 4002 0.04 0.32 638 9331 6889 30.08 0.00 1.04
006 124 9870 60.13 021 39.60 0.06 049 948 90.03 5813 40.00 000 187
015 459 9526 59.02 039 4058 0.01 105 1338 8557 4991 4478 000 531
037 1016 8947 5713 054 4232 001 363 2435 7202 2408 5254 000 2338
072 1487 8441 5695 058 4244 0.02 005 024 9971 9364 091 504 041
065 1455 8480 5873 061 40.65 0.00 009 142 9849 89.92 507 481 021
130 2055 7815 5916 093 3990 0.01 0.16 311 96.73 8465 992 5.06 0.37
288 299 6716 5961 097 3935 0.06 0.80 12,68 86.52 6250 3135 4.97 117

313K 120 1757 8123 5546 3714 530 210

006 010 9984 9880 099 000 0.21 006 048 9946 6098 010 3892 0.00
007 049 9944 9556 424 000 0.20 007 097 989 6056 013 3930 0.01
012 109 9879 9133 847 000 0.20 008 137 9854 6056 016 3927 0.02
015 268 9717 8150 1814 000 0.36 018 426 9556 5697 026 4277 0.00
023 459 9517 7073 2860 000 0.67 037 886 90.77 5624 039 4335 001
0.37 737 9226 5940 39.16 0.00 144 051 1092 8857 59.03 057 4039 0.00
0.75 1241 86.84 4570 5050 0.00 3.80 146 2177 76.77 5942 073 3982 0.03
117 1445 8438 4048 5112 0.00 8.39 310 3222 6468 5806 078 4113 0.03

448 2636 69.16 17.63 56.27 000 26.10

154



Appendix A

Table A3. Densities of the systems solvent (1) + caprolactam (2) + ammonium sulfate (3) at 293 K, 313 K and

333 K, where the solvent is water, benzene or toluene.

100-w;, 100-w; 10°p/kg-m 100w,  100:ws; 103p/kg-m
293K 313K 333K 293K 313K 333K
Water system® (Water system® continued)
0.00 0.00 0.9984 09924  0.9833 19.98 5.00 1.0447 10349  1.0232
10.31 0.00 10070 09994  0.9892 30.10 4.99 10534  1.0417  1.0288
20.31 0.00 1.0165 1.0069 0.9948 39.38 5.04 1.0609  1.0477  1.0337
29.99 0.00 1.0256 1.0140 1.0008 Benzene system®
39.92 0.00 1.0344 1.0210 1.0064 0.00 - 0.8790  0.8580  0.8358
50.29 0.00 1.0428 1.0279 1.0116 4.84 - 0.8872  0.8661  0.8447
60.09 0.00 1.0495 1.0337 1.0170 9.21 - 0.8947  0.8739  0.8528
0.00 4.96 1.0276 1.0210 1.0119 1353 - 09020  0.8815  0.8608
0.00 10.02 1.0569 1.0498 1.0401 Toluene system®
0.00 19.96 1.1141 1.1065 1.0982 0.00 - 0.8676  0.8483  0.8293
0.00 30.13 1.1724 1.1647 1.1551 5.14 - 0.8773 08574  0.8386
0.00 39.82 1.2269 1.2198 1.2126 9.38 - 0.8852  0.8650  0.8463
9.93 4.99 1.0357 1.0277 1.0174 14.44 - 0.8948  0.8741  0.8557

3water (1) + caprolactam (2) + ammonium sulfate (3); ® benzene (1) + caprolactam (2); © toluene (1) + caprolactam (2)

Table A4. Kinematic viscosities of the systems solvent (1) + caprolactam (2) + ammonium sulfate (3) at 293 K,
313 K and 333 K, where the solvent is water, benzene or toluene.

