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ABSTRACT

The characteristics and viability of polyvinyl alcohol (PVA) as a support material for
biomass immobilization and utilization for the biodegradation of cresols have been
evaluated. PVA gel pellets were prepared by repeated freezing-thawing method using
different PVA compositions. The porous structures of the PVA pellets were examined
using a Compound Microscope and SEM and revealed that the matrix structure and pore
size distribution were affected by PVA composition. Mechanical properties of the PVA
gel were also characterized to evaluate the PVA integrity as a matrix for immobilizing
microbial cells and found to be dependent on the PVA mass composition. The prepared
pellets were utilized for the immobilization of Psceudomonas putida and biodegradation of
phenol over a long period of time. The results revealed that the capabilitics of the
biomass to degrade phenol increased with time and were depended on the PVA mass
content and porous structure.

Batch and continuous experiments were also carried out to evaluate the biodegradation of
cresols (0-, p- and m-cresol) using Psceudomonas putida immobilized in polyvinyl alcohol
(PVA) gel in spouted bed bioreactor (SBBR). The etfect of initial substrate concentration,
temperature, pH and volume fraction of PVA particles on the biodegradation of cach
cresol isomer was evaluated. Continuous experiments were also carried to study the effect
of other operating parameters such as air flow ratc and residence time on the
biodegradation efficiency. The biodegradation capabilities of P putida were found to be
highly affected by operating parameters and the dependency varied for each cresol

isomer. In addition, the potential of P putida in the biodegradation of binary and ternary

VII



mixtures of cresols was examined in the continuous process and compared with single
component biodegradation. Batch experimental data for cach system were used to
evaluate the kinctics parameters in order to utilize them in modeling the continuous
biodegradation process. The model predictons were mm very good agreement with

experimental results.
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CHAPTER ONE Introduction & Literature Review

1.1. Introduction

Phenol and its methylated derivatives, cresol isomers (o-, m- and p-cresol). are common
pollutants from various industrial effluents including oil refineries. pharmaceutical.
petrochemical. dying varnish, coal conversion and paper production plants [1-4]. Hence.
it 1s important to reduce phenols concentration in industrial effluents to tolerant level
prior to being discharged into the environment. The treatment alternatives such as solvent
extraction [5], activated carbon adsorption [6]. chemical oxidation [7] and 1on exchange
[8] have their drawbacks. such as high cost and hazardous by-products formation.
Biological treatment has gained considerable interest in removing organic pollutants.
Biodegradation i1s versatile. environmental friendly. inexpensive and has an ability to
mincralize the organic pollutants [9-15]. Several acrobic and anacrobic microorganism
have shown

Acinetobacter sp.[11. 16], Peacilomyces variotii [17]. Panarochacte chrysosporium [18-

20]). Burkholderia vietnamiensis [21), Ralstonia cutropha [22] and Pseudomonas putidua

Pseudomonas putida is a member of the fluorescent pscudomonad group. which grows

optimally at room temperature. P.putida is a kind of soil bacteria thatare able to colonize
in several habitats. including soil. freshwater, and the surfaces of living organisms [24,
25). The genus Pseudomonas contains the most versatile organisms with the ability to
mineralize various complex aromatic compounds [26], therefore it has great potential for
different biotechnological applications. particularly in the areas of bioremediation and

biocatalysts [27].
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I.1. Introduction

Phenol and its methylated derivatives, cresol isomers (o-, m- and p-cresol), are common
pollutants from various industrial effluents including oil refineries, pharmaceutical.
petrochemical, dying varnish, coal conversion and paper production plants [1-4]. Hence,
it i1s important to reduce phenols concentration in industrial effluents to tolerant level
prior to being discharged into the environment. The treatment alternatives such as solvent
extraction [3], activated carbon adsorption [6], chemical oxidation [7] and ion exchange
[8] have their drawbacks, such as high cost and hazardous by-products formation.
Biological treatment has gained considerable interest in removing organic pollutants.
Biodegradation is versatile, environmental friendly, inexpensive and has an ability to
mineralize the organic pollutants [9-15]. Several aerobic and anaerobic microorganism
have shown high performance in the biodegradation of organic compounds including;
Acinetobacter sp.[11. 16]), Peacilomyces variotii [17], Panarochaete chrysosporium [ 18-

20). Burkholderia vietmamiensis [21], Ralstonia cutropha [22] and Pscudomonas putida

Psceudomonas putida is a member of the fluorescent pseudomonad group, which grows
optimally at room temperature. P.putida is a kind of soil bacteria thatare able to colonize
in several habitats, including soil, freshwater, and the surfaces of living organisms [24,
25]). The genus Pseudomonas contains the most versatile organisms with the ability to
mineralize various complex aromatic compounds [26], therefore it has great potential for
different biotechnological applications. particularly in the areas of bioremediation and

biocatalysts [27].




CHAPTER ONE Introduction & Literature Review

Recently, biomass immobilization is a new technology that has received Increasing
interest i the area of wastewater biotreatment [28, 29). Compared with free cells.
immobilized cells have several advantages, such as increasing mechanical strength,
reducing reactor volume and providing stable treatment. Moreover, immobilization of
biomass improve the biomass performance due to the increasing the biodegradation rate
through a higher cell loading, easily controlled, protecting microorganisms from hargh
environmental conditions and wash out from the reactors [30-32]. Among the gel carriers,
polyvinyl alcohol (PVA) i1s a promising synthetic polymer to be used as bacterial
immobilization matrix; PVA s inexpensive, non-toxic, non-carcinogenic, and water-
soluble. It 1s a white soluble high-molecular compound. not soluble in ordinary organic
solvents. PVA has relatively good tensile strength, impact strength, and wear resistance.
It also has excellent electrical insulation and more durable than ca-alginate [31, 33, 35].
Several cross-linking methods have been proposed in order to improve chemical stability
and mechanical properties such as PVA-boric acid and PVA-Ca mecthods (chemical
cross-linking), however, these cross linking agents are dithicult to eliminate after
preparation. Other cross linking techniques using iterative freezing thawing technique
(physical cross linking), which does not involve the presence of cross linking reagents, is
more favorable for cells immobilization. In addition to their nontoxic nature, these
freeze/thawed gels have demonstrated enhanced mechanical propertics and highly porous

structure [35, 36].
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1.2.  Literature Review

Due to their wide use in different industrial fields, phenolic compounds such as cresols
constitute are an important class of pollutants that can cause adverse effect on the aquatic
ecosystem. Several techniques have been evaluated in the literature in order to develop
ctlecuive approaches to reduce the concentration of these toxic compounds in waste
stream. This literature review focuses on the effect of cresols on human life, current

removal technologies, biodegradation process and other treatment alternatives.

1.2.1. Cresols

Cresols arce phenol derivatives also known as methylphenols or hydroxytoluenes; they
enter the environment through three isomeric forms (ortho, meta, and para or o, m, and
p). They are polar molecules that are water soluble and have frequently been found in
groundwater [37]. They are known to be efhciently stripped from gas phase by rain and
fog. ending up in aquatic systems [38, 39]. Moreover, they have been detected in
sediment, soil, surface, mainly near point sources [40-43]. Cresols have bcen used
extensively in a number of industrial applications, including disinfectants production,
resin, surfactants, dye intermediates, photographic development and pesticides
manufacturing, as well as in the area of pharmaceutical, food and motor fuels [44]. o-
Cresol is used as precursors of dye intermediates, synthesis of epoxy resins,
pharmