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Abstract

This study explores the potential of using PEBA as a sorbent for removing phenolic
compounds from wastewater. The sorption isotherms of phenol, 4-chlorophenol (4-CP), 4-
nitrophenol (4-NP), 4-methylphenol (4-MP) and catechol from their respective single solute
solutions were studied based on the Linear, Langmuir and Freundlich models. The
Freundlich model was shown to be suitable to represent the equilibrium sorption of all the
phenolic compounds in the PEBA sorbent, and the sorption capacity of these phenolic
compounds in PEBA is in the order: catechol<phenol<4-MP<4-NP<4-CP. Thermodynamic
analysis revealed that phenol sorption in PEBA was a spontaneous exothermic process.

The sorption kinetics was studied using PEBA sorbent in the form of a flat membrane
with well-defined dimensions to help identify the mechanism and rate controlling step of the
sorption process. The kinetic data were fitted with the pseudo-first and -second order models
as well as the diffusion model. The pseudo-second order model was shown to fit the
experimental data better than the pseudo-first order model, and an oversight in the model
fitting with regard to equilibrium sorption capacity in prior work was discussed and corrected.
Sorption of phenol, 4-CP, 4-NP, 4-MP and catechol in PEBA was represented by the pseudo-
second order model, while mass diffusion inside the sorbent was not negligible for thick
membranes.

Multi-solute sorption isotherms and kinetics were determined for binary and quinary
solute systems. The competitive Freundlich model and the IAST model were fitted to the
equilibrium data. It was found that the competitive Freundlich model was adequate to
represent isotherms for all binary solute systems studied; however, there was a considerable

deviation between the model predictions and the experimental data in the quinary solute
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system. Strongly sorbed solutes tended to inhibit the sorption of weakly sorbed solutes. The
sorption competition was shown to affect the sorption kinetics of individual solutes, and such
effect was found to be related to the molecular size of the sorbate component and its affinity
to the sorbent.

Chemical elution, thermal regeneration and vacuum-assisted thermal regeneration
were proposed and studied for regeneration of PEBA sorbent exhausted with the phenolic
compounds. Ethanol, methanol and NaOH solution were all effective regenerants for the
sorbent, and no significant change in the sorption characteristics was observed for a number
of sorption-regeneration cycles. Thermal regeneration (90°C for 2 h) was also effective for
regenerating PEBA exhausted with phenol and 4-MP. When exhausted with 4-MP, the PEBA

sorbent could be regenerated using vacuum-assisted thermal regeneration (80°C for 3 h at a

vacuum pressure of 5 kPa), and highly concentrated solutions (=70,000 ppm) of 4-MP were
collected.

PEBA fibres were prepared and immobilized in a packed-bed for column sorption
studies. The effects of inlet feed concentration, flow rate, fibre diameter and flow interruption
on the breakthrough were evaluated. The BDST, Clark and Yoon-Nelson models were fitted
to the experimental data. It was shown that the BDST model described the breakthrough
curve adequately when the solute in the effluent was at lower concentrations (0<C/C<0.15);
while over a broader range of effluent concentration (0<C/C(<0.90), the Clark model fitted
the breakthrough curve better than Yoon-Nelson model. The sorption capacities of phenolic
compounds in the column were found to be comparable to those determined in batch sorption
studies. Complete regeneration of the exhausted column was achieved using NaOH and there

was no change in breakthrough characteristics after column regeneration.
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Chapter 1

Introduction

1.1 Background

Phenols and substituted phenols are common pollutants in wastewater. They can
cause unpleasant taste and odour in drinking water. In addition, they are harmful to human
health due to their toxicity and carcinogenicity [1]. Therefore, effective methods must be
developed for economical removal of these compounds from wastewater.

Numerous technologies have been employed to remove phenol and its derivatives
from wastewater, including the conventional methods of distillation and extraction [2],
chemical oxidation [3], biodegradation [4], and membrane separation [5]. Of these methods,
sorption appears to be a suitable process based on overall separation performance. It is
effective for removing a large variety of compounds, and has the advantages of easy
operation and high efficiency to treat low-concentration pollutants. Moreover, sorption is
generally reversible, and the adsorbent can be regenerated for reuse.

Accordingly research has been undertaken to explore suitable adsorbents for phenolic
compounds. Activated carbon has been widely used as an adsorbent because of its known
effectiveness. However, the high regeneration cost of activated carbon has motivated
research to seek other better adsorbents for phenolic compounds. Polymeric adsorbents have
attracted a lot of attention in recent years due to its good regeneration performance. Poly
(ether block amide) (PEBA) is a copolymer used as membrane materials in pervaporation

separation and shows excellent selectivity to phenol [6, 7]. PEBA 2533 (short D hardness 25)



has a polyether content as high as 80 wt.%, which has been proven to have good selectivity
to phenol [5]. Examining the good pervaporative performance of PEBA membranes for
phenol separation revealed that PEBA 2533 has excellent affinity to phenol, and it is thus
expected to be an effective adsorbent for phenolic compounds.

The evaluation of the sorbent performance is typically based on the equilibrium
sorption capacity, sorption rate and regeneration properties. Equilibrium sorption capacity,
indicating the affinity of the solute to the sorbent, is of particular interest in the fixed-bed
operation design. Numerous studies have examined the equilibrium adsorption from a
thermodynamic point of view, but many isotherm studies ignored its connection to the
sorption kinetics [8-11]. Apart from sorption capacity, sorption kinetics of a given sorbent is
also of great importance in the sorption system design. In addition, the analysis of the
sorption kinetics can help understand sorption mechanism and the rate-controlling step of the
sorption process, which will provide an insight into sorption performance. Tien [12] pointed
out many articles on adsorption over the past few decades have just focused on applying
conventional models to fit the experimental data but failed to interpret the equilibrium data or
kinetic data obtained with sorbent characteristics and sorption mechanism. As a result, the
“good data fit” does not have much significance.

Sorption can either be a surface-based process (i.e., adsorption) or involve the bulk of
the sorbent phase (i.e., absorption). The surface-based physical forces of interfacial
imbalance and attraction (e.g., van der Waals) may play an important role in the adsorption
process. However, after sorbate molecules are bound to the surface, they may gradually

penetrate the solid phase to reach the interior uniformly, forming a solid “solution™ [13].



Thus sorption is a complicated process and it is significantive to identify the sorption
mechanism by appropriate experimental design.

There are much fewer studies about sorptive behaviour of phenolic compounds in
multi-solute systems than that in single-solute systems. It is because compared with the
single-solute isotherms, the multi-solute isotherm data require a tedious and time consuming
procedure to obtain experimentally [14]. In the latter case, one phenolic compound is
removed in the presence of other compounds. Thus it is important to investigate the
competitive sorption behaviour among the phenolic compounds in multi-solute systems. The
presence of one species is expected to affect both the equilibrium uptake capacity and the
uptake rate of other species. In addition, the competitive sorption behaviour in multi-
component systems is also related to the sorption behaviour in their single-solute systems.
Thus, the study of multi-component system is expected to provide an insight into the sorption
process that is impossible to get in single-solute systems.

The regeneration property of a sorbent is of particular interest from an economic
point of view. One popular method for regeneration of sorbents spent by phenolic
compounds is chemical elution. The eluting reagent can either be an organic solvent (e.g.,
acetone [15, 16] , methanol [15-18], and ethanol [16, 17, 19, 20]) or reactive reagents (e.g.,
sodium hydroxide [15, 16, 18, 21, 22]). Chemical regeneration has an advantage of in-situ
operation (i.e., no need for transporting sorbents), but it ends up with a solution consisting of
the eluting reagent and desorbed sorbate. An alternative method is thermal regeneration
where no extra chemical are produced, but the high temperatures (>500°C) required are often
a problem for thermal regeneration of activated carbon exhausted by phenolic compounds

[23-25]. The high regeneration temperature not only increases the operating cost but also



causes damages to the surface structure of the sorbent, resulting in a decrease in the sorption
capacity of the regenerated sorbent. Therefore, it would be a great asset of the sorbent if low
regeneration temperature is technically feasible in the thermal regeneration process.
Compared with the batch sorption studies, fixed-bed operation can provide additional
information for industrial applications. Dynamic adsorption of phenolic compounds in a
fixed-bed has been studied extensively, but only in very few cases were the results of column
studies interpreted with sorption kinetics and sorption mechanism obtained from batch
studies. In addition, the assumptions in the model development were often ignored in the

fixed-bed sorption modelling (e.g., concentration range).
1.2 Research objectives

The objective of this study was to explore the potential use of PEBA 2533 as a new
sorbent for phenolic compounds by evaluating the sorptive behaviour of phenol, 4-
chlorophenol (4-CP), 4-nitrophenol (4-NP), 4-methylphenol (4-MP) and catechol in PEBA
2533. The research consisted of the following tasks:

(1) To conduct batch sorption studies to investigate the sorption isotherm and sorption
kinetics in single-solute systems (aqueous solutions containing one phenolic compound).
(2) To conduct sorption of phenolic compounds by PEBA 2533 in multi-solute systems to
investigate the effects of solute-solute interactions on the sorption isotherms and kinetics.
(3) To examine the regeneration performance of the PEBA sorbent by regenerating the
exhausted sorbent via different means, including solvent elution, chemical elution, and

thermal regeneration.



(4) To perform sorption of phenolic compounds in a fixed bed configuration and to
investigate the effects of experimental conditions (i.e., inlet concentration, flow rate, and

sorbent size) on the breakthrough of the column.

1.3 Thesis structure

This thesis consists of eight chapters and they are organized as follows:

Chapter 1 presents the background of this study, including an overview of research
that has been done in the field, and additional work that should be investigated further. The
research objectives of this study are also presented.

The literature review is provided in Chapter 2. It provides an introduction of the
development of technologies on removing phenolic compounds from wastewater, and a
review of sorbent development for phenolic compound removal. Basic sorption
characteristics (e.g., single-solute sorption isotherm, multi-solute sorption isotherm, sorption
kinetics in single-and multi-solute systems) and fixed-bed sorption behaviour are briefly
introduced together with modelling work for the various aspects. The regeneration methods
of sorbents exhausted by phenolic compounds have also been discussed.

In Chapter 3, equilibrium sorption studies were carried out to determine the sorption
isotherms of phenol, 4-CP, 4-NP, 4-MP and catechol in PEBA 2533 in single-solute systems.
The isotherm data was analyzed by the Linear, Langmuir and Freundlich models. In addition,
thermodynamic parameters such as standard Gibbs free energy change, enthalpy change and
entropy change were determined to reveal the nature of the sorption system.

In Chapter 4, sorption kinetics was investigated for the single-solute systems. In order

to identify the sorption mechanism, sorption kinetics was compared between two series of



PEBA membranes: one series with the same surface area but different thicknesses, and the
other series with the same weight but different surface areas. The kinetics data were fitted to
the pseudo-first and second order models and diffusion model, and a modified approach in
determining the kinetic parameters was used to correct an oversight in data fitting that has
been used commonly in the literature.

Chapter 5 presents the results of equilibrium and kinetic studies in multi-solute
systems. The competitive effects among the solutes on sorption capacity and sorption rate
were investigated. The multi-solute sorption data were fitted to the competitive Freundlich
model and ideal adsorbed solution theory (IAST) model. The kinetic data were fitted to the
modified pseudo-second order model and diffusion model for the multi-solute systems.

Chapter 6 presents the regeneration performance of PEBA 2533 exhausted by
phenolic compounds. The spent sorbent was regenerated by elution with methanol, ethanol,
and 0.15 mol/L sodium hydroxide solutions, respectively. In addition, thermal regeneration
and vacuume-assisted thermal regeneration method were also applied to regenerate the spent
PEBA sorbent. The efficiency of the regeneration was evaluated by comparing the sorption
isotherms of phenolic compounds in pristine and regenerated PEBA sorbent.

The fixed-bed sorption of phenolic compounds in PEBA 2533 was studied in Chapter
7. The effects of inlet concentration, inlet flow rate, sorbent size and feed interruption on the
sorption breakthrough were investigated, and the BDST, Clark and Yoon-Nelson models
were employed to analyze the experimental data. Continuous sorption-regeneration runs were

carried out to evaluate the performance of column regeneration.



General conclusions and original contributions of this research are summarized in
Chapter 8, where recommendations for future work are also proposed. Figure 1.1 shows the

organization of this thesis.
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Chapter 2

Literature review

2.1 Removal of phenolic compounds from wastewater

Phenols and their derivatives constitute a very large group of organic pollutants in
the environment. Phenolic compounds discharged to aqueous systems produce unpleasant
taste and odour. In addition, most phenolic compounds are carcinogens. Due to their toxicity
at low concentrations, many phenolic compounds have been designated as priority pollutants
by the US Environmental Protection Agency and European Union Drinking Water Directive
80/778/EC [26]. Because of the negative effect of phenolic compounds on human health,
there are stringent regulations on the discharge of phenol-containing wastewater.

Industrial sources of phenolic compounds include oil refineries, petrochemical units,
and chemical plants that are producing phenolic resins, including phenol-formaldehyde resin,
a low-cost thermosetting resin widely used in plywood adhesive, construction, automotive
and appliance industries [27]. Phenolic derivatives are also widely used as intermediates in
the synthesis of insecticides, herbicides and some medical products [1]. Thus phenol and its
derivatives are among the most prevalent organic pollutants in the industrial wastewater [28].

Due to widespread uses in many industries, phenolic wastewater has become a great
concern in environment. Many methods have been employed to remove phenolic compounds

from aqueous solutions.



2.1.1 Destruction technologies for removal of phenolic compounds

One process to degrade phenolic compounds is oxidation, including chemical
oxidation, electro-oxidation and photo-oxidation.

In chemical oxidation, chemical oxidants such as ozone [29, 30] and hydrogen
peroxide [31] may be used to oxidize phenolic compounds. The high generation cost of
ozone and its low solubility in water limit the wide application of the ozonation process.
Thus ozonation is usually used as a pretreatment to biodegrade phenolic compounds [32].
H,0, is more cost effective than ozone, but the oxizability of H,O; is relatively low, and the
fenton reagent [31] or heterogeneous fenton-like heterogeneous catalysts [33] are often
employed to enhance the kinetics by introducing hydroxyl radicals, which can effectively
oxidize organic compounds. Recent studies show that the presence of catalysts and the use of
a combination of different oxidation methods can improve the removal efficiency of phenolic
compounds [34, 35].

Electro-oxidations include direct anodic electro-oxidation and indirect electro-
oxidation. In direct anodic electro-oxidation, hydroxyl radicals are produced in the oxide
anode and then used to degrade the phenolic compounds [36]. In an indirect electro-oxidation
process, chemical oxidants (e.g., ozone, chlorine, and hydrogen peroxide) are electrically
generated and then used to destroy organic compounds. For instance, in the electro-fenton
process [37], hydrogen peroxide is generated from dissolved oxygen in aqueous solutions,
and Fe (I) is added as catalyst to oxidize the organic pollutants.

In a photo-oxidation process, UV irradiation in the presence of a photocatalyst
induces the generation of various oxygen-containing radicals, which can effectively

decompose the organic compounds. The combination of photo-oxidation and chemical



oxidation can enhance the oxidizability. Dixit et al. [38] reported the maximum degradation
of phenol and 4-chlorophenol is 74.6% and 79.8%, respectively, using a combined
UV/H;0,/Ti0; system.

Besides oxidation, another destruction technology for phenolic compounds is
biodegradation. Due to the toxicity of phenolic compounds to micro-organisms, it is difficult
to apply the biodegradation process to industrial wastewater streams containing high
concentrations of phenolic compounds. However, phenolic compounds can be converted to
less harmful or harmless compounds by microorganisms at low concentrations. Tobajas et al.
[4] used comamonas testosterone to biodegrade phenol (80-240 mg/L) and 4-chlorophenol
(15-30 mg/L).

A potential practical problem with oxidization is the high operating cost, because
either expensive chemicals or reactors are required in oxidation processes. Biodegradation is
cost effective, but the toxicity of phenolic compounds limits its wide application. In addition,
phenolic compounds cannot be recovered in oxidation processes, and secondary pollution is

also possible in some cases.

2.1.2 Separation technologies for removal of phenolic compounds

An alternate process is to separate phenolic compounds from wastewater, including
distillation, extraction, adsorption and membrane separation processes. Steam distillation is a
traditional method based on the volatility of phenolic compounds [27]. Phenol-water
solutions have a minimum azeotrope, at 9.21% phenol (w/w), corresponding to a molar
fraction of 0.019, T,;, 94.5°C at 1 atm. [27]. Tumakaka et al. [39] reported the liquid-vapour-
solid phase diagram for water-phenol system. Ghizellaoui and Meniai [40] compared the

equilibrium curve for phenol-water system with and without the presence of salts. An
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advantage of steam distillation for phenol recovery is that no other contaminants will be
generated, but the energy consumption in this process is relatively high. Therefore, it is
useful mainly for the treatment of phenolic wastewater at high concentrations.

Another widely used method to treat high concentration phenolic water is extraction.
Effective extractant for phenolic compounds include kerosene [2], alcohols [41], tributyl
phosphate [26], trialkylphosphine oxide [42] and trialkylphosphine sulphide [43]. The
extraction process is advantageous for treating high concentration phenolic wastewater (over
3000 mg/L) [41]. Phenolic compounds are first recovered by organic solvents, and then the
residual low concentrated phenolic stream can be treated by the biological process [27]. The
main problem with the extraction process is the recovery of the organic extractant. In recent
years, membrane extraction technique is shown to be an attractive alternative to conventional
liquid-liquid extraction process because the analytes can be isolated in a continuous fashion
[1]. For instance, supported liquid membranes combine extraction, diffusion, stripping and
regeneration in one single step [26]. When an emulsion liquid membrane is used, the
extraction and stripping occur simultaneously in the same stage. Park et al. [44] used a novel
emulsion liquid membrane to extract phenol and substituted phenols at relatively high
concentrations (1000 ppm).

Membrane pervaporation is recently developed to remove phenolic compounds from
wastewater [45]. Generally, the pervaporation process is carried out at vacuum at permeate
side, and the permeated vapour is collected by a cold trap. Polymers such as ethylene-
propene-diene terpolymer [46], polyurethane [47], PEBA and polydimethysiloxane [48] have
been extensively used for membrane materials. Of these membranes, PEBA membranes have

shown good phenol permeability [5, 49, 50].

11



2.2 Sorption of phenolic compounds from wastewater

Sorption is another method to separate organic pollutants from wastewater. Compared
to other processes, sorption has the advantages of easy operation, high efficiency, and no

secondary pollution. Sorption is especially useful to treat dilute streams.

2.2.1 Sorption of phenolic compounds by activated carbon

Due to its porous structure which results in a large specific surface area, activated
carbon has a high capacity to adsorb phenolic compounds. In addition, activated carbon is
easy to modify to improve its property, and thus activated carbon is one of the most effective
adsorbents for water purification. Typical activated carbons possess high surface area in the
range of 600-2000 m*/g [51].

Commercially available activated carbons are usually derived from relatively
expensive materials such as coconut shell, wood or coal [52]. In order to reduce the
production cost, cheaper waste materials including straw [51], sawdust [53], rice husk [54]
and sewage sludge [55] have also been used to produce activated carbon. Aygiin et al. [56]
produced activated carbon from four different kinds of agricultural wastes, and the attrition
rate of the carbon was reported to be 10%. In addition, the regeneration process of saturated
carbon is usually difficult, incomplete, and results in a substantial loss of the adsorbent,
especially for powdered activated carbon. Thus saturated carbons are usually disposed of or
burnt in furnaces. The high generation cost and unsatisfactory regeneration property of
activated carbon has motivated many researchers to search for alternative economic sorbents.
Table 2.1 lists some studies about the adsorption of phenolic compounds on activated

carbons.
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2.2.2 Sorption of phenolic compounds by minerals

Clay materials possess a layered structure, high surface area and porosity. Bentonite,
montmorillonite, kaolinite and diatomite have attracted attention because of their abundance,
low prices and their potential for ion-exchange. The market price of montmorillonite is
considered to be 20 times cheaper than that of activated carbon [57]. Because of their surface
characteristics, clay minerals can be chemically modified to improve their physical and
chemical properties. Wu et al. [58] used both inorganic and organic-pillared montmorillionite
to adsorb phenol, and they found that the adsorption capacity depended on the micropore
structure and surface components of montmorillionite and that using the modified clay with
surfactant can improve its adsorption capacity significantly. Organophilic bentonites can be
produced by exchange of inorganic cations (e.g., Na*, Ca*" and Mg*") which are naturally
present in the mineral surface of bentonite with organic cations (i.e., NH*) [59, 60].

Zeolites have a three dimensional framework with negatively charged lattices.
Although their phenol removal efficiency may not be as good as that of clay minerals, the
advantages of zeolites include the lower price and selectivity to certain pollutants because of
the rigid porous structure [52]. It was reported that zeolites must be hydrophobic and have a
high Si/Al ratio in order to selectively adsorb phenol from water [61]. Su et al. [62] studied
the adsorption of phenol using zeolite-templated carbon with different pores and surface
structures. The adsorption capacity was increased after thermal treatment under nitrogen
because of the carboxylic group. Kuleyin [63] studied the adsorption behaviour of phenol and
4-chlorophenol on zeolite modified by hexadecyltrimethyl ammonium bromide and

benzyltetradecyl ammonium bromide.
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Siliceous minerals (i.e., alunite, perlite, and dolomite) are also used as adsorbent for
phenolic compounds. Dolomite has an ideal formula of CaMg(COs),. Although the
adsorption properties of the raw dolomites are not significant, they can be used as effective
adsorbents for phenolic compounds after thermal treatment [64]. Alunite is one mineral of
the jarosite group and contains approximately 50% SiO; [52]. Raw alunite doesn’t have good
adsorption properties either, but calcined alunite has been shown to be effective for
adsorption of organic pollutants. Perlite is an organic siliceous volcanic glassy rock with an
amorphous structure. The adsorption of phenol and 4-chlorophenol on chitosan-coated perlite
was investigated by Kumar et al. [65] The adsorption of pentachlorophenol on dolomite was
studied by Marouf et al. [64] via batch processes.

A summary of the studies using minerals as adsorbents for capturing phenolic

compounds is listed in Table 2.2.

2.2.3 Sorption of phenolic compounds by biological materials

Agricultural wastes (e.g., sawdust, rice husk, and bark) are used as adsorbents to
remove phenolic compounds from wastewater. Mohamed et al. [66] used sawdust to prepare
activated carbon by chemical activation with sulfuric acid. These carbons were used to
remove phenol, catechol, resorcinol and hydroquinone from waster. It was reported that their
adsorption capacity followed the order of phenol>hydroquinone>resorcinol>catechol. Dutta
et al. [67] treated sawdust with phosphoric acid, and the sawdust was then charred in a muffle
furnace at 500°C, followed by cooling and washing with dilute NH3 solution to neutralize the
acid. The charred saw dust was used to adsorb 4-nitrophenol. Kalderis et al. [54] impregnated

rice husk with ZnCl, and carbonized the rice husk at 700°C to be used as an adsorbent for

14



phenol. Vazquez et al. [68] treated pinus pinaster barks with formaldehyde in an acid

medium at 50°C to remove phenol from water.

Industrial wastes (e.g., fly ash, red mud and sludge) have also been considered as
adsorbents for organic pollutants because of their availability and low cost. Chaudhary and
Balomajumder [69] treated coal fly ash with H,SO,4 and impregnated with aluminum sulphate
at 70°C and pH=5, and the fly ash was then used to remove phenol from water. Tor et al. [70,
71] compared the adsorption capacity of phenol on neutralized and acidic activated red mud,
and it was found that the acid activated red mud had a larger adsorption capacity for phenol.
Monsalvo et al. [55, 72] produced different activated carbons from sewage sludge to remove
phenol from wastewater.

Agricultural and industrial wastes are readily available in large quantities. Although
the cost of raw materials is very low, chemicals and the high operating temperature required
in the treatment process increase the process cost and limit its application.

Biological materials such as chitin, chitosan, peat and other biomass can be used as
chelating agents to remove phenolic compounds from aqueous solution. Bioadsorbents
contain functional groups (e.g., hydroxyl, carboxyl, and amino groups) which can form
complexes with phenolic compounds. Li et al. [73] chemically modified chitosan with
salicylaldehyde and B-cyclodextrin to adsorb phenol, 4-nitrophenol and 4-chlorophenol.
Compared with raw chitosan, the PB-cyclodextrin modified chitosan exhibited specific
selectivity to 4-chlorophenol. Biosorption of phenolic compounds by biomasses (e.g.,
seaweeds [74], fungus [75-77], and alga [78]) have been extensively studied in recent years.

Antizar and Galil [79] used biomass grown on agar plates and biomass collected from a
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simulated aquifer to remove phenol and chlorophenols from wastewater. Table 2.3 lists some

studies about the adsorption of phenolic compounds by biological materials.

2.2.4 Sorption of phenolic compounds by polymeric adsorbents

In the past few decades, polymeric adsorbents have been emerging as a potential
alternative to activated carbon in terms of adsorption-regeneration properties, mechanical
strength and adjustable surface properties. Al-Muhtaseb et al. [80] used poly(methyl
methacrylate) (PMMA) to remove phenol from wastewater. The adsorption of phenol on
PMMA was shown to be governed by film diffusion. The equilibrium data were best
described by the Freundlich and Redlich—Peterson isotherm models.

Amberlite XAD-4 resin is the most widely used polymeric adsorbent for the removal
of phenolic compounds from wastewater. Amberlite XAD-4 resin is a macroporous styrene-
divinylbezene copolymer. The adsorption properties of phenol [81], 4-CP [82], 4-NP [21], 4-
MP [81] on Amberlite XAD-4 resin have been studied. The main problem with XAD-4 resin
is its poor contact with aqueous solutions because of its extremely hydrophobic surface.
Activation solvents (i.e., methanol, acetone, and acetonitrile) are usually needed in the pre-
treatment process to increase the water wettability [81]. Another problem is its much lower
adsorption capacity compared with activated carbon.

Recently, hyper-cross-linked polymeric adsorbent has attracted increasing attention
due to its adjustable matrix and pore structure. Pan et al. [21] prepared a hyper-cross-linked
polymer from the styrene—divinylbenzene copolymer, followed by a chromethylation and
post cross-linking. The synthesized polymer exhibited a significantly high capacity to adsorb
4-NP than XAD-4. Li et al. [83] studied the adsorption of phenol, 4-CP, 4-NP and 4-MP on a

hypercorsslinked polymer. Compared to the commercial XAD-4, the polymeric sorbent can
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be easily wetted by water and had a high adsorption capacity towards phenolic compounds.
The increased capacity may be attributed to the microporous structure and partial polarity of
the network. Sun et al. [84] modified the hypercrosslinked polymer by introducing tertiary
amino groups. It was found that the aminated hypercrosslinked polymer had a higher
adsorption capacity due to Lewis acid-base interaction between phenolic compounds and the
amino groups on the polymer matrix.

The adsorption capacities of phenolic compounds by some polymeric adsorbents are

listed in Table 2.4.

2.3 Adsorption isotherms

For a given sorbate-sorbent system, the amount of sorbate taken by the sorbent at a

given temperature and concentration is characterized by the adsorption equilibrium:

Qe = f(Ce'T) (2.1)

where Q, refers to the amount of adsorbate adsorbed per unit mass of adsorbent, commonly
expressed by moles of adsorbate per gram of adsorbent. At a given temperature, the amount

of adsorption at equilibrium may be considered as:

Qe =1(Ce) (2.2)

This means the equilibrium uptake is a function of solute concentration at
equilibrium, and this relationship is commonly referred to as the adsorption isotherm.
Different isotherm models are used to represent the equilibrium data. The parameters in these
models can be determined from experiments to provide an insight into the adsorption

capacity and probable adsorption mechanism.
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2.3.1 Equilibrium models of adsorption

2.3.1.1 The linear model

The linear isotherm model is the simplest model, and it is sometimes called Henry’s

adsorption isotherm. It can be expressed by

Qe = KnCe (2.3)
where Ky 1s Henry’s adsorption constant. The linear isotherm model can be used to describe
the initial part of many practical isotherms when the solute concentration in the solution is

low.

2.3.1.2 The Langmuir model
The Langmuir model is by far the most widely used expression for physical
adsorption (or even chemisorption) from liquid solutions. The model was developed by

Langmuir [85] in 1916. The adsorption process is expressed as

Ka
Ky
where A represents free adsorbate molecules in solution, B represents vacant sites on the
adsorbent, and AB represents the occupied sites. K, is the rate constant of adsorption, and
K is the rate constant of desorption. The Langmuir model assumes the following [86]:

a. Adsorption of adsorbate molecules takes place at well-defined localized states.

b. All the adsorption sites are identical, and each site accommodates one adsorbate

molecule only.
c. There are no lateral interactions.

Let 0 represent the fraction covered by adsorbate molecules, then vacant sites on the

adsorbents is (1-0). The adsorption and desorption rates are:
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Rate of adsorption: K,C,(1 — 6),
Rate of desorption: K,; 6.

At equilibrium, the rate of adsorption should be equal to the rate of desorption

K,C.(1—-6)=K,0 (2.5)
Rearranging:
kq
o__KaCe _ () ce 6
_Kd+KaCe_1+(&)C '
K/ ~¢

Based on the definition of 6, one has:

Qe
0 =— (2.7)
Qm
Comparing Eq. (2.6) with Eq. (2.7), we have:
kq
P (2)c __KiC 2.8)
T Qm Ko\~ 1+K.C '
Qm 1+ (K_Z) Ce L%“e
where K is defined as K; = K, /K.
Eq. (2.8) can be rearranged as:
1 1 1 1
— (2.9)

0 Om QmK.Ce

which is the linearized form of the Langmuir model. In this equation, Q,,, refers to theoretical
maximum adsorption capacity (mmol/g), K; represents the Langmuir constant (L/mmol).

Parameters Q,,, and K; can be obtained from plots of 1/Q,, vs. 1/C,.

2.3.1.3 The Freundlich model
Zeldowitsch assumed an exponentially decaying function of site density with respect

to uptake capacity and obtained an empirical isotherm in 1934 [86], which is expressed as:
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Qe = KeC'™ (2.10)

It has a linear form:

InQ, = InKp + %ln Ce (2.11)
In this expression, Q. is the adsorption uptake at equilibrium (mmol/g), C, is the solute
concentration at equilibrium (mmol/L), Ky is the Freundlich constant and has a unit of
(mol)*~1/", g~ L¥/™ and 1/n is the heterogeneity factor. Parameters Ky and 1/n, which can
be calculated from the slope and intercept of the linear In Q, vs. In C, plots, are related to the
adsorption capacity and adsorption intensity, respectively.

The Freundlich isotherm model, in many ways, is a simple way to represent
experimental data. It is a useful empirical equation widely applied to describe a
heterogeneous system.

