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Abstract

This studydeals withisotherm, kinetics and mechanistic studies pertaining to the sorption
of 4-aminophenol from water usingply(etherblock-amide) (PEBA). A combined Langmuir
and Freundlich isotherm model is used to fit sbeptionisotherm data whit forms an S3 type
curve.The @rption follows pseudeecond order kinetics and the rate constant was determined
using the original as well as thenodified pseudeecond order nuels accounting ér the
instantaneous solute concentrations during the course of sorptiarsion was found to take
placeduring sorptiorbut it works alongside a secondary mechanism once hagimeentrations
(>100 ppm) are reachedhe activationenergy forsorpton is calculated with both pseudo
second order52.2 kJ/mol) andinternaldiffusion (54.0kJ/mol) models Presence oélectrolytes
in the systemncreass the sorptioruptakeof 50 ppm4-aminophenol in PEBAy 20% to 100%
at0.25wt% to 2.0wt% NaClrespectivelyThe PEBA sorbent can be regeneraiegeneration
of the PEBA sorbent is highly effective with water, and even more eféeaiiith 99%

isopropanol which confirms its reuse.
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Chapter 1

Introduction

1.1Background

Phenols are important chemical compounds used in many industrial applications ranging
from pesticides to pharmaceuticalsdustries either consume or synthesize these phenol
compoundsproducingwaste process streanihenolcontaminantanake their way int@rocess
water and must be removed before the watam bereusel or dischargd. Their removalis
importantsince they are toxic, corrosive and can accumutatbe environmentoing further
damage to natural habitdt.

Nearly all ofacetaminopheproductionin the world follows one of four routes: phenol,
4-nitrochlorobenzene, nitrobenzene ohydroxyacetophenone hydrazine, all of which ase
highly genotoxic intermediatmolecule called-aminopheno[2][3]. This compound can make
its way into wastewater streams aeglposehigh risk for environmental pollutiofd]. The
method used for the treatmenttbé water streams containingaminophenol certainly depends
on the production process used. In general, processes frequently proposed to remove phenols
from water include: coagulation, sedimentation, chemical oxidation, filtration, ion exchange and
revese osmosis[5]. Another option commonly used is adsorptiavhich is widely usedin
removal of organic and inorganic micropollutafitsm aqueoustreamg5]. The most common
adsorbent used for adsorptive removal is activated carbon, butofteassociated with its

regeneration, including the brittleness it exhibtausingit to form fine carbon particulates



which are lost during usehglls forfinding an alternative sorbent materjd]. Poly(etherblock-
amide) copolymer (PEBA) shows high selectivity for various pleand cyclic compounds
pervaporatiorstudies[1,6]. PEBA containdoth electron withdrawing group&@mide and ester)
and electron donating groups (etherile 4-aminophenol contains electron donating groups
(phenol and aming)stressingpotential interactions between these compounds. This means
PEBAIs likely to be suitablefor removalof 4-aminophenofrom waterthrough sorptiveneans.

This work is aimed at sorption of-dminophenol from water using PEBA 2533
focussing onsorption isotherm kinetics and interpretive system modelling. They offer
understanding for the mechansrmvolved and further interactions with compounds such as
NaCl, which can help predict sorptive behaviour of the system when exposed to electrolytes.

As a noticen this studythe termfi s 0 r pwas used throughout to describe the overall
mechanism for4 mi nophenol i nteracting witWwhclPiEBA as
surface phenomenois shown later in this stugg-aminophenol did not only taract with the
externalsurface of the PEBA but also diffused irke interior,i ndi cati ng that @Aso

better representative term for this system.

1.2 Objectives

This study focused on treatirgaminophenql a contaminantfound in wastewaterthrough a

sorption method. The experiments involved include:

(1) Investigating thesorptive effectiveness of PEBgorbentfor removal of 4aminophenol
at different operating conditions (temperature, int@hcentration)

(2) Determining parameters and relationships to understand the mechahgornstion



(3) Studying the effects ofan additional impurity in the system (NaGin the sorption

performanceandalsotheregeneration and reuséthe PEBA sorbent

1.3 Thesis Outline

This stug is composed of five clpgers which have been organized eisownin Fig. 1.
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Chapter 2

Literature Review

Sorption isa broad topic which can be broken downdardy in a number of ways. &h
topics focused on in this review include: rermy phenolic compounds from water with
sorption, poly(etheblock-amide) copolymer (PEBA) as a sorheand modelling sorption

isotherms and kinetics.

As mentioned previously, phenolic compounds are critical albeit toxic chemicals which,
depending on industry, haa® importance itheir removal from wastewater. Many past studies
have approachechemical separation using sorpti@mddifferent sorbent compounds have had
their effectiveness compared with one another. PEB&wed unique selectivity to phenols in
pervaporation processeand thus its effectivenesss a sorbdn is of interest Finally, the
mathematical basis to describe the act of sorption concerning both isotherms and kinetics is
critical to a deep understanding on the mechanisms iegl¥As suchcommoncorresponding
models will be investigatedhile further modifications tesome ofthese models will also be

reviewed.



2.1 Sorption of Phenolic Compounds

The process a$orption can fall under one &hur majorscenariogdepending omwhich
phasesare in the systemliquid-liquid, liquid-gas, solidiquid or solidgas.Regardless othe
phasesin contct, the general mechanism sérption is the same; a physical, chemical or
biological processausingmoleculesto accumulate irthe interfacial layerMore specifically
sorption isthe change in concentration of these molecules at the interface in relation to the bulk

of the other phags) [7]. This gathering of material at the interfadesyeris illustratedin Fig. 2.

O gas phase
surfaQ site on

: adsorbed
Bita O I species

- surface =

Fig. 2 Gas phase sorbate from bulk interacting with available surface sites on sorbent material. Zoomed in section
showsthe interfacial layef8].

Depending on the sorbate/sorbent systii® accumulation of sorbate on the sorbent can

be a singlanolecularlayer (monolayer) or if interactions between the soripatenit, multiple

layers can gather on the sorbent (multilayer). This is illustratEdyirB.



8 multilayers
OO
2nd layer

OO
1st layer ...... ‘

surface

Fig. 3 Multilayer formaion of sorbate on surface of sorb¢sit

In essence, theverallinteractiors between the sorbent and sorbate in combination with
the sorbateindother sorbatenolecules is what determines the effectiveness of a sotiptised
separation.These sorts of interactions can be predicted using isotherm and kinetic sorption

models but will be discussed in a later section.