100w, 100-w; 10°vim?s* 100w,  100:w, 10%vim*s*
293K 313K 333K 293K 313K 333K
Water system® (Water system? continued)
0.00 0.00 1.02 0.67 0.48 19.88 5.00 214 1.28 0.87
10.00 0.00 144 0.88 0.61 30.03 5.03 317 1.78 117
19.93 0.00 1.96 1.16 0.77 39.38 5.04 472 2.50 1.56
30.05 0.00 2.74 1.56 1.00 Benzene Q/Stemb
39.92 0.00 4.04 212 131 0.00 - 0.75 0.58 0.47
50.29 0.00 5.98 2.88 1.69 5.05 - 0.82 0.63 0.51
60.08 0.00 9.36 4.15 2.28 9.49 - 0.89 0.68 0.54
0.00 5.06 1.08 0.72 0.53 14.98 - 101 0.76 0.60
0.00 10.00 1.13 0.77 0.56 Toluene system®
0.00 19.72 1.29 0.90 0.67 0.00 - 0.68 0.55 0.46
0.00 31.62 1.69 1.15 0.86 5.14 - 0.75 0.60 0.50
0.00 40.01 2.07 1.46 1.06 9.76 - 0.84 0.65 0.54
10.28 497 1.52 0.95 0.67 14.97 - 0.94 0.73 0.59

3water (1) + caprolactam (2) + ammonium sulfate (3); ® benzene (1) + caprolactam (2); © toluene (1) + caprolactam (2)
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Table AS. Interfacial tensions dependent on the concentration of solute in the aqueous (ag) and organic (org)
phase for the systems water (1) + caprolactam (2) + ammonium sulfate (3) + toluene (4) at 293 K, 313 K and 333
K.

100:Wa 5 100w 4 100-W; org #N-mt 100-W, 100w 4 100-W; org #N-mt
293K (313 K continued)
0.00 0.00 0.00 0.0357 0.00 36.95 0.00 0.0385
0.00 5.00 0.00 0.0364 0.00 40.02 0.00 0.0392
0.00 9.38 0.00 0.0367 2.67 0.00 0.32 0.0206
0.00 17.33 0.00 0.0371 5.34 0.00 0.64 0.0170
0.00 19.96 0.00 0.0378 9.95 0.00 127 0.0133
0.00 22.45 0.00 0.0377 14.96 0.00 2.05 0.0103
0.00 34.72 0.00 0.0389 19.90 0.00 292 0.0083
0.00 36.95 0.00 0.0392 29.66 0.00 4.96 0.0053
0.00 40.02 0.00 0.0400 2.55 4.99 0.43 0.0198
2.50 0.00 0.17 0.0224 5.09 5.03 0.93 0.0155
541 0.00 0.37 0.0180 10.09 5.00 211 0.0108
9.87 0.00 0.74 0.0152 15.17 4.98 3.57 0.0088
14.92 0.00 127 0.0114 20.15 5.00 5.26 0.0059
21.77 0.00 2.18 0.0100 333K
29.95 0.00 3.55 0.0073 0.00 0.00 0.00 0.0334
33.08 0.00 4.15 0.0057 0.00 5.00 0.00 0.0338
254 5.05 0.28 0.0203 0.00 9.98 0.00 0.0346
5.04 4.99 0.60 0.0172 0.00 20.07 0.00 0.0356
10.08 5.03 142 0.0111 0.00 29.24 0.00 0.0373
15.09 5.00 244 0.0091 0.00 40.02 0.00 0.0375
20.05 5.00 3.67 0.0078 2.63 0.00 0.48 0.0196
25.12 5.02 514 0.0058 5.06 0.00 0.92 0.0171
30.25 5.00 6.85 0.0048 9.85 0.00 1.85 0.0119
313K 19.32 0.00 3.91 0.0082
0.00 0.00 0.00 0.0349 23.33 0.00 4.86 0.0070
0.00 5.00 0.00 0.0352 2.56 5.02 0.69 0.0180
0.00 9.97 0.00 0.0359 511 4.99 145 0.0146
0.00 20.05 0.00 0.0370 9.86 5.03 3.05 0.0096
0.00 30.77 0.00 0.0387 1511 5.00 5.10 0.0067

#100-Wy,org assumed to be zero
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Appendix B

System properties of the alternative solvent systems

Table B1. Liquid-liquid equilibria of the systems water (1) + caprolactam (2) + ammonium sulfate (3) +
methylcyclohexane (4) + heptanol (5) at 293 K, 313 K and 333 K.