Tables 2.1-2.4 present various adsorbent-adsorbate systems for the adsorption of
phenolic compounds. Equilibrium models applied in these systems and corresponding model

parameters (e.g., Kr, n, K; and Q,,) are also presented.
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Table 2.1 Adsorption of phenolic compounds by activated carbon

Adsorbent Solute T (°C) Model Parameters Ref.
Granular activated carbon Phenol 30 Freundlich Kg=1.18, n=4.08 [87]
Granular activated carbon 4-NP 30 Freundlich Kz=1.39, n =5.88 [87]
Granular activated carbon 4-NP 30 Freundlich Kz=1.58, n =4.52 [21]
Powered activated carbon 2-CP 25 Freundlich Kp=1.73,n=5.13 [88]
Powered activated carbon 2-CP 25 Freundlich K=0.760, n =2.46 [88]
Granular activated carbon 2-CP 25 Freundlich Kg=1.41,n=4.41 [88]
Granular activated carbon 2-CP 25 Freundlich Kz=0.935, n =1.81 [88]
Granular activated carbon  Resorcinol 30 Freundlich Kp=0.933, n =4.35 [89]
Granular activated carbon ~ Catechol 30 Freundlich K=1.01, n =4.88 [89]
Granular activated carbon 4-MP 28 Langmuir Q,,=1.62,K;=0.130 [90]
Granular activated carbon 4-NP 28 Langmuir Q,,=1.39, K;=0.030 [90]

Activated carbon 4-MP - Langmuir Q,,=0.795,K;=36.8 [91]

Activated carbon 4-MP - Langmuir Q,,=0.851,K,=71.4 [91]

Activated carbon 4-MP - Langmuir Q,,=0.703,K,=16.2 [91]
Kpr: (mmol/g) (L/mmol)l/rl K, : L/mmol Q,,: mmol/g
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Table 2.2 Adsorption of phenolic compounds by minerals

Adsorbent Solute T (°C) Model Parameters Ref.
Organophilic bentonite ~ Catechol 30 Langmuir Q,,=0.507, K;=0.257 [60]
Diatomite/carbon KC1 ~ 4-MP - Langmuir Q,,=0.268, K;=10.8 [91]
Diatomite/carbon KC3  4-MP - Langmuir Q,,=0.758,K;=21.6 [91]
Bentonite Phenol 20 Langmuir Q,,=0.009, K;=1.49 [92]
Modified bentonite 4-NP 30 Langmuir Q,,=0.773,K;=1.99 [59]
Modified bentonite 4-NP 30 Langmuir Q.,=1.75,K;=0.835 [59]
Bentonite 4-CP 20 Freundlich  Kz=0.142, n =1.35 [93]
Perlite 4-CP 20 Freundlich  Kz=0.0712, n =1.43 [93]
Zeolite CS-1 Phenol 30 Langmuir Q,,=1.48, K;=5.647 [62]
Zeolite CS-1N Phenol 30 Langmuir Qn=2.21,K;=10.5 [62]
Zeolite CS-2 Phenol 30 Langmuir Q.,=1.36,K;=6.59 [62]
Zeolite CS-2N Phenol 30 Langmuir Q,=2.04,K;=14.2 [62]
Zeolite CF-1 Phenol 30 Langmuir Qn=2.13,K,=2.16 [62]
Zeolite CF-1N Phenol 30 Langmuir Q,=3.43,K,=4.71 [62]
HDTMA-zeolite Phenol 20 Freundlich  Kz=0.0174, n =1.37 [63]
BDTBA-zeolite Phenol 20 Freundlich  Kz=0.0261,n=1.19 [63]
HDTMA-zeolite 4-CP 20 Freundlich  Kz=0.0225,n=1.23 [63]
BDTBA-zeolite 4-CP 20 Freundlich  Kp=0.126, n =1.60 [63]
Chitosan-coated perlite  Phenol - Langmuir Q,=2.04,K,=0.376 [65]
Chitosan-coated perlite  4-CP - Langmuir Q,,=2.50,K;=0.643 [65]

Kr: (mmol/g) (L/mmol)'™ K, : L/mmol Q,,: mmol/g
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Table 2.3 Adsorption of phenolic compounds by biological materials

Adsorbent Solute T (°C) Model Parameters Ref.
Sawdust Phenol 22 Freundlich Kz=0.044, n =43.7 [94]
Sawdust 4-CP 28 Langmuir Q,,=1.47,K;=41.2 [53]

Charred saw dust 4-NP 20 Langmuir Q,,=1.06, K;=14.3 [67]

Rice husk Phenol - Langmuir Q,,=0.207,K,;=173 [54]

Rice husk Phenol - Freundlich Kz=0.00306, n =2.32 [54]

Pinus pinaster bark Phenol 25 Freundlich Kz=0.0588, n =2.00 [68]
Acid activated red mud  Phenol 25 Langmuir Q,,=0.0870, K;=9.51 [71]
Neutralized red mud Phenol 25 Langmuir  Q,,=0.0440, K;=4.80 [70]
Chitosan Phenol 30 Langmuir Q,,=0.021, K;=0.191 [73]
Chitosan 4-CP 30 Langmuir Q,,=0.0200, K;=0.192  [73]
Chitosan 4-NP 30 Langmuir Q,,=0.0140, K;=0.282  [73]
Chitosan Phenol 30 Freundlich Kz=0.0110, n =1.02 [73]
Chitosan 4-CP 30 Freundlich Kz=0.0555,n=1.05 [73]
Chitosan 4-NP 30 Freundlich Kz=0.0623, n =1.07 [73]

Biomass 1 Phenol - Freundlich Kz=0.111, n =0.840 [79]

Biomass 2 Phenol - Freundlich Kz=0.0675, n =0.826 [79]
Biomass 4-CP - Freundlich Kz=0.00848,n =2.381 [79]

Kz: (mmol/g) (L/mmol)"™ K, : L/mmol Q,,: mmol/g



Table 2.4 Adsorption of phenolic compounds by polymeric adsorbents

Adsorbent Solute T (°C) Model Parameter Ref.
PMMA Phenol 25 Freundlich  Kz=0.571, n =2.81 [80]
NDA-701 4-NP 30 Freundlich  Kz=1.38, n =2.82 [21]
XAD-4 4-NP 30 Freundlich  Kz=0.490, n =1.68 [21]
XAD-4 4-CP 25 Langmuir Q,=0.217,K;=24.4 [82]
XAD-4 Phenol 30 Freundlich  Kz=0.259, n =1.639 [81]
XAD-4 4-MP 30 Freundlich  Kz=0.656, n =2.38 [81]
XAD-4 4-CP 30 Freundlich  Kz=0.802, n =2.41 [81]
XAD-4 4-NP 30 Freundlich  Kz=0.526,n =1.69 [81]
NDA-100 Catechol 10 Freundlich  Kp=0.511,n=2.21 [84]
AH-1 Catechol 10 Freundlich  Kp=1.02, n =3.25 [84]
AH-2 Catechol 10 Freundlich  Kp=1.15,n=3.36 [84]
AH-3 Catechol 10 Freundlich  Kz=1.02, n =3.00 [84]
HJ-1 Phenol 20 Langmuir Q.,=1.78, K;=0.889 [95]
HJ-1 4-MP 20 Langmuir Qmn=2.17,K;=1.93 [95]
Kp: (mmol/g) (L/mmol)l/ " K,:L/mmol Q,,,: mmol/g
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2.3.2 Calculations of the thermodynamic parameters in adsorption

Thermodynamic parameters such as standard Gibbs free energy change (AG?),
entropy change (AS°), and enthalpy change (AH®) can provide helpful information for the
adsorption type and mechanism of the adsorption process [96]. The free energy change AG°

can be calculated from:

AG® = —RTInkK, (2.12)
where R (J-mol™-K™") is the universal gas constant, T is the temperature in Kelvin, K is the
equilibrium constant of the adsorption process.

The change in the standard enthalpy AH® and the change in the standard entropy can

be calculated using the Van’t Hoff equation:

Ko ==~ 77 (2.13)

Eq. 2.12 and Eq. 2.13 suggest that the correct calculation of thermodynamic
parameters depends on how the thermodynamic equilibrium constant K, is determined.
However, K, has been obtained in different ways in the literature, and there have been

inconsistencies in the determination of K.

2.3.2.1 Determination of K, from isotherm constants

a. Determination of K if Langmuir isotherm applies
For the adsorption process [96]:
Free adsorptive molecules + vacant sites +— occupied sites
According to the definition of equilibrium constant, the thermodynamic equilibrium

constant K, for the adsorption process can be written as:
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activity of occupied sites
" (activity of vaccant sites)(activity of adsorbate moledules in solution) (2.14)

Ko

Let 8 represent the fraction of occupied sites. Assuming the activity coefficients of occupied

and unoccupied sites are the same, the above equation becomes:

0
Ky = ———

=T =0)a, (2.15)
where a, is the activity of adsorbate in solution at equilibrium.
Comparing Eq. 2.15 with the Langmuir model Eq. 2.8, we have:

0 K;C,
KO = =

1-80a., a, (2.16)

The activity of a substance is related to its concentration by the following formula:
Ge = Vel (2.17)

where Y, is the activity coefficient at the equilibrium, C; is the standard concentration of the

reference solution, which is equal to 1 mol/L in this case. Substituting Eq. 2.17 to Eq. 2.16

gives
K, C, K
Ky, = LCe =—Lx 1mol/L
Vel Ve (2.18)

Therefore, K, is numerically equal to K; when y, equals unity [96].

In some studies [97-100], K, values were directly replaced by Langmuir
constant K; .According to Eq. 2.12, the equilibrium constant K, should be dimensionless.
However, the Langmuir constant K; is dimensional (e.g., L/mmol). Obviously K, and K
are not directly interchangeable.

Liu [96] concluded from Eq. 2.18 that for neutral adsorbates or adsorbates with weak

charges, K; can be numerically equal to K, . This treatment was used in many studies [8,
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101-105]. However, the activity coefficient y, is not only related to the charges carried by the
solute but also to the ionic strength of the solution. This conclusion is valid only if the solute
concentration at equilibrium is very small. Another problem with this approach is that the
concentration of the standard reference solution is defined to be 1 mol/L, but in the
adsorption study the unit of concentration is often expressed in either mg/L or mmol/L. It is
obvious that the numerical value of K; will change with its unit used. It should be noted that
the conclusion that K, and K, are numerically equal should be based on the condition that
the unit of K is in L/mol.

Milonji¢ [106] proposed that the Langmuir constant could be converted to the proper
dimensionless equilibrium constant by multiplying it with 55.5 mol HO/L when K; is in the
unit of L/mol. K, was calculated this way in some studies [107-109]. Zhou et al. [110]
calculated K, by multiplying K; (L/mg) with 10° mg H,O/L in a similar way. If K] is in the
unit of L/mg, it should be modified accordingly since density of the solution is considered to
be 1 g/mL. These approaches attempt to convert the unit of K; based on the properties of the
dilute solution. However, this method seems to lack the basis for changing the units of K},
based on properties of the solvent. Liu [96] pointed out that the previous treatment was
resulted from misunderstanding of chemical activity.

b. Determination of K if Freundlich isotherm applies

Unlike the Langmuir isotherm, the Freundlich isotherm is an empirical model for
heterogeneous systems. Thus the Freundlich constant Kg has no clear physical meaning, and
it is thus difficult to derive the proper equilibrium constant K from K. Milonji¢ [106] put
forward a correction for calculations of free energy from the Freundlich constant Ky by using

a unit of L/g for Kr so as to get a dimensionless K, by multiplying Kg with 1000 g/L,
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which is based on the fact the density of water is 1 kg/L. Otero et al. [111] calculated K, in
this way. However, the unit of Kg is L/g only when n=1, and one cannot get a dimensionless

K, when n is not equal to 1 if such a treatment is used.

2.3.2.2 Determination of K, from Q./C, vs. C, plots

Biggar and Cheung [112] defined the equilibrium constant for adsorption as:

as — Vs Cs

B ae YG Ce

0

(2.19)

where a; represents the activity of the adsorbed solute, a, represents the activity of the solute
in the solution at equilibrium. Cy is mmol of solute adsorbed per L of solvent in contact with
the adsorbent surface, C, is mmol of solute per L of solvent in the solution at equilibrium. y;
is the activity coefficient of the adsorbed solute, and Yy, is the activity coefficient of the
solute in the solution at equilibrium.

C; is calculated according to the following equation:

_ (p1/M1)A;NQ,
S

C, (2.20)

where p, is the density of solvent (g/ml), M;is the molecular weight of the solvent (g/mol),
A, is the cross-sectional area of the solvent molecule (cm”/molecules), N is Avogadro’s
number (6.02 X 10> molecules/mol), s is the surface area of the adsorbent (cm?/g), and Q,, is
the amount of solute adsorbed by adsorbent at equilibrium (mmol/g).

When C, approaches zero, the activity coefficient approaches unity, and thus Eq. 2.19

may be written as:

Cs
Ky, = lim — 2.21
0 Qe,‘cre‘loce (2.21)
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Thus K, is obtained by plotting C;/C, vs. Cg and extrapolating to zero Cg. This
approach assumes that the solute is adsorbed on the surface of the adsorbent, so the solute
concentration in the adsorbent can be converted to concentration in the solvent using Eq.
(2.20), and K, obtained by this approach is dimensionless. However, this method is only
valid for surface adsorption which is not really suitable for our study.

C, is not easy to calculate in some cases using Eq. (2.20). We noticed that in many
studies, C; in Eq. (2.21) is replaced with Q, (mmol/g) the amount of solute adsorbed per
mass of adsorbent. Thus K|, is derived by plotting Q,./C, vs. Q, and extrapolating to zero Q..
However, it is worth noting that K, obtained in this way has a unit of L/g. Liu [96] also
pointed out that it is difficult to understand the theoretical basis of this approach, in spite that

it has been used in many studies [113-116].

2.3.2.3 Determination of K, based on distribution constant

For the adsorption process, assuming solute (i) is distributed in two different phases I

(i.e., the solvent) and I (i.e., the adsorbent), and the distribution constant K; may be defined

as:
(eq)
_ i 297
Ke =" (2.22)
% any
where a; ©? and q; ©? represents the activity of substance (i) in phases [ and II at

L@ Lan
equilibrium respectively.
Liu [96] proposed that K; equals to equilibrium constant K, when 6, is small (i.e.,

the adsorption capacity of the adsorbent is much higher than the amount of adsorbate to be

removed). This assumption is valid for dilute solutions.
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According to the IUPAC, the concentration of stationary phase is expressed per unit

volume of the phase. As such, the distribution constant may be defined as:

Ky =— (2.23)
where C,; is the concentration of the solute in the adsorbent (mmol/L), C, is the
concentration of the solute in the solution at equilibrium (mmol/L). Considering the effect of

the activity coefficient, K, is expressed as

. Cad
Ko=c im0 (2.24)

where K, can be obtained by plotting C,4/C, versus C,4 and extrapolating to zero Cpy. In
some studies [117-120], K, was calculated by this approach when Langmuir constant K; was
unavailable. In our study, K, values were calculated this way. However, C,; , usually
denoted by mmol/g, is converted to mmol/L using the density of the sorbent. Strictly
speaking, K, is not dimensionless since the units of C,; and C, are from two different phases

and thus cannot be simply cancelled out.

2.4 Kinetic models of adsorption

In the past decades, several mathematical models have been proposed to describe the

sorption kinetics.

2.4.1 Pseudo-first order kinetic model

In 1898, Lagergren [121] presented the first-order rate equation in which adsorption
rate was assumed to be proportional to the adsorption capacity available. It can be expressed

as follows:
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dq
2 k0.~ (2.25)
where Q, and @ are the solute uptake (mmol/g) at equilibrium and time ¢ (min), respectively,

and k, is the pseudo-first order rate constant.

Integration of Eq. (2.25) gives:

In(Q, — Q) = —k,t + InQ, (2.26)

Plotting In(Q, — Q) vs. time t, a straight line can be obtained with the slope of —k;

and the intercept of InQ,. This was called pseudo-first order equation to distinguish the
kinetic equations based on adsorption capacity from that based on the solute concentration in

the solution [122].

2.4.2 Pseudo-second order kinetic model

The Pseudo-second order kinetic model was proposed by Ho and Mckay [123] to
describe the adsorption of divalent metal onto peat. It assumed that chemisorption occurred
involving valence forces through sharing or exchange electrons between peat and divalent

metal ions as covalent forces [122]. The rate expression is given by:

dQ

E =k, (Qe — Q)z (2.27)

where Q represents the amount of adsorption (mmol/g) at time t (min), and Q,, represents the
amount of adsorption (mmol/g) at equilibrium, k, is the rate constant of adsorption (g-mmol
1

-min™)

Integrating Eq. (2.27) and applying initial condition t = 0, Q = 0, gives:

1
0. - letty, (2.28)

Rearranging:
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t_ 1 1,
Q kZQez Qe

(2.29)
If we plot t/Q vs. t, a straight line can be obtained with a slope of 1/Q, and the intercept of
(1/k2Q.°).

The main assumption of the pseudo-second order model is that the rate limiting step
is chemical adsorption involving valent forces through sharing or exchange of electrons.
Similar to the pseudo-first order model, the pseudo-second order model is also based on

adsorption capacity and not on the solute concentration in the solution [122].

2.4.3 Diffusion model

The diffusion model was first proposed by Weber and Morris in 1962 [124]. They
found that in many adsorption processes, solute uptake varies proportionally with t'/2 in the
initial stage of adsorption process. The linear form of this model can be expressed by the

following equation:

Q=knt+C (2.30)

"2), and the value of the

where k; is the intraparticle mass transfer constant (mmol-g"'-min
intercept C (mmol/g) is indicative of the boundary layer effect. According to this model,
plots of Q versus v/t should be linear if diffusion is dominant in the adsorption process. If the
plots are linear and pass through the origin, diffusion is the only rate controlling step; if the

plots are linear but do not pass through the origin, then the rate of adsorption may be

controlled by intraparticle diffusion together with boundary layer effects.
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2.5 Sorption in multi-solute systems
2.5.1 Sorption of phenolic compounds in multi-solute systems

In practical instances, multiple phenolic compounds are likely to coexist in industrial
wastewater. Thus the sorption technique shall not be limited to the removal of a single solute
and interactions among the solute components in multi-solute systems on sorption
performance were also worth investigating. Some attempts have been made to investigate the
competitive sorption of phenolic compounds in multi-component system over the past few
decades.

Lu and Sorial [125] studied the sorption of phenol, 2-methylphenol and 2-ethylphenol
in binary and ternary solute systems. It was observed that the equilibrium uptake capacity of
2-methylphenol in the binary solute system increased with an increase in its concentration,
whereas the opposite was observed for phenol. This indicates competitive effect of 2-
methylphenol on phenol adsorption. Similarly, competitive effects of 2-ethylphenol on
adsorption of phenol and 2-methylphenol in ternary solute systems were also observed.
Competitive sorption of phenol, 4-chlorophenol and 4-nitrophenol on activated carbon was
studied by Mihalache et al. [126]. Sorption capacity of phenol, which was the weakest
adsorbing compound, was greatly reduced by the presence of 4-nitrophenol, which was the
strongest adsorbing compound. Significant competitive interactions were observed for
ternary solute systems, where sorption capacity of one phenolic compound was significantly
reduced by the presence of other solute compounds for all the three phenol compounds. Huh
et al. [127] conducted competitive sorption of phenol, 4-methylphenol, 2,4-dimethylphenol
and 4-ethylphenol on montmorillonite. And a comparison of sorption capacity of phenol in

single and multi-solute systems showed that sorption capacity of phenol decreased in the
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following order: phenol(single solute)>phenol/4-methylphenol (bisolute)>phenol/2,4-
dimethylphenol (bisolute)>phenol/4-methyphenol/2,4-dimethylphenol (trisolute).

Competitive sorption between phenolic compounds was found to be related to their
sorption capacities in single solute system in some cases. Srivastava and Tyagi [128] studied
the competitive sorption of four phenolic compounds (2,4,6-trinitrophenol, 4-nitrophenol, 4-
chlorophenol and resorcinol) in bisolute systems on activated carbon developed from the
fertilizer waste slurry. They found that the sorption of 2,4,6-nitrophenol, which had the
highest adsorptive capacity on the adsorbent among the four, was not affected by the
presence of other three phenols, and resorcinol, which was the least absorbable among the
four solutes, did not affect the sorption of the other three phenols. Mutual suppressions of
sorption capacity were observed in other bisolute systems. Similar results were reported for
the sorption of phenol and 4-chlorophenol from bisolute solutions by Abburi [129], and the
supressing effect was more pronounced for 4-chlorophenol on phenol than phenol on 4-
chlorophenol. Khan et al. [130] also reported similar results for the competitive sorption of
phenol and 4-chlorophenol on activated carbon. It was found that phenol had no significant
effect on the sorption of 4-chlorophenol, whereas 4-chlorophenol influenced strongly on the
sorption of phenol. For 2-chlorophenol/4-chlorophenol binary solute system, no competitive
sorption effect was observed since the adsorbent had no preferential selectivity to the
sorption of either compound. For 4-chlorophenol/3-methylphenol binary solute system,
mutual depressions of the sorption capacities was observed for the two solutes.

However, different competitive sorption behaviours among the solute compounds
have been observed in other studies. Garcia-Araya et al. [131] showed that in single-solute

solutions, the adsorption capacity was in the order of syringic acid>4-hydrobenzoic
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acid>gallic acid. However, in the presence of gallic acid (which was a less sorbable solute),
the sorption of syringic acid (which has a larger sorption capacity) was greatly suppressed,
and 4-hydrobenzoic acid affected the gallic acid sorption more significantly than syringic
acid did. Juang et al. [132] compared sorption of phenol, 3-nitrophenol, and 2-methylphenol
on surfactant-modified montmorillonite in single solute systems and bi-solute systems. The
sorption capacities of phenols on montmorilonite were in the order: 3-nitrophenol>2-
methylphenol>phenol in single solute systems. However, the extent of reduction in the
sorption capacity due to competitive sorption effects was in the order: phenol>3-
nitrophenol>2-methylphenol in bi-solute systems.

In spite of the competitive adsorption among phenolic compounds commonly
observed, mutually enhanced adsorption among phenolic compounds has been reported in
some cases. Wei and Nakato [133] studied the sorption of multi-component phenols (phenol,
2-chlorophenol, and 2,4-dichlorophenol) on two modified niobates (C;2N-K4NbsO;7 and
2C;52MeN-K4NbsO,7), the phenol compounds showed different competitive behaviours. For
sorbent 2C;52MeN-K4NbsO,7, the uptake of one phenol compound at low concentration was
enhanced by the presence other phenol compounds in binary and ternary solute systems.
Garcia-Araya et al. [131] also observed enhanced sorption of phenolic compounds on
activated carbon at low concentrations. A possible reason is that at low solute concentrations,
the sorption sites available for sorption were abundant, and the good affinity and solubility

among the phenolic compounds may have helped each other in being adsorbed on the sorbent.

2.5.2 Multi-component adsorption models

Compared to single-solute adsorption isotherm, multi-component adsorption

isotherms are tedious to determine experimentally. Therefore, prediction of multi-solute
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sorption isotherms based on single-solute isotherms is desirable. Several mathematical

models have been developed, and they are described in the following section.

2.5.2.1 Competitive Langmuir model

The earliest attempt to describe competitive sorption was made by Butler and Ockrent

in 1930 [134], who proposed a Langmuir model for competitive sorption for binary solute

systems:
_ Qmiki1Cy (2.31)
Qel - ’
Qm2ki2C; (2.32)
Qez

T+ ke Gy + Gy

where Q,,1, Qm2, k11, and k;, are the Langmuir constants obtained from single-solute
systems.

The Langmuir competitive model was modified by Jain and Snoeyink in 1973 [135],
who assumed that not all adsorption sites are available to all components. The number of
adsorption sites for non-competitive adsorption is given by the difference between the
maximum loadings (Q,,) of the species. Suppose Q1 > Qo for a bisolute system,
competition for sorption sites by the two solutes occurs only when the uptake Q < Q,,», and
the two solutes do not compete for the sorption sites corresponding to (@1 — Qmz), The

modified equations are:

0,, = (Qm1 — sz)kL1C1 Qmazk11Cy (2.33)
Qmz2ki2C; (2.34)
Qez

T 1+ ke Gy + Gy
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where Q,; and Q,, are the equilibrium uptakes of solute 1 and 2 at equilibrium
concentrations C; and C,, respectively, in mixture solution. The first term on the right side of
Eq. (2.33) represents the Langmuir expression for solute 1 which adsorbed on the adsorbent
without competition, and the second term represents solute uptake of solute 1 in competition

with solute 2.

2.5.2.2 Competitive Freundlich model

It is worth noting that the Langmuir competitive model and the modified version are
only applicable when all solutes obey the Langmuir isotherm individually. In cases where all
solutes obey the Freundlich isotherm instead of the Langmuir isotherm, a Freundlich-type
isotherm for multisolute adsorption was proposed by Sheindorf et al. in 1980 [136]. It was
based on the assumption that each solute component individually obeys the Freundlich

isotherm. The isotherm is written in the form:

Q; = KriC; Z a;;C; (233)

j=1

where N is the number of solute components in the system, Q; is the equilibrium uptake of
solute component i in multicomponent solute system, C; and C; are the concentrations of
component i and j at equilibrium in the solution. Kr; and n; are the Freundlich constants for
the solute i , which are considered to be the same as those in a single-solute system. a;;
represents for the competitive sorption effect of component j on component i. By definition,
a;j = 1 wheni = j. If the adsorption of component i is not supressed by the presence of
solute component j, a;; = 0; If the adsorption of component i is significantly reduced by the

presence of solute component j, a large a;; value will result.
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For binary solute systems, the adsorption isotherm for each solute is given by:

1
=—1
Q1 = Kp1C1(Cy + ag,C)™ (2.36)

1 2.37
Q2 = KpzCy(a3,Cy + Cy)™2 ! ( )

For a quinary solute system, the adsorption isotherm for each solute is:

1

=1

Q1 = Kp1C1(Cy + a1505 + a13C3+a1,Cy + a35C5)™ (2.38)
11

Q2 = Kp2(3(az1C1 + Co+az3C3+a;54C4 + ap5Cs)™2 (2.39)
L1

Qs = KpsCs(as1Cy + asyC; + as3Cs+as,Cy + Cs)s (2.40)

There is a problem with the competitive Freundlich model with regards to the
competition coefficient a;;. Sheindorf et al. [136] stated that the product of a;; and a;; should
be unity based on the thermodynamic definition of competition coefficients. However, such a
reciprocal relationship between a;; and a;; is not commonly obtained in competitive
adsorptions [130, 137, 138]. On the other hand, if there is no competitive effect between the
two solute components, the competition coefficients a;; and a;; should be zero, and
obviously the product of the two will not be unity. Although the competitive Freundlich
model has been applied in multi-solute sorption systems, its thermodynamic theoretical

origin is somewhat questionable, and to the best it is only a semi-empirical model.

2.5.2.3 Ideal adsorbed solution theory model (IAST)

The ideal adsorbed solution theory (IAST), originally proposed by Myers and
Prausnitz [139] for mixed-gas sorption, is regarded as a model with the most

thermodynamically accepted foundation. Radke and Prausnitz [140] extended the IAST to
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multi-solute sorption in dilute aqueous solutions on activated carbon. The theory was based
on the following assumptions [141]:

(1) The sorbent is thermodynamically inert.

(2) The chemical potentials in both solid and liquid phases are equal for each solute at
sorption equilibrium. Therefore, the spreading pressure should be constant for all
solutes in the mixture.

(3) The adsorbed phase forms an ideal solution. Therefore, the solid/liquid equilibrium
may be described in analogy with the Raoult’s law for vapour/liquid equilibrium.

The basic equations for IAST model are:

G (2.41)
Z; = Sn A
i=1 Qi
0 Ci
C;%(n) = — (constant T, ) (2.42)
i
N
1 Zj
—= Z —5 (constant T, m) (2.43)
RA)
Q; = Qrz; (2.44)
My =Ty = " =Ty (2.45)

where 7 (J/em?) is the spreading pressure of each component in the mixture, which is defined
as the difference between the interfacial tension of the pure solvent-solid interface and that of
the solution-solid interphase at the same temperature; Q@ (mmol/g) is the total uptake of
solute by the solid phase in the multi-solute system, Q;° (mmol/g) is the uptake of solute i in
the single-component system at the same spreading pressure and temperature, C; (mmol/L) is

the liquid-phase equilibrium concentration of solute i in multi-solute system, C;°(7r) (mmol/L)
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is the liquid-phase equilibrium concentration of solute i in the single-solute system at
spreading pressure 7. z; is the mole fraction of solute i in the adsorbed-phase.
In order to use the above equations, the spreading pressure must be evaluated from

the single-solute isotherm by:

RT [%Q°
c.0 = X ac.0 (2.46)
") =To004 ), ¢
where 1 (J/em®) is the spreading pressure, A stands for the specific area of the adsorbent

(cm?*/g) . If we plot % vs. C, by using the single-solute isotherm data, spreading pressure 7

can be determined by the area under the curve. Rearranging Eq. (2.46):

Cio 0
o= 000mA _ Qo (2.47)
RT o C°

where ¢ (mmol/g) is related to the spreading pressure . Therefore, ¢ should be constant for
all the solutes in the mixture.

An advantage of the IAST model is that it is not limited to a specific isotherm, and it
can incorporate different isotherm equations for calculation. For example, by using the
Freundlich isotherm, the analytical solution for the IAST is illustrated as follows:

Firstly, values of C; and Q; are determined experimentally for each solute in multi-
solute systems. Then z; (i.e., mole fraction of solute i in the solid phase) can be obtained
using Eq. (2.41), and C;° () can be obtained from Eq. (2.42). Q;°(7) can be calculated from

the single-solute isotherms by:
Q;° = Ke (G, (2.48)

Substituting Eq. (2.48) into Eq. (2.47):
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c° 0\1/n

U K (C;

¢ = f '—F(Clo) dc® = ng,° (2:49)
0 i

where K and n are Freundlich constants of solute i for its single-solute system. Since ¢ is
the same for all the solute components in the mixture as indicated from Eq. (2.45), one can

estimate Q;° for other solute components using the following equation:
Ji p g g¢q

Q°=-¢ (2.50)

Substituting Eq. (2.50) into (2.43), and the value of Qr, which may be different that is
determined experimentally, can be estimated. Then the predicted Q; for each solute
component in the multi-solute system can be estimated using Eq. (2.44).

Table 2.5 summarizes the isotherm models applied for the sorption of phenolic

compounds in multi-solute systems.
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Table 2.5 Adsorption of phenolic compounds in multi-solute systems

Multi-component system Sorbent Types of model applied Ref.
Phenol, 4-chlorophenol Amberlite XAD-16 competitive Langmuir, [129]
resin IAST
Phenol, 2-chlorophenol, Organically modified  competitive Freundlich [133]
2,4-dichlorophenol niobates
Gallic acid, Syringic acid Bituminous coal based N/A [131]
4-hydroxybenzoic acid activated carbon
2,4,6-trinitrophenol, Activated carbon competitive Langmuir, [128]
4-nitrophenol, 4- developed from waste ~ Modified competitive Langmuir
chlorophenol, resorcinol slurry
Phenol, 2-,3-, and 4- Activated carbon competitive Langmuir, empirical, [130]
chlorophenol, competitive Freundlich, generalized
3-methylphenol model
Phenol, resorcinol Activated carbon, artificial neutral network model [142]
wood charcoal and rice
husk ash
Phenol, 4-chlorophenol, Activated carbon competitive Langmuir, competitive  [126]
4-nitrophenol Freundlich-Langmuir, Fritz-
Schlunder model
Phenol, 3-nitrophenol, Surfactant-modified competitive Langmuir [132]
2-methylphenol montomorillonite
Phenol, 4-methylphenol, 2,4- Organically modified competitive Langmuir, IAST [127]
dimethylphenol, montomorillonite competitive dual mode sorption,
4-ethylphenol
Phenol, 2-methylphenol, Activated carbon IAST [125]
2-ethylphenol
2-chlorophenol, 3- Organically modified = IAST and competitive Langmuir [143]
cynaophenol, montorillonite

4-nitrophenol
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2.6 Regeneration of spent adsorbents

In the sorption process, sorbents eventually become saturated. After exhaustion, the
sorbents must be replaced with fresh ones or they must be regenerated. Sorbent regeneration
is usually preferred because it is normally cheaper than replacement [16], and the sorbate can
also be recovered. Since the regeneration cost of the exhausted sorbents is vital to the
economic feasibility of the sorption process, it is necessary to develop proper regeneration
processes for the spent sorbents. Thermal and chemical regeneration are two commonly used

approaches.

2.6.1 Thermal regeneration

Thermal regeneration is the most commonly used regeneration technique for
industrial applications. In thermal regeneration, the sorbates are desorbed by volatilization
and/or oxidation at high temperatures. For example, activated carbon is often regenerated at
high temperatures (>500°C). However, the use of a high generation temperature not only
increases the fuel cost but also reduces the sorption capacity of the regenerated carbon [144].

An early study conducted by Magne and Walker [145] showed that in the thermal
regeneration of phenol-saturated activated carbon, physisorbed phenol can become
chemisorbed during the course of thermal treatment at a high temperature. Chemisorption
occurred on the particle sites, which are modified upon heating at 1223 K, and then phenol
was decomposed on the surface, with some surface pores closed, and thereby decreasing the
surface area accessible to phenol and resulting in reduced sorption capacity. They pointed out
that a lower thermal treatment temperature and shorter treatment time was favourable to

avoid chemisorption of phenol. Moreno-Castilla et al. [146] also reported the transformation
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of physisorbed phenol to chemisorbed phenol when activated carbon-phenol system was
heated up to 1100 K in an inert gas flow. They conducted seven sorption-regeneration cycles
and found that the sorption capacity of 4-nitrophenol on the sorbent decreased the most, with
little sorption capacity left after seven cycles. The reduction in sorption capacity was 50% for
4-methylphenol and 80% for phenol and 3-aminophenol after seven cycles.

Torrents et al. [144], who used relatively low temperatures (110-400°C) to desorb
aromatic compounds from activated carbon, found the presence of electron-withdrawing
functional groups on the aromatic ring (e.g., —NO; and —Cl) would increase the activation
energy and thus requires a higher temperature and longer time for the desorption process.
Sabio et al. [147] tested three thermal regeneration methods of saturated activated carbon
with 4-nitrophenol and concluded that thermal regeneration could be carried out in a single
step of direct air-gasification to simplify the process and reduce the operating cost, although
this approach could only achieve a 87% recovery of 4-nitrophenol sorption capacity on
activated carbon. A study by Berenguer et al. [23] showed that the regeneration of phenol-
saturated activated carbon obtained by thermal treatment in an inert atmosphere at 750°C was
the most efficient, reaching 80-86% of the original sorption capacity. Ania et al. [24]
compared the regeneration of activated carbon sorbed with phenol using microwave energy
with the conventional thermal regeneration using an electric furnace at 1123 K. They
evaluated the sorption capacity of the sorbent from breakthrough curves in the packed-bed
adsorption process. The microwave treatment could reduce the heating time and preserve the
porous structure to a great extent.

Lin and Cheng [148] conducted thermal regeneration of benonites exhausted by

phenol and 3-chlorophenol at 200°C for two hours and little change in the phenol and 3-
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chlorophenol removal efficiency was observed even after five adsorption-regeneration cycles.
Alvarez et al. [25] carried out thermal regeneration of phenol-saturated activated carbon at
1123 K in N; (pyrolysis alone) or N, and CO, (pyrolysis plus oxidation). They found that less
than 30% of phenol was physically sorbed onto activated carbon and at least 50% overall
mass of phenol was not removed upon heating to 1100 K. Batch adsorption of phenol was
tested for three sorption-regeneration cycles, and the sorption capacity of the regenerated
adsorbent was found to be 79.2%, 79.4% and 68% after each regeneration cycle, respectively.
Roostaei and Tezel [149] regenerated phenol exhausted zeolite sorbent Hisiv 1000 in air
atmosphere at 360°C for 16 h in an electronic oven. Sorption isotherm was determined to see
whether the sorption capacity has changed after each regeneration step. It was observed that
there was no apparent change in sorption capacity of phenol on Hisiv 1000 after regeneration
up to 14 cycles.

In summary, thermal regeneration is advantageous to desorb strongly adsorbed
species and to recover the sorbates. However, it has three major disadvantages: (1) thermal
energy is required, (2) high temperature may damage the surface structure of the sorbent thus
decrease the sorption capacity, (3) thermal regeneration can hardly be done in situ, and
unloading, transporting and repacking of the sorbent are involved, which increases sorbent

attrition.

2.6.2 Chemical regeneration

As an alternative to thermal regeneration, chemical regeneration offers several
advantages: (1) it is convenient to conduct the sorption-regeneration cycles with the same
setup without sorbent transportation, (2) no damage to the sorbent surface structure due to

higher temperature can occur, (3) with proper treatment, both the chemical and the sorbate
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can be recovered [16]. The most commonly used regenerating chemicals can be categorized
into two groups: (1) organic solvents that can extract the sorbates from the sorbent; b,
inorganic chemicals which may react with the sorbate and strip it off the sorbent.

For sorbents saturated by phenolic compounds, such organic solvents as acetone [15,
16], methanol [15-18], ethanol [16, 17, 19, 20] have been used as regenerants. Cooney et al.
[16] tested 19 solvents for desorption of phenol from activated carbon, and 3 of them
(acetone, methanol and dimethylformamide) were found to be better than others. When tested
in column regeneration, methanol was shown to be effective. In general, solvent temperature
and flow rate were not as important as the solvent volume and type. Zeng et al. [19] used
industrial alcohol to desorb phenol from PDM-2 resin column, and a nearly 100%
regeneration efficiency was achieved with 3 bed volumes of alcohol at room temperature.
They performed five sorption-regeneration cycles with the column and found that the
breakthrough curve of the first cycle was almost identical to that of the fifth cycle, indicating
that PDM-2 could be completely regenerated without significant capacity loss. Regeneration
of activated carbon exhausted from phenolic compounds with solvents has been explored by
Grant and King [17], who found that the regeneration efficiency with ethanol and methanol
was 85.3% and 78.1% , respectively, among 12 solvents tested.

Among inorganic regenerating agents, sodium hydroxide has been found be the most
effective in the regeneration of phenol-saturated sorbents. The main mechanism of
regeneration was postulated based on two aspects [18]: (1) sodium hydroxide reacts with
phenols to form sodium phenate, a soluble salt which facilitates the desorption of phenols
from the sorbent surface; (2) the high pH arising from NaOH can change the surface polarity

of the sorbent and thus reduce the attraction between phenol and the sorbent.
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Pan et al. [21] used dilute NaOH solutions as regenerant for 4-NP saturated column of
a synthesized polymeric adsorbent (NDA-701) and granular activated carbon, and a nearly
complete regeneration was obtained with NDA-701, while only 75% sorption capacity was
recovered with the granular activated carbon. 25 adsorption-regeneration runs were
performed, and the superposition of breakthrough curves of the first and the 25" cycle
indicated that NDA-701 can be fully regenerated with the NaOH solution without any
capacity loss. Rengaraj et al. [150] used different concentrations of sodium hydroxide to
desorb phenol from the activated carbon made from rubber seed coat and commercial
activated carbon, and they found that NaOH solution at 0.1 and 0.14 mol/L were required for
regenerating the two adsorbents, respectively. Ozkaya et al. [22] also performed phenol
desorption from spent carbons using NaOH at different concentrations, and it was found that
0.15 mol/L NaOH was needed for effective desorption.

Leng and Pinto [18] investigated the regeneration of activated carbon loaded with
different sorbates (phenol, aniline, benzoic acid and nitrobenzene), and the chemical
regeneration of activated carbon was shown to depend primarily on the solubility of the
sorbate in the eluting reagents, sorption capacity of the solutes, and the charge characteristics
of the sorbent surface. By comparing the regeneration performance with five different eluting
reagents (methanol, micellar solutions, hydrochloric acid, formic acid, and sodium
hydroxide), they found that the solubility of the sorbates in the eluting reagents could be
enhanced by adjusting the pH, adding micelles, or using reactive regenerants that could
produce soluble forms of the sorbate. Gupta et al. [15] carried out desorption of 2,4,6-
trinitrophenol, 4-NP, 4-CP and 1,3-dihydroxybezene from activated carbon columns using

acetone, methanol, ethanol propanol, formic acid, acetic acid and sodium hydroxide. The
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results revealed that methanol and NaOH were more effective than other chemicals for the
column regeneration.

A disadvantage of chemical regeneration is that the solvent desorption-water wash
scheme will end up with two solutions that require further treatment: The eluting solution
containing the desorbed solute, and the water wash solution containing a significant amount
of the eluting chemicals plus a small amount of residual sorbate [16]. In addition, if the
regenerating solvent itself cannot be recovered, it will add to the cost of the adsorbent

regeneration process.

2.7 Sorption in packed-bed columns
2.7.1 Packed bed adsorption of phenolic compounds

Compared with batch sorption processes which are usually limited to treat a small
amount of wastewater, fixed bed processes can continuously treat a large volume of water
until the column is exhausted, and thus they are often used in practice. The performance of
the packed bed can be described by the breakthrough curve that characterizes the
concentration-time profile. The breakthrough point is the time when the column effluent
reaches the maximum allowable solute concentration which may be determined by the
process specifications such as discharge regulations. The shape of the breakthrough curve
depends on both the property of the sorbate-sorbent system and the operating conditions of
the column (e.g., feed flow rate, feed concentration, bed depth, and the sorbent size) [151].

Using commercially available Amerlite XAD-4, Li et al. investigated the sorption of
phenolic compounds by polymeric sorbents in packed columns [81, 83]. Mini-column
adsorption was conducted to compare the breakthrough characteristics and the total sorption

capacity of phenolic compounds by the polymeric sorbents in the column. An et al. [152]
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used a salicylic acid grafted polymeric adsorbent for sorption of phenol, 4-CP and 4-NP.
Column studies were performed to obtain the breakthrough capacity and saturation capacity
of the column. Sorption of phenol, 2-CP and 4-CP on chitosan-coated perlite beads in a
packed column was studied by Kumar et al. [65].

Gupta et al. [15, 153] used carbon prepared from waste slurry in fertilizer plants as a
low lost adsorbent for phenolic compounds. The sorption of phenol, 2-CP, 4-CP, 4-NP,
catechol, and 2.,4,6-trinitrophenol by the slurry carbon in a fixed bed was conducted, and
parameters of the packed-bed adsorber were obtained from the breakthrough curves. It was
found that column sorption capacity is higher than the capacity obtained in the batch
experiments. Goud et al. [154] used activated carbon prepared from tamarind nutshell as a
low cost sorbent for phenol sorption, and the effects of flow rate, phenol concentration and
particle size on the breakthrough curve characteristics were investigated. It was shown that
the breakpoint time and phenol removal decreased with an increase in the flow rate, phenol
concentration and particle size. Column sorption of phenol has also been studied on other
low cost adsorbents including sugar cane bagasse [155] and olive mill waste [156].

Sze and McKay [157] studied the sorption of 4-CP on stratified activated carbon in
packed columns. Four different types of packed-bed adsorption columns were used and
compared under the same operating conditions but different column geometries and activated
carbon particle size stratification. A cylindrical column with particle stratification packing is
found to be most efficient. Yoshida et al. [158] synthesized a monolithic carbon cryogel with
a microhoneycomb structure and used it to adsorb phenol in continuous flow systems. It was
reported that the straight channels in this new material can minimize the pressure drop and

thin channel walls only causes minimal mass transfer resistance. The effects of temperature
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and bed depth on the breakthrough curves have been investigated, and the column utilization
was reported to increase with an increase in the temperature and bed depth. Hammache et al.
[159] optimized the experimental conditions of phenol adsorption in an activation carbon
packed-bed adsorber by using experimental design methodology. The effects of flow rate,
carbon bed height, temperature and initial phenol concentration were investigated and the
results showed that the temperature has a weak influence on the adsorption yield, and an
increase in the flow rate has a positive effect on the percent removal of phenol.

The breakthrough curves in the above mentioned sorption systems were determined
experimentally and no mathematical modelling of the process was attempted.
Experimentation can provide a specific breakthrough curve under given operating conditions;
however, it is usually laborious and time consuming especially for systems with a long
residence time. Thus mathematical modeling of the adsorption is very essential for describing

and predicting the breakthrough behaviour of packed column adsorption systems.

2.7.2 Adsorption modelling in packed-bed column system
The development of mathematical models for predicting the dynamic adsorption
behaviour has attracted much attention in the past few decades. The mass conservation for a

packed bed system is

Rate of accumulation of
sorbate mass within the
control volume

Rate of net sorbate input into
the control volume
associated with the bulk flow

Rate of net sorbate efflux
from the control volume

In a packed bed mode, the control volume could be a small element of in the bed, as

shown in Figure 2.1. The flow is assumed to be along the direction of the bed axis; D, is a

dispersion coefficient (cm?/min) if axial dispersion is not ignored, U is the superficial
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velocity (cm/min), which equals the volumetric flow rate divided by the cross-sectional area
of the column; 7 is the distance to the inlet (cm), A is the bed depth (cm). @ is the local
phenol uptake in the solid phase (mmol/g) and C}, is the phenol concentration in the liquid

phase (mmol/L) at time ¢ (min). Then the following rate equations can be written:

) ) AZAC
Rate of accumulation of sorbate mass in the control volume: —

Rate of net sorbate input associated with mass flow: (UsCp); — (UsCp) 7402

ac

Rate of sorbate efflux due to axial dispersion: (Dz Z—;)Z - (Dz 5)“ Az

. AZA
Rate of sorbate efflux due to adsorption: %

The mass conservation equation for the fixed-bed adsorption system is

AZAC < ac>z+( ac _AZAQ 2.51)

At ( s b)Z ( s b)Z+AZ ZaZ ZaZ)Z+AZ At

Dividing by AZ on both sides and for the limiting situation AZ — 0, Eq. (2.51) becomes:

(D 66) (E 66)

AC - (UgCy)y — (UsCh) 7 4nz ) 20Z) 710z 297), . AQ (2.52)
im — = lim + lim — lim — .
AZ—0 At  AZ-0 AZ AZ—0 AZ AZ—0 At

The differential equation could be written as [86, 160]:

dc  4Q aC 92C
—+—+U

o _p %" 2.53
ot ot SdzZ Dzazz (2:53)

where the initial and boundary conditions are:
Att =0,C(z,t) =0;Q(zt) = 0;
AtZ =0,€(0,0)=0,C(0,t) = Cip;
dc
AtZ =H,—=0;
0z

where C;;, is the initial solute concentration of the influent, and # is the bed height.
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Figure 2.1 Control volume for mass balance considerations in fixed bed adsorption [86]

Eq. (2.53) is a general mass balance equation correlating the solid phase and the fluid
phase in a packed-bed system. Together with the sorption rate and sorption isotherm
equations, they form the governing equations for packed bed column sorption behaviour.
Both sorption rate and sorption isotherm equations can be determined from the batch sorption
studies [161]. The combination of these equations usually requires complex numerical
methods to solve, and thus it is challenging to establish a general model for the packed-bed
adsorption system. However, solutions are available for simplified models under some
assumptions for certain circumstances. In the following section, a few widely used
mathematical models for characterizing the column adsorption performance will be discussed

in details.

2.7.2.1 The Adams-Bohart, Bed depth and service time (BDST), and Wolborska model
The fundamental equation describing the relationship between C/Cyp and ¢ in a flow
system was established by Adams and Bohart in 1920 when analyzing the typical chorine-

charcoal transmission curve [162]. Assuming that the rate of “reaction” is proportional to
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residual adsorption capacity of the sorbent and to the concentration of the sorbate in the

solution, then following equations were obtained:

00

=== —kQC (2.54)
g —kQC (2.55)
9z u

where Q is the adsorption capacity available for taking up additional solute in the solution, C
is the concentration of solute at a given distance, u is the linear flow rate and k is kinetic
constant of the Adams-Bohart model.

By applying the boundary condition:

{tzO'Q:Qo

z=0,c=cy

The solution to the differential equations is:

Co KQoZ
In (? - 1) —1In (e - 1) — kCyt (2.56)

kQoZ
It is reasonable to assume that the exponential term e v is much larger than 1, so Eq. (2.56)

can be reduced to

0 _q
"

1 (CO ) _kQoZ _ kCyt (2.57)

Eq. (2.57) is the so called bed depth service time (BDST) model proposed by Huchins
in 1973 [163]. The BDST model involves two variables for the sorption system: Z (the bed
depth), and u (the linear flow rate). The BDST model has been widely used in predicting
breakthrough curves in the fixed-bed sorption [164-167].

Ko et al. [168] pointed out that the BDST model ignored the intraparticle mass

transfer resistance and the external film resistance such that the sorbate is considered to
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adsorb onto the adsorbent surface directly. They proposed to modify the term bed sorption
capacity Q, so that it would be a time-dependent quantity:

Qr = Qo(1 — exp(—av't)) (2.58)
where a is a rate parameter which depends on the mass transfer resistance.

Incorporating Eq. (2.58) into Eq. (2.57) gives:

In (% ~1)= kQo(1 e’;p(‘“ﬁ)z kGt (2.59)

Wolborska [169] studied the breakthrough behaviour in low-concentration range and
made the following two assumptions: (1) the initial concentration distribution is translocated
along the column at a constant velocity; (2) the low-concentration regions is characterized by
constant kinetic coefficient and controlled by the external mass transfer. Then the following
equations were formulated:

x=h—-wt (2.60)
where w is a constant velocity of the migration of the concentration fronts along the bed, and

x 1is the bed height and 4 is the distance from the column inlet.

0Q
5 = Ple—c) (2.61)

where £ is the kinetic coefficient of the external mass transfer, c; is the sorbate concentration
at the interface and c is the sorbate concentration in the solution. With Eq. (2.60), (2.61) , and
the mass balance equation Eq. (2.53), the breakthrough curve in low concentration range can

be determined [169]:

(2.62)
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By comparing Eq. (2.62) with Eq. (2.57), we notice that the expression of Wolborska

model is actually equivalent to the BDST model if 5 equals to Q@ k5 and In (% - 1) is

approximated to (n Ci
0

2.7.2.2 The Thomas model
The Thomas model is another widely used model for packed bed adsorption. It is
based on the following assumptions [170, 171]:
(1) The axial diffusion is negligible so the mass balance can be simplified to:

0c  9Q 9C _
ot at 297

0 (2.63)
(2) Film diffusion and internal diffusion are not rate-determining factors, and the rate of
sorption is determined by chemical effects (i.e., surface reaction).
(3) The adsorption process complies with the Langmuir type isotherm at equilibrium and
Langmuir kinetics.
Suppose the rate of adsorption is proportional to the product of the “concentration of empty
holes” on the adsorbent and the concentration of solute in solution being adsorbed, and that
the rate of desorption is first order with respect to the concentration of the adsorbed material.

One can write:

0
a—f = k1(Qo — Q)C = k2Q (2.64)

where k; and k, are the rate constants of the adsorption and desorption, respectively, and Q,
is the initial adsorption capacity of the adsorbent.

By substituting Eq. (2.64) into Eq. (2.63), the following expression was obtained:
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n(2—1) == = kmCot (2.65)

1 (Co ) _ krpQom
where kr, is the Thomas rate constant, m is the mass of adsorbent in the column, Q, is the
maximum solid-phase concentration of the solute, and F is the volumetric flow rate.

It is worth noting that Eq. (2.63) is very similar to Eq. (2.53). One primary limitation
of the Thomas model comes from neglecting the effect of external diffusion, and surface
reaction kinetics is considered to be the only factor determining the sorption rate. Sorption

process sometimes can be controlled or affected by diffusion and this discrepancy can lead

deviations in model predictions.

2.7.2.3 The Clark model

In 1987, Clark [172] developed a model to predict the performance of system to
adsorb organic compounds. The Clark model was derived based on the following [160]:

(1) The liquid-phase mass balance equation:

= ac 2.66
I—UE (2.66)

where / is the mass-transfer rate per unit reactor volume (mg of solute h™'- cm™), u is

the linear flow rate (cm/h).

(2) The sorption isotherm obeys the Freundlich type:

Qr = kp(CHM™ (2.67)
(3) The adsorption rate is:
dc
J=u—=kr(C—Co) (2.68)

where k1 is the mass-transfer coefficient.

Defining:
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kry dZ
=(—)—((n-1 2.69
r=(CH— (-1 (2:69)
Co (2.70)
A= (—=-1e™
(- De
The following equation is obtained:
C n-1 (ﬁ)
C = 0 (2.71)
14+ Ae "t

Based on Eq. (2.71), one can get parameters A and r through non-linear regression of the C

2
vs. t data. Interestingly, neglecting two terms (i.e., a—i and DZ%) from Eq. (2.53) will
yield Eq. (2.66). % refers to the accumulation of sorbate concentration in a controlled volume

9%c . . . . .
and Dzﬁ refers to flux due to axial diffusion. If one assumes uniformity of the control

volume and neglects the molecular diffusion, then Eq. (2.53) can be converted to Eq. (2.66).
The Clark model has successfully predicted a variety of adsorption systems, including some

that even do not follow the assumptions used in the model derivation [160].

2.7.2.4 The Yoon-Nelson model

The Yoon-Nelson model proposed [173] is a relatively simple model for predicting
the breakthrough curves. It is based on the assumption that the rate of decrease in the
probability of adsorption for each molecule is proportional to q the probability for adsorption
and p the probability for breakthrough:

aqQ
e kynpq = kynp(1 —p) (2.72)

Integration of Eq. (2.72) gives:
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p
1 —

Ing— = ~ken(c = (2.73)

. c
Assuming p = C—b, one has:
0

Ch
Co — Cp

ln == kYNt - TkYN (274)

where ky is the kinetic rate constant of the Yoon-Nelson model and 7 is the time required to
obtain 50% breakthrough.

The Yoon-Nelson model is much simpler than others. It requires no detailed
information about the bed height, flow rate, or the mass of the sorbate. On the other hand,
limited by its simple form, it provides less valuable information for the dynamic adsorption
system (e.g., the saturation bed capacity).

Chen et al. [174] and Huang et al. [175] investigated the adsorption of phenol on
several modified XAD-4 resins packed in columns and used the Thomas model to fit the
breakthrough curve. Adak and Pal [166] conducted the fixed bed sorption of phenol removal
on surfactant-modified alumina. The effects of bed depth, flow rates and phenol inlet
concentration on the sorption breakthrough were studied, and the column adsorption data was
analyzed using the Adams and Bohart model. Sangeeta et al. [176] used a cross-linked starch
based polymer to remove 4-NP, and the effects of initial solute concentration, bed height and
flow rate on the breakthrough were investigated, The Yoon- Nelson model was fitted to the
experimental data, and it was shown that the equilibrium adsorption capacity of 4-NP
increased with an increase in the influent concentration and a decrease in the flow rate.

In some studies, more than one model may be used to describe the sorption in packed

bed columns. Aksu and Gonen [165] used Adams-Bohart, Thomas, Clark and Yoon-Nelson

models to predict the adsorption breakthrough of phenol using immobilized activated sludge
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in a fixed bed. The Adams-Bohart model was shown to be valid for the low concentration
range, the Clark model worked for higher flow rates and higher concentrations, and the
Thomas model and the Yoon-Nelson model were able to describe breakthrough
characteristics at a wider concentration range. Li et al. [177] used modified XAD-4 resins as
adsorbent for phenol adsorption, four dynamic adsorption models (the Thomas, BDST, Clark,
and Yoon-Nelson models) were used to characterize the dynamic adsorption data, all of the
four models were reported to be suitable for representing the breakthrough curves. Srivastava
et al. [164] studied the sorptive removal of phenol by Bagasse fly ash in a packed bed. Such
operating conditions as the bed depth, flow rate, and phenol inlet concentration, and particle
diameter of the adsorbent were examined. The experimental data were fitted by the Adam-
Bohart, Wolborska, Thomas, Clark and Yoon-Nelson models. The bed depth service time
(BDST) model at 50% breakthrough provided a good fit to the experimental data and the
predicted column adsorption capacity is very close to that determined from the batch study.
The Wolborska model is shown to work at low concentration range (C/Cy<0.5), and kinetic
coefficient for mass transfer was determined by this model. The dynamic adsorption
behaviour for the concentration range (0.08<C/Cy<0.99) were well described by the Thomas,
Clark and Yoon-Nelson models.

More recently, Garba et al. [178] studied phenol removal in a fixed bed packed with
modified palm shell-based carbon. Breakthrough curves were obtained for different flow
rates, bed depths and inlet concentrations. The Adam-Bohart, Thomas and Yoon-Nelson
models were used to fit to the experimental data, but only the Yoon-Nelson model worked.
Singh and Balomajumder [167] used modified rice husk as biosorbent for phenol and cyanide.

The column performance was evaluated at different initial concentrations, flow rates and bed
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depths. The Thomas, Adams-Bohart, Wolborska, and Yoon-Nelson models were fitted to the
experimental data; while Thomas model was found to be the best for phenol, the Yoon—
Nelson Model provided a good agreement with experimental data for both phenol and
cyanide. Girish and Murty [179] used a forest waste to remove phenol in a fixed bed column.
The effects of bed height, initial phenol concentration and feed flow rate on the performance
of the column were studied. The experimental data were fitted to using the Thomas, Adams-
Bohart, Yoon-Nelson, Modified dose-response, and linear driving force model. Both the
Thomas model and the linear driving force model were found to be in good agreement with
the experimental data.

Other models were also adopted to analyze the adsorption of phenolic compounds in
fixed bed systems. For instances, the axial dispersion model has been used in the adsorption
of phenol on activated carbon from date’s stones [180] and pinus pinaster bark [181] packed
in fixed beds. Constant-pattern wave approach was also used in some studies. Chern and
Chien [182] used the constant-pattern wave approach with the Langmuir and Freundlich
models to analyze the fixed bed adsorption of 4-NP on activated carbon. Juang et al. [183]
also used the constant-pattern wave approach with Langmuir model to fit the sorption of
phenol, 3-nitrophenol and 2-methylphenol on the surfactant-modified montmorillonite. Pan
et al. [184] used the constant-pattern wave approach with Freundlich model to describe the
fixed-bed adsorption of phenol and 4-NP on polymeric resin adsorbent. The homogeneous
surface diffusion model (HSDM) [185] was also used to describe the dynamic adsorption of
phenolic compounds in some cases.

Table 2.6 lists studies of packed-bed adsorption of phenolic compounds using various

adsorbents.
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Table 2.6 Fixed-bed adsorption of phenolic compounds by different sorbents

Adsorbent Solute Model Ref

Immobilized activated Phenol Adam-Bohart,Wolborska, Thomas, Clark, [165]

sludge and Yoon-Nelson model

XAD-4 and modified Phenol, Thomas model [174]

resins 2-methoxyphenol

Modified XAD-4 resins  Phenol Thomas model [175]

Modified XAD-4 resins  Phenol Thomas, BDST, Clark and Yoon-Nelson [177]
model

Activated carbon 4-CP Homogeneous surface diffusion model [157]

Cross-linked starch 4-NP Yoon-Nelson model [176]

based polymer

Surface-modified Phenol Adam-Bohart model [166]

alumina

Activated charcoal Catechol Homogeneous surface diffusion model [185]

Bagasse fly ash Phenol Thomas, Adam-Bhart, Clark, Yoon-Nelson, [164]
Wolborska

Activated carbon Phenol Axial dispersion model [180]

Activated carbon 4-NP Constant-pattern wave approach with the [182]
Langmuir and Freundlich models

Modified palm shell- Phenol Adam-Bohart, Thomas, and Yoon-Nelson [178]

based carbon model

Modified rice husk Phenol Adam-Bohart, Thomas, Wolborska and [167]
Yoon-Nelson model

Forest waste Phenol Adam-Bohart, Thomas,Yoon-Nelson, [179]
modified dose-response, and linear driving
force model

Surfactant-modified Phenol, 2-MP, Constant-pattern wave approach with the [183]

montmorillonite 3-NP, Langmuir model

Pinus pinaster bark Phenol Axial dispersion model [181]

Oil-palm-shell activated  Phenol Linear driving force model [186]

carbons

Polymeric resin Phenol, Constant pattern wave approach with the [184]

adsorbent 4-NP Freundlich model
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Chapter 3

Equilibrium study of sorption of phenolic
compounds in PEBA: single-solute systems

3.1 Introduction

Poly(ether block amide) (PEBA) is a thermoplastic elastomer produced by
polycondensation of a dicarboxylic polyamide and a polyether diol. It has good low
temperature flexibility, high strength and toughness [187]. The general formula of PEBA is

O

HO C—PA—

O—0O

where PA represents polyamide and PE represents polyether. The combination of the rigid
polyamide block and the flexible polyether block yields a block copolymer that exhibits a
two-microphase structure: a crystalline phase due to the polyamide and an amorphous phase
due to the polyether [187].

PEBA membranes have been widely used in pervaporation to remove phenolic
compounds from aqueous solutions [7, 188]. Kujawski et al. [49] compared the separation
properties of PEBA and poly(dimethylsiloxane) membranes in pervaporation of water-phenol
mixtures and found that the PEBA membranes showed a better selectivity to phenol.
Boddeker et al. [50] prepared PEBA membranes from different grades of PEBA (Shore D
hardness 35, 40 and 55) for pervaporative separation of phenol from wastewater. In order to

better understand the good selectivity of PEBA membrane to phenolic compounds, Grof and
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Heintz [188] studied the solubility and diffusivity of phenol, 2-chlorophenol and 4-
nitrophenol in PEBA 4033 (Shore D hardness 40) membrane.