There is a wide applicatiorof sorption for separation and purificatipnsuch as
manufacturing industries, chemical industries amdstewatertreatment There aremany
sorbentsapplied towards the removal different sorbatesFor removing phenols some highly

studied sorbents includestivated carbon, mineral based sotbgand polymeric based sorbents.

Activated carbon is a widely recognized sorbent used to remove many different
pollutants Some of its characteristics including well-defined microporosity presence of
functional groups and high potential for modificatigive it great sorptiopotentialfor phenols
[9]. The high porosity of activated carbon meats effective surface area is large, ranging from
600 i 2000 nf/g [10]. Primarily, the chemical composition of activated carbon is what

determines itssorptive effectivenessparticularly the presence of oxygen ahgdrogen on

7



surface groups[9]. One drawback for activated carbon is tha itprodudion is not
environmentally friendlywith abundant research going into finding alternalove-costcarbon

sourceg11].

Mineral based sorbentsomprise many materials includirgjay, zeolite and siliceous
minerals. Clay materials, such as bentonites, kaolinite and diatomite are attractive sorbents sin
they are cheap to produce, plentiful and can also be chemically modified in order to improve
their propertieg12,13]. Studies have shown their effectiveness in removing phdroris waer
[14,15,16]but their main drawback is their poor sorption capacity. Zeaoditessimilar to clay
materials andthey are classified as lewost sorbents which are also widely availdild. Their
sorption of phenols seems to have been studied extensively, with a number of investigations
turning up positive results in this applicatid8,19,20] Unfortunately, heir sorption capacity is
even lower than that of clay materialSiliceousminerals(i.e, materials that contain silica,
Si0,) can overlap in classification with other mineral based sorbents. For example,
montmotillonites contain silica but are also a clay material. They stamena good affinity for
phenols and chlorinated phenols after modifications with tetraiaatimonium (TMA) chloride
and tetramethylphosphonium (TMP) bromide according $tudy performed by Lawrencea et al

[21]. Further studies on sorption of phenols wititsous minerals need to be performed

2.2 Poly(ether-block-amide) Copolymer for Sorption

Poly(etherblock-amide) copolymer (PEBA) is a thermoplastic elastowleich consists
of ether blocks and amide blocks covalently bonded togethd#gr amide linkages. The

polyamide sections are hard blocks and give the material its strength, while the polyether



sections aresoft blocks giving the material its flexibility and elasticit#2]. Advantageous
propertes of PEBA includeit beinglightweight, resistant to impact and shock, transpategh,
chemical resistance armhsy to shape and extru@3]. A molecular representation of PEB#&

shown in Fig. 4.

HO—C-PA—C-O—PE-0O—-H
T I &3
O 0

Fig. 4 PEBA copolymer where PA represents polyamide and PE represents pdgéther

PEBA with sufficiently high molecular weightwas first synthesized and studied in the
1980s[22,25,26]and commerciallyavailable under the trade name SEBAX® by Atochem
[24]. Since its inception, PEBA has been synthesized wsriguspolyamides (polyamidél,
polyamidel2, polyamides) and polyethers (polyoxytetramethylene, polyoxyethlene,
polyoxypropylene)giving the resulting PEBA material different propert[@&]. Furthermore,
different ratios of each polyamide and polyetlsgmentdorm different gradesof PEBA as

characterized in the following table.



Table 1 Composition of PEBAaccording to grade and commercial source

Composition
PEBA Grade | Source of PEBA : Ref.
Polyether Polyamide
1074 55 45
1657 Arkema Inc. 60 wt % 40 wt % [27]
2533 80 20
3533 75 21
AtoChem Inc wt % wt % [28]
4033 52 43
P2533 84.68 11.92
P3533 83.61 13.00
Atofina
P4066 . 7041 mol% 27.15 mol % [24]
Chemicals
P6333 36.96 60.47
P7033 24.78 72.95
2533 86 14
3533 75 25
4033 71 29
5533 Arkema Inc. 47 mol % 53 mol % [29]
6333 37 43
7033 25 75
7233 20 80

The different PEBA grades have four number naming schemehere thefirst two
numbers signify theshore Dhardnesg10, 16,25, 35,40, 55, 63, 7Q 72 [29]. Table 1 shows
that as thepolyamidecontentin PEBA increasesso doeshe hardnessf the PEBA copolymer
This is supported by previous points made that the polyamide sections give the material its

strength and rigidity.

10



An important consideration for agffective sorbent material is its porosity. Fortunately
for PEBA, the soft polyetherontentgives it e necessary amorphous propéeaotyllow foreasy
diffusion. With this in mind the PEBA grade with high polyetheontentis more suitable for
sorption purposes Therefore PEBA 2533 (801 86 % polyether)appears to beppropriate,
which isfurther supported by its affinity teariouscompoundshown in gaspermeatiorstudies

[30], pervaporation studid¢4,31,32]andsorption studiefl].

2.3 Sorption Isotherm Models

As sorptionprocesgproaeedswith time, the concentratioa of sorbatean the bulksolution
andon thesurface of the sorbelin the interior of the sodmnt if interior diffusion occursyvill
change accordinglyThis can be represented drpredicted usingnathematical model$or
sorptionisothermsthat correlateghe sorptionuptake in the sorberat equilibrium versusolue

concentrationn the bulkphaseata giventemperature

Sorption sotherms are considered the most important fundamental study which can be
performed to sense how effective the sorbent is in terms of its affibye sorbat¢33]. Now,
depending on the phases of the system, the actual metholai@cterizinghe capacityof the
sorbentandamountof sorbatan the bulkis different. For examplef the bulk solutionis in the
gas phae, partial pressure is usefit is in the liquid phasethenmolar concentratiormay be
used conveniently This studydeals withsorption of solute fromthe liquid phaseSorbent
sorption capacity at equilibrium can be characterized by the sorbate sorbed per unit mass of

sorbentbased orthe following

11



0 Q6 RY 1)
where Qe isusually expresseith terms of moles of sorbate per gram of sorheantdC, is molar
concentration of solute in the bulguid.