Organic phase Aqueous phase
10°w, 10°w, 10°w, 10°ws 10°w, 10°w, 10°w; 10%w, 10°wg
293K
1.58 3.67 57.77 36.99 92.04 7.88 0.00 0.02 0.07
2.00 7.14 51.63 39.23 81.53 18.45 0.00 0.00 0.02
253 9.91 52.23 35.32 75.10 24.54 0.00 0.04 0.32
4.00 16.83 48.50 30.67 55.57 42.76 0.00 0.18 1.49
4.27 2259 4343 29.71 51.04 48.59 0.00 0.01 0.36
3.20 13.49 57.75 33.64 72.25 21.61 5.84 0.04 0.26
313K
1.78 452 56.75 36.95 92.43 7.31 0.00 0.20 0.06
1.19 9.07 49.85 39.89 81.23 18.74 0.00 0.00 0.02
1.45 12.16 53.46 32.93 77.33 22.25 0.00 0.02 0.40
2.93 11.53 49.12 36.42 69.97 29.53 0.00 0.08 0.42
- 12.45 - 36.29 67.12 31.97 0.00 0.24 0.67
4.89 18.70 46.26 30.15 55.97 4153 0.00 0.32 2.18
1.78 7.67 64.72 38.20 86.05 7.89 5.94 0.02 0.10
3.69 15.11 52.64 32.50 75.62 17.40 6.70 0.02 0.26
333K
1.75 473 56.24 37.29 92.89 6.92 0.00 0.12 0.07
354 14.09 48.47 33.89 77.54 21.93 0.00 0.02 0.51
315 12.50 55.30 34.58 72.92 26.50 0.00 0.08 0.50
- 15.57 - 37.04 67.08 32.23 0.00 0.08 0.67
5.74 20.24 45.75 28.27 55.45 41.23 0.00 0.49 2.84
5.27 27.15 39.00 28.59 50.35 48.88 0.00 0.02 0.75
1.70 8.43 63.46 38.98 87.05 6.59 6.22 0.03 0.11
3.72 1855 54.36 33.56 76.42 16.21 6.97 0.06 0.34

8.36 27.29 36.65 24.71 70.60 22.35 5.60 0.48 0.97




Appendix B

Table B2. Liquid-liquid equilibria of the systems water (1) + caprolactam (2) + anmonium sulfate (3) + heptane
(4) + heptanol (5) at 293 K, 313 K and 333 K.

Organic phase Aqueous phase
10°w, 10°w, 10°w, 10°ws 10%w, 10°w, 10°w; 10%w, 10°wg
293K
2.20 4.29 48.43 45.08 92.12 7.68 0.00 0.04 0.16
1.99 7.18 48.09 42.74 83.70 16.24 0.00 0.00 0.06
3.58 10.94 44,09 41.38 74.74 24.78 0.00 0.05 0.43
317 12.41 48.03 36.40 65.25 34.61 0.00 0.00 0.13
5.41 17.82 40.57 36.20 54.41 42.98 0.00 0.26 2.35
313K
2.27 5.35 44.64 47.74 92.68 7.13 0.00 0.03 0.16
215 8.30 50.60 38.96 86.74 13.16 0.00 0.00 0.10
411 11.92 41.71 42.26 75.75 23.59 0.00 0.10 0.56
373 15.89 42.45 37.93 71.30 34.94 0.00 0.00 0.16
6.23 19.65 39.36 34.76 52.52 43.40 0.00 0.45 3.63
5.27 18.85 47.95 27.93 51.87 47.19 0.00 0.02 0.93
333K
1.32 1.35 52.32 45,01 97.60 2.07 0.00 0.32 0.01
5.06 16.67 38.23 40.04 76.40 271 0.00 0.12 0.77
4.19 18.49 39.47 37.85 7175 27.92 0.00 0.00 0.32
6.38 23.53 34.66 35.43 52.67 41,51 0.00 0.76 5.06
6.27 27.09 39.16 27.48 52.00 46.85 0.00 0.03 1.13