PEBA 2533 (Shore D hardness 25) comprises 20 wt.% nylon 12 as the amide
segments and 80 wt.% poly(teteramethylene oxide) as the ether segments. The formula of

PEBA 2533 can be expressed as:

I |
OH C— (CHy)y—NH (CHy),—O H
nq n2 |,

Compared with other grades, PEBA 2533 has a high polyether content (~80 wt.%)
and excellent phenol selectivity [5, 189, 190]. The study of Hao et al. [5] showed that the
good permselectivity of the PEBA 2533 membrane for phenol/water separation derived from
the high solubility selectivity, revealing that PEBA 2533 has excellent affinity to phenol.
PEBA 2533 is thus expected to be an effective sorbent for phenolic compounds. To our best
knowledge, it has not been used as a sorbent for removal of phenolic compounds from
wastewater.

In this work, the sorption of phenolic compounds in PEBA was studied. The sorption
isotherm can help understand the sorption mechanism. Three isotherm models (the Linear,
Langmuir and Freundlich models) were used to analyze the experimental data. Based on the
equilibrium sorption parameters, additional thermodynamic parameters can be determined to
provide useful information about the type and the mechanism of the sorption process. The

standard free energy change (AG®) can be used to determine whether the adsorption process

is spontaneous. The standard enthalpy change (AH®) indicates if the adsorption process is
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endothermic or exothermic. The standard entropy change (AS°) reflects the change of

randomness at the solid-solution interface during the adsorption.

3.2 Materials

PEBA 2533 was provided by Arkema Incooperated. N,N-dimethylacetamide (purity
99+%), 4-nitrophenol (purity 98%), 4-chlorophenol (purity 99+%), 4-methylphenol (purity
99+%), and catechol (purity 99+%) were purchased from Acros Organics Company. Phenol
(purity 99%) was purchased from BDH Chemicals Ltd. Some physical properties of the
sorbates used in this study are listed in Table 3.1.

Table 3.1 Physical properties of phenolic compounds used in this study

Mol.wt Solubility in

A
Compound Molecular structure water(g/100 max pK,
©moh 111 at20oc) ™™

Phenol Q N 94.11 8.3 269 9.95
4-nitrophneol OZN@OH 139.11 1.16 317 7.15
4-chlorophenol C@OH 128.6 2.7 279 941

4-methylphenol 108.13 2.0 276  10.26

HsC OH

>

OH

Catechol 110.1 43 274 9.48

OH

P

A nax: Wavelength of the maximum sorption of light in a solution
pK,: the negative decadic logarithm of the dissociation constant K, of an acid
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3.3 Experimental

In order to evaluate the sorption properties of PEBA, the PEBA membranes of known

thicknesses and areas were used as the sorbent.

3.3.1 Preparation of PEBA membranes

Pellets of PEBA 2533 were dissolved in N,N-dimethylacetamide to form a 15 wt.%
solution. The mixture was heated in water bath at 80°C with vigorous mixing for two hours.
The homogenous solution was allowed to stand for 24 hours to remove entrapped air bubbles.
The membranes were prepared by pouring the solution into a Petri dish, followed by heating
in an oven at 70°C for 36 hours to evaporate the solvent. The membranes were washed
several times with deionized water and dried in an oven at 50°C for 8 h to ensure that all
residual solvent was completely removed. In order to decrease the time required for the
sorption equilibrium, thin membranes (thickness<300 pwm) were used in equilibrium sorption
studies. The thickness of the membrane was controlled by the amount of the polymer
solution used in preparing the membrane and the membrane thickness was measured using a

Starrett micrometer.

3.3.2 Sorption equilibrium study

Batch adsorption experiments were carried out in 125 mL glass bottles. Firstly,
various solutions of phenolic compounds with known initial concentrations ranging from 50
to 10,000 ppm were prepared. Then PEBA membrane samples were weighed and immersed
into the aqueous solutions of phenolic compounds. Preliminary experiments had shown that

24 hours were long enough for the adsorption process in membranes with thicknesses less
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than 300 pm to reach equilibrium. Therefore, each adsorption measurement lasted for at least
24 hours at desired temperatures. The concentration of phenolic compounds was determined
by a Shimadzu UV mini 1240 UV-Vis spectrophotometer. Calibration curves for determining
the concentration of different phenolic compounds in water by spectrophotometry were

attached in the Appendix. The equilibrium adsorption uptake Q, (mmol/g) was calculated by

_ VX (CO - Ce)
e M (3.1

where €y and C, are the concentrations of solute in the solution at the beginning and at
equilibrium (mmol/L), respectively, V'is the volume of the solution (L), and M is the weight
of the PEBA membrane sorbent (g). The sorption experiments were replicated, and the

experimental error was found to be within 3%.

3.4 Results and discussion

3.4.1 Sorption isotherms

Figures 3.1(a)-(e) show the adsorption isotherms of phenol, 4-CP, 4-NP, 4-MP, and
catechol in PEBA membrane at different temperatures. The equilibrium uptakes of phenolic
compounds (mmol/g) were plotted against their equilibrium concentrations (mmol/L) at
different temperatures. The reason for characterizing equilibrium uptake by mmol/g will be
discussed in Chapter 4.

It is shown that the phenolic compounds have different sorption capacities in the
PEBA sorbent. The sorption capacity of catechol is much lower than the sorption capacity of
4-CP at a given equilibrium concentration. In general, a lower temperature is favourable for
the sorption of the compounds studied here. The equilibrium uptake decreases with an

increase in temperature, which indicates that the sorption process is exothermic in nature.
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3.4.2 Equilibrium modeling

Three models were used to analyze the experimental data presented in Figures 3.1(a)-
(e). The linear isotherm model was expressed by Eq. (2.3), and the linearized forms of the
Langmuir and Freundlich isotherm models were represented by Eq. (2.9) and Eq. (2.11),
respectively.

Q. was plotted against C, for the linear model; 1/Q, was plotted against 1/C, for the
Langmuir model; Q, was plotted against C, in log scale for the Freundlich model. The
sorption plots for the five phenolic compounds are shown in Figures 3.2-3.6, where the

model parameters and correlation coefficient for each model are presented in Table 3.2.
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Table.3.2 Parameters of the linear, Langmuir and Freundlich models for the sorption of phenolic
compounds in PEBA

Linear isotherm

Langmuir isotherm

Freundlich isotherm

Ky R? Qm K, R? K 1/n R?
(L/g) (mmol/g) (L/mmol) (mmoly' i (Xy1/n
g

Phenol
298K 0.0406 0996 -9.81 -0.00457  0.998 0.0518 0.957 0.999
313K 0.0365 0.992  -12.8 -0.00233  0.999 0.0279 1.04  0.999
323K 0.0303 0996 -17.3 -0.00147  0.999 0.0234 1.05  0.999
333K 0.0273 0.994 -498 -0.00402  0.998 0.0182 1.08  0.999
343K 0.0242 0.989 -5.99 -0.00283  0.999 0.0142 1.09 0.998
4-CP
298K 0.248 0.962 6.90 0.0845 0.993 0.452 0.842 0.991
308K 0.182 0950 4.89 0.108 0.998 0.415 0.781 0.995
318K 0.131 0939 436 0.0922 0.999 0.332 0.777 0.992
328K 0.131 0973 4.31 0.0707 0.999 0.263 0.811 0.997
338K 0.115 0.988 5.43 0.0415 0.999 0.208 0.849 0.997
4-NP
298K 0.149 0977 0.845 0.443 0.997 0.238 0.823  0.996
308K 0.123  0.977 1.18 0.235 0.997 0.203 0.827 0.996
318K 0.0977 0954  2.67 0.0640 0.998 0.149 0.862 0.996
328K 0.0846 0.986 5.32 0.0242 0.993 0.120 0.885 0.996
338K 0.0727 0.992 1.82 0.0577 0.999 0.0951 0.909 0.999
4-MP
298K 0.108 0.992 8.83 0.0158 0.998 0.136 0.939 0.998
308K 0.0996 0.997 6.18 0.0211 0.999 0.126 0.941 0.999
318K 0.0841 0.998 5.99 0.0181 0.999 0.105 0.945 0.999
328K 0.0739 0.999 4.74 0.0199 0.999 0.0907 0.946 0.999
338K 0.0651 0.999 444 0.0184 0.998 0.0789 0.949  0.999
Catechol
298K 0.0162 0.960 1.29 0.0205 0.999 0.0303 0.864 0.992
308K 0.0139 0.975 1.29 0.0173 0.999 0.0230 0.891 0.996
318K 0.0118 0.975 1.38 0.0144 0.999 0.0214 0.875 0.994
328K 0.0102 0.991 3.80 0.0040 0.997 0.0168 0.891 0.997
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Figures 3.2-3.6 show that the linear model appears to be only suitable for representing
the sorption of phenol and 4-MP in PEBA, but not suitable for 4-CP, 4-NP and catechol. For
sorption of phenol in PEBA, the values of Langmuir model parameters were negative, as
shown in Table 3.2, which indicates that the Langmuir model does not work for sorption of
phenol in PEBA. For the sorption of 4-CP, 4-NP, 4-MP and catechol in PEBA in this study,
both the Langmuir and Freundlich models fit the sorption data well. Many other studies
showed similar results. Li et al. [73] studied the removal of phenol, 4-CP and 4-NP by
chitosan and its modified products, and they found that the sorption isotherm of phenols can
be described by both the Langmuir and Freundlich models. Koyuncu et al. [59] reported the
sorption isotherm of 4-NP on modified bentonites can be described by both the Langmuir and
Freundlich models. Koumanova et al. [93] found that the sorption of 4-CP in bentonite and
perlite follows both the Langmuir and Freundlich models. Shakir et al. [60] reported that both
the Langmuir and Freundlich models fit well to catechol sorption on bentonite at various
temperatures.

Since the linear model is only suitable for sorption of phenol and 4-MP in PEBA and
the Langmuir model is not suitable for phenol adsorption, whereas the Freundlich model can
fit all the sorption data, it is reasonable to use the Freundlich model parameters to explain
and compare the adsorption properties among different phenolic compounds in PEBA.

As shown by Table 3.2, the parameter K decreases with an increase in the
temperature. This is because the sorption is exothermic. Table 3.2 also indicate that the
sorption capacity (in terms of Ky values) at the room temperature (298 K) increases in the

order: catechol<phenol<4-MP<4-NP<4-CP.
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The different adsorption capacities among the phenolic compounds are due to many
factors. Their solubility in the solution is an important factor that can affect sorption capacity.
For instance, the sorption capacity of catechol in PEBA is the smallest among all the
phenolic compounds studied here, which can be ascribed to the largest solubility of catechol
in water (43 g/100 mL), as shown in Table 3.1. The large solubility of catechol in water
means water would like to retain catechol molecules in the solution phase. On the other side,
the sorption capacity of 4-CP in PEBA is found to be the largest. But the solubility of 4-CP
in water is small (2.7 g/100 mL), and it seems that the hydrophobic PEBA has a good affinity
to the hydrophobic 4-CP. Li et al. [83] also reported that 4-CP had the highest adsorption
capacity among all the phenolic compounds they studied. This is in agreement with an earlier
study [191] where a high hydrophobicity of an organic compound was found to favour its
sorption onto non-polar and moderately polar polymeric sorbents from aqueous solutions.

Chemical properties of the solutes can also affect the sorption capacity. It was
observed that phenols with the electron withdrawing groups (e.g., -NO, and —Cl) had a larger
sorption capacity than phenols with electron donating groups (e.g., -OH and —CH3). Moreno-
Castilla et al. [192] studied the sorption of substituted phenols on activated carbon, and found
the sorption capacity was in the following order: amino phenol<methylphenol<nitrophenol<
chlorophenol. Phenols with electron donating groups —NH, and —CH3 had lower adsorption
capacity than those with electron withdrawing groups —-NO, and —Cl. Li et al. [81] studied the
sorption capacity of phenol, 4-MP, 4-NP and 4-CP on polymeric adsorbent XAD-4, and the
sorption capacity increased in the order phenol<4-MP<4-NP<4-CP, which is in agreement

with the results of this study.
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3.4.3 Sorption thermodynamics

Thermodynamic parameters involved in the sorption processes were calculated from
the thermodynamic equilibrium constant K, which is a function of temperature. K, can be
obtained from K; if the sorption follows the Langmuir model, or it can be derived from the
distribution coefficient K;. In our study, however, the sorption of phenol in PEBA did not
obey the Langmuir model. Thus K, was determined from K since this method is applicable
to all the phenolic compounds studied. According to the definition of K,; in Eq. (2.23), C,4 is
the concentration of the solute in the adsorbent (mmol/L), which was obtained from:

Caa = Qe X p

where Q, (mmol/g) is the sorption uptake of solute in the sorbent at equilibrium, p is the

density of PEBA sorbent (1000 g/L). According to Eq. (2.24), if we plot % vs. Cgq and

- [96], as shown in Figures
e

extrapolate C,4 to zero, K, can be obtained from lim
Ce—0,Cqq—0

3.7(a)-(e).
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The estimated K, for different phenolic compounds at different temperatures were
listed in Table 3.3. The change in the standard free energy AG® can be calculated from Eq.
(2.12) and calculated AG® are presented at Table 3.3. The change in the standard enthalpy
AH® and the change in the standard entropy AS° can be obtained from the slope and the
intercept of In K, vs. 1/T plots according to Eq. (2.13). The K, vs. 1/T plots on a semi-log
scale for all phenolic compounds are shown in Figure 3.8, and the calculated values of AH®
and AS° are shown in Table 3.3.

As shown in Table 3.3, all the AG® values are negative, confirming that the sorption
of phenol, 4-CP, 4-NP, 4-MP, and catechol in PEBA was spontaneous. The negative AH®
values suggest the sorption process was exothermic, which is supported by the observation

that sorption capacities decreased with increasing temperature.
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Table 3.3 Thermodynamic parameters for phenolic compound sorption in PEBA

K, AG® (kJ-mol™) AH® (kJ-mol™) AS® (kJ-mol™)
Phenol
298K 51.0 9.71
313K 33.0 9.10
323K 27.7 -8.92 -17.7 -0.0270
333K 23.5 -8.74
343K 19.1 -8.41
4-CP
298K 600 -15.8
308K 479 15.8
318K 367 -15.6 -20.4 -0.0152
328K 290 155
338K 228 -15.3
4-NP
298K 334 -14.4
308K 282 -14.4
318K 187 -13.8 -23.8 -0.0310
328K 151 -13.7
338K 110 -13.2
4-MP
298K 139 -12.2
308K 132 12,5
318K 109 -12.4 -11.9 -0.00127
328K 93.5 -12.4
338K 80.6 -12.3
Catechol
298K 28.2 -8.27
308K 22.8 -8.00
318K 21.6 812 -13.0 -0.0160
328K 16.8 -7.69
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3.5 Conclusions

1. The linear model was suitable to describe the sorption of phenol and 4-MP in PEBA; the
Langmuir model was suitable to represent the sorption of 4-CP, 4-NP, catechol and 4-MP
in PEBA; the Freundlich model was suitable for the sorption of all phenolic compounds
studied in PEBA.

2. The sorption capacity of the phenolic compounds in PEBA increases in the following
order: catechol<phenol<4-MP<4-NP<4-CP. Phenolic compounds with electron-
withdrawing groups have a larger sorption capacity in PEBA than those with electron-
donating groups.

3. The sorption of phenol, 4-CP, 4-NP, 4-MP and catechol in PEBA was spontaneous, and it

was an exothermic process.
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Chapter 4

Kinetic study of sorption of phenolic
compounds in PEBA: single-solute systems

4.1 Introduction

Apart from sorption capacity, sorption kinetics is also of great importance in the
engineering design. In addition, the analysis of the sorption kinetics can help reveal the
sorption mechanism and identify the rate controlling step of the sorption process. Thus
sorption kinetics of phenol, 4-CP, 4-NP, 4-MP and catechol in PEBA was studied in this
chapter.

Various kinetic models have been developed to investigate the sorption mechanisms,
which can generally be categorised into two types: sorption reaction models and sorption
diffusion models [193]. Sorption reaction models, including pseudo-first order model and
pseudo-second order model, were originated from chemical reaction kinetics.

The pseudo-first order model was first proposed by Lagergren [194] to describe the
adsorption of oxalic acid and malonic acid onto charcoal. Although it is widely applied to
sorption data fitting, but there is no clear sorption mechanism related with this empirical
equation [193]. More recently, Azizian [195] proposed a theoretical analysis of the pseudo-
first order model based on the assumption of Langmuir sorption at a high initial solute
concentration.

The pseudo-second order model was proposed by Ho et al. [196] to describe the

adsorption of divalent metal ions onto peat. The main assumption is that the rate limiting step
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may be chemical adsorption involving valent forces through sharing or the exchange of
electrons between the peat and divalent metal ions. Azizian [195] derived the pseudo-second
order model based on the Langmuir adsorption at low initial solute concentrations.

The diffusion models generally assume two or more consecutive steps involving in
the sorption process: (1) transport of the solute across the liquid film surrounding the
adsorbent (i.e., external diffusion); (2) diffusion of solute in the adsorbent (i.e., internal
diffusion). The diffusion model is helpful to identify if the internal diffusion is the sole rate-
limiting step of the sorption process, and the diffusion coefficient can be obtained from the
initial stage of sorption when the external diffusion is negligible.

In theory, the sorption reaction models are suitable for chemisorption, and the
sorption diffusion models are suitable for physical sorption processes. It should be noted that
an agreement between the kinetic equations with experimental data cannot be accepted as
proof for the sorption mechanism. However, in many studies, the sorption kinetic models are
selected merely based on the correlation coefficient without considering the conditions under
which the model applies. Ho and Mckay [123] suggested that the sorption system variables
(i.e., agitation speed, sorbent size, temperature etc.) should be more extensively tested and
that several kinetic models should be compared to confirm the sorption mechanism.

There are generally three steps involved in the sorption of phenolic compounds in
PEBA membrane [197]:

1. Transport of phenolic compounds from the bulk solution to the exterior surface of the

PEBA membrane;

2. Migration of the phenolic compounds across the solid-liquid interface and sorption

onto external surface sites of the membrane;
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3. Diffusion of phenolic molecules within the membrane.
Step (1) generally happens fast and is not the rate controlling step for sorption. If the surface
reaction controls the overall sorption kinetics, then step (2) will be the rate controlling step. If
diffusion within the PEBA membrane determines the overall sorption kinetics, then step (3)
will be the rate controlling step for sorption.

The present investigation, therefore, used PEBA sorbent in a flat membrane form to
reveal the sorption mechanism because of its well-defined area and thickness. Instead of
using the correlation coefficient of the kinetic equation alone, the dependencies of rate
constant and diffusion coefficient on the sorbent size were evaluated to shed light on the
sorption mechanism involved. If the sorption process is solely controlled by the surface
reaction between the solute and adsorbent, the rate constant should be independent of the
thickness of PEBA membranes. If the sorption process is solely controlled by the internal
diffusion, the diffusion coefficient should be independent of the thickness of PEBA
membranes. In addition, the rate controlling step can be partly characterized by the activation
energy for the sorption process [124], and thus the sorption kinetics was investigated at

various temperatures to determine the activation energy.
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4.2 Experimental

The thicknesses and weights of the PEBA membranes were measured, and then the
membrane samples were immersed into a glass bottle containing 100 mL of the solution
containing phenolic compounds. As the sorption proceeded, the concentration of phenolic
compounds in the solution was monitored with a UV/Vis spectrometer. @, (mmol/g), the

amount of sorption at time t, was calculated by:

VX (Co—Cp)
ST wm (4.1)

where C, represents the initial solute concentration in the solution (mmol/L), C; represents
the solute concentration at time ¢ (mmol/L), V' is the volume of the solution (L), and M is the
mass of the PEBA sorbent (g).

To identify the mechanism of sorption process, two series of membrane samples were
prepared: one with the same surface area but different weights; and the other the same weight
but different surface areas. The membranes were used to sorb phenolic compounds at 298K.
In order to investigate the effect of temperature on the sorption process, PEBA membranes
with the same weight and thickness were immersed into solutions with the same initial

concentration at different temperatures.
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4.3 Results and discussion

4.3.1 Sorption kinetics

In order to examine whether the sorption only occurs at the surface of the PEBA
membrane or there is diffusion into the membrane, the sorption capacities are characterized
by the sorbate amount sorbed per gram of PEBA membrane (mmol/g) and the sorbate
amount sorbed per surface area of the PEBA membrane (mmol/cm?). The sorption data for
membranes having the same surface area but different weights (i.e., thicknesses) are shown
in Figures 4.1(a)-(b). Clearly, the sorption uptake was not determined by the surface area of
the PEBA sorbent, the equilibrium phenol uptake characterized by (mmol/cm?) increased
with an increase in the membrane thickness. If the sorption only took place on the surface,
the equilibrium sorption uptake characterized by mmol/cm® would be the same for
membranes with the same surface area.

Figure 4.1(a) shows that the equilibrium phenol uptake characterized by (mmol/g)
decreased with an increase in the membrane thickness. This was because the membranes had
different weights, resulting in different solute concentrations when sorption reached
equilibrium since the initial solute concentration was the same. As the weight of the
membrane increased, the solute concentration decreased due to sorption in PEBA. The lower
equilibrium solute concentration led to a lower sorption uptake, which was in accordance

with the results shown in Figure 3.1(a).
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Figure 4.1(b) Kinetics of 4-MP sorption by PEBA membrane with same surface area but different
thicknesses. (membrane surface area=23.7 cm?, the thickness of three membrane are 89.6 pm, 295
pm and 524 um, respectively; temperature=298 K; initial concentration 4-MP=50 ppm)
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In order to confirm that solute diffusion into the membrane indeed occurred in the
sorption process, the sorption kinetics for membranes having the same weight but different
surface areas were also determined. Figures 4.2(a) and (b) show the sorption kinetics of
phenol and 4-MP by the PEBA membranes. It is shown that the equilibrium phenol sorption
uptake denoted by mmol/g was the same for membranes with the same weight but different
thicknesses. This confirms that the sorption of phenol occurred not only on the surface, but
mainly in the interior, and diffusion in the PEBA membrane was significant in the sorption
process. Similar results were obtained for the sorption of 4-MP, 4-CP, 4-NP, and catechol by
PEBA membrane, as shown in Figures 4.2(c)-(e). It can thus be concluded that the sorption
uptake did not occur at the surface only, and the sorbate entered (i.e., diffusion) the solid bulk
of the PEBA sorbent. In the following the sorption kinetics will be evaluated quantitatively

based on uptake per sorbent mass.
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Figure 4.2(a) Kinetics of phenol sorption by PEBA membrane with same weight but different surface
areas (membrane weight=0.497 #0.003 g, the thickness of three membrane are 172 pum, 305 um
and 610 pum respectively, temperature=298 K, initial concentration phenol =50 ppm)
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Figure 4.2(b) Kinetics of 4-MP sorption by PEBA membrane with same weight but different surface

areas (membrane weight=0.774 #0.001g, the thickness of three membrane are 170 um, 381 pm and
950 um respectively, temperature=298 K, initial concentration 4-MP =50 ppm)
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Figure 4.2(c) Kinetics of 4-CP sorption by PEBA membrane with the same weight but different
thicknesses (membrane weight=0.525 #0.001 g, the thickness of three membrane are 127 um, 305
pum and 707 um respectively, temperature=298 K, initial concentration 4-CP =50 ppm)
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Figure 4.2(d) Kinetics of 4-NP sorption by PEBA membrane with the same weight but different
thicknesses (membrane weight=0.637 £0.001 g, the thickness of three membrane are 200 um, 360
um and 610 um respectively, temperature=298 K, initial concentration 4-NP =20 ppm)
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Figure 4.2(e) Kinetics of catechol sorption by PEBA membrane with the same weight but different
thicknesses (membrane weight=0.676 £0.001 g, the thickness of three membrane are 203 um, 356
pm and 810 um respectively, temperature=298 K, initial concentration catechol=40 ppm)

4.3.2 Kinetic models based on surface reaction

In order to see if the surface reaction is the rate determining step, reaction-based
kinetic models including the pseudo-first order and pseudo-second order models, were fitted
to the sorption kinetic data presented in Figures 4.2(a)-(e). If the pseudo-first order model
applies, plotting In(Q, — Q) against time t will produce a straight line with a slope of - k;
and intercept of In Q.. If the pseudo-second order model applies, plotting t/Q against time t
will yield a straight line. Figures 4.3(a)-(e) showed the plots. Based on the linearized forms
of pseudo-first order and second order equations, the kinetic parameters involved in the

models were obtained, and they are given in Table 4.1.
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Figure 4.3 Sorption kinetic data plotted for linearized (a) pseudo-first order model, (b) pseudo-second
order model, for phenol sorption in PEBA membrane (experimental data from Figure 4.2(a))
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Figure 4.4 Sorption kinetic data plotted for linearized (a) pseudo-first order model, (b) pseudo-second
order model, for 4-CP sorption in PEBA membrane (experimental data from Figure 4.2(c))
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Figure 4.5 Sorption kinetic data plotted for linearized (a) pseudo-first order model, (b) pseudo-second
order model for 4-NP sorption in PEBA membrane (experimental data from Figure 4.2(d))
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Figure 4.6 Sorption kinetic data plotted for linearized (a) pseudo-first order model, (b) pseudo-second
order model for 4-MP sorption in PEBA membrane (experimental data from Figure 4.2(b))
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Figure 4.7 Sorption kinetic data plotted for linearized (a) pseudo-first order model, (b) pseudo-second
order model for catechol sorption in PEBA membrane (experimental data from Figure 4.2(e))
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Table 4.1 Kinetic parameters of phenolic compound sorption in PEBA at 298 K

Pseudo-first order Pseudo-second order Experimental

M.ernbrane Ky Q. R2 ks Qe R2 Q.
thickness | (min")  (mmol/g) g/(mmol'min)  (mmol/g) (mmol/g)
Phenol

172 pm 0.0208 0.0167 0.960 2.93 0.0281 0.999 0.0272

305 pum 0.0145 0.0197 0.983 1.45 0.0288 0.999 0.0272

610 um ] 0.00400  0.0220 0.978 0.542 0.0271 0.993 0.0269
4-CP

127 um | 0.00990  0.0426 0.936 0.496 0.0627 0.999 0.0593

305 um | 0.00560  0.0502 0.976 0.213 0.0602 0.996 0.0590

707 um ] 0.00310  0.0499 0.988 0.127 0.0535 0.987 0.0590
4-NP

200 pm 0.0117 0.0120 0.977 1.62 0.0166 0.999 0.0153

360 um | 0.00430  0.0134 0.981 0.644 0.0160 0.997 0.0155

610 um ] 0.00290  0.0138 0.987 0.640 0.0144 0.984 0.0155
4-MP

170 pm 0.0194 0.0287 0.977 0.751 0.0397 0.997 0.0340

381 um | 0.00640  0.0282 0.981 0.339 0.0385 0.997 0.0346

766 um | 0.00230  0.0306 0.987 0.274 0.0282 0.973 0.0340
Catechol

203 pm 0.0129  0.00580  0.889 5.51 0.00990  0.999 0.00950

356 um | 0.00540 0.00780  0.947 1.85 0.00910  0.993 0.00950

810 um ] 0.00170  0.00860  0.959 1.14 0.00660  0.939 0.00940

For most of the systems studied, the pseudo-second order model has correlation

coefficients slightly higher than the pseudo-first order model, and the Q. values calculated

from the pseudo-second order model are closer to experimental @, value than those

evaluated from the pseudo-first-order model. This indicates that the experimental data can be

approximated adequately by the pseudo-second-order model. However, the Q, values

calculated from the pseudo-second order model deviates from the experimental value for

thick membranes. For instance, for the sorption of 4-CP, 4-MP and catechol in membranes

with thicknesses of 707, 766, and 810 pum, respectively, the predicted Q, values are smaller
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than the corresponding experimental values determined directly. As shown in Figures 4.3-4.7
there is a clear deviation between the pseudo-second order model and the experimental data
during the initial stage of sorption of phenolic compounds in thick membranes.

As shown in Table 4.1, the rate constant k, decreased with an increase in the
membrane thickness for the sorption of phenolic compounds in PEBA. For a chemical
reaction system, it is known that the rate constant depends on temperature only. If the surface
reaction is the only rate-controlling step, k, values for sorption of the phenolic compounds in
PEBA membranes would be independent of the membrane thickness.

However, the k, values obtained are not without reservation. Actually, there are some
issue about the term Q. in Eq. (2.27) [198]. Plazinski et al. [198] pointed out that the Q,
values estimated from Eq. (2.29) are not the “actual values” of Q,, and a good linearity of
t/Q; vs. t plots does not necessarily indicate a good estimation of Q.. In fact, an unreliable
estimation of @, values, in spite of good linearity in t/Q; vs. t plots, has been observed in
numerous studies [122]. To our knowledge, no further attempts have been made to examine

this issue. In the following section, the term Q, in Eq. (2.27) will be discussed.

4.3.3 Modification of the pseudo-second-order equation

Table 2 lists a few sorption systems reported in the literature that use the pseudo-
second order model to describe the sorption kinetics. The Q, value obtained from the kinetics
model was close to the @, value determined experimentally when the initial concentration of
the solute was relatively low [199-202] or when the solute concentration change was small
during the sorption process [21, 203, 204]. However, a significant deviation of Q, from the
experimental value was observed in sorption systems where the solute concentration in the

feed significantly changed during the sorption process [9, 10, 205]. Azizian [195] formulated

103



the pseudo-second order model from the classical Langmuir model of sorption kinetics and
concluded that the sorption kinetics follows the pseudo-second order model at low initial
solute concentrations. Liu and Shen [206] simplified the Langmuir kinetics to the pseudo-
second order model and they found Langmuir kinetics would be reduced to the pseudo-
second order equation only at k;/k, << 6,, and the simplification was C, dependent.
Rudzinski and Plazinski [207] derived the pseudo-second order equation for heterogeneous
solid surface. One of the assumptions they made was that the solute concentration was
constant over time. Therefore, Eq. (2.27) is strongly concentration dependent. However, how
to take into account of the solute concentration in Eq. (2.27) has never been investigated.