The mostcommon isotherm models discussedliterature include the Linear model
Langmuirmodeland Freundlichmodel Each of these isotherm modeigplies torepresenting a
different sorption mechanisccurring at the molecular level. Determining which model is best
for a particular system, by obtaining model parameters,besmtbe done by analyzing the
experimentadataof sorption uptaket different sorbate concentratioimsthe sdute solution at

giventemperatures

2.3.1 Sorptionequilibrium uptake

The first step in determiningn isothermmodel requires thedeterminationof sorption
uptake at equilibrium. Since an infinite amowhttime is required to reach true equilibrium, the
point at which sorption slows down to a perceived stop (in regards to the apparatus used to
measure concentratioryanappropriatgpointto call equilibrium.

Equilibrium sorption uptakeQ. (mmol/g),can becalculatedwith Eq. (2).

5 990 6 @

where V (mL) is volume of solution,C, (mmol/mL) and C. (mmol/mL) are initial and
equilibrium solutionconcentrationsrespectivelyandM (g) is mass of sorbenEg. (2) can be
implemented in each of the isotherm models mentioned previously to determine model

parameters.

12



2.3.2 Linear isotherm model
The linear isotherm model is the simplest containing ordingle model parameter. It is

anal ogous to He repregséned lfEq.@)[nd can be

0 0 XD 3)

where Q. (mmol/g) is the sorptiomamountat equilibrium andKy (mL/g) is H e n r sprptisn
constant.The primary use for the linear isotherm model is that it can be applied toitihé

periodof many sorptiorsystems (e., whenC is sufficiently low).

2.3.3 Langmuir isothermmodel

The Langmuir model is one of the most widely applied isotherm models used to describe
various sorption systems. It is derived from the equilibrium between free sorbate
molecuks/vacant sites on the sorbent material and occupied sites on the sorbent material. This
means there must be two rate constants in p{gybeing the adsorption rate constant aqd
being the desorption rate constdB5]. The sorption equilibrium can bevisualized in the

following way:

O 0 060 (4

and

13



0 6 060 (5)
where Ais thefree sorbate molecul® are vacansorptionsiteson the sorbent materjand AB

representshe occupied sites on the sorbent material.

The Langmuir isotherroan berepresented bkqg. (6) [35]:
2 6
e (6)

where Qn (mmol/g) is the maximum sorption capacitgnd K. (mL/mmol) is theLangmuir

constantEg. (6) can bdinearized for model fitting in the following form:

P
8}

(")

C~l| o)

P
5

CH
~
(e | -

Plotting Qs versusCe ! gives a straight line thatan beusedto determine model paramet®F,
from the yintercept and&, from the slope.

The Langmuir sorption theory is based aasumption®f monolayersorption uniform
sorption across the surface, finite sorption sites and no interactions bdateeh sorbed
moleculeq36]. This means that once the sorption sites have beenlfitlesl, sorption ceases

due to saturation of &sarption sites
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Since the Langmuir constant haslearphysical meaningsome studies hauesel it for
the calculation of the equilibrium constaft towards the determination of the &g energy

change of sorptiomG®:

c

30 YUY (8)

whereR (kJ/mol-K) is the universal gas constant and) is the temperaturé&ven though some
studies directly interchand§ andK, with one anothefl17,37], this isstrictly speakingncorrect
practice.K, is dimensionless, b, hasthe dimensions of volume per mddneattempt wago
convertK, to K, according to a few studies performed by Milonjic and Zhu byahultiplyinga
property of the sorbate soluti¢ne., the molar density of watewhich units are equivalent to
units of concentratiorto make it dnensionles$38,39] The problem wittsuch treatmeris that
since the activity of a solution he ratio of its own concentration to the concentration of a
standard reference solution, the ratio Milonjic and Zhu etisgldto convertK, effectively
perform the same task, and the units will always canced@lit In essence, this newly formed

dimensionless term isot particularlymeanindul and clear

2.34 Freundlich isothermmodel

Another commoly usedisotherm model is the Freundlich modethich is based on
semiempiricalformulationof the sorptionuptakethat results fronboth multilayersorptionand
heterogeneous sorption over its lay@s.

The Freundlichsothermcan berepresented biq. (9) [41]:
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6 0 B ©)

whereKg (dimensions are based on the valuanpis the Freundlich constant ands a factor

for system curvaturdzq. (9) can be linearized for model fitting in the following form:

A

[wpd
|©

o®

(10

whereQ. versusC,. was plotted on logarithmic scale to determine model parametéom the
slope anKg from the yintercept.

Then term in this model is indicative of the intensity of sorption, whileid/considered
as a heterogeneity factddnlike the Langmuir constant, the Freundlichnstant has no clear
physical meaning and thus itirtherentlyinappropriate to use this term to derive the equilibrium
constant,. Some studies have propogeainsformingKr into K, according to the density of the
solvent of the bulk solutiof88] but since the units &g areinfluenced bythe value o, this fix

is only possible ih= 1.

24 Kinetic M odels

Following a sorptiomatefrom as soon as the sorbent comes into contact with the sorbate
(att = 0) to any other point during sorption {at t) can be described dse sorption kinetics.
The sorptiondata has been represented most commonly with one of two major songtitats:

pseudefirst ordermodeland pseudsecond ordemodel These modelassume thsorptionrate

16



is controlledby the liquid/solid interfacd42]. On the other handf the sorpton process is

controlled by diffusionthe intraparticle diffusion modefmay be implemented

2.4.1 Sorption uptake at time t
In order to determinéhe kinetic parameteiin a kinetic model, the sorkate uptake at

timet is required. This uptak€&); (mmol/g),can bedeterminedwith Eq. (11)
0 — 11

whereC; (mmol/L) issoluteconcentrationn the solutiorat timet (min).

2.4.2 Pseuddfirst order kinetics model
Lagergrenproposed the pseudst order kinetics model in 1898 which sintteen has
been used imany studies to describe sorption procesgEY. The pseuddirst order kinetics

modelcan berepreserdd byEq. (12):
Q) U
— 0 ' 12
95 0V U (12

whereK; is the first order rate constaiiig. (12) can then béntegrated between the limits of Qt

=0 att = 0 andQ; = Q; att = t, and rearranged into the following linear form:
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1o 0O Qo | (13

whereln(Qe 1 Q) versust can beplotted to determine model parametdgstrom the slope and
Qe from the yintercept.