Table B3. Densities of the systems akane (1) + heptanol (2) + caprolactam (3) at 293 K, 313 K and 333 K,
where the alkane is methylcyclohexane or heptane.

100w,  100:ws 103 p/kg-m 100w,  100:ws 103 p/kg-m’

293K 313K 333K 293K 313K 333K
Methylcyclohexane system Heptane system

0.00 0.00 0.7692 0.7517 0.7341 0.00 0.00 0.6838 0.6667  0.6491
100.00 0.00 0.8232 0.8084 0.7936 100.00 0.00 0.8232 0.8084 0.7936
40.11 0.00 0.7894 0.7736 0.7566 39.51 0.00 0.7333 0.7168  0.7000
38.22 4.71 0.7989 0.7824 0.7658 37.35 5.48 0.7462 0.7298 0.7131
36.50 9.00 0.8078 0.7916 0.7751 35.65 9.79 0.7568 0.7403 0.7238
33.91 15.45 0.8218 0.8058 0.7894 33.58 15.02 0.7699 0.7534  0.7370
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Table B4. Kinematic viscosities of the systems alkane (1) + heptanol (2) + caprolactam (3) at 293 K, 313 K and

333 K, where the alkane is methylcyclohexane or heptane.

100w,  100-w; 10%vim?.s* 100w,  100-ws 10°%vim?s*

293K 313K 333K 293K 313K 333K
Methylcyclohexane system Heptane system

0.00 0.00 0.95 0.75 0.61 0.00 0.00 0.60 0.50 043
100.00 0.00 8.52 4.59 272 100.00 0.00 8.52 4.59 272
39.70 0.00 1.84 1.30 0.97 40.30 0.00 125 0.94 0.72
37.61 5.27 1.99 1.40 1.03 38.18 5.25 1.36 101 0.78
35.59 10.34 2.16 1.50 111 36.34 9.82 1.46 1.07 0.82
33.77 14.95 2.36 164 1.19 34.13 15.30 161 117 0.89

Table B5. Interfacial tensions dependent on the concentration of caprolactam in the aqueous (ag) and organic
(org) phase for the systems water (1) + caprolactam (2) + alkane (3) + 1-heptanol (4) at 293 K, 313 K and 333 K,

where the alkane is methylcyclohexane or heptane.

100Woaq  100-Wp g 100Ws0rg  10°¥N-m™ 100-Wy o 100Woerg  100Wseg  10°/N-mt
Methylcyclohexane system at 293 K Heptane system at 313 K
1.03 0.65 39.87 9.5 0.99 0.72 39.61 9.5
2.66 1.46 39.36 83 251 1.63 39.60 8.8
5.10 2.50 38.98 79 4.97 293 38.73 7.2
10.24 4.39 38.22 53 8.87 4.80 40.82 5.6
1034¥N-m* 10%4N-m*
100-Wy,org 293K 313K 333K 100-Wy,org 293K 313K 333K
Methylcyclohexane system (no caprolactam present) Heptane system (no caprolactam present)
0.00 49.0 47.2 44.8 0.00 50.0 48.6 46.0
39.80 12.3 11.4 124 40.25 115 11.3 124
100.00 7.3 8.3 81 100.00 7.3 83 8.1
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