In almost all the studies reported so far, Q, in Eq. (2.27) was considered as a constant
that is related to the solute concentration at equilibrium. However, during the batch sorption
experiment, the solute concentration decreases as adsorption proceeds, and it is reasonable to
consider Q, as a function of instantaneous solute concentration. The relationship between Q,
and instantaneous solute concentration C,’ can be represented by the equilibrium isotherm.
For sorption systems that obey the Freundlich isotherm, the relationship between Q. and C,’

can be expressed by:
0, = KzC,"" (4.2)
The mass balance equation of a batch adsorption process gives:

(CO - Ce’)V

Q=" (4.3)

where M represents the mass of PEBA membrane (g), Q is the uptake of phenolic

compounds at time t (mmol/g), C, is the initial adsorbate concentration (mmol/L) and C," is

the instantaneous solute concentration (mmol/L).
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Eq. (4.3) can be rearranged to

r_ QM
Ce' =Co—~ (4.4)
Combining Eq. (4.4) with Eq. (4.2), we obtain
QM_,
= — Y/

Substituting Eq. (4.5) into Eq. (2.27), the pseudo-second order equation can be modified as:

d M
d_f = ka[Kp(Co — QT)I/n - QJ? (4.6)

where the constant Q, term in Eq. (2.27) is substituted by a function of @, which is changing
as sorption proceeds. Parameters K and 1/n were determined from the equilibrium isotherm
in Chapter 3.

By fitting Eq. (4.6) to the kinetic data in Figures 4.2(a)-(e), the rate constant k,
(g'mol-min™") was recalculated by a numerical solution program developed in FORTRAN.
The recalculated k, were presented in Table 4.3. To check the validity of the modified
model, a comparison between the modified-pseudo-second-order model fitting data and
experimental data was presented in Figures 4.8(a)-(e).

Figures 4.8(a)-(e) show that the data regenerated from modified pseudo-second model
equation appear to be in good agreement with the experimental data, especially for the initial
stage of the sorption, which is not well fitted by the unmodified model equation. The
modified pseudo- second-order equation gives a reliable estimation of k, values based on the
corrected understanding of @, values in Eq. (2.27). However, the recalculated k, values seem

to be also affected by the membrane thickness, as shown in Table 4.3.
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One important assumption of the pseudo-second order model is that surface reaction
controls the overall sorption kinetics, that is, the mass transfer on the liquid/solid interface
controls the overall rate of the sorption process [198]. The term “surface reaction” may not
necessarily mean chemical reaction; interactions of physical nature (e.g., van der Waals
forces) may also play a role. In this study, the interactions between phenolic compounds and
the PEBA sorbent may be explained by “electron donor and acceptor” system. The aromatic
ring of phenol tends to accept electrons [192], while the PEBA sorbent tends to donate
electrons because of lone pairs around N (polyamide segment) and O (polyether segment) in
the polymer. The acceptor-donor complexes are formed between the aromatic ring and the
PEBA sorbent, and such intermolecular forces may attribute to surface interaction.

Different k, values obtained from different membranes are presumably due to
diffusion of sorbate molecules in the membrane. As such the sorption process is not solely
controlled by the surface reaction but the internal diffusion also plays a role. Thus the

diffusion aspect will be evaluated below.
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Table 4.2 Pseudo-second order kinetic model of various related systems from the literature

C C Q. (exp. Q,(cal.
Sorbent Sorbate ° ¢ e(exp.) e(cal.) Ref.
(mg/L) (mg/L)  (mg/g)  (mg/g)
NAD-701 852 296 296
XAD-4 4-nitrophenol 100 916 169 169 [21]
Activated carbon 884 232 233
103.9 5.9 98 102
190.4 17.4 173 178.6
Activated carbon Acetic acid [205]
404 64 340 357.1
624.5 154.5 470 500
Cddn) 20 2 18%* 18.2
Activated carbon Ni(I) 20 17 18.3% 185 [202]
20 6.67 3.333 3.096
_ 40 17.6 5.606 5.408
Activated carbon Congo red [208]
60 36.9 5.789 5.821
80 55.6 6.107 5.886
_ 5 2.48 5.05 5.19
Aeromonas aciae Cr(VI) [203]
50 42.58 42.58 40
10 0.466 4.767 4.675
_ 20 1.040 9.480 9.533
Activated carbon 2,4- [200]
dichlorophenol 30 4.36 12.82 12.72
40 6.52 16.74 17.18
25 1.7 2.33 2.33
50 2.4 4.76 4.81
Fly ash Congo red [209]
75 33 7.17 7.18
100 3.8 9.62 9.62
20 14.3 71.5 75.1
Microcystis Ni(II) 50 41.2 110 115.9 [204]
100 87.0 162 166
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20 17.7 29.2 29.6
Microcystis Cr(VI) 50 45.2 59.8 60.8 [204]
100 90.5 119 120
Savdust Cd(1n) 1-10 - 1.95 1.94 199]
Pb(II) 1-10 - 1.97 1.96
25 - 12.24 12.36
50 - 24.31 24.57
Cation exchanger  Cu(Il) [210]
75 - 35.93 36.46
100 - 46.10 47.16
90 0.552 37.27 37.346
Granular sludge Malachite green 120 1.632 49.32 48.736  [211]
150 1.848 61.73 56.056
25 0.115 16.59 17.02
50 6.98 28.68 29.16
100 18.96 54.03 59.88
Seed Hulls Methyl violet 150 52.49 65.01 71.43 [9]
200 84.4 77.10 85.47
250 128 81.09 87.72
300 165 90.07 95.24
25 4.435 13.71 16.49
50 12.47 25.02 30.30
100 36.55 42.30 55.34
Oil palm trunk Malachite green 150 66.29 55.81 69.46 [10]
200 98.21 67.86 91.43
250 125 83.09 117.72
300 153 97.78 129.46
5 1.27 0.28 0.29
Perlite Methylene blue 10 24 0.57 0.59 [201]
20 7.47 0.94 1.01

*data estimated from the figure
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Figure 4.8(c) Comparison of experimental data for the sorption of 4-NP in PEBA with regenerated
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data from modified kinetic model equation
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Table 4.3 Recalculated rate constant k,* for sorption of phenolic compounds in PEBA

Phenol 4-CP 4-NP 4-MP Catechol
Membrane k,* | Membrane k,* | Membrane k,* | Membrane k,* | Membrane ke, *
thickness  Recal. | thickness Recal. | thickness Recal. | thickness Recal. | thickness  Recal.
172 pm 241|127 um 0.0274 | 200 pm 0.113 ] 170 um 0.234 | 203 um 2.98
305 pm 1.25] 305 um 0.0103 | 360 um 0.0380 | 381 um 0.0899 | 356 um 0.768
610 um 0.333 | 707 um 0.00390 | 610 um 0.0230 | 766 um 0.0254 | 810 um 0.198

Rate constant k,* was recalculated based on Eq. (4.6)
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4.3.4 Diffusion model

In order to evaluate the effects of diffusion on the sorption process, the experimental
data in Figures 4.2(a)-(¢) were further analyzed by the intraparticle diffusion model. If
intraparticle diffusion is the rate-limiting step, good linearization of the data should be
observed for the initial phase of the sorption. The plots of initial uptake (for uptake < 35%)
versus t"?are given in Figure 4.9 for the adsorption of phenolic compounds in PEBA.

Figure 4.9 shows good linearity for the initial phase of sorption of phenolic
compounds in PEBA membrane. The straight line indicates internal diffusion is indeed not
negligible. However, if the internal diffusion is the sole rate limiting step, the straight line
should pass origin [193]. Clearly this is not the case in this study, which indicates the rate of
sorption is controlled by internal diffusion together with other processes.

The parameters of the diffusion model were listed in Table 4.4. Diffusivity D, is
calculated from the plot of fractional uptake versus t'2, as shown in Figures 4.10 (a)-(e). For
the initial stage of diffusion Q,/Q,<0.3 when boundary layer effect is insignificant, the
expression for the uptake curve for membrane can be written as [212]:

Q: 4 Dt
_z__/z
)

Q. I (4.7)
where [ refers to the thickness of the membrane (m), Q; represents the sorption uptake at time

t, Q. is the uptake at equilibrium, Q; /Q, refers to the fractional sorption uptake relative to

sorption equilibrium. The value of D, for each sorption process is calculated and presented in

Table 4.4.
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Table 4.4 Parameters of intraparticle diffusion model for the sorption of phenolic compounds in

PEBA membranes with different thicknesses

Solute Membrane thickness k; C R? D, x 100
(um) mmol/(g-min"?) mmol/g m’/min
172 0.0045 -0.0022  0.9952 1.75
Phenol 305 0.0031 -0.0019  0.9967 2.31
610 0.0017 -0.0011  0.9979 2.84
127 0.0060 -0.0046  0.9954 0.299
4-CP 305 0.0036 -0.0038  0.9960 0.693
707 0.0022 -0.0030  0.9941 1.59
200 0.0015 -0.0015  0.9728 0.704
4-NP 360 0.00090 -0.0012  0.9960 0.885
610 0.00070 -0.00060  0.9952 1.38
170 0.0039 -0.0035  0.9909 0.702
4-MP 381 0.0024 -0.0026  0.9929 1.19
766 0.0012 -0.0013  0.9913 1.34
203 0.0012 -0.00060  0.9943 1.12
Catechol 356 0.00060 -0.00050  0.9936 1.10
810 0.00030 -0.00030  0.9933 1.10

Values of C were negative in Table 4.4, which is probably due to the boundary layer

effect. For a given pair of two species, diffusion coefficient should be the same. Table 4.4

shows that the diffusion coefficient for catechol sorption is basically the same for membranes

with different thicknesses. It indicates that intra-particle diffusion is the only rate controlling

step in sorption of catechol in PEBA. However, for the sorption of phenol, 4-CP, 4-NP and 4-

MP, the diffusion coefficient is different for membranes with different thicknesses,

presumably due to the effect of surface reaction. Clearly, the experimental data are net effect

of a combination of surface reaction and diffusion rather than diffusion alone.
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4.3.5 Activation energy

The sorption kinetics of phenolic compounds in PEBA was carried out at different
temperatures. In order to investigate the effect of temperature on the sorption rate,
membranes were made with the same weight and same surface area for tests with a given
solute. The kinetic data for the sorption of phenolic compounds in PEBA were presented in
Figures 4.11 (a)-(e).

The kinetic data in Figures 4.11 (a)-(e) were analyzed by Eq. (4.6) and the values of
k, for the sorption of phenolic compounds at different temperatures were presented in Table
4.5. The kinetic data were also analyzed by the diffusion model. The plots of fractional
uptake versus t'? for the adsorption of phenolic compounds in PEBA at different
temperatures were shown in Figure 4.12. The diffusion coefficients D, were calculated from

the slope of the straight line using Eq. (4.7), and they were shown in Table 4.5.
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Figure 4.11(a) Sorption of phenol in PEBA at different temperatures (membrane thickness 500 um,
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Table 4.5 Rate constant k, based on surface reaction and diffusion coefficient D, based on internal
diffusion for the sorption of phenolic compounds in PEBA at different temperatures

k, D, x 10%°

g/(mmol-min) m*/min
Phenol
298 K 0.0427 24.7
313K 0.0809 433
323K 0.165 77.6
333K 0.220 112
343 K 0.296 176
4-NP
298 K 0.0967 1.01
308 K 0.211 2.27
318 K 0.826 2.37
328 K 1.68 2.96
338K 3.09 4.77
4-CP
298 K 0.0159 1.87
308 K 0.0362 2.09
318K 0.0831 2.30
328 K 0.169 4.43
338K 0.441 5.20
4-MP
298 K 0.340 1.83
308 K 0.625 3.23
318K 1.18 3.43
328 K 1.63 3.99
338K 2.49 4.74
Catechol
298 K 2.55 2.73
308 K 542 5.79
318 K 8.00 154
328 K 13.6 21.5
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The activation energy can be calculated from Arrhenius equation, which can be

expressed as:

k, = A e"Ea/RT (4.9)

The plots of k, in log scale versus 1/T gives a straight line, as shown in Figure 4.13(a), and

the activation energy is calculated from the slope of the straight line. Table 4.6 shows the
activation energy so calculated.

If the sorption is considered to be diffusion controlling, the activation energy for

diffusion can be determined by

D, = Dye Ea/RT (4.10)
where activation energy for diffusion (E;) can be calculated from the Arrhenius plots shown

in Figure 4.13(b), and the values of the diffusion activation energy are shown in Table 4.6.

Table 4.6 The activation energy for sorption of phenolic compounds in PEBA

Phenol 4-CP 4-NP 4-MP Catechol
Activation energy(kJ/mol)
calculated from k, 37.0 68.4 75.6 41.5 44.2
Activation energy(kJ/mol) 365 283 239 17.9 53.4

calculated from D,

The activation energies of diffusion are typically in the range of 12-21 kJ/mol [124].
Activation energy of diffusion for sorption of 4-MP in the PEBA membrane seems to fall
into this range. However, the activation energies of diffusion for sorption of phenol, 4-CP, 4-
NP and catechol are slightly larger. This confirms that diffusion is in general not the only

mechanism of the sorption process.
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4.4 Conclusions

1. Sorption of phenol, 4-CP, 4-NP, 4-MP and catechol in PEBA membrane took place at the
surface of the membrane, followed by the diffusion in the membrane. The sorption uptake
was determined by the mass of the PEBA sorbent, not the surface area of the sorbent.

2. The overall sorption rate of phenol, 4-CP, 4-NP, 4-MP and catechol in PEBA was not
controlled by surface reaction or internal diffusion alone, and both steps appeared to be
important.

3. In general, sorption kinetics of phenol, 4-CP, 4-NP, 4-MP and catechol by PEBA
membrane could be described by the modified pseudo-second order reaction model

equation, although diffusion inside the membrane was not negligible for thick membranes.
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Chapter 5

Sorption of phenolic compounds in PEBA:
multi-solute systems

5.1 Introduction

The previous work focused on removing single phenolic compound solute from water.
In practical applications, it is more likely to deal with removal of multiple phenolic
compounds from aqueous solutions. The sorption of one species may be affected by others in
the mixture, possibly affecting not only the sorption capacity but also the sorption rate of
each solute component. An early study of Webber and Morris indicated that a solute was
influenced adversely by both sorption rate and equilibrium sorption capacity by other solutes
present in bi-solute systems [213]. However, there was no consistent relationship between the
uptake capacity and sorption rate for other systems. Ho et al. [214] reported a decrease in the
equilibrium uptake and an increase in the sorption rate constant for the sorption of nickel ions
in the bi-solute system. Thus it is imperative to investigate the interaction between different
phenolic compounds in multi-solute systems to determine how the solute-solute interactions
affect the sorption capacity and sorption rate.

The effect of competitive sorption on equilibrium capacity of each component in a
multi-component system is of particular interest for sorptive process design. At low solute
concentrations for which there are abundant surface sorption sites available for sorption, the
competitive effect between the solute components is likely not significant. However, at

higher solute concentrations in the solution, the surface sites available on the sorbent are
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rapidly occupied and different solute molecules start to compete for the sorption sites. For a
surface-based adsorptive process, a reduction in the sorption capacity due to competitive
sorption effect is anticipated, especially at high solute concentrations. However, insignificant
sorption competition has been reported in sorption processes characterized by a partitioning-
type mechanism [215, 216]. In addition, not all solute-solute interaction lead to competitive
sorption, and cooperative effects between phenolic compounds have been observed in multi-
solute systems in some studies, especially at low solute concentrations [131, 133, 217].

In this study, binary solute systems and a quinary solute system of the aqueous phenol
solutions were studied to investigate how the interactions among the phenolic compounds
affect their sorption in PEBA. In order to quantify these effects, multi-solute sorption
isotherm models were applied to analyze the experimental data. Since all the phenolic
compounds studied obey the Freundlich isotherm for single solute sorption systems, the
multi-solute sorption isotherm data was fitted by the competitive Freundlich model together
with the IAST theory model to obtain a better understanding of the sorption mechanism.

Apart from sorption capacity, sorption rate was another important parameter for
sorptive process design. Thus, the sorption kinetics of phenolic compounds in binary- and
quinary- solute systems was evaluated. Previous studies showed that the pseudo-second order
rate model and the diffusion model were adequate to represent the sorption kinetics for the
single-solute system. However, these two models have also been used for multi-solute
systems [214]. The sorption kinetics for the multi-solute system was analyzed based on the

pseudo-second order model and diffusion model.
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5.2 Experimental
5.2.1 Multi-solute sorption equilibrium

To determine multi-solute sorption isotherms, batch sorption experiments were
performed using the same procedure as described for single-solute sorption (section 3.3.2).
For the binary solute systems, feed solutions containing two phenol solutes with the same
initial mass concentration were prepared. For the quinary solute system, solutions containing
all five phenol solutes were prepared with the same initial mass concentration for each
phenolic compound. The prepared solutions (30 mL, 0-10000 mg/L) were placed in a glass
bottle and PEBA membranes with predetermined weights were immersed into the feed
solutions. The sorption experiments were carried out in the sealed bottles kept at 298 K.
After sorption equilibrium of 24 h, the PEBA membrane sample was removed with tweezers.
The solution was filtered with a 0.45-um membrane (Millipore), and the filtrate sample was
analyzed using a high performance liquid chromatograph (HPLC, Agilent 1100) equipped
with a C-18 column (Agilent Zorbax SB-C18, 4.6 mm IDx250 mm, 5 pum packing). The
operating conditions for the HPLC were: the mobile phase, 40% methanol and 60% water;
flow rate, 1.0 mL/min; sample volume, 5 pL; column temperature, 22°C; and the detector

wavelength, 225 nm.

5.2.2 Multi-solute sorption Kinetics

The solute initial concentration was set at 50 ppm for each of the phenol solutes in the
sorption kinetics studies. For each run, 2 L of the feed solution placed in a glass container
was continuously stirred at room temperature (298 K). The PEBA membrane sorbent

(thickness=203 um, weight =7.658 g) was carefully placed to the solution. As the sorption

proceeded, the solute concentrations in the solution were monitored using the HPLC; a 0.5
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ml sample of solution was withdrawn at appropriate time intervals for composition analysis.
During the entire course of the kinetic study, the total amount of the solution sample
withdrawn was approximately 15 mL, which was less than 1% of the initial volume.
Therefore, the change in phenol concentration in the feed solution due to sampling is
negligible. Since the regeneration experiments of PEBA sorbent in Chapter 6 demonstrated
that the phenolic compounds in PEBA could be stripped off with 0.15 mol/L NaOH solution,
the PEBA membrane was regenerated with 500 mL of 0.15 mol/L NaOH, followed by
thorough washing with deionized water, for reuses. The procedure was repeated for three
times to ensure complete regeneration of the PEBA membrane sorbent. Therefore, all the
sorption kinetic studies (single-solute, binary-solute and quinary-solute systems) were

performed with an identical membrane.

5.3 Results and discussion
5.3.1 Sorption isotherms of multi-solute systems

Figures 5.1(A-J) shows sorption isotherms of phenol, 4-CP, 4-NP, 4-MP and catechol
in PEBA, for comparison, sorption isotherms of single-solute systems were also shown in the
figures. The sorption of phenol in binary system as shown in Figures 5.1(A), (B), (C) and (D)
revealed that the uptake of phenol was inhibited by the presence of 4-CP and 4-NP (Figures
5.1(A), 5.1(B)) whereas the presence of 4-MP and catechol did not affect phenol sorption
significantly (Figures 5.1(C), 5.1(D)).

For single-solute sorption systems, the uptakes of phenolic compounds followed the
trend: 4-CP>4-NP>4-MP>phenol>catechol. It appeared that the sorption of phenol was
inhibited if other solutes present were strongly sorbed. The inhibiting effects of strongly-

sorbed substituted phenols on phenol sorption were also observed in some other studies [126,
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127, 132, 133]. Khan et al. [130] noticed no competitive sorption in a binary solute system of
2-chlorophenol/4-chlorophenol, where no preferential affinity to the sorbent was present.
However, competitive sorption may be also related to the molecular size of the sorbate
molecules. Webber and Morris [213] reported that the larger solute molecules affected the
uptake of small phenol molecules. Kim and Song [143] observed that phenols with a stronger
affinity to the sorbent might occupy larger adsorption sites than other solute components that
have weaker affinity to the sorbent. In our study, the molecular weights of 4-NP and 4-CP are
much larger than that of phenol (Table 3.1). Therefore, the inhibiting effect of 4-NP and 4-
CP on phenol sorption may be attributed to the molecular size or affinity aspect, or both, of
the binary solute systems.

A comparison of sorption of 4-CP with and without the presence of a second solute in
the solution (Figures 5.1(A), (E), (F), and (G)) revealed that the uptake of 4-CP was reduced
by the presence of 4-NP, 4-MP and phenol, especially when they were at high concentrations.
However, the sorption of 4-CP was not affected by catechol. It was worth noting that no
obvious decrease in 4-CP sorption was noticed at low solute concentrations in the solution.
The total amount of solutes seemed to play an important role in the competitive sorption. At
a lower solute concentration, the sorption sites are readily available; whereas when the solute
concentration is sufficiently high, active sites available for sorption becomes are limited and
competitive sorption becomes significant. A similar trend was reported by Cho et al. [218],
who found that sorption competition between solutes occurred at high solute concentrations,
and no significant competitive effect was observed at low solute concentrations during solid

phase micro-extraction process of multi-component solutes. In some studies [127, 131],
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although competitive sorption was observed at higher solute concentrations, enhanced solute
sorption was also observed at low solute concentrations.

As shown in Figures 5.1(A), (E), (H) and (I), a significant decrease in the sorption
capacity of 4-NP was observed in binary solute systems except for the 4-NP/phenol binary
solute system. The molecular mass of 4-NP is the largest, among the phenolic compounds
studied here, and phenol is the smallest. The presence of small solute molecules did not
appear to affect the sorption of large solute significantly. Similar results on the effects of
solute molecular size on competitive sorption were reported by Weber and Morris [213].

The sorption behaviour of 4-MP in binary solute systems was different from other
phenolic solutes studied, as shown in Figures 5.1(C), (F), (H), and (J). The sorption of 4-MP
was substantially suppressed by the presence of 4-CP, whose affinity to PEBA was the
strongest among all the phenols studied here. This trend was expected in view of the different
affinities of phenol solute to the sorbent. However, the sorption of 4-MP was hardly affected
by the presence of 4-NP and phenol in binary solute systems. For a surfaced-based sorption
process, competitive sorption was expected because solutes will compete for the limited
binding sites at the surface when multiple solutes are involved. However, if the sorption
process is a partitioning process, the competitive surface sorption will no longer be important
[215-217].

Figure 5.1(J) shows that the sorption of 4-MP was slightly enhanced by the presence
of catechol in the binary solute systems. The result suggested that there was no competition
between the two phenolic compounds, but their interactions favoured the sorption of both
components. Mutual enhancement of sorption of different solutes in multi-solute systems was

observed at low solute concentrations in other studies [131, 133]. Sheng et al. [217] studied
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the sorption of trichloroethylene on organoclays with and without the presence of carbon
tetrachloride, nitrobenzene and ethyl ether. It was found the uptake of trichloroethylene was
increased in the presence of carbon tetrachloride and nitrobenzene while decreased in the
presence of ethyl ether. The enhanced sorption of trichloroethylene was ascribed to the
increased solvency of trichloroethylene in the solid phase due to the presence of other
organic compounds. In our study, it is likely that the interactions between catechol and 4-MP
favoured the sorption of 4-MP in PEBA.

Figures 5.1(D), (G), (I), and (J) show that the sorption of catechol was slightly
decreased by the presence of 4-NP and 4-CP, and not affected by the presence of phenol and
4-MP. It seemed that the inhibiting effect of other phenol solutes on the sorption of catechol
was not obvious.

Figure 5.2 shows the competitive sorption of quinary solute systems. The sorption
capacity of individual solute decreased for all five phenolic compounds studied in the
quinary solute system. Due to the increased amount of solutes in the solution, stronger
competitive effects among the different phenolic compounds were anticipated in the quinary
solute systems than that in binary solute systems. A study of Huh et al. [127] showed that the
uptake of phenol in ternary solute systems decreased more than that in binary solute systems.
Kim et al. [143] also reported the percent decreases in sorption uptakes of 2-chlorophenol, 4-
nitrophenol and 3-cyanophenol were greater in the ternary solute systems than those in
binary solute systems.

In the following, the experimental data will be quantified with multi-component
isotherm models to measure the effects of interactions among the solutes in the solution on

the sorption of individual solute in PEBA sorbent.

131



Qe (mmol/g)

(A)

oe phenol om4-CP

o o single-solute system
e m binary-solute system

50

ot
.o
.

oe phenol AA4-NP

ot
.o
.
o
o
o

o A single-solute system
e A binary-solute system

30 40 50

| (C)

oe phenol < ¢ 4-MP

o< single-solute system
e ¢ binary-solute system

20

30 40 50
Ce (mmol/L)

132



0.9

0.6

0.3

Qe (mmol/g)

1.2
(D)

oe phenol

v ¥ catechol

o v single-solute system
e v binary-solute system

0 L L L L
0 5 10 15 20 25 30
4t (E) om 4-CP AMANP 0
et
3t H -
ot gl R A
TP
o A single-solute system
m A binary-solute system
0 [ 1 1 [
0 5 10 15 20 25
4 | (F) '.,l:l om 4-CP o * 4-MP
o
_;'D _____
3 o T
I e Y
2r O =&
1
o < single-solute system
m # binary-solute system
0 1 i
0 10 20 30 40

Ce (mmol/L)

133



Qe (mmol/g)

(G)

o om4-CP v ¥ catechol

o v single-solute system
m v binary-solute system

10 20 30 40
(H) AA4NP O®4MP
P
A < single-solute system
A ¢ binary-solute system
10 20 30 40

A-A

AA 4-NP v ¥catechol

Av single-solute system
A v binary-solute system

................. VV
: —V— — v
20 30
Ce (mmollL)

134



(J) Ce4-MP VY ca<t>echol

w

o

o
.

o
o

¢ v single-solute system
# v binary-solute system

Qe (mmol/g)
N

0 10 20 30 40
Ce (mmol/L)
Figure 5.1 Sorption of phenolic compounds by PEBA in the single- and binary-solute systems. Dotted
lines represent isotherms in the single-solute systems and solid lines indicate isotherms in the binary-
solute systems.
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Figure 5.2 Sorption of phenol (O ®), 4-CP (C1M), 4-NP (AA), 4-MP (04), and catechol (VV) by
PEBA in the single- and quinary-solute systems. Dotted lines represent isotherms in the single-solute
systems and solid lines indicate isotherms in the quinary-solute system.
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5.3.2 Multi-component isotherm modelling

Previous studies showed that the sorption of all the five phenol solutes in PEBA obey
the Freundlich-type isotherm. Thus the competitive Freundlich model, which assumes that
the Freundlich isotherm applies to all single solute systems, was applied to analyze the multi-
component sorption data. For the binary solute systems, experimental data was analyzed by
Egs. (2.36) and (2.37) with the non-linear curve fitting of the Origin software, parameters Ky
and 1/n for each phenolic compound were considered to be the same as those for single
solute systems, which were available in Table 3.3. The sum of squared errors (SSE) of the

fitting was given in Table 5.1, which was calculated by

SSE = Z(Qe,cal—Qe,exp)iz (5.1)
i=1

In addition, the IAST model was also employed for fitting of the experimental data.
The model calculation based on the IAST model can be conducted by solving a series of
equations simultaneously, as shown in Figure 5.3. SSE values for fitting the [AST equations

to the binary solute sorption data were presented in Table 5.1.

obtain Clr Cz, Ql(exp): Qz(exp) eSFimate Ql(cal) & QZ(Cal)
from experimental data using Eq. (2.44)
\l, N

estimate Qr(car)

calculate z; and z,

by using Eq. (2.41) by using Eq. (2.43)
N
Y 5
estimate C,° by calculate Q," by
using Eq. (2.42) using Eq. (2.50)
estimate Q,° by | estimate ¢ by
using Eq. (2.48) “| using Eq. (2.49)

Figure 5.3 Model calculation process based on the IAST model
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Figure 5.4 Comparison of experimental data and model calculations based on the IAST model and the
competitive Freundlich model for sorption of phenolic compounds by PEBA in binary solute systems.
(. ) predicted by the competitive Freundlich model, ¢ — —) predicted by the IAST model.

A comparison of experimental data and the model calculations based on the
competitive Freundlich model (dot line) and the IAST model (dash line) were presented in
Figure 5.4. It was observed that the competitive Freundlich model can be fitted to the
experimental data better than the IAST model for binary solute systems, especially for
sorption of 4-CP and 4-NP. Table 5.1 shows that the SSE values for the model predictions
based on the competitive Freundlich model is less than those based on the IAST model for
most of the binary solute systems studied.

For low uptake solutes such as phenol and catechol, the IAST model provided a good
fit to the experimental data. However, for strongly sorbed solutes such as 4-CP and 4-NP, the
model predictions based on the IAST model deviated significantly from the experimental
data at high solute concentrations. The deviation was mainly due to the non-ideal behaviour

of the solid phase at high solute concentrations in the solid phase. Among the phenolic
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compounds studied, 4-CP and 4-NP had a larger sorption capacity in the PEBA sorbent, and
because of the high sorbate loading, the sorbate mixture is anticipated to behave nonideally
in the sorbent phase. Rade and Prausnitz [219] found that compared with weakly adsorbed
acetone-propionitrile system, the sorption of 4-MP and 4-CP, which had a higher sorption
uptake, showed a more significant deviation from the IAST model predictions especially at
higher concentration ratios. In another study of the sorption of 4-CP on XAD-16 in the
presence of phenol, the IAST model was found to over predict the equilibrium uptake of 4-
CP in binary solute solutions at high concentrations [129].

Figure 5.4 shows the model predictions based on the competitive Freundlich model
were in good agreement with the experimental data for all the binary solute systems studied.
The model parameter a;;, which characterizes the inhibitive effect of component ;j on
component i [138], is presented in Table 5.2 for all the binary solute systems. In order to
visualize the competitive effect of other phenolic compounds on a specific component, the
radar charts were employed to represent competition coefficient values of competing solutes
on the target solute. Figure 5.5 shows the competition coefficients of all the studied phenols

on phenol (A), 4-CP (B), 4-NP (C), 4-MP (D), and catechol (E) in binary solutes systems.
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Table 5.1 SSE values for model calculations based on the IAST model and competitive Freundlich
model in binary solute and quinary solute systems

SSE SSE
Sorption system Solute .
(The IAST model) (The competitive
Freundlich model)
Phenol 0.048 0.025
Phenol/4-CP
4-CP 2.2 0.36
Phenol 0.066 0.078
Phenol/4-NP
4-NP 0.078 0.16
Phenol 0.21 0.076
Phenol/4-MP
4-MP 0.095 0.052
Phenol 0.012 0.0037
Phenol/Catechol
Catechol 0.0079 0.0046
4-CP 4.2 0.39
4-CP/4-NP
4-NP 1.2 0.20
4-CP 9.2 0.55
4-CP/4-MP
4-MP 1.5 0.11
4-CP 0.084 0.081
4-CP/Catechol
Catechol 0.016 0.0050
4-NP 0.73 0.10
4-NP/4-MP
4-MP 0.18 0.17
4-NP 0.32 0.14
4-NP/Catechol
Catechol 0.015 0.0017
4-MP 1.3 0.35
4-MP/Catechol
Catechol 0.034 0.0025
Phenol 0.80 0.018
4-CP 7.3 0.79
Phenol/4-CP/4-
4-NP 0.13 0.61
NP/4-MP/Catechol
4-MP 1.0 0.49
Catechol 0.0093 0.11
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Table 5.2 Competition coefficients for phenolic compounds in binary solute systems based on the
competitive Freundlich model

Phenol (1) 4-CP (2) 4-NP (3) 4-MP (4)  Catechol (5)
a; 1.00 487 683 0.214 0

ayi 1.82 1.00 6.46 9.20 0.0838
as; 0 8.60 1.00 2.19 0.899
A 0.825 284 10.2 1.00 -0.616
as; 0.00790 6.11 63.3 0 1.00

aj;: the competition coefficient for sorption of solute j in the presence of solute i, and a;=1.