The pseuddirst order kinetics modehssume that the sgtion rate isproportional to
sorption capacityvalable at that timeand thusthe sorption rate is primarily based ¢Qe -Qt)

and notexplicitly onthe bulk solute concentration the solutim [44].

2.4.3 Pseudesecond order kinetics model
The pseudesecond order kinetics modelasproposed n t he 19806s paved
of Blanchard et aland Gosset et alfar later than the introduction of the psetftst order
kinetics model[45,46] The popularity of the pseud®cond order kinetics model reached
greater heights after Ho and McKay analyze@ro70 studiesand concluded that the pseudo
second order model represented the data supedlyn comparison with the pseudiost order
model[47].

The pseudsecond order kinetics modedn berepreserad byEq. (14) [48]:
QD)
— 0 14
95 V0 0 (14)

whereK; is the second order rate constdfd. (14) can then bentegrated between the limied

Qt=0 att = 0 andQ; = Q; att = t, and rearrangeidto the following linear form:

PP,
Q0 U

o) (19

0
0
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where'/o; versust can beplotted to determine model paramete@sfrom the slope ané, from
the yintercept.

The rate limiting step for the pseudecond order modak chemical sorption with
exchange and sharing of electrons between the sorbent and s&ibatar to the first order
model, the arption rate for this model is also primarily basedtla sorptioncapacity of the

sorbentavailable at that timand notexplicitly on solute concentratiom the bulk solutiorj44].

2.4.4 Intra-particle diffusionkineticsmodel

The intraparticle diffusion model was first proposed in 1962 by Weber and Morrisawith
focus originallyon the sorption obiologically-resistant pollutants in wastewa{d®,50]. They
discovered that solute uptak@sproportional to/i0in the initial stage of sorption, leadingtte

linear form of the intrgarticle diffusion modelit can berepresented bkqg. (16):

0 Qo 6 (16)

wherek; (mmol-g*-min™/?) is the intraparticle diffusion constant ar@ (mmol/g) represents the
intensity of the boundary layer effect. A plot @f versusio could beusedto determinethe
model parameters; from the slope an@ from the yintercept.

If the Q; versusIo plots as suggestethy Eq. (16) are lineay then the intra-particle
diffusion islikely a dominant factor in the systetvutif thestraightlined o e s ndt pass
origin (i.e, C I ,0then the sorption might be controlled by integarticle diffusion in

combination with boundary layer effect$ the data passes through the orjgimenthe intra-

19
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particle diffusion isdominating over the boundary layer effecttive sorptionrate contrding
steps

Taking the intrgparticle diffusion model further, it is possible to ube slope ofa
straightline representing thdractional uptake ({t/Qe) versusyo to calculatethe intra-particle

diffusivity (D¢) according tdeq. (17) [51]:

T 00"
(‘x “

(17)

C~1| (et}

wherel (m) designates the thicknessaohomogeneousorbent materiah planar geometry (e.g.,
flat films or membrane$. Eq. (17) is only appropriate to use if the sorption time is relatively
shortand when only considering the initial stage of sorp(ieth/Qe< 0.5)[52]. This is because

at that time the boundary layer effect is not as signififzi]jt
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Chapter 3

Experimental

3.1 Materials

PEBAX 2533 SA01 (Arkemg, 4-aminophenol (99%, Sigmaldrich), N,N-
dimethylacetamidg99%, SigmaAldrich), 2-propanol (99%, Delon Laboratories) and NacCl
(99%, EMD Millipore) were purchased from commercial suppliersusad as received\, and
deionized water wersupplied byUniversity of Waterloo Stock solutions of -4minophenol
were prepared by dissolving known quaasiof 4-aminophenol in deionized water. Dilutions of
this stock solution were then used for formation of standard solutions.

The lab guipment used inclwet: ShimadzuUV mini 1240UV-Vis spectrophotometer
Starrett micrometer, Colearmer Polystat 121631 temperature controller, Precision Scientific

Thelco Model 16 heater, Mettler Toledo PM200 scale, CorningZChot plate.

3.2 SorbentPreparation

Sorbent material was prepared by mixing PEB2533with N, N - dimethylacetamide
(DMAC) to form a 15 wt% solution. The solution was vigorously stirred for 3 hours in a water
bath at a constant temperature of 353 K. The solution was sealesftand st for 24 hours in a
heater at 343 K to remove entrapped air bubbles. Volume of solution was measured out using 20
mL syringes and dispensed into petri dishes which were preheated to 343 K. Preheating ensured

the solution did not cool down befatecompletely evaporated. The petri dishes were then left in
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a heater at 343 K for 24 hours to evaporate the DMélvent The sorbent was peeled off the

petri dishes using forceps and washed several times with deionized water to remove residual
DMAc. They were then left to dry for 8 hours in a heater at 343h€ ®rbentfilm/membrane
thickness and surface areamymeasured using a Starrett micrometer and calipers respectively.
Sorbent material was stored in Parafilm covered petri dishes to mingaizamination and

moisture accumulation.

3.3 4 Aminophenol Stability

Aqueous 4aminophenol exhibits instabilityp a certain degre@hen exposed to oxygen
and initially oxidizes to 4dhenzoquinone monoamine but eventually oxadsz t ebis-(M-N O
hydroxyphenyh2-hydroxy-5-aminc1,4-benzoquinone according to the mechanism proposed by
Brown and Corbetf53]. Once measurable oxidation oa#hinophenol occurs, the colour of its
solution begingo change from clear to a brown shade signifying that this degradation process
has begun. As the reaction proceeds, the solution turns into a darker brown/black. In order to
minimize oxidation, stock -4minophenol solutions were constantly contained uhiewrhich
effectively kept them stablat leasffor 7 daysover which the experiments were carried. out

It was necessary teterminenow long the 4aminophenol solutions could remain stable
once exposed tair since the experiments @lol not be run under constang bbnditions for the
entire duration, in particular when removing solution samples to place in th&/isJV
spectrophotometer. In order to determine the stability limit, ais/absorption spectrum plot
using 1cm light pathedls between 200 700 nm wavelength&eregenerated every hour until a

deviation was noticed.
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As can be seen IRig. 5, adeviation at 296 nm and 380 nm was observed after 180 min at 295 K

signifying the approximate time at which the oxidation process has noticeably begun.
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Fig. 5 UV/Vis absorption spectrum for 50 pprredninophenol solution at 295 K over time span ©f4} hours.