According to Eq. (2.36) and (2.37), if the sorption of component i is not affected by
the presence of the component ; in the binary solute system, then a;; would be close to zero;
if the sorption of component i was reduced greatly in the presence of j, then a;; would be
larger than zero. The larger a;; is, the greater competitive effect of component j on i; if
cooperative sorption of component i occurs in the presence of j, then a;; should be less than
Zero.

Figure 5.5(A) indicated that the a;; values for phenol sorption in the presence of 4-NP
and 4-CP were much larger than that of 4-MP and catechol. The high a;; values in the
phenol/4-CP and phenol/4-NP systems were in accordance with the general trend (i.e., the
sorption of weakly sorbed phenols was inhibited by the presence of more strongly sorbed
phenols). Similar trend was found in a study of competitive sorption of phenols on modified
hexaniobate, where large a;; values were observed in the phenol/2,4-dichlorophenol and 2-
chlorophenol/2,4-dichlorophenol systems for which the solute-sorbent affinity was different
for different solutes. Small a;; values were observed in phenol/2-chlorophenol system where

the solute affinity to the sorbent were of the same magnitude [133].
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The sorption of 4-CP was affected by 4-NP and 4-MP whose affinity to PEBA were
significant, as shown in Figure 5.5(B). However, PEBA was able to selectively sorb 4-CP in
spite of the presence of phenol and catechol, whose affinities to the sorbent were much lower.
Similarly, 4-CP has the highest a;; value on 4-NP, as shown in Figure 5.5(C).

A negative a;; value (-0.616) was obtained for the 4-MP/catechol system, as shown in
Table 5.2. The sorption of 4-MP was slightly enhanced in the presence of catechol. A
possible reason is that the interaction between 4-MP and catechol favours the sorption of 4-
MP. Figure 5.5(d) shows that the competition coefficient was the highest for the 4-CP/4-MP
system, indicating that the presence of strongly sorbed solute 4-CP would significantly
decrease the uptake of 4-MP.

For the competitive sorption of catechol, the highest competition coefficient was
observed in the 4-NP/catechol system (Figure 5.5(E)). This competitive behaviour is
different from other systems. Since 4-CP had a greater affinity to PEBA than 4-NP, the
competition coefficient of 4-CP on catechol was expected to be higher than that of 4-NP on
catechol. Note that the competitive behaviour is not determined by the affinity to the sorbent
alone, and the molecular size of the solute may also play a role [213]. Although 4-NP has a
smaller affinity to the sorbent than 4-CP, 4-NP has a larger molecular size. Once large 4-NP
molecules occupy the sorption sites, it will be difficult for the smaller catechol molecules to

find available sorption sites in the sorbent.
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Figure 5.5 Competition coefficients (a;;) of other solutes on the sorption of phenol (A), 4-CP (B), 4-

NP (C),4-MP (D), and catechol (E) for binary-solute systems based on the competitive Freundlich
model
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Figure 5.6 Comparison of experimental data and multi-component isotherm model calculation data
for quinary systems. Experimental data phenol (e), 4-CP (m), 4-NP (A ), 4-MP (#) and catechol (V).
(...... ) calculated by the competitive Freundlich model, ¢ — - calculated by the IAST model.

For the quinary system, the multi-component isotherm data was analyzed by both the
IAST model and the competitive Freundlich model. With the IAST model, the calculation
method was similar to that used in binary systems, which was presented in Figure 5.2. With
the competitive Freundlich model, Egs. (2.38)-(2.40) were used, where the competitive
coefficients were considered to be the same as those from binary solute systems. The SSE
values for the prediction of quinary solute systems based on the two models were also
presented in Table 5.1.

A comparison between experimental data and model calculations using the
competitive Freundlich model (dot line) and the IAST model (dash line) were presented in

Figure 5.6. Although the competitive Freundlich model showed a good agreement with the
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experimental data in binary solute systems, significant deviations between model calculations
and experimental data were observed in the quinary solute systems, especially for the
sorption of 4-NP, 4-MP and catechol. The reason was that competition coefficients
determined from the binary solute systems were used in the quinary solute systems in Egs.
(2.59)-(2.61). It is possible that the competition coefficients for a pair of solutes will be
affected by the presence of the other additional solute components in the mixture. Therefore,
in order to more accurately look into the competition behaviour in the quinary solute systems,
competitive sorption behaviours in ternary and quaternary solute systems should also be
investigated.

Figure 5.6 shows that the predicted data based on the IAST model deviated from
experimental data significantly, especially at high concentrations. This is due to the non-
ideality of the sorbed phase for a quinary solute system, where the total uptake of solutes was
much larger than that for binary solute systems. Interactions among the sorbed-species
increased with increasing sorption loadings [219], and therefore, an activity coefficient may
be considered in the sorbed phase to correct for the non-ideality of the sorbed phase in the

model.

5.3.3 Sorption Kkinetics of multi-solute systems

The interactions among different solutes in a mixture affect not only the uptake
capacity, but also the sorption rate of each component. Figure 5.7 shows sorption uptake of
phenolic compounds in PEBA sorbent for binary solute systems as sorption proceeded with
time. Figures 5.7(A), (B), (C) and (D) show that although the equilibrium uptake of phenol
decreased in the presence of the second solute component, the sorption rate of phenol in

PEBA seemed to be enhanced. For the sorption of 4-CP, Figures 5.7(A), (E), (F), and (G)
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show that the sorption rate of 4-CP was slightly enhanced by the presence of phenol, and its
sorption rate was not significantly affected by the presence of 4-NP, 4-MP and catechol.
Figures 5.7(B), (E), (H), and (I) that the sorption rate of 4-NP in binary solute systems was
not affected by the presence of the other phenol solute. The sorption rate of 4-MP was
enhanced by the presence of phenol, and the presence of the other phenolic solutes did not
affect the sorption rate of 4-MP. The sorption rate of catechol was enhanced by the presence
of phenol, 4-CP and 4-NP, and the opposite was true when 4-MP was present, indicating the
inhibiting effect of 4-MP on catechol sorption rate. Sorption kinetics of solutes in the quinary
solute system was shown in Figure 5.8. In order to quantify the sorption rate, kinetic models

will be applied to fit the experimental data in the following section.
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Figure 5.8 Sorption kinetics of phenol (O ®), 4-CP (CIM), 4-NP (AA), 4-MP (O#), and catechol (\V¥)
by PEBA in the quinary solute system. The open symbols represent the data in single-solute systems
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5.3.4 Kinetic model fitting for multi-solute sorption

In order to quantify the sorption kinetics of phenolic compounds in PEBA in multi-
solute systems, the pseudo-second order model and the diffusion model were employed to

analyze the kinetic data.

5.3.4.1 The pseudo-second order model for multi-solute systems

The pseudo-second order equation was denoted by Eq. (4.6). Parameters K and 1/n
were obtained from the multi-component isotherm data presented in Figures 5.1(A-J) and
Figure 5.2. Sorption rate constant k, (gr-mmol ™ -min™") for multi-solute sorption were obtained
in the same way as described in section 4.3.3 and they were presented in Table 5.3. The data
fitting results were presented in the Appendix. For easy comparison of sorption rate constant
between single-solute and multi-solute systems, the normalized sorption rate constant (k, of
a solute component in multi-solute system divided by the k, of the solute component in
single solute system) were presented in radar charts 5.9(A)-(E).

Table 5.3 shows that for the sorption of phenolic compounds in single-solute system,
the sorption rate constant k, decreased in the order catechol>phenol>4-MP>4-NP>4-CP.
However, the sorption uptake capacity decreased in the order 4-CP>4-NP>4-
MP>phenol>catechol. It seemed there was an adverse relationship between the equilibrium
uptake capacity of a phenolic compound and its sorption rate constant when the feed solution
had only one phenolic solute. This is consistent with the results from a study of competitive
sorption of metal ions, where a high sorption rate constant k, was correlated with a low

equilibrium sorption uptake Q, [11].
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Figure 5.9(A) indicates that there is no significant difference between sorption rate
constant of phenol in the quinary solute system and that in single-solute systems, whereas the
sorption rate constant was greatly enhanced in all the binary solute systems. The initial
concentrations of the two solutes in binary solute system were relatively low (50 ppm for
each solute) in this study, and competition of the sorption sites was not significant at low
solute concentrations. Thus, there was no significant depressing effect on the sorption rate. In
addition, the interactions between phenol and other solute components appeared to have
enhanced the sorption rate of phenol, resulting in an increased phenol sorption rate in binary
solute systems. Ho et al. [214] studied heavy metal sorption and found that the nickel
sorption rate was increased despite of the decreased Q, values in the cooper/nickel bi-solute
system. This result was attributed to the size of nickel ions and the chemical nature of the
binding species. However, in quinary solute systems, the initial concentrations for each
solute were set the same (50 ppm), but the total solute concentration of the feed solution was
substantially higher than the feed solution of binary-solute systems. Therefore, the
competitive effect of other components on phenol sorption was more pronounced in quinary-
solute systems than that in binary solute systems, which resulted in a sorption rate of phenol
in quinary solute system lower than that in binary-solute systems.

Figure 5.9(B) showed that the sorption rates of 4-CP in binary systems followed the
same trend as those of phenol. The increased sorption rate of 4-CP by the second solute in
binary solute systems was considered to be due to the absence of competitive behaviour at
low solute concentrations, together with the interactions between 4-CP and other phenols

which favoured the sorption rate of 4-CP. The sorption rate of 4-CP in the quinary solute
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system is slightly higher (9.7%) than that in the single-solute system. This is probably
because 4-CP has the highest affinity to the PEBA sorbent among all the phenols.

The kinetics of 4-NP sorption in the single-solute and multi-solute system was shown
in Figure 5.9(C). Sorption rate of 4-NP was enhanced in the presence of 4-CP, 4-MP and
catechol but was not greatly affected by the presence of phenol in binary solute systems. In
the quinary solute system, however, the sorption rate constant of 4-NP increased by 81.8%
compared with that in the single-solute system. The significantly increased sorption rate of 4-
NP in the quinary solute system may be related to the large molecular size of 4-NP. 4-NP is
the largest molecule among all the phenolic compounds studied here, and once the large
sized 4-CP molecules were bonded to the sorbents, the sorbed 4-CP molecules would block
the accessibility of other phenolic solutes to the sorbent. Therefore, the large molecule size of
a sorbate is expected to be advantageous in competitive sorption with other solutes in multi-
solute systems.

Figure 5.9(D) indicates that the sorption rate of 4-MP was enhanced by the presence
of phenol, 4-CP, and 4-NP but suppressed by the presence of catechol in binary solute
systems. The reduced sorption rates of 4-MP in the 4-MP/catechol system may be caused by
the much higher uptake rate of catechol (k,=6.6 g'mmol'-min") than 4-MP (k,=0.38
g'-mmol'min™") in their respective single solute systems. The sorption rate of 4-MP in the
quinary solute system was almost the same as that in the single-solute system, following the
same trend as that of phenol.

For the sorption kinetics of catechol, Figure 5.9(E) shows that the sorption rate of
catechol was greatly enhanced by phenol and 4-CP, while 4-NP had a retarding effect on the

sorption rate of catechol in the binary solute systems. The reduction in the sorption rate of
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catechol in the 4-NP/catechol system may result from the large molecular size of 4-NP.
Figure 5.9(E) also indicates a significant reduction in catechol sorption rate (24.2%) in the
quinary solute system as compared to the case of single catechol solute in the feed solution.
Catechol has the least affinity to the sorbent among all the phenolic compounds studied, and
the molecular size of catechol is relatively small. Thus the competition from the other solutes
in the solution would retard both the rate of sorption and equilibrium capacity of catechol in

the quinary solute system.
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Table 5.3 Sorption rate constant k, (g-mmol”-min™) of phenolic compounds by PEBA in single and
multi-solute systems based on the modified pseudo-second order model

Solute Solute systems k,
Single-solute 1.9
Phenol/4-CP 2.5
Phenol Phenol/4-NP 4.7
Phenol/4-MP 35
Phenol/Catechol 4.1
Quinary-solute 1.8
Single-solute 0.031
4-CP/phenol 0.083
4.CP 4-CP/4-NP 0.054
4-CP/4-MP 0.080
4-CP/catechol 0.043
Quinary-solute 0.034
Single-solute 0.11
4-NP/phenol 0.10
4-NP/4-CP 0.16
4-NP
4-NP/4-MP 0.24
4-NP/catechol 0.23
Quinary-solute 0.20
Single-solute 0.38
4-MP/phenol 1.0
AMP 4-MP/4-CP 0.60
4-MP/4-NP 0.91
4-MP/catechol 0.26
Quinary-solute 0.39
Single-solute 6.6
Catechol/phenol 17
Catechol Catechol/4-CP 25
Catechol/4-NP 4.5
Catechol/4-MP 6.9
Quinary-solute 5.0
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Figure 5.9 Normalized sorption rate constant ( k) of phenol (A), 4-CP (B), 4-NP (C), 4-MP (D), and
catechol (E) for multi-solute systems based on the pseudo-second order model
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5.3.4.2 The diffusion model for multi-solute systems

Eq. (4.7) was fitted to the sorption kinetic data in Figures 5.7(A-J) and 5.8, and
coefficients D, (m*/min) of phenolic compounds in single and multi-solute systems were
obtained in the same way as that described in section 4.3.4, and they were presented in Table
7.4. Similar radar charts were used to show the normalized diffusivities (D, of a solute in
multi-solute systems divided by the D, in the single-solute system), as shown in Figures
5.10(A-E).

Figure 5.10(A) shows that compared with diffusivity of phenol in the single-solute
system, the diffusivity of phenol was greatly enhanced by the presence of 4-MP in the
solution, and no significant change in phenol diffusivity was observed when catechol was
present or when all the five solutes were present in the solution. It seemed that the interaction
between phenol and 4-MP favoured the diffusion of phenol. Figures 5.10(B), (D) and (E)
showed that the competitive effects of a second phenol on the diffusivities of 4-CP, 4-MP
and catechol in multi-solute systems were not significant. This result suggested that the
interaction between different phenolic compounds did not greatly affect the diffusion process
of the 4-CP, 4-MP and catechol in binary-solute and quinary-solute systems.

The diffusivity of 4-NP followed a quite different trend, as shown in Figure 5.10(C).
The diffusivity of 4-NP was enhanced by the presence of phenol, but reduced in the
phenol/4-CP, phenol/4-MP and phenol/catechol systems, respectively. The reduced
diffusivity of 4-NP in other systems can be ascribed to the competitive effect. Presumably the
competitive effect of a second solute will slow down the diffusion process of the large sized

4-NP molecules. In a competitive sorption kinetics study of heavy metal ions on peat, Ho et
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al. [214] also found the competitive effect may cause a decrease in the diffusion rate,
although it was unclear what was really happened.

In the quinary solute system, the diffusivity of 4-NP was decreased by 34.8%
compared with that in single-solute system. On the other hand, the diffusivity of phenol was

enhanced slightly by 9.2% in the quinary system, presumably due to its smallest molecular

size among the phenolic compounds studied.
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Table 5.4 Diffusivity D, (m*/min) of phenolic compounds in single-solute and multi-solute systems
based on the diffusion model

Solute Solute systems D, x 1010
Single-solute 1.3
Phenol/4-CP 2.0
Phenol Phenol/4-NP 3.2
Phenol/4-MP 4.1
Phenol/Catechol 1.2
Quinary-solute 1.4
Single-solute 0.62
4-CP/phenol 0.72
4.CP 4-CP/4-NP 0.70
4-CP/4-MP 0.76
4-CP/catechol 0.51
Quinary-solute 0.52
Single-solute 0.92
4-NP/phenol 1.2
4NP 4-NP/4-CP 0.67
4-NP/4-MP 0.73
4-NP/catechol 0.65
Quinary-solute 0.60
Single-solute 1.0
4-MP/phenol 1.2
AMP 4-MP/4-CP 1.3
4-MP/4-NP 0.99
4-MP/catechol 0.90
Quinary-solute 0.89
Single-solute 1.0
Catechol/phenol 1.4
Catechol Catechol/4-CP 1.3
Catechol/4-NP 1.0
Catechol/4-MP 1.3
Quinary-solute 0.9
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Figure 5.10 Normalized diffusivity ( D.) of phenol (A), 4-CP (B), 4-NP (C), 4-MP (D), and catechol
(E) for multi-component systems based on the diffusion model.
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5.4 Conclusions

1. The sorption uptake of one solute in the PEBA sorbent may be enhanced, decreased or
remain the same when a second solute was added to the feed solution. More specifically,
the uptake of 4-MP was slightly enhanced by the presence of catechol; no significant
sorption competition was observed for the phenol/4-MP, phenol/catechol, and 4-
CP/catechol binary solute systems; mutual depressions were found in other binary solute
systems.

2. More significant sorption competition was observed in the quinary solute system than in
binary solute systems.

3. The sorption isotherm of a solute in binary solute systems was better represented by the
competitive Freundlich model than the IAST model.

4. The pseudo-second order model and the diffusion model were used to describe the
sorption kinetics for binary solute and quinary solute systems. Sorption rate constant k,
and the diffusivity D, of a solute were affected by the molecular size of the sorbate and

its affinity to the sorbent in multi-solute systems.
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Chapter 6

Regeneration of PEBA sorbent exhausted by
phenolic compounds

6.1 Introduction

After exhaustion of sorption capacity, the sorbents must be replaced with fresh ones
or regenerated. For low-cost sorbents such as industrial or agricultural wastes, the sorbents
can simply be replaced rather than being regenerated, but the exhausted sorbents need further
treatment (e.g., incineration or landfill) for final deposition, which has considerable
environmental significance. The regeneration is generally more cost effective than
replacement for sorbents with a high production cost, and in this case the performance of the
regenerated sorbents will affect the economic feasibility of the sorption process.

A main disadvantage of commercial activated carbon is the high regeneration cost. It
has been estimated that the cost of carbon regeneration is around 75% of the operating and
maintenance costs [16]. As a thermoplastic elastomer with good mechanical strength, PEBA
2533 is expected to have better regeneration properties. Therefore, it is desirable to
investigate the regeneration of the PEBA sorbent.

In this study, both thermal and chemical regeneration of the spent PEBA sorbent were
performed. The regeneration tests were conducted in batch sorption using PEBA membranes,
the sorption isotherms of phenolic compounds sorbed in pristine PEBA membranes and
regenerated PEBA membranes were compared to evaluate the effectiveness of the

regeneration process.
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A major disadvantage of thermal regeneration is that it needs ex-situ operation in a
continuous sorption process. That is, the exhausted sorbent needs to be transported to a
heating unit to conduct regeneration and then transported back to the sorption unit [23].
Chemical regeneration can be completed in situ. That is, chemical eluents and wash water are
loaded to the exhausted column without repacking. Thus it minimizes the down time for the
sorption process. The widely used chemicals for regeneration of sorbent saturated with
phenolic compounds include acetone [15, 16], methanol [15-18], ethanol [16, 17, 19, 20], and
sodium hydroxide [15, 16, 18, 21, 22]. Therefore, ethanol, methanol, and sodium hydroxide
were used as regenerants in this study. The concentration of NaOH solution was selected as
0.15 mol/L according to an earlier study [22].

For the conventional thermal regeneration, phenolic compounds are desorbed from
exhausted sorbents at high temperatures (>500°C) [23, 24, 145, 146]. However, the high
operating temperature will not only increase the operating cost but also change the
morphology of PEBA since its melting point is 134°C. Thus thermal regeneration at high
operating temperature is not favourable in our study. As a result, a vacuum-assisted thermal
regeneration technique was proposed in our study. It is expected that under vacuum, the
sublimation/boiling point will be lowered and a cold trap can be used to condense the sorbed
sorbate to form a highly concentrated solution, which is of particular interest from an
application point of view. Although thermal regeneration is widely used for regenerating
sorbents exhausted by phenolic compounds, very few studies are available on the comparison
of thermal regeneration for different phenolic compounds on the same sorbent material.
Thermal regeneration and vacuum-assisted thermal regeneration were performed for PEBA

loaded with phenol, 4-CP, 4-NP, 4-MP and catechol in this study.
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6.2 Experimental

Batch sorption of phenol, 4-CP, 4-NP, 4-MP and catechol in PEBA was performed
with the same procedure as described in section 3.3.2. In order to cut the time of the
experiment, the initial concentration range was reduced to 50-500 ppm for all the phenolic
compounds studied. In conducting the equilibrium sorption experiments, the sorbent were
allowed to contact the solution for at least 24 h at room temperature (298 K) to ensure
sorption equilibrium was reached. After each regeneration process, the sorption isotherm was
determined again to see whether the uptake capacity changed after regeneration.

For chemical regeneration of the sorbent, methanol and ethanol, both reagent grades,
were purchased from Sigma-Aldrich and Commercial Alcohols Inc. Canada, respectively.
Sodium hydroxide was purchased from Caledon Laboratories, Canada. The phenol-saturated
PEBA membrane was treated by 20 mL of the chemicals of interest for 2 hours at room
temperature. Then the membrane was washed with large quantity of deionized water to
remove any residual regenerants. The surface of the wet membrane was wiped with
Kimwipers, and left dry at room temperature. The regenerated membranes were immersed
into phenol solutions at the same initial concentrations as used in the first sorption cycle, and
the sorption isotherm for the second cycle was obtained. This process was repeated for 4 or 5
times to investigate the effects of sorbent regeneration on the sorption capacity of the
regenerated PEBA sorbent.

For thermal regeneration, the phenol-saturated PEBA membrane was placed in an
oven at 90°C for 2 h for phenol and 4-MP, at 120°C for 4-CP and catechol and at 130°C for
4-NP. The thermally regenerated membranes were reused in the same way as described. For

the vacuum-assisted thermal regeneration, the experimental set up is shown in Figure 6.1.
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Phenol-saturated PEBA membranes were placed into a flask which was kept in a water bath
at 80°C for 2 h. The vacuum with an absolute pressure of 5 k Pa was applied to assist in

evaporation of phenols, and the phenol vapours were condensed and collected with a cold

trap immersed in liquid nitrogen.

e

Exhausted
PEBA 2533 Water bath Liquid nitrogen Vacuum pump

Figure 6.1 Schematic diagrams for vacuum-assisted thermal regeneration
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6.3 Results and discussion

6.3.1 Chemical regeneration of PEBA sorbent

6.3.1.1 Regeneration of PEBA sorbent with NaOH

The isotherms of phenol sorption in pristine and NaOH-regenerated PEBA are shown
in Figures 6.2(a)-(e). The superposition of the sorption isotherms indicates that there was no
significant loss in the phenol sorption capacity after the sorbent was regenerated with NaOH
for at least four regeneration cycles.

In order to quantify the regeneration performance, the sorption isotherms obtained for
each cycle was fitted with the Freundlich model. Freundlich parameters K and 1/n were
obtained from the data fitting, and the equilibrium sorption uptake @, at a given equilibrium
solute concentration C, can thus be evaluated. In the interest of comparing sorption capacity
of the sorbent after regeneration cycles, Q, was calculated at C,=100 mg/L as a reference.
The relative sorption uptake, defined as Q, of regenerated PEBA divided by Q, of the
pristine PEBA at C,=100 mg/L, was used for easy comparison. This is shown in Figure 6.3
for phenol sorption. It is shown that after regeneration, there is little change in the sorption
capacity, suggesting satisfactory regeneration performance.

It was shown that the phenol-loaded PEBA sorbent can be regenerated using NaOH
as regenerant for all the phenolic compounds studied. Similar results have been reported for
other sorbents [15, 18, 21, 22, 150]. The main mechanism of sorbent regeneration with
NaOH has been ascribed to the formation of soluble salt (i.e., sodium phenate), which
facilitates the desorption of phenolic compounds from the sorbent surface [18, 22]. The pKa
values listed in Table 3.1 indicate that all the phenols studied have acidic characteristics and

can react with NaOH to form soluble salts. A study by Leng and Pinto [18] suggested that the
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regeneration efficiency was dependent on NaOH concentration. There will be large amount
of OH™ on the sorbent at high NaOH concentrations, and this will hinder the desorption
process. Therefore, NaOH concentration should be selected at a certain range to ensure the
best regeneration efficiency. In our study, the NaOH concentration was selected as 0.15
mol/L according to an earlier study conducted by Ozkaya [22]. Results indicate that 0.15

mol/L NaOH was effective for PEBA exhausted by phenolic compounds studied here.
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Figure 6.2(a) Sorption isotherms of phenol in PEBA at 298 K after sorbent regeneration with NaOH
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Figure 6.3 Relative sorption uptake of phenolic compounds in PEBA at €,=100 mg/L after sorbent
regeneration with NaOH

6.3.1.2 Regeneration of PEBA sorbent with ethanol

The sorption isotherms of phenolic compounds in pristine and ethanol-regenerated
PEBA are presented in Figures 6.4(a)-(e). Figure 6.5 shows relative sorption uptake of
phenolic compounds in PEBA at C,=100 mg/L after sorbent regeneration with ethanol. It
was shown that the regeneration of PEBA saturated with phenolic compounds by using
ethanol as a regenerant also worked well, but it was not as effective as using NaOH as the
regenerant. No significant capacity loss was observed after regeneration with ethanol for at
least four regeneration cycles. The regeneration mechanism of ethanol was believed to be due
to the larger solubility of phenolic compounds in ethanol than that in PEBA sorbent. As a
result, the sorbed phenolic compounds would be stripped off by ethanol. Another role of the

solvent is to weaken the interaction between the sorbate and sorbent [220].
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It was observed from Figure 6.5 that the regeneration efficiency for catechol loaded
PEBA sorbent was slightly lower than other phenols. This is probably due to the presence of
the electron-donating group —OH. It has been reported that aromatic compounds with strong
electron-donating substituent groups such as —OH were more difficult to remove from the
spent activated carbon [220]. The hydroxyl group of ethanol can act as an electron donor, and
the aromatic ring of phenol can act as an electron receptor. The electron donating substituent
such as —OH will increase the electron density of the aromatic ring and weaken the attraction

between ethanol and the phenolic compounds.
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Figure 6.5 Relative sorption uptake of phenolic compounds in PEBA at C,=100 mg/L after sorbent
regeneration with ethanol

6.3.1.3 Regeneration with methanol

The sorption isotherms of phenolic compounds in pristine and regenerated PEBA
using methanol as regenerant were presented in Figures 6.6(a)-(e). Figure 6.7 shows the
sorption uptake in regenerated PEBA at C,=100 ppm relative to sorption uptake in pristine
PEBA at the same solute concentration. Similar to the results of PEBA regeneration with
ethanol, a slight sorption capacity loss was observed for the regenerated PEBA. Effective
regeneration of phenol-saturated sorbents has been reported in other studies [16, 129]. Leng
and Pinto [18] used water, methanol and micellar solution to determine the importance of the
solubility effect in chemical regeneration of spent activated carbon. It was found that the
good regeneration efficiency of activated carbon with methanol is due to the high solubility

of phenol in methanol. According to a study of Banat et al. [92], phenol molecules have a
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dipole moment of 1.6 D and methanol has a dipole moment of 1.7 D. Thus methanol exhibits

an interaction with phenol resulting from the hydrogen bonding between the two. Methanol

was also used as extractant for phenols because of its high phenol solubility [18, 92].
Methanol is cheaper than ethanol, thus the excellent regeneration performance and

low cost make methanol an attractive eluting reagent for regeneration of phenol-saturated

PEBA sorbent.
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Figure 6.6(a) Sorption isotherms of phenol in PEBA at 298 K after sorbent regeneration with
methanol
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6.3.2 Thermal regeneration of PEBA sorbent

Figures 6.8(a)-(e) show sorption isotherms of phenolic compounds in pristine and
thermally-regenerated PEBA. Figure 6.9 shows the relative sorption uptake at C,=100 mg/L
for each phenolic compound studied as compared to the sorption uptake of pristine PEBA
sorbent. It was observed from Figures 6.8(a)-(e) that the sorption isotherm of the fresh
membrane was almost identical to that of the regenerated membrane for phenol, 4-CP and 4-
MP. Figure 6.9 also shows that there is no significant sorption capacity loss after
regeneration. Thus heating the spent sorbent at 90°C for 2 h is effective for complete
regeneration of PEBA saturated by phenol and 4-MP, and heating at 120°C for 2 h is
effective for regenerating PEBA loaded with 4-CP. This is of particular interest because for

commercial activated carbon, the regeneration temperature is usually 600-850°C [23, 24,
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146]. A study by Alvarez et al. [25] showed that at least 50% of the overall mass of phenol
sorbed in granular activated carbon was not removed by thermal regeneration even at a
temperature as high as 1100 K. Torrents et al. [144] noticed that the temperature for thermal
regeneration is usually close to 1000°C, and they consider the regeneration at temperature
range 110-400°C to be a low-temperature thermal desorption process. The high temperature
required for effective regeneration can cause several problems: increased energy cost, excess
burnout of the carbon and thus increased attrition rate [144], possible damage of the surface
pore structure of carbon and thus reduced sorption capacity [145]. The much lower
regeneration temperature (<120°C) required for PEBA loaded with phenol, 4-CP and 4-MP
indicated that thermal regeneration is effective for regeneration of PEBA sorbent.

However, for the regeneration of catechol-saturated PEBA, a significant capacity loss
was observed in Figure 6.8(e). Figure 6.9 showed that the sorption capacity of the
regenerated PEBA decreased by around 30% as compared to that of fresh PEBA at C,=100
pm. For the regeneration of 4-NP-saturated PEBA, a sorption capacity loss of about 70% was
observed for the regenerated PEBA even at a higher regeneration temperature (130°C). The
melting point of PEBA 2533 is 135°C. Thus thermal regeneration is in general not very
effective for regenerating PEBA sorbent containing sorbates catechol or 4-NP.

The different thermal regeneration efficiencies observed for these phenolic
compounds may be explained from their physical properties. The melting point, boiling point
and vapour pressure for each phenolic compound are shown in Table 6.1. The performance
of thermal regeneration seems to be related to the melting point and boiling point of the
phenolic compounds. Phenols with higher boiling point and melting point such as 4-NP and

catechol are more difficult to remove from PEBA by thermal regeneration. The melting
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process seemed to be vital for the thermal regeneration because phenols with a low melting
point (<50°C) have satisfactory thermal regeneration performance while phenols with higher
melting points (>100°C) have a significant capacity loss in thermal regeneration. This is not
surprising in consideration that thermal regeneration for removal of the sorbate from the
sorbent involves melting of phenols followed by evaporation.

Another plausible explanation is that the presence of the different substitute groups
may also affect the activation energy and affect the temperature required for desorption.
According to Torrents et al. [144], the activation energy of sorption of toluene,
chlorobenzene and nitrobenzene on activated carbon were 17.6, 26.0 and 35.6 kJ/mol,

respectively. They found the activation energy for sorption followed the substituent order OH>

NO,>CI>CHa.
Table 6.1 Physical properties of the phenolic compounds studied
Phenol  4-CP 4-NP 4-MP Catechol
Boiling point (°C) 181.7 220 279 201.8 245.5
Melting point (°C) 40.5 43 113 35.5 105
Vapour pressure (Pa) at 20°C 53 13 0.0032 14 4
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6.3.3 Vacuume-assisted thermal regeneration of the PEBA sorbent

The vacuum assisted thermal regeneration of PEBA sorbent was carried out at 80°C
for 3 h. A considerable amount of vapour was collected for phenol, 4-CP and 4-MP from the
spent PEBA sorbent, whereas little was desorbed for 4-NP and catechol. In addition, even
when the temperature was increased to 95°C for 7 h, still little 4-NP and catechol were
collected. Thus the vacuum-assisted thermal regeneration at these conditions may not work
for 4-NP- and catechol- saturated PEBA sorbent are shown in Figure 6.10(a), (b) and (c),
respectively. In order to quantify the desorption efficiency, the ratio of the amount of phenol
collected in the cold trap (mg) to the amount of phenol sorbed in the sorption step (mg) was
used to characterize the desorption efficiency. The results are shown in Figure 6.11.

It was observed from Figure 6.10(c) and 6.11 that the vacuum-assistant thermal

desorption was very effective for 4-MP saturated PEBA at the given experimental conditions

(temperature 80°C, duration 3 h). A highly concentrated 4-MP solution (=70,000 mg/L) was

collected in the cold trap for each regeneration cycle, and a desorption efficiency higher than
95% was achieved with the vacuum-assisted thermal regeneration. The vacuum-assistant

thermal desorption was also effective for phenol saturated PEBA, at a desorption efficiency

higher than 90%; a highly concentrated phenol solution (20,000 mg/L) was obtained in the

cold trap. This novel regeneration method is advantageous in phenol recovery because a
small volume of highly concentrated phenol solutions was obtained, which means no further
treatment of wastewater is needed. The low temperature and high recovery rate make this
method very attractive for industrial application because of its significant technical and

environmental advantages.
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For 4-CP spent PEBA, a noticeable loss in sorption capacity was observed in Figure

6.10(b), Figure 6.11 shows that the desorption efficiency of 4-CP saturated PEBA was only

around 70%, though a highly concentrated 4-CP solution (120,000 mg/L) was obtained in

the cold trap. It was observed from Figure 6.10(b) that the sorption isotherms of regenerated
PEBA deviated from that of fresh PEBA sorbent more significantly at a lower solute
concentration. This is probably due to the incomplete desorption of 4-CP from PEBA. If
there is considerable amount of 4-CP remaining in the sorbent, when the regenerated PEBA
sorbent was immersed into solutions at a low 4-CP concentration, the observed sorption
capacity of 4-CP in regenerated PEBA will be small, as shown in Figure 6.10(b). However,
with proper optimization of experimental conditions (i.e., longer desorption time, higher
desorption temperature and higher vacuum) more complete desorption of 4-CP from PEBA is

expected.
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6.4 Conclusions

1. Ethanol, methanol and 0.15 mol/L NaOH solutions were all effective for regeneration of
PEBA sorbent exhausted with phenol, 4-CP, 4-NP, 4-MP and catechol. No significant
loss in the sorption capacity of phenolic compounds in regenerated PEBA was observed.

2. Thermal regeneration at 90°C for 2 h was shown to be effective for regenerating PEBA
saturated with phenol and 4-MP. The low temperature required for the thermal
regeneration was of particular interest from an application point of view.

3. The vacuum-assisted thermal regeneration at 80°C for 3 h at 5 kPa absolute pressure was
effective for regenerating PEBA exhausted by phenol and 4-MP, and this novel method
could recover the desorbed phenol and 4-MP as a highly concentrated solution, which
had significant environmental and economic advantages.

4. PEBA exhausted with the phenolic compounds had excellent regeneration performance

and could be reused without significant loss in the sorption capacity.
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Chapter 7

Column study: sorption of phenolic compounds
by PEBA in continuous flow systems

7.1 Introduction

The research findings from batch study showed that PEBA 2533 was an effective
sorbent to capture phenol, 4-CP, 4-NP, 4-MP and catechol from aqueous solutions. However,
batch operation is limited to treat small volumes of wastewater. In comparison, packed bed
operation, where sorbents are packed in a column and contacted by a continuous flow of the
fluid phase, is preferred in industrial designs. In addition, unlike batch studies where the
contact time can be long enough to achieve equilibrium, the residence time in a packed
column is generally controlled until a breakthrough is reached before attainment of
equilibrium. Many studies [15, 221, 222] have reported that there are discrepancies between
sorption capacities in packed columns and those obtained from batch measurements. Thus it
is necessary to conduct column studies to provide valuable information for the column design
suitable for sorptive separation of phenolic compounds from aqueous solutions.

In order to maximize the performance of column sorption, the mass transfer
resistance in the PEBA sorbent needs to be reduced. The previous results showed that the
diffusive mass transfer resistance in the sorbent was not negligible. Compared with flat
membranes used in batch studies, sorbents in the form of fine fibres can increase the specific
external surface area for the fluid-solid contact, and thus increase the sorption rate. In

addition, fine fibres are easily immobilized as a bundle, which provides effective contact
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between the solid phase and liquid phase. More importantly, the void space among the fibres
can provide passageways for the fluid flow with a low pressure drop, which is desirable in
the column sorption system [223]. However, the passageways among the fibres may cause
channelling effect, thus there is a trade-off between pressure drop and channelling effect.
PEBA fibres were prepared for the column sorption studies. To our best knowledge, this is
the first attempt to immobilize PEBA fibres in a packed column.

The sorption performance of packed bed columns can be described by the
breakthrough curves (i.e., the ratio of effluent concentration to feed concentration versus
time). In a packed bed sorption process, as the feed water containing the solute continually
flows into the column in an up flow mode, the bottom part of the column will first become
saturated, and then the mass transfer zone where dynamic sorption occurs will migrate
towards the top of the column. When the concentration front reaches the outlet of the column,
the solute will come out in the effluent. The point at which the effluent concentration reaches
its maximum allowable value is referred to as breakthrough [224]. At this point, the column
is considered to be used up and subjected to regeneration. In our study, the breakthrough
point will be defined as C/C, =0.08. The shape of the breakthrough curve will be affected by
the characteristics of the sorbent-sorbate system as well as operating conditions (e.g., inlet
concentration, flow rate, bed depth and sorbent size, etc.).

Experimental determination of breakthrough curve is usually time-consuming, and
mathematical models are often used to predict the breakthrough curves under different
operating conditions. In this study, packed-bed sorption of phenol, 4-CP, 4-NP, 4-MP and

catechol in PEBA fibres were performed at different inlet solute concentrations, flow rates,
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and fibre diameters. Experimental data were analyzed using three widely used mathematical
models (that is, the BDST model, Clark model, and Yoon-Nelson model).

It is worth noting that successful mathematical simulation of experimental data is not
sufficient to validate the application of the model. This is especially true when more than one
mathematical model can be fitted to the experimental data. Thus there is a need for
techniques which can assist in revealing mechanisms responsible for the dynamic sorption. In
our study, flow-interruption tests, proposed by Helfferich [225], was used to investigate the
rate-limiting step of the dynamic sorption process. In the interruption test, the inlet flow was
stopped for a period of time and then resumed. If there is no significant enhancement in the
uptake of the sorbate after the flow interruption, then the film diffusion is likely the rate-
limiting step. If the uptake of sorbate significantly increases, then the internal diffusion is
likely the rate limiting step [224]. In addition, the column sorption capacity determined from
the flow-interruption tests was compared with the sorption capacity obtained in batch studies.

As shown in Chapter 6, chemical regeneration of PEBA sorbent with NaOH solution
was effective. Thus, NaOH was used for column regeneration, and six continuous sorption-
regeneration cycles of the column runs were performed to test the regeneration performance

of PEBA sorbent in the packed-bed system.

7.2 Experimental
7.2.1 Preparation of PEBA fibres

The experimental setup for fibre preparation is illustrated in Figure 7.1. The PEBA
solution at 15 wt.%, which was prepared in the same procedure as described in Section 3.3.1,
was placed inside a stainless steel tank which was connected to a fine needle spinneret. The

polymer solution was kept at 80°C using a water bath to maintain its fluidity. N, gas (at 50
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kPa) was used to force the solution to pass through the spinneret, followed by immersion in a
water tank to induce solvent-nonsolvent exchange. When fully solidified, the fine fibres were
taken up by a motor driven spinning device. The diameter of fibres can be controlled by the
extrusion rate and take-up speed. Fibres were rinsed with deionized water to remove residual

solvents completely, and dried at room temperature.

®)

N2 e
a ™
Needle spinneret
Polymer
——]| Solution |_=T / 7 Y
— + PEBA 2533 fiber
—
Supporting |__ 1] -
foam Take-up unit
Water Bath at 80°C Water tank for solvent exchange

Figure 7.1 Schematic diagram of experimental setup for fibre preparation

7.2.2 Column sorption experiments

The schematic diagram of the column sorption experiment is shown in Figure 7.2.
The column study was performed in a glass column with an inner diameter of 1.1 cm and a
length of 30 cm. 8-9 g PEBA fibres were packed within the column yielding a bed height of
25+1 cm and a packing density of 330-380 g/L. A thin layer of glass wool was placed at both
ends of the column. To ensure uniform contact between the fluid and the sorbent and to avoid
the short-cut passageway for fluid flow, the column sorption was conducted with an up-flow
mode using a Masterflex peristaltic pump (Cole-Parmer Instrument Co.). The feed solution of

phenolic compounds at a known concentration (ranged 30-200 ppm) was loaded to the
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column using the peristaltic pump at room temperature (298 K). The column was
preconditioned with deionized water for two hours, and time (t) was recorded once the
influent entered the column to contact the fibres. The flow rate (1-18 mL/min) was controlled
using the peristaltic pump, and the effluent flow rate was determined gravimetrically to
double check the feed flow rate. Samples were taken from the effluent at timed intervals and
analyzed for phenol concentration using UV-Vis Spectrophotometer.

Flow interruption tests were conducted so that the feed flow was stopped for a given
period of time (12 h on weekdays and 60 or 36 h on weekends) and then resumed, and the
effects of flow interruption on the breakthrough curve were examined. The flow-interruption

test was terminated when the effluent concentration was close to the inlet concentration.

Glas/

wool

B2y
PEBA |
fib
Feed 1ores Effluent
tank T
X — Electronic
() | balance
Influent Peristaltic pump

Figure 7.2 Schematic diagram of experimental setup for column sorption
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7.2.3 Column regeneration

The reusability of the sorption column was evaluated by using a 0.15 mol/L. NaOH
solution as the regenerant. The breakthrough curve was obtained at a certain inlet solute
concentration, flow rate and with a known fibre size using the same procedure as described
previously. After a certain time period of continuous feed flow or when the column become
saturated with the sorbate, the column sorption experiment was stopped, and 0.15 mol/L
NaOH was admitted to the column at a flow rate of 4 mL/min for 2.5 h, followed by flowing
of deionized water at the same flow rate for 75 min to remove the residual NaOH. This
corresponded to approximately 600 g of 0.15 mol/L NaOH solution and 300 g of deionized
water passing through the column in each regeneration step. Excessive amount of NaOH
solution and wash water were used to achieve complete regeneration of the column. A
preliminary study showed that 600 g of NaOH solution was enough for complete desorption
of phenols and that 300 g of deionized water was enough for effective rinse. Once the
column regeneration was done, the feed phenol solution was charged again into the column
at the same inlet concentration and flow rate for the second sorption cycle, and new
breakthrough curve was recorded. The above sorption-regeneration procedure was repeated,
and six sorption-regeneration cycles were performed to evaluate the reusability of the packed

column.
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7.3 Results and discussion

7.3.1 The effect of inlet concentration on sorption breakthrough

Figures 7.3(a)-(e) showed the breakthrough curves for the sorption of phenol, 4-CP,
4-NP, 4-MP and catechol in PEBA at different inlet concentrations.

For the sorption of 4-CP, 4-NP and 4-MP, it is obvious that the higher the inlet solute
concentration is, the earlier the breakthrough will occur. Take the sorption of 4-NP for
example, if we take C/Cy=0.08 as the breakthrough point, then the breakthrough time for 4-
NP at inlet concentrations 50, 100 and 150 ppm was found to be 116, 91 and 75 min,
respectively. This can be attributed to the rapid exhaust of sorption sites at higher
concentrations. Because of finite amount of the sorption sites available, an increase in the
inlet concentration will result in a faster saturation of the bed.

For the sorption of phenol and catechol, however, the effect of inlet concentration on
the breakthrough curve is not very obvious within the studied concentration range (50-150
ppm). The breakthrough curves at different inlet concentrations are close one another as
shown in Figures 7.3(a) and (e). A possible explanation is that the sorption capacity of
phenol and catechol in PEBA are smaller than those of the other three phenols, which means
only a small portion of sorption sites are occupied for phenol and catechol at equilibrium.
Thus the saturation of the sorption bed does not become substantially faster at higher inlet
concentrations. However, it should be noted that if the inlet concentration is high enough, the

breakthrough time may be shortened considerably.
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Figure 7.3(a) The effect of inlet concentration on phenol sorption in PEBA column (Flow rate=7+0.3
mL/min, fibre diameter=229 um)
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Figure 7.3(b) The effect of inlet concentration on 4-CP sorption in PEBA column (Flow rate=5.5+0.3
mL/min, fibre diameter=102 um)
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Figure 7.3(d) The effect of inlet concentration on 4-MP sorption in PEBA column (Flow

rate=2.5+0.3 mL/min, fibre diameter=90 um)
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Figure 7.3(e) The effect of inlet concentration on catechol sorption in PEBA column (Flow
rate=2.5+0.3 mL/min, fibre diameter=90 pum)

7.3.2 The effect of flow rate on sorption breakthrough

The breakthrough curves for dynamic sorption of phenolic compounds at different
flow rates are shown in Figures 7.4(a)-(e). It is shown that the shape of breakthrough curve
was sensitive to the flow rate, and much sharper breakthrough curves were obtained at higher
flow rates. It is also shown that the total sorbed solute quantity, which may be represented by
the integration area above the breakthrough curve, also decreased with increasing flow rates
for the sorption of phenol and catechol.

The above mentioned behaviour can be explained on the basis of mass transfer
fundamentals. At a higher flow rate, the front of the mass transfer zone will reach the exit of
the sorption column earlier, thereby giving an earlier breakthrough time. The sensitivity of

the column sorption to the liquid flow rate is probably due to the fact that the liquid residence
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time within the column is critical for the dynamic sorption process. If the sorption process is
limited by the external mass transfer, a higher flow rate is favoured because the liquid film
resistance will be decreased at higher flow rates. If the process is controlled by the internal
mass transfer, then a lower flow rate is favoured because a lower flow rate allows a longer
liquid residence time in the column [168]. It may thus be concluded that in our study an
increase in the flow rate resulted in an insufficient contact time between the liquid phase and
the solid phase, which caused incomplete utilization of sorption sites at the end and hence a

decreased phenol sorption capacity.
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Figure 7.4(a) The effect of flow rate on phenol sorption in PEBA column (Initial phenol
concentration=100 ppm, fibre diameter=190 pum)
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Figure 7.4(b) The effect of flow rate on 4-CP sorption in PEBA column (Initial 4-CP
concentration=50 ppm, fibre diameter=102 pm)
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Figure 7.4(c) The effect of flow rate on 4-NP sorption in PEBA column (Initial 4-NP
concentration=100 ppm, fibre diameter=102 pum)
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Figure 7.4(e) The effect of flow rate on catechol sorption in PEBA column (Initial catechol

concentration=50 ppm, fibre diameter= 127 um)
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7.3.3 The effect of fibre diameter on sorption breakthrough

Figures 7.5(a)-(e) show the effect of fibre diameter on sorption breakthrough of
phenolic compounds. The breakthrough is considerably affected by the fibre size. Sharper
breakthrough curves, decreased breakthrough time and decreased column sorption capacity
were obtained for phenol sorption with larger fibres. This is because an increase in the fibre
diameter increased the internal resistance to mass transfer and thus decreased the mass
transfer rate of the sorbate. The decreased mass transfer rate increased the length of mass
transfer zone in the packed column and decreased the time prior to sorption breakthrough.

Similar to the effect of flow rate, insufficient liquid phase residence time may also be
a plausible explanation. With larger fibre size, the internal diffusion process became more
dominant, and thus at a given flow rate, a larger fibre size would result in insufficient liquid
residence time in the column and incomplete sorption site utilization at the end. Fibres with a
small diameter are preferred from the standpoint of mass transfer rate. However, in practical
applications, a tight packing of small fibres will increase the pressure drop of liquid flow in
the column at a given flow rate, which is not desirable for effective column sorption [223].
However, a loose packing of large fibres will cause channelling effect, since the void space
among large fibers were larger than those among fine fibers at a given packing density. Thus
a proper fibre size should be selected to give a sufficiently long breakthrough time for the

solute and a relatively small pressure drop of the fluid.
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Figure 7.5(a) The effect of fibre diameter on phenol sorption in PEBA column (Initial phenol

concentration=100 ppm, flow rate=2.5+0.3 mL/min)
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Figure 7.5(b) The effect of fibre diameter on 4-CP sorption in PEBA column (Initial 4-CP

concentration=100 ppm, flow rate=5.5+0.3 mL/min)
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Figure7.5(c) The effect of fibre diameter on 4-NP sorption in PEBA column (Initial 4-NP

concentration=60 ppm, flow rate=2.5+0.3 mL/min)
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Figure 7.5(d) The effect of fibre diameter on 4-MP sorption in PEBA column (Initial 4-MP

concentration=50 ppm, flow rate=3.0+0.3 mL/min)
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7.3.4 Modelling of sorption data in PEBA columns

Most mathematical models developed to predict breakthrough curves are derived by
solving a series of equations with specified initial conditions and boundary conditions. They
generally include (1) macroscopic mass conservation equation (i.e., Eq. (2.53)); (2) equations
of sorption kinetics; and (3) equilibrium isotherms. The selection of packed bed sorption
model should be based on characteristics of the sorption system as well as the assumptions of
the model. A brief summary of the five most widely used column models in the literature are

presented in Table 7.1. The BDST, Wolborska and Thomas models have similar
mathematical forms. The Wolborska model becomes the BDST model if ln(%— 1) = ln%

and B, equals kgpN,. The BDST model and the Thomas model are equivalent, since kg, =
krp , the linear flow rate u (cm/min) is proportional to volumetric flow rate F (mL/min), and
the mass of sorbent m is proportional to the bed height Z at a given packing density, the
column sorption capacity Q, (mg/g) should be proportional to bed capacity N, (mg/L).
Therefore, it was decided to use only one of the three similar models in this study, and the
BDST model was selected. In addition, the Clark model (which is based on Freundlich
isotherm) and the empirical Yoon-Nelson model were also used to analyze the experimental

data.
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Table 7.1 Comparison of widely used column sorption models

Model Equation Assumptions Limitations
1. Ignores internal diffusion
The rate of reaction is proportional to residual resistance and film diffusion
C kgpNoZ . . .
BDST 1n(?0 —1) =229 _ . Cot adsorption capacity of the sorbent and to the solute resistance.
concentration 2. Only applicable to low
concentration range
1.The low-concentration region is characterized by
constant kinetic coefficients; )
Co PBa BaCot i Only applicable to low
Wolborska In—=—27- 2.The process rate is controlled by the external ) _
C u No ) o . concentration region
mass transfer (i.e., film diffusion and axial
diffusion)
1.Langmuir sorption isotherm Only applicable to early stages
C k
Thomas In (?0 — 1) = # — krpCot  2.Second-order reversible reaction kinetics where the external and the internal
3.Diffusion is not a rate-determining factor diffusion resistance are negligible
Clark c.n-1 (ﬁ) 1.Freundlich sorption isotherm Ignores the accumulation of sorbate
ar - o
¢= <1 + Ae—rt> 2.Expression of sorption rate: u% =kr(C—-C,) concentration
The rate of decrease in the probability of adsorption _ _
) _ . The simple form is less valuable for
Yoon-Nelson In = kynt — Thyy for each molecule is proportional to the probability o _
Co—C predicting process variables

for adsorption and breakthrough.
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7.3.4.1 The BDST model

The BDST model equation has the form of:

C
In(zZ—1) = — kgpCot (7.1)

where kg, is the sorption rate constant (L-mg'-min™"), Ny (mg/L) is the bed capacity (i.e.,
amount of solute (mg) sorbed per volume (L) of packed bed), Z (cm) is the bed depth (i.e., the
length of the packed PEBA fibres), u (cm/min) is the linear flow rate (i.e., the volumetric

flow rate divided by the cross sectional area of the column) and C; is the initial solute
concentration (mg/L). The plots of ln(% — 1) vs. time should give a straight line if the BDST
model applies. In this study, the low concentration region is defined as C/Cy<0.15 according
to the study of Aksu and Gonen [165]. Figures 7.6(a)-(c) show the plots of ln(% —1)vs. t

for the sorption of phenolic compounds in PEBA columns at C/C¢<0.15. The model
parameters along with correlation coefficients were listed in Tables 7.2(a), (b) and (c). The
parameters were then used to calculate the breakthrough curve using Origin software. The
simulated breakthrough curves based on the BDST model was compared with experimental
data, as shown in Figures 7.7(a), (b) and (c). It is shown that the BDST model is valid for the
initial part of the sorption breakthrough (i.e., C/Cy<0.15) while large discrepancies were
found between the experimental data and model calculations above this level (C/Cy>0.15) for
phenolic compounds sorption in the packed column.

The data in Table 7.2(a) show that the sorption capacity of the packed bed increased
with an increase in the inlet concentration for all the phenolic compounds studied here. This
is because a higher concentration will provide a higher driving force for the sorption and thus

a higher sorption capacity, which is in agreement with the equilibrium sorption data. It is also
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observed from Table 7.2(a) that the value of kg, which characterizes the rate of solute
transferring from the fluid phase to the solid phase, decreased with an increase in the inlet
concentration. This is because the consumption rate of the available sorption site is higher at
higher inlet solute concentrations, and thus the mass transfer rate decreased and resulted in
decreased breakthrough time as it is indicated in Figures 7.3(a)-(¢). For the effect of flow rate,
the data in Table 7.2(b) show that rate constant was influenced by the flow rate significantly.
kgpp increased with an increase in the flow rate. It seems that the sorption kinetics was
affected by the external mass transfer at the initial stage of the sorption, increasing the flow
rate reduced the external mass transfer resistance in the boundary layer surrounding the
sorbent fibres. The data in Table 6.2(c) show that the sorption capacity of the packed bed (Nj)
decreased with an increase in the fibre diameter. At a given flow rate, as fibre diameter
increased, the internal diffusion was more significant, and liquid residence time in the packed

column decreased, resulting in a lower sorption capacity.
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Figure 7.6(a) Plots of ln(% — 1) vs. t for sorption of phenolic compounds in PEBA columns at
different initial solute concentrations based on the BDST model
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sorption of phenolic compounds in PEBA columns at different inlet concentrations
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Figure 7.7(b) Comparison of experimental data and model predictions based on the BDST model for
sorption of phenolic compounds in PEBA columns at different flow rates
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Figure 7.7(c) Comparison of experimental data and model predications based on the BDST model for
sorption of phenolic compounds in PEBA columns at different fibre diameters
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7.3.4.2 The Clark model

The Clark model is expressed by:

1 (L)

n- n—1

P G (72)
1+ Ae~1t

where 7 is a Freundlich parameter determined by the batch experiment, C; is the inlet solute
concentration (mg/L), A is a model parameter relative to the film diffusivity , r is the model
parameter relative to the sorption rate.

A close examination of Eq. (7.2) reveals that The Clark equation is applicable neither
to the initial stage when no solute escaped in the effluent (C/C,=0) nor the final stage when
the column is exhausted (C/C,=1). Thus this equation can only represent breakthrough
behaviour for a certain C/C, range (0<C/C,<l). Srivastava et al. [164] applied the Clark
equation at C/C ratios of over 0.08, and they found that the Clark model could well describe
the sorption behaviour. Aksu and Gonen [165] also reported that the Clark model could not
apply to experimental data at C/C,<0.08 in their study. Therefore, in our study, the
experimental data at the range of 0.08< C/C;<0.99 were fitted to the Clark model. A
comparison of the experimental and breakthrough curves predicted by the Clark model for
phenolic compounds at different conditions are shown in Figures 7.8(a), (b) and (c). The
predicted curves were obtained from Eq. (7.2) by nonlinear curve fit using Origin software.

It appears in Figure 7.8(a) that the Clark model worked well to represent the
experimental data. Figure 7.8(b) shows that the Clark model works better at lower flow rates,
for the sorption of 4-CP and 4-MP. However, model predictions deviated significantly from
experimental data for the sorption of 4-CP and 4-MP when the fibre diameter was

considerably large. The Clark model is based on the assumption that the external mass
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transfer is the rate limiting step. This is, however, not the case when the internal diffusion is
the rate determining step, especially at high flow rates and large fibres. Thus the assumption
of the Clark model did not hold and poor simulations were observed in these cases.

The model parameters and correlation coefficient of the regression at different
conditions were listed in Table 7.2(a), (b) and (c). No obvious correlation between the Clark
model parameters and the inlet feed concentration were observed. Similar results were also
reported by Srivastava et al. [164] for phenol removal by Bagasse. Table 7.2(a) shows values
of r and A at different inlet concentrations are very similar, which is probably due to the
narrow concentration range selected in our study. Table 7.2(b) shows that with an increase in
the flow rate, the value of r increased, while the value A decreased. The correlations
between r and the flow rate were in agreement with results of some other studies [164, 165].
An explanation is that parameter r is related to the mass transfer rate. High flow rates would
increase the migration rate of the mass transfer zone within the packed column and lead to

sharp breakthrough curves and large r values.
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7.3.4.3 The Yoon-Nelson model

The empirical Yoon-Nelson model is expressed as:

C
lnm = kYNt - TkYN (7.3)

where kyy is the rate constant (min'), T (min) is the time required to obtain 50%

breakthrough (i.e., C;,/Cy= 50%). Rearranging the above equation:

C£0 = 1/[1 + eXp(—kYNt + kYNT)] (74)

In our study, experimental data over the region of 0.08<C /(;<0.99 were fitted to Eq.

(7.4) using the Origin software, based on an earlier study by Aksu and Goénen [165]. The

model parameters kyy and T along with correlation coefficients at different conditions were
listed in Table 7.2(a), (b) and (c). Table 7.2(a) shows that for the sorption of 4-CP, 4-NP and
4-MP, the 50% breakthrough time decreased with an increase in the inlet solute concentration.
For the sorption of phenol and catechol, the T values did not change substantially in the
studied concentration range. Table 7.2(b) and (c) show that the parameter T decreased with an
increase in the flow rate and fibre size for all the phenolic compounds investigated here. A
higher flow rate led to faster migration of the mass transfer zone and thus decreased the 50%
breakthrough time. As far as the effect of fibre diameter is concerned, the mass transfer rate
with larger fibres decreased due to the internal diffusion resistance, resulting in a decrease in
the 50% breakthrough time.

A comparison of the experimental data and the model predictions based on the Yoon-
Nelson model was shown in Figure 7.9(a), (b) and (c). The experimental data is close to
those predicted by the Yoon-Nelson model in the applied concentration region. However, by

comparing Figure 7.8 with Figure 7.9, it was found that the deviation between the
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experimental data and model predictions is larger than that predicted by the Clark model.
Thus, it appears that the Clark model is more suitable to represent the sorption breakthrough

of phenolic compounds in the packed columns studied here.
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Table 7.2(a) Model parameters for sorption of phenolic compounds in packed PEBA columns at different inlet concentrations

BDST model Clark model Yoon-Nelson model
C F D Kgpx103 N, R? r A R? T kyy R?
ppm mL/min pum L/(mg.min) mg/L min™ min min™

50 4.2 1.9E+02 0.99 0.019 0.094 0.98 62 0.026 0.96
Phenol 100 7.0 229 2.5 3.3E+03 0.99 0.016 0.091 0.98 68 0.021 0.97
150 1.4 6.2E+02 0.99 0.018 0.11 0.99 71 0.025 0.97
50 0.13 9.1E+03 0.99 0.0026 1.7 0.99 8.9E+02  0.0048 0.99
4-CP 100 5.5 102 0.085 1.3E+04 0.97 0.0025 0.95 0.99 7.3E+02  0.0043 0.98
200 0.047 2.3E+04 0.99 0.0029 0.98 0.99 6.5E+02 0.0049  0.98
50 0.18 3.9E+03 0.99 0.0042 1.1 0.99 4.0E+02  0.0082 0.99
4-NP 100 5.0 102 0.16 5.3E+03 0.97 0.0047 1.1 0.98 3.7E+02  0.0083 0.98
150 0.12 6.7E+03 0.96 0.0038 0.81 0.98 3.4E+02 0.0086  0.97
50 0.22 2.0E+03 0.97 0.0024 0.25 0.99 6.2E+02  0.0051 0.97
4-MP 100 2.5 90 0.14 3.5E+03 0.99 0.0036 0.29 0.99 4.8E+02 0.0070  0.96
200 0.075 6.8E+03 0.98 0.0040 0.31 0.99 4.6E+02 0.0077  0.96
50 1.3 2.1E+02 0.99 0.020 0.56 0.98 80 0.027 0.96
Catechol 100 2.5 90 1.3 4.0E+02 0.97 0.020 0.52 0.98 76 0.026 0.96
150 1.0 5.7E+02 0.97 0.023 0.61 0.97 76 0.027 0.96
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Table 7.2(b) Model parameters for sorption of phenolic compounds in packed PEBA columns at different flow rates

BDST model Clark model Y oon-Nelson model
C F D kgp x 103 N, R? r A R? T kyn R?
ppm mL/min pm  L/(mg.min) mg/L min”' min min”!