There was a limited time frame after removirgminophenol from the stock solution before the

oxidation was noticeable and experiments became uneeliibhe same procedure froRig. 5

was repeated in a water bath at each temperature used in this study to acquire oxidation time

limits (SeeAppendix II). The sorption experiment must attain equilibrium before this time limit

is reached to ensure acceptable results. The time limits can be seen biEhibe i
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Table 2 Measurable oxidatioof agueous 4aminophenolat 50 ppmaccording to UWVis absoption data at 296

nm.

Temperature
(K)

273 283 293 295 298 303 308 313

Foxidat
Start of oxidation 2000 1140 360 180 180 120 120 45

(min)

The speed of oxidation, represented by change in absorption at 296 nm, is higher from
1807 300 min fiabs/min = 1.33& min™) than from 300 1380 min fiabs/min = 1.07& min’
1) asshownin Fig. 5. This signifies that thexidationreaction slows down over time (after 180
min) and further supports that therexistentchange in absorption fromi0180 min is a reliable

metric for 4aminophenol stability.

3.4 Sorption I sotherm Studies

Sorption isotherm data was collected using batch sorption experiments withd-
aminophenol solutions iB3 mL bottle capacitiesThe concentration ranggas chosemelative
to 70% of the maximum solubility of-dminophenol at theowesttemperature teste(®93 K),
which is about 4@0 ppm. This resulted in @ncentratiorrange from G 3000 ppm (300 ppm
steps)at 2931 313 Kwith 5K incrementsThe sorbent material had a weight of 0.2 +0.02 g with
a thickness of 125 #16 m and a s ur tn&.cTee liquid sokitiono as dgitated
throughout the duration of tlearption proces® ensuresolution homogeneity whileontrolling
temperature with a water bath

Thesorbentfilm wasimmersed in th&-aminophenol solutionand left in the water bath
until equilibrium was reached according to preliminary kinetics tests performed at each

temperature. These preliminary kinetics tests reported a minimum length of time required for
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submersion (80, 50, 40, 25 and 10 min for 293, 298, 303, 308 and 313 K respectively). T
were submerged for at leakis length of time, but never longer than timesshownin Table
2. Once sorption equilibrium was reacheda small portion of thesolutions were dilutedor

concentratioimeasurmentswith the UV/Vis-Spectrophotometer atvgavelengh of 296 nm.

3.5 Sorption Kinetics Studies

Batchsorptionkinetics studies were performed in 1®Q bottles with controlled sorbent
properties. Each sample was agitated throughout the duration sbrhigon process to ensure
solutionhomogeneity while also controlling temperature with a water bath.

Sorbentfilms with the same mass (0.778+0.0§)1 but different surface areé/7.9, 56.8
and 23.8cnr) ata constant temperatur@43 K) wereusedin the sorption kinetics study to get
aninsight into the mechanissrof sorption.In addition, rbentfilms with the same surface area
(57 cn?), but different thickness (100+10, 12510 and 15810 ¢ mata constant temperature
(293 K) wereusedfor the same reason. Sorbdihns with the same surface area (&77) and
mass (0.550.01 g but different initialsolute concentrations at constant temperat@3( K)
wereused for insighinto the sorptionkinetics.

The 4aminophenol concentrations wearenitored throughout thgorption proces§100

ppm and above were first diluted) and measured with the U\Sgectrophotometer.

3.6 Activation Energy

Sorbentfilms with the same mas®.6+0.05 g), thickness 100+5 ¢ mand surface area

(57 cn?) were tested undethe following experimental conditionsinitial 4-aminophenol
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concentration (50 ppmjemperaturg2731 313 K with 10 K increments)Trhis allowed us to
determineof the activation energyof sorption from the sorption rate constants at different
temperatureinetics sorption data was collected and analyzed with a kinegae! in addition

to the intraparticle diffusion model.

3.7 Effect of NaCl

Sorbentfilms with the same mass (0.77+0.05 g), thicknesses (1455 ¢ M and surface
area (57 cnr’) wereprepared to see Na@ffect on sorption kinetics and equilibrium. This was
performed at two different initial-dminophenol concentrations (50 and 500 ppm) and different
NaCl concentrations fromi02 wt%.

A preliminary study was performed to ensure that no overlap of\VigVabsorption
spectrumsccurs for 4aminophenol and NaCl at 296 nm.W/-Vis spectrumat 2007 700 nm
wavelengths was generated with an aqueous solution containing only 1000ofp@m
aminophenol and then repeated with a solution containing only 2oWwNacCl. It was noted that
neither spectruncurvesinfringed on each other at 296 nm. Furthermaire agueous solution
containing both 1000 ppmof 4-aminophenol and 2 wt%f NaCl hal the same spectrum plot as
the aqueous solution which only contained 1000 mbim-aminophenol.This suggests that
was appropriate taise the UV/VisSpectrophotometer to measutiee concentrationof 4-
aminophenolin this study Eq. (11) was used to calculate-aminophenol concentrations over

time.
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3.8 PEBA Sorbent Regeneration

The @rbentfilms with the same maes (1.184+0.02 g), thicknesss (2405 ¢ mand
surface area(57 cnf) wereprepared to study regenemtiof spentPEBA sorbenfor repeated
uses after exposure to 850 ppraf 4-aminophenol solutions. 100 mL qdure water and
isopropanol99% wi/v)were useds regenerating agents. Sorption took place over 2 hours, then
desorption took place over 2 hours, then the sorbent was dried for 1 hour and weighed. This was
considered 1 Aruno. I n total 3 sorption/ des

consecutrely.
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Chapter 4

Results and Discussion

4.1 Sorption|sotherm M odelling

The sorptionsothermfor 4-aminophenol and PEBA sorbent is showifrig. 6 at
temperature93i 313 K and a concentration range of 308000 ppmFor each data point,

equilibrium was considered once sorption did not change &#ging for 30 minutes.

B.B- T T T T T

a

Q_(mmol 4-AP/g PEBA)

0 0.005 0.01 0.015 0.02 0.025 0.03
CE {mmolfmL)

Fig. 6 Sorption isothermsf 4-aminophenol in PEBAat 2931 313 K Symbols: experimental data, solid lines
represent model fitting basea a combinedLangmuir and Freundlicmodel.