1.6 0.52 5.7E+02 0.99 0.0058 0.16 098  2.9E+02 0.0069 0.95
2.6 0.59 7.3E+02 0.99 0.0082 0.14 0.99 1.9E+02  0.011 0.99

Phenol 100 190
3.8 1.0 4.6E+02 0.97 0.010 0.099 0.98 1.2E+02  0.014 0.96
6.6 24 3.9E+02 0.99 0.016 0.091 0.98 68 0.022 0.97
2.6 0.076 8.8E+03 0.98 0.0010 2.1 096  1.5E+03  0.0034 0.97
5.5 0.13 9.1E+03 0.99 0.0026 1.7 0.99  8.9E+02 0.0048 0.99

4-CP 50 102
7.8 0.20 6.6E+03 0.99 0.0031 0.83 0.99  5.7E+02  0.005 0.97
17.3 0.81 3.6E+03 0.95 0.0051 0.51 0.99 2.8E+02 0.0067 0.94
24 0.061 7.0E+03 0.99 0.0021 1.6 099  8.2E+02 0.0055 0.99
4-NP 100 3.8 102 0.15 4.3E+03 0.95 0.0029 0.94 0.99  5.1E+02  0.006 0.97
5.5 0.19 4.6E+03 0.96 0.0040 0.93 0.99  44E+02 0.0062 0.95
2.5 0.23 1.6E+03 0.98 0.0025 0.23 099  6.0E+02 0.0047 0.97
4-MP 50 4.0 102 0.51 1.1E+03 0.98 0.0059 0.22 0.99 2.8E+02 0.0089 0.96
5.5 0.84 8.8E+02 0.97 0.0065 0.16 0.97  2.2E+02 0.0084 0.91
2.5 1.2 2.3E+02 0.99 0.020 0.56 0.98 80 0.027 0.96
Catechol 50 4.5 127 4.0 1.8E+02 0.97 0.030 0.40 0.98 43 0.038 0.97
6 5.8 1.6E+03 0.98 0.040 0.36 0.98 30 0.055 0.97
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Table 7.2(c) Model parameters for sorption of phenolic compounds in packed PEBA columns at different fibre sizes

BDST model Clark model Yoon-Nelson model
C F D Kgpx 103 N, R? r A R? T kyn R?
ppm mL/min um L/(mg.min) mg/L min”' min min™!

130 0.46 9.7E+02  0.98 0.0074 0.17 0.99 24E+02  0.010 0.98

Phenol 100 2.5 204 0.48 7.8E+02  0.99 0.0069 0.13 0.99 2.2E+02  0.0095 0.97
360 1.0 39E+02  0.99 0.0074 0.11 0.97 1.7E+02  0.011 0.94

130 0.071 1.2E+04  0.99 0.0033 1.2 0.96 6.8E+02  0.0054 0.99

4-CP 100 5.5 204 0.10 8.2E+03 0.95 0.0033 0.87 0.99 5.0E+02  0.006 0.98
360 0.13 4.9E+03 0.96 0.0036 0.66 0.99 4.1E+02  0.0058 0.95

130 0.11 5.0E+03 0.99 0.0030 2.2 0.99 8.0E+02  0.0057 0.99

4-NP 60 2.5 204 0.15 3.2E+03 0.96 0.0026 1.1 0.99 6.5E+02  0.005 0.98
360 0.18 2.3E+03 0.96 0.0034 1.0 0.99 5.4E+02  0.0053 0.98

130 0.27 2.0E+03 0.99 0.0046 0.34 0.99 4.0E+02  0.0091 0.99

4-MP 50 3.0 204 0.31 1.3E+03 0.99 0.0039 0.20 0.99 3.5E+02  0.0076 0.96
360 0.54 7.0E+03 0.92 0.0040 0.17 0.97 2.9E+02  0.0079 0.94

130 1.9 22E+02  0.99 0.021 0.54 0.99 76 0.028 0.97

Catechol 50 2.5 204 2.7 1.4E+02  0.97 0.022 0.39 0.97 60 0.027 0.95
360 2.7 1.1IE+02  0.99 0.024 0.28 0.92 39 0.037 0.90
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7.3.5 Flow-interruption test

The results of flow-interruption tests for sorption of phenol, 4-CP, 4-NP, 4-MP and
catechol in PEBA were shown in Figures 7.10(a)-(e). For the sorption of phenol, 4-MP and
catechol, there is a significant dip in the breakthrough curve. This proves that the sorption of
phenol, 4-MP and catechol in PEBA 2533 is a rate-limited rather than an instantaneous
process. When the flow was stopped, sorption continued to proceed in the fibre, resulting in a
decreased solute concentration in the liquid phase. Therefore, when the flow was resumed,
the concentration of the effluent was lower than the effluent concentration prior to the flow
interruption. Garcia-Mendieta et al. [226] also performed the flow-interruption test on
sorption of phenol and 4-CP on activated carbon packed in a column, and a similar drop in
the effluent concentration was observed. They concluded that mass diffusion within the
activated carbon was the rate-determining step of the system. Similar results were reported
by Solache-Rios et al. [227] in column sorption of phenol and 4-chlorophenol on a Mexican
tuff.

For the sorption of 4-CP, six flow-interruptions were conducted at different stages of
the sorption process. As shown in Figure 7.10(b), no significant concentration decrease due
to flow interruption was observed during the first three interruptions, and the concentration
drop was observed for the last three interruptions. Similar trends were observed in Figure
7.10(c) for the sorption of 4-NP: the effluent concentration of 4-NP even went up after the
first interruption, but a concentration decrease was obtained for the second and third
interruption test.

Besides the diffusion within the fibre, longitudinal diffusion along the column also

affects the effluent concentration exiting the column after the interruption. When the flow
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interruption test was conducted in the early range of the sorption where effluent
concentration was low (e.g., the first three interruptions of 4-CP), the longitudinal diffusion
of phenols along the column was significant. During the flow interruption period, molecular
diffusion would redistribute phenols from the bottom of the column toward the top of the
column, and thus increased the concentration of effluent exiting the packed column after the
flow interruption. In this case, even sorption of phenols continued in the fibre bed during this
period, the decrease in the solute concentration due to continued sorption were compensated
by an increase in the solute concentration resulting from the longitudinal diffusion. Thus the
magnitude of concentration drop obtained at low effluent concentration was not easily
discerned from the experimental data. However, flow interruption at a higher effluent
concentration would result in a lower concentration gradient along the column and weaken
the effect of longitudinal diffusion. In this case, the effect of longitudinal diffusion along the
column could not counter balance the continued sorption in the fibre during the interruption
period, and a significant concentration drop was observed after the feed flow resumed.
Zogorski et al. [228] performed flow interruption test for column sorption of 2,4-
dichlorophenol on granular activated carbon, and a marked increase in 2,4-dicholorophenol
removal was observed for interruption tests conducted at a higher concentration, but there
was no significant change in the breakthrough curve for interruption test conducted at a lower
concentration, which was in agreement with the results of our study. Brusseau et al. [229]
studied solute redistribution resulting from the longitudinal diffusion and it was shown that

the effluent concentration could increase by 17% due to the longitudinal diffusion.
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Figure 7.10(a) Flow-interruption tests of phenol sorption in the packed PEBA bed
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Figure 7.10(b) Flow-interruption tests of 4-CP sorption in the packed PEBA bed
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Figure 7.10(d) Flow-interruption tests of 4-MP sorption in the packed PEBA bed

234




[$2]
o

'
o

w
o
L

N
o
L

Flow rate: 3 mL/min;
Inlet feed conc.: 50 mg/L;
Fibre diameter: 130 ym;
Bed depth: 25 cm;
Packing density: 344g/L

Catechol concentration (mg/L)
S

Interrupted for 12 h

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Effluent volume (L)

Figure 7.10(e) Flow-interruption test of sorption of catechol in the packed PEBA bed

Since sorption processes in Figures 7.10(a)-(e) were not terminated until the effluent
concentration was close to the inlet feed concentration, the equilibrium sorption capacity of

phenolic compounds in the packed PEBA column can be calculated by:

V=Vtota
Jyop (G = C)av
M

0, = (7.5)

where C is the inlet phenol concentration (mmol/L), C is the outlet solute concentration
(mmol/L), V is the volume of the effluent (L), V;,¢4; 1S the total volume of the effluent at the
end of the experiment (L), M is the mass of PEBA fibres packed in the column (g), g, is the
equilibrium sorption capacity of phenolic compounds in the packed PEBA column. The
integration terms in Eq. (7.5) can be determined by a gravimetrical method. For example,
7.10(a) was divided into the area above the breakthrough curve (shaded area A) and the area

under the breakthrough curve (shaded area B). Area A and B were carefully cut off along the
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breakthrough curve on a paper as shown in Figure 7.11, and then the ratio of these two

shaded areas were determined gravimetrically. Then the integration term was calculated:

V=Vtotal Cv
m
my + m,
V=0

where m; is the mass of area A on the paper (g), m, is the mass of area B on the paper (g).
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Figure 7.11 Sorption of phenol in the packed PEBA column

The mass of area A in Figure 7.11 on the paper was 0.192 g, the mass of area B on
the paper is 0.55 g, the inlet phenol concentration was 31.84 mg/L, the effluent volume was
2.6 L, the molecular mass of phenol is 94.11 g/mol and the mass of PEBA fibres packed in
the column was 8.852 g. Therefore, the sorption capacity of phenol in the packed PEBA

column was obtained:

__ 01929 3184mg/Lx26L
Tea =055 g+ 0.192 g~ 94.11 g/mol x 8.852 g

= 0.0257 mmol/g
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Sorption capacities of other phenolic compounds in the packed PEBA column were
calculated in the same way, and they were presented in Table 7.3. For comparison purposes,
sorption capacities of phenolic compounds in PEBA (Q.) at a given equilibrium
concentration (i.e., the inlet solute concentration C,) were calculated from the sorption
isotherms obtained in batch operations, and they were also presented in Table 7.3. It is shown
that the sorption capacities of phenolic compounds in the packed PEBA column were similar

to the sorption capacities of phenolic compounds in PEBA obtained from batch operations.

Table 7.3 Sorption capacity of phenolic compounds in PEBA in packed bed and batch operations

Phenol 4-CP 4-NP 4-MP Catechol

deq (mmol/g) in PEBA calculated

from packed bed operations 0.0257  0.288  0.171 0.0773 0.0156

Q. (mmol/g) in PEBA obtained

from batch operations 0.0211 0.254  0.170 0.0770 0.0153
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7.3.6 Column regeneration with NaOH

Six continuous sorption-regeneration cycles of an identical packed column were
performed to test the regeneration property of PEBA 2533 saturated by phenolic compounds.
Breakthrough curves for sorption of phenolic compounds in pristine and regenerated PEBA
packed columns are presented in Figure 7.12(a)-(e). It was observed that the breakthrough
curve of sorption of phenolic compounds in pristine packed PEBA column was almost
identical to that in regenerated PEBA column, indicating that a complete column
regeneration of PEBA was achieved by the above mentioned regeneration procedure, (i.e.,
600 g 0.15 mol/L NaOH solution followed by 300 g deionized water). The results suggest
that PEBA 2533 can be regenerated for repeated use with negligible capacity loss, and this
was significant for practical application of the packed-bed sorption system.

One issue to consider with continuous sorption-regeneration operation cycles is the
swelling properties of the PEBA sorbent, which will affect the pressure drop of liquid flow in
the packed-bed column. PEBA 2533 has been reported to have a water absorption of 1.2 wt.%
at 23°C and 24 h in water, a study of Mandal and Bhattacharya [230] also revealed that the
sorption of pure water by PEBA 2533 is negligibly small (0.01%) at 60°C. The sorption
uptake of water by PEBA 2533 was found to be around 3% at a phenol concentration of 5
w.t%. in an aqueous solution [5]. Therefore, the swelling of the PEBA sorbent during the

continuous sorption-regeneration process is insignificant.
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Figure 7.12(a) Sorption of phenol in packed PEBA columns after regeneration with NaOH
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Figure 7.12(b) Sorption of 4-CP in packed PEBA columns after regeneration with NaOH
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7.4 Conclusions

1.

The breakthrough time for sorption of phenol, 4-CP, 4-NP, 4-MP and catechol in packed
fibre column decreased with an increase in the inlet solute concentration, feed flow rate
and fibre diameter.

In the region of (C/C¢<0.15), the sorption of phenol, 4-CP, 4-NP, 4-MP and catechol in
the packed fibre column could be described by the BDST model; in the region of
(0.08<C/Cyp<0.99), the Clark model seemed to fit the experimental data better than the
Y oon-Nelson model.

Sorption capacities of phenolic compounds in packed fibre columns were close to that
obtained from batch operations.

Complete regeneration of the packed fibre column was achieved with NaOH solution.
The regenerated column showed essentially the same breakthrough as the fresh column

for the sorption of the phenolic compounds from water.

242



Chapter 8

General conclusions, original contributions,
and recommendations

8.1 General conclusions from the original research

The sorption of phenol, 4-chlorophenol, 4-nitrophenol, 4-methylphenol and catechol
in the PEBA sorbent was studied using batch operation and packed bed column operation.
The sorption isotherms and kinetics were investigated for feed solutions with single solute
and multi-solutes. The regeneration of the exhausted PEBA sorbent was also studied. PEBA
was shown to be a promising sorbent for removal of phenolic compounds from wastewater.

The general conclusions drawn from this study are as follows:

8.1.1 Batch sorption of phenols in PEBA for single-solute systems

(1) The sorption capacity of phenol, 4-chlorophenol, 4-nitrophenol, 4-methylphenol and
catechol in PEBA was in the order of: 4-chlorophenol>4-nitrophenol>4-methylphenol>
phenol>catechol. The sorption capacity of phenolic compounds in PEBA was affected by
their solubility in the solution and their substituent group.

(2) The uptake of phenolic compounds in PEBA 2533 was a sorption process into the bulk of
the sorbent, rather than surface-based adsorption. The sorption occurred at the surface of
PEBA, followed by diffusion of the sorbed molecules into the bulk of the sorbent.

(3) The widely used data treatment for the pseudo-second order model was revisited and an

oversight in considering constant Q, during the batch sorption was corrected.
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8.1.2 Sorption of multi phenolic solutes in PEBA

(1) The presence of strongly sorbed solutes tended to reduce the sorption capacity of the
weakly sorbed solute in most binary solute systems. The competitive Freundlich model
was suitable to represent the sorption isotherm of a phenolic solute by PEBA in binary
solute systems.

(2) The sorption competition in the quinary solute system was more significant than that in
binary solute systems. The effects of sorption competition on the uptake capacity
depended on the molecular size of the solute, its affinity to the sorbent, and the
concentration of the solute in the feed solution.

(3) Although sorption competition was observed in some multi-solute systems, the overall
sorption capacity and sorption rate were greater than the sorption capacity and sorption

rate of individual solute in single-solute solutions.

8.1.3 Regeneration of the PEBA sorbent

(1) The PEBA sorbent exhausted with phenolic compounds could be regenerated by using
NaOH solution, methanol and ethanol.

(2) Thermal regeneration at a relatively low temperature (< 120°C) could be used to
regenerate PEBA sorbent exhausted with phenol, 4-chlorophenol and 4-methylphenol.
When the PEBA sorbent was exhausted with 4-methylphenol, vacuum assisted thermal
regeneration could be used.

(3) The regenerated PEBA sorbent exhibited the same sorption characteristics as pristine

PEBA sorbent.
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8.1.4 Sorption of phenolic compounds by PEBA in packed bed columns

(1) The PEBA sorbent could be immobilized in a packed bed operation in the form of fibre
bundles.

(2) The breakthrough characteristics of sorption of phenolic compounds in the packed
column were affected by the inlet solute concentration, feed flow rate and fibre diameter.

(3) The sorption of phenolic compounds in the packed PEBA bed column can be described
by the BDST model at a low concentration range, and the Clark model could describe the

sorption at a broader concentration range.
8.2 Contributions to the original research

(1) The mechanism of sorption of phenolic compounds in the PEBA sorbent was revealed by
a proper experimental design. The sorption of phenolic compounds occurred at the
surface of the PEBA sorbent, followed by diffusion of solute molecules into the sorbent
bulk. The Freundlich model was suitable to represent the sorption isotherms of phenolic
compounds by PEBA in single-solute systems. The sorption isotherms of a phenolic
compound by PEBA in binary-solute systems could be described by the competitive
Freundlich model.

(2) The sorption kinetics of phenolic compounds in PEBA could be described by the pseudo-
second order model and the internal diffusion model mathematically, but the sorption rate
was not controlled by the surface reaction or the internal diffusion alone. An oversight in
data fitting with the pseudo-second order model was corrected and validated with

experimental data.
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(3) The PEBA sorbent was immobilized in the form of fine fibres to reduce the internal mass
transfer resistance in the PEBA sorbent for the packed bed operations. The sorption of
phenolic compounds in the packed fibre column can be represented by the BDST model
and the Clark model at a certain concentration range.

(4) Regeneration of the PEBA sorbent exhausted with phenolic compounds was achieved by
using different methods. The regenerated PEBA sorbent exhibited the same sorption

characteristics as the pristine sorbent.

8.3 Recommendations for the future work

(1) The currently available sorption kinetics models are generally developed based on only
one rate-controlling step (surface reaction or diffusion). However, the sorption kinetics
results in this thesis show that the sorption of phenolic compounds in PEBA is neither
solely controlled by the surface reaction, nor solely controlled by the internal diffusion.
An integrated model which incorporates the effects of both the surface reaction and
internal diffusion may be developed in the future.

(2) In the equilibrium sorption study of the quinary solute system, neither the competitive
Freundlich model nor the IAST model could provide a good prediction of sorption uptake.
The deviation in the competitive Freundlich model prediction was due to the fact that the
competition coefficients in binary solute systems are different from those in quinary
solute systems, while the non-ideality of the sorbent phase causes the IAST model to
deviate from the experimental data. Therefore, it will be of interest to modify the existing
models or develop new models to analyze the sorption isotherm data in multi-solute

systems.
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(3) A pervaporation-crystallization coupling process has been proposed recently to recover
phenol from dilute aqueous solutions [190]. Due to the high melting point of phenol,
phenol can be crystallized in the first-stage condenser at— 15°C, and the remaining
permeate vapour (phenol and water) can be obtained in the second-stage cold trap. The
melting points of 4-chlorophenol and 4-methylphenol are 42-45 and 31-37°C,
respectively. The vacuum-assisted thermal regeneration of PEBA sorbent exhausted with
4-chlorphenol and 4-methylphenol suggests the feasibility of recovering the sorbate in the
form of crystals using two stages of cold traps. This may be investigated further.

(4) Few attempts have been made to investigate the competitive sorption of phenolic
compounds in the packed bed column operation. Sulaymon and Ahmed [231] developed
a mathematical model which includes axial dispersion, film mass transfer, pore diffusion
and sorption isotherms to describe the competitive sorption of furfural and phenolic
compounds on activated carbon in fixed bed columns. The competitive sorption of
phenolic compounds in the packed PEBA columns can be investigated in the future, the
competitive sorption on the sorption breakthrough can be studied, and new mathematical
models can be developed to describe the sorption breakthrough of phenolic compounds in
the fixed bed column for multi-solute systems.

(5) For the regeneration of PEBA sorbent with NaOH, ethanol and methanol, desorption
kinetics of phenolic compounds may be examined to elucidate the desorption mechanism
and to quantify the desorption rate of phenolic compounds from the PEBA sorbent.
Proper models (e.g. the first-order kinetic model or the pore diffusion model) can be used
to represent the kinetic desorption data of phenolic compounds [232]. In addition, in

order to optimize the operating conditions of chemical regeneration of the PEBA sorbent,
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the effects of desorption time, desorption temperature, the concentration of NaOH
solution, and the amount of eluting reagents (i.e., NaOH solution, ethanol or methanol)
on desorption efficiency can be evaluated.

(6) The PEBA 2533 sorbent may be further modified to improve the sorptive performance.
For instance, introducing micro porosity to the sorbent can be used to improve the
sorption rate. It has been reported that a variety of microporous structures were
achievable for some commercially available polymers through thermally-induced solid-
liquid phase separation [233] . In addition, selective sorption is of particular interest in
industrial application, incorporating proper functional groups into PEBA sorbent may be
used to improve the sorption selectivity of the sorbent over a particular solute component.

(7) Two packed bed columns are recommended to be used in continuous sorption-
regeneration processes: one for sorption and the other one for regeneration. Other
components present in industrial wastewater such as microorganisms and heavy metals
may also affect the sorption process, thus the biodegradability of the PEBA sorbent and

the sorption of heavy metals in the PEBA sorbent may be examined in the future.
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Appendix I

I.1 Fortran Programming for calculation of k, in the modified
pseudo-second order equation

In this study, the k, in the modified pseudo-second order equation was solved by the
“The non-dominated sorting genetic algorithm technique”, which has been introduced in an
earlier study in our research group [234] . The computational algorithm for calculation of k,
using this technique was demonstrated in Figure 1.1 and the values of parameters used in this

technique was listed in Table I.1.

Table 1.1 Computational parameters used in the Non-dominated Sorting Genetic Algorithm[234]

Parameters Notation Values

Sub-string length coding for each decision variable Lsubstr 32
Number of generations Nyen 50
Population size Nyop 50
Crossover probability P.oss 0.7

Mutation Probability Poute 0.005

Jumping jene probability Piymp 0.15

Seed for random number generator S, 0.45
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START

l

1. Initralize population

N.=0
Front=1
€ | 5. Front = Front+ 1
\ (Look at suppressed ones)
I Is population classified? T
No
$ I 4.6. Sharing in current front.
7. Reproduction according T
to fitness values.
I 3. Assign dumy fitness.
N;=Ngat+1 l
A T
8. Crossover - "
2. Identify non-dominated
individuals.
i A (Supress others)
9. Mutation
%\
Is N; <Ngea
No
b 4
STOP

Figure I.1 Computational algorithm for calculation of k, in the modified pseudo-second order
equation [234]
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27

—,— = = N

Program main
PARAMETER (NDATA=100)
integer ipopsize, lchrom, maxgen, ncross, nmute, nparam
integer Isubstr(10)
integer [, NEXPERIMENT
double precision pcross, pmute, pjump
double precision alow(10),ahigh(10),factor(10)
common/sgaparam/ipopsize,lchrom,maxgen,ncross,nmute,nparam
common/sgaparam1/pcross,pmute,pjump
DOUBLE PRECISION K2, Kf, onebyn, Co, m, V
DOUBLE PRECISION TEXP, CCEXP
DIMENSION TEXP(NDATA), CCEXP(NDATA)
COMMON /GA1/ TEXP, CCEXP
COMMON /GA2/ TS
COMMON /GA3/ K2, Kf, onebyn, Co, m, V
COMMON /GA7/ NEXPERIMENT
EXTERNAL nsga2
OPEN(unit=20, FILE="ads.txt")
OPEN(unit=10, FILE="ads-res.res')
READ(20, *) alow(1), ahigh(1)
READ(20, *) Kf, onebyn, Co, m, V
READ(20, *) TS, NEXPERIMENT
DO I=1, NDATA
TEXP(I) = 0.0D0
CCEXP(I) =0.0D0
ENDDO
DO 27 I=1, NEXPERIMENT
READ(20, *) TEXP(I), CCEXP(I)
CONTINUE

ipopsize=50 ! number of generations, decrease it to get quick result

maxgen=50

pcross=0.7d0
pmute=0.005
pjump=0.15d0

nmute=0

ncross=0

Ichrom=0.

DO 2 i=1, nparam
Isubstr(i)=10
Ichrom=lchrom+lsubstr(i)
factor (1)=2.0**float(Isubstr(i))-1.0
continue
alow(1)=0.0010d0
alow(2)=30.0d0
alow(3)=0.4d0
alow(4)=0.15d0
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ahigh(1)=1.00d0
ahigh(2)=100.0d0
ahigh(3)=0.8d0
ahigh(4)=0.35d0
write (10, 100) maxgen, ipopsize, nparam
write (10, 200) pcross, pmute, pjump, lchrom
Do 3 i=1, nparam
write(10, 300) 1, Isubstr(i), alow(i), ahigh(i)
3 continue
write(10, *)
write(10,350)
call nsga2 (alow, ahigh, Isubstr, factor)
100 format(1x, No. of Generations=',13,3X,'No. of population=',& 13,3X,'No. of
Variables=',13,3X,"No. of objectives=1",13)
200 format(1x,'crossover=",F5.3,3X,'mutation=",F6.4,3X,"jumping genes=',F5.3,&
3X,'chromosome length=",13)
300 format(1x, 'variable No.'13,3X,'stringlength=",13,3X,&
"Towlimit=",F14.6,3X,highlimit=",F14.6)
350 format(15X,'X(1)',8X,'simulout(1)',8X,'F")
end
subroutine simul(nparam,x,simulout)
IMPLICIT double precision (A-H,0-Z)
parameter (ndatas=10, NDATA=100)
integer ipopsize,lchrom,maxgen,ncross,nmute,nparamm,igen,nobjfn, 1, J
double precision x(nparam),simulout(ndatas),pen,pcross, pmute,pjump
double precision F
double precision TEXP, CCEXP, CCAL
dimension TEXP(NDATA)
dimension CCEXP(NDATA), CCAL(NDATA)
common/sgaparam/ipopsize,lchrom,maxgen,ncross,nmute,nparamm
common/sgaparam1/pcross,pmute,pjump
common/statist/igen lavg,amax,aminO,sumfitness
common/GA1/ TEXP, CCEXP
COMMON /GA7/ NEXPERIMENT
EXTERNAL Isosimul
call Isosimul(X, NDATA, TEXP, CCAL)
! Define the objective
F=0.0d0
DO 111 J=1, NEXPERIMENT
F=F+ (CCEXP (J)-CCAL (J)) **2.0
! Print*, CCEXP, CCAL
! Pause
111  CONTINUE
simulout(1)=1.0/(1.0+F)
! simulout(2)=1.0/(1.0+F)
if(mod(igen,1) .eq. 0) then
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100

56

write(10,100) X, simulout(1), F

end if

format(8X, 3F14.6)

return

end
Subroutine Isosimul(X, NDATA, TEXP, CCAL)
INTEGER MXPARM, N, NDATA, 1,J
PARAMETER (MXPARM=50, N=1)
INTEGER MABSE, MBDF
PARAMETER (MABSE=1, MBDF=2)
INTEGER IDO, NOUT, ISTEP, TOTSTEP
DOUBLE PRECISION A (1, 1), PARAM (MXPARM), T, TEND, TT, TOL
DOUBLE PRECISION Y, X
DOUBLE PRECISION TEXP, CCAL
DOUBLE PRECISION K2, Kf, onebyn, Co, m, V
DIMENSION Y(N),X(10),TEXP(NDATA), CCAL(NDATA)
EXTERNAL DIVPAG, SSET, UMACH
EXTERNAL FCN, FCNIJ
COMMON /GA2/ TS
COMMON /GA3/ K2, Kf, onebyn, Co, m, V
COMMON /GA7/ NEXPERIMENT
K2=X (1)

Q=6.138735421d0
b=0.00825437d0
CO=150.0d0
m=1.0d0
V=0.08d0
TS=300.0d0

CALL UMACH (2, NOUT)
CALL SSET (MXPARM, 0.0, PARAM, 1)
PARAM (4) =100000000
PARAM (10) =MABSE
PARAM (12) =MBDF
TOL=1.0E-8
DO 56 I=1, N
Y (I) =1.0E-08

CONTINUE
T=0.0
IDO=1
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ISTEP=1
TOTSTEP = TS*100.0

DO 20 WHILE (ISTEP .LE. TOTSTEP+1)

IF (ISTEP .EQ. TOTSTEP+1) IDO=3
! IF (ISTEP .GT. 60000) KZF=0.0! Use the KZF value to initiate the rectangular pulse
injection

TEND=TS*ISTEP/TOTSTEP

TT=TEND

CALL DIVPAG (IDO, N, FCN, FCNIJ, A, T, TEND, TOL, PARAM, Y)! This function
1s used to solve the ODE

DO 30 J=1, NEXPERIMENT

IF (TT .EQ. TEXP (J)) THEN

CCAL (J)=Y (N)

END IF
30 CONTINUE

ISTEP=ISTEP+1
20 CONTINUE

RETURN

END

SUBROUTINE FCN (N, T, Y, YPRIME)

INTEGER I, N

DOUBLE PRECISION T, Y (N), YPRIME (N)

DOUBLE PRECISION K2, Kf, onebyn, Co, m, V

DOUBLE PRECISION A1, A2, A3, A4, A5

COMMON /GA3/ K2, Kf, onebyn, Co, m, V
YPRIME(1)=K1*(((Qm/(1+(1/(Ke*(CO-(m*Y(1))/V))))))-Y(1))**2.0) ! Pseudo 2nd
order model!  Freundlich Model

Al=m/V

A2 =(Co-Y (1)*Al)

A3 = A2** (onebyn)

A4 =Kf*A3

A5 =(A4-Y (1)) **2.0

YPRIME (1) = K2*A5

RETURN

END
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Appendix 11

Model fitting to Kinetic sorption data of
phenolic compounds in single and multi-solute
systems

I1.1 Data fitting based on the modified pseudo-second order

equation
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Figure II.1(a) Comparison of experimental data and model calculations for sorption kinetics of phenol
by PEBA in single- and multi- solute systems based on the modified pseudo-second order equation
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Figure I1.1(b) Comparison of experimental data and model calculations for sorption kinetics of 4-CP
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Figure II.1(c) Comparison of experimental data and model calculations for sorption kinetics of 4-NP
by PEBA in single- and multi- solute systems based on the modified pseudo-second order equation
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Figure 11.1(d) Comparison of experimental data and model calculations for sorption kinetics of 4-MP
by PEBA in single- and multi- solute systems based on the modified pseudo-second order equation
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276



I1.2 Data fitting based on the internal diffusion model (Eq. (4.7))
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Figure 11.2(a) Plots of Q;/Q, vs. t for sorption of phenol by PEBA in single- and multi-solute systems
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Figure I1.2(b) Plots of Q;/Q, vs. t for sorption of 4-CP by PEBA in single- and multi-solute systems
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Figure 11.2(d) Plots of Q;/Q, vs. t for sorption of 4-MP by PEBA in single- and multi-solute systems
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Appendix 111

Calibration curves for determining
concentration of phenolic compounds in water

Calibration of phenol standard aqueous solutions
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Calibration of 4-nitrophenol standard aqueous solutions
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Calibration of 4-methvlphenol standard aqueous solutions
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Calibration of catechol standard aqueous solutions
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Appendix IV

An example of HPLC chromatogram of multi-

phenolic compounds in liquid solutions

Operating conditions:

Mobile phase: 40% methanol and 60% water
Flow rate: 1.0 mL/min

Sample volume: 5 uL

Column temperature: 22°C

The detector wavelength: 225 nm.

Concentration of each phenolic compound in the solution: 100 ppm
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