As temperature increasdtie sorption capacity of-aminophenol on PEBA decreasaiill feed

concentrationswhich signified that the sorption process is exothermic. In addéiquiateau is
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observed up to an equilibrium concentration of 0.015ohml. Above that point thearption
isotherm spikes significantlguggesting change in the sorption mechanism.

The isotherm data was fitted with both the Langmuir and Freundlich isotmechels
separatelyas shownin Fig. 7 and Fig. 8 using Eq. (7) and (10) respectively The clear poor

linearity of themodelfit calls forthe search for an alternative model.
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=
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T
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14’(‘:e (mLfmmol)

Fig. 7 Langmuirmodel fitting of 4aminophenotorptionon PEBA.
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Fig. 8 Freundlichmodel fitting of 4aminophenokorptionon PEBA.

An observed shape of the sorption isotheurveswas noticed where the first half resembled a
Langmuir mode (i.e., linearity in the first half ofFig. 7) and the second half resembled a
Freundlich model (i.elinearity in the second half dfig. 8). A datafit combining bothmodels

was performed usingqg. (18) and is seen alongsidee experimental datm Fig. 6.
0 —_— VIS ) I 18
5 (18)

The combined model parameters weeterminedising a nodiner regression techniqukerived

in MATLAB , and the results are displayedTiable 3.

30



Table 3 Langmuir and Freundlich combined model fitting paramed@id statistical analysfer 4-aminophenol on
PEBA sorbent

Langmuir Freundlich
TemE)Ke)zrature o K AT oy R?
(mmol-g™?) (mL-mmol*) | (dimensions based an)
293 0.0970 163.6 215 4.29 0.9973
298 0.0873 144.9 21.5 4.37 0.9983
303 0.0741 135.5 16.7 4.36 0.9992
308 0.0675 101.6 8.07 4.23 0.9991
313 0.0524 72.71 4.32 4.13 0.9994

The combined model fit is suitable for this systesth high R values (> 0.995)at all
temperatures. Thquantity Qn, decreasedavith an increase in temperature, representative of the
first plateaushownin the isotherm. In additigrKr decreasedvith an increase in temperature
indicating an exothermic sorption procesereas/, remains similaat differenttemperature

The sorption isotherm curves seem to indicate multiplsorption scenarios occurring
during sorptionAccording to an isotherm assificationproposed by Giles et adn S3 curve is
formed with monohydric phenols sorbed onto polar substrates from a polar solvent. In this case
the sorption becomes easier as the concentration incrgageg-aminophenol is a monohydric
phenol and water is a polar moleguteit PEBA is not a steadily polar substrate. It contains
highly polar polyamide segments, but the remaining polyether segments are less polar. This
discrepancy irconsistency of surface polarity could explain why the isotherm-ton#hophenol
sorption onPEBA is not an exact representation of an S3 curve, but does share a similar shape.
Theinitial stage from & of 0 mmol/mL to 0.0025 mmol/mL represents thgibaing of the S3
curve wher eopfecroat i ve adsorptiono may b-kBy-sidec c ur r i

association between sorbed molecules becomes more apparém@ smdution concentration
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increases, which increas#ise affinity for the bulk 4aminoph@ol as more is sorbed to the
surface of the PEBAS4]. After a Ce of 0.0025 mmol/ml.a relatively long plateau begins to
form, which according to Giles et aheans that the initial monolayer formed has a low attmactio
for additional solute to sorb to this new surface. Findflg last section of the isotheriafter Ce

= 0.015 mmol/mL) which rises steadily with no discernible plateau could signify multilayer
formation where the new surfaces formed show highaation for bulkphenolsolute.

Since the first half of the combined isotherm mogelmarily uses the traditional
Langmuir model parameters, the monolayer formation on the surface of the sorbernt{from
0.0025 to 0.015 mmol/mL) can be explained according to Langmuir sorption theoB8e(semn
3.2). The second half of the combined isothamainly uses the traditional Freundlich model
parameters, which can explain multilayer formation occurring on the sorbentGafte0.015

mmol/mL) according to Freundlich sorption theory (Seetion 3.3.

4.2 Sorption Kinetics at Different Initial Concentration

To find a suitable model for sorption kinetics eashinophenol on PEBA, two kinetic
models were primarily considered: psetast order and pseudsecond ordesorption kinetics
Thesorptionkinetics datare shownn Fig. 9 where4-aminophenol uptake ovéme at different

initial 4-amnophenol concentrations.
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Fig. 9 Experimental data for the sorption ofafinophenol atlifferent initial concentrationst 293 K Solid lines
represenpseudesecond order model fit.

The experimentablata was fittedo Eq. (13) for the pseudéfirst order Fig. 10) andEg. (15) for

the pseudesecond orderHig. 11) models respectively
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Fig. 10 Linearized pseuddrst order model for aminophenol sorption on PEBA at different initial concentrations.
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Fig. 11 Linearized pseudsecond order model for-dminophenol sorption on PEBA at different initial
concentrations.
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Table 4 Parameters for kinetic sorption models

. PseudeFirst Order PseudeSecond Order ,
Initial , . Experimental
conc K1 Qe R K2 Qe R Qe
(min'?) (mmol-g™) (g-mmol  (mmol-g?) .
(ppm) = min) (mmol-g”)

30 0.0625 0.00159 0.924 65.54  0.00202 0.9929 0.00184
50 0.0792 0.00203 0.9793 62.88 0.00245 0.9911 0.00224
65 0.0762 0.00229 0.9%4 54.42 0.00289 0.9940 0.00263
100 0.0669 0.00257 0.9786 50.98 0.00344 0.9%9 0.00320
300 0.0954  0.0135 0.9222 22.81 0.0235  0.9982 0.0228
500 0.145 0.0206  0.9208 18.97 0.0362  0.9992 0.0348
800 0.272 0.0339 0.9766 15.23 0.0475  0.9991 0.0445
1300 0.314 0.0521  0.9649 12.96 0.0693  0.9994 0.0665
1900 0.196 0.0574  0.8727 11.73 0.103 0.9938 0.101

The kinetic model parameters and “Rvalues for the model fitting, in addition to
equilibrium uptake @) measure@nd the values predicted by the modatepresentedn Table
4. The pseudsecond order modelppears to bappropriate fothe sorption o#-aminophenol
on PEBA sorbentith high R? values(>0.991)for all the fits and the quantityQe values
determined fronthe data fiting arecloser to those obtained froexperimers. It is possible to
use this model to predict the sorption edfinophenol on PEBA sorber@nda comparisorof
model calculations andorresponding experimental dasashownin Fig. 9.

Even though the pseudemcond order model seems to fit the data well, it is important to
note that the second ordate constanti,) is shown tochang astheinitial soluteconcentration

changesHowever,in integratng the differential pseudsecond order modequationto yield

35



Eq. (15), it wasimplied that theK; is a constant in regards to concentration. Two separate

approaches were attempted in order to combatthisepancy:

1) TheKiconstant 0 asas ipeeamtdmend 0 b yningplicit vi ng
function of initial concentration

2) The equilibrium uptake(e) term in the pseudeecond order modeilvhich was also
treated as a constanttine linearized integrated model equatiaas reconsiderecasa
variablevalue which changes as sorption proceeds, corresponding to instantaneous solute

concentration

Following the first approach mentioned, a plot of Kzevalues againste initial solute
concentration were fitted ta power function using a nofinear regression function written in

MATLAB (Fig. 12):

O pHT VP ° (19

Other studieslsoshow similar results wheté; is a function ofC, [55 - 57], most notablyfor
the sorption of Pb(ll) onto peat where the second order rate constant against imiattcation
followed a power line fit as we[b8]. Azizian derived the pseuedtecond order kinetic model

with K, being afunction of the initial solute concentratioand the adsorption and desorption

! The pseudesecond order modehs opposed to choosing a different kinetic modehtinued to be the primary modwstcause of its initial
appropriate fit to the experimental dafag 9) andits semiempirical nature gives meaning to the valuewioled allowing for further analysis

(ie. activation energy).
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rate constantaere determine¢b9]. This function in its entirety was simplified and represented

as follows:

TQI B (20)

1
4
C~|'o
l
|©

where

f e (21)

K (mL/mmol) is the true equilibriumconstant andk, (mL/mmol-min) is the sorption rate

l ': 22
U = ( )

to determine the desorption rate constantmin™). Eq. (20) andEq. (21) were applied to the-4
aminophenol/PEBAsorptionkinetic data and thefollowing resuls were obtainedequilibrium
constant7416 mL/mmol, and sorption and desorption rate constat®® mL/mmol-min and
0.107 min', respectively. It is important to note that this newly calculagguilibriumconstant is
now independent of initial concentration ofatinophenol. In addition, there is good
reproducibility of the K values when predicting them with tAgizianmodel, including an Rof

0.9798 when comparing them to the experimegialalues (se€&ig. 12).
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Fig. 12 Second order rate constaK, and its corresponding power fit line versus initialaminophenol
concentration alongside,Kalues predicted by th&zizian derived model.

The second approach mentioned earlier will now be attempted. It is clear that the 4
aminophenol concentration in the bulk solution decreased as sorption prodeeadahtch
process. This means that equilibriuptake Qg) changes during this time as well and should not
be considered a constant in the pseseoond order model. Instead it will be modified using a
function of instantaneous solute concentrationSkction 4.1it was determined that the- 4
aminophenBPEBA system fits well to the combined LangmEireundlich isotherm modeE(.

(18)) which represents the relationship betwegnand C.. Furthermore the mass balance
equation of a batch sorption process be describebly Eq. (11), which can be rearrangedito

the following equation:
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b0 (23

The correspondin@. can now be represented as a functioQoby substituting Eq(23) into

Eq.(18)>.

6 2 00 o f) v
0 ) v 00 —— (24
p 028 - @
Substitutng Eq. (24) into the pseudsecond order model (E(L4)).
¥ . v 6 0)
(o)) 0 D 00 —— 00 ~ _
e - 0 086 —— 0 (25

The rate constari, was then recalculategsing theQn, K., K and*/n parameters taken from
the isothermparameters showin Table 3 at 298K. Thekinetic data wee fitted to the
differential equatiorusing Matlab, and theresulting model parameteese shownin Table 5.

Thepredictedsorptionuptakeis compared wh experimentatlata, as showm Fig. 13.

2 C. will be exchanged b@: during thissubstitution in Eq(18) soit correspondto instantaneous solute concentration.
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Fig. 13 Modified pseudesecond order model predicted uptake against experimental uptake at different 4
aminophenol concentrations.

Table 5 Rate constandetermined fronmodified pseudeecond ordekinetic sorptiormodel

Modified PseudeSecond Order
Initial Conc ExperimentalQe
Ks R° .
(ppm) (mmol-g~)
(g-mmol*-min™)
30 10.762 0.8662 0.001836
50 10.582 0.8634 0.002240
65 10.710 0.8589 0.002632
100 10.644 0.8775 0.003198
300 10.736 0.7947 0.02279
500 10.739 0.8083 0.03484
800 10.972 0.8699 0.04450
1300 10.815 0.8622 0.06649
1900 10.896 0.3705 0.1009
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The newly recalculatedK, parameter can be consideradconstant independent afolute
concentratiorwith a value of about 10.7 g/mmol-midowever the data fittingshown inFig. 13
showed lower R values(seeTable 5) when compare with the data fitting with unmodified
model

The remaining sections within this study did not use the alternate methcalsulate the
K, rate constanfsand instead opted for the unmodified pseadoond order model. This is
because neither alternate method offered a flawless solution tdfimehile the unmodified
model gave dairly good datafit. The K, valueswere onlycompared relative to one another
since the values themselves did not offer any intrinsic meaning.

The kinetic @ta was analyzed with the inparticle diffusion modelKq. (16)) as well
by only considering the initial stages of the sorption proce&% uptake for below 100 ppm
and < 70% uptake for above 100 ppm). Tikishownin Fig. 14, and the modeparameter
determined from the data fittingased orthe intraparticle diffusion model are shown irable

6.
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Fig. 14 Data fit to the mtra-particle diffusion model fosorption of 4aminophenol on PEBA at different initial 4
aminophenol concentrations.

Good linearizéion of the datan Fig. 14indicates tha#i-aminophenokorption inPEBA involves
diffusion into the sorbent interionf diffusion was the only ratémiting mechanismthen the
straight line would pass through the origihis is shown tonot be the casg60]. This is more
easily emphasized by looking at thalues ofparameterC which increases by two orders of
magni tude above 100 ppm. |t mu s t be noted tF
effects at concentrations below 100 ppm, but the effect is far more pronounced above this
concentration. Diffusion is working alongsidéhnermechanism for i@ of sorption.

The intra-particle diffusivity, D;, was determined usingqg. (17) based onthe sorption
kineticsdatare-plotted inFig. 15, andthevaluesare shownn Table 6. The diffusivity is shown
to increase with an increase in the solute concentrafiois is understandabitdiffusion is the

rate controlling steecausean increase in the solute concatiobn will increase the sorption
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uptake in the sorbent, thereby caussnglling of the sorbent which maké easierfor diffusion

of solue molecules.
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Fig. 15 Fractionalsorption uptake versu&? for 4-aminophenoborptionon PEBA at different initial 4minophenol

concentrations.

Time"? (minm}
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Table 6 Parameters for diffusion models of different initial concentrationsarhthophenol on PEBA sorbent.

nitial Model parametersased onntra Intra-particle Diffusiity
nitia
particlediffusion )
Conc 5 R
ki C Dcx 10
(ppm)
(mmol-g*-min™/?) (mmol-g™h) (m?-min)
30 3.712E04 -6.908E05 0.828 0.9983
50 4.421E04 8.979E06 0.932 0.9998
65 5.212E04 -1.110E05 1.085 0.9989
100 7.204E04 -9.032E05 1.601 0.9923
300 7.547E03 1.367E03 3.066 0.9975
500 1.133E02 4.868E03 3.214 0.9976
800 1.446E02 5.965E03 3.342 0.9911
1300 2.109E02 1.200E02 3.579 0.9999
1900 3.467E02 2.871E02 3.734 0.9889

4.3 Surface Adsorption or Bulk Sorption

Fig. 16 shows theorption uptake in sorbent filmaf the same masses but with different
surface area It was shown thathie same sorption capacity wabtained when the sorption

reachecequilibrium
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Fig. 16 Uptake of 4aminophenol on 0.778 g PEBA sorbéirhs with different surface areas.

This meanghat the sorptionuptakeis not a surface phenomeng@re., adsorption), but rather
internal sorptionn the sorbent bulkad occurredThe Pseudesecond order kinetic analysis was
performedbased on the original unmodified linearized pthsplayedin Fig. 17, and the

correspondingnodel parameters ashown n Table 7.

4
4-5 X 10 T 1 T T L L] L) L T J
4+
35"
= 3r
]
E
£ 25r
£
o 2r
o
= 15F
1 C  778cm? |
& 5675cm®
0.5 O  2375em? | ]
0 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Time {min)

Fig. 17 Linearized pseudsecond order model for data frdfig. 16.
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In spite of the shortcomings of the unmodified modet,Q. predicted by the modes close to

the experimental/alue The pseudsecond order rate constatt,, is shown toincreaseas
surface area increased. Thiseigpectedbecause as mentioned earlir, sorbent films with a

given mass, a larger surface area rsearhinner film and thus sorption uptakate increases
Thisalso indicatestha&t he s or pti on i s not meokanisn, and iaternslur f ac
mass transfer in the bulk of the sorbent is not negligible. On the other hand, when evaluated with
the intraparticle diffusion modelhe diffusivity coefficient &sshownin Table 7) is shown to be
influenced by the film thickness. This suggests that ipéndicle diffusion is notthe only
mechanism of sorption eitheéFhis supports the points madeSection4.2. As the sorbentilm
thickness increases, the infrarticle diffusivity decreases. This could be because the rate of
sorption occurring on the surface of the sorbent is higher than the rate gfarticée diffusion.
Therefore the calculated diffusion coefficignivhich is an appang quantity,is inflated due to

the more significant effect of surface reaction on the PEBA sorbent.

Table 7 Sorption kinetic parameters based pseudesecond order and intarticle diffusion models for sorbent
films with different surface aresand the same ma=x0.777 g).

PseudeSecondOrder Intra-particle Diffusion .
Surface . - . Experimental
i C Dcx 1 R
Area Kz Qe . R K . °2X i Qe
‘mmol mmol-g mmol-g mmol-g m*-min’
(cnd) (? m ( g) E . _l/g ( g) ) (mmolgY)
-min™) -min 2)

77.9 30.98 0.002586 0.9989| 6.009E4 -1.670E4 9.4875 0.9998| 0.002323
56.75 48.76  0.002544 0.9985| 4.997E4 -1.707E4 2.1754 0.9958| 0.002326
24.75 71.16  0.002531 0.9986| 4.649E4 -2.738E4 1.2614 0.9911| 0.002280
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To further support that diffusion isot the only mass transport mechanisfar the
sorptionwithin the PEBA sorbent, thradenticalsorbentfilms with the samenass(0.770 g and
thickness 127 >m) were tested for-@minophenol sptionin 100ml of aminophenosolutionat
an initial concentratiorof 50 ppm Oneof them wassliced into numerous evenly sized pieces
measuring2 mm x 30 mmand another was sliced into smalf@ecesof 2 mm x 2 mm The
sorption kinetics was monitored over tinandthe sorption uptake during the course of sorption

is shownin Fig. 18.
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Fig. 18 Sorption of 4aminophenoin PEBA with and without slicing the PEBA sorbenfilms (mass0.771 g and
thickness1 2 7 ) istarevenly sized pieces.

As expectedthe same uptake capacity (0.00234 mmadtg¢quilibrium was reached@he only
discerning difference between the sliced sordfdnts and the ursliced sorbenfilm is the
additionalexternalsuiface areacreated by slicing the sorbdiitns into smallpieces Whenthe
equilibriumsorptionuptakeon PEBBA sorbent with the same sorbent masses but different surface
areas and thicknesses normalized by theiexternalsurface argaas shownn Fig. 16 ,it is

apparenthatthe sorption uptake is not determined by the surface area, indicating again that the
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sorptin is not via a surface adsorption mechanism, consistent witleghdibrium sorption

capacitydata showrn Fig. 18.

Fig. 19 Uptake per sorbent surface area versus sorbent surface area for sorption data Fegnti8on

Additional supportowards ingérnal sorption can be seenfigy. 20.

Fig. 20 Uptake of 4aminophenol on 56.75 GREBA sorbent with different thicknesses.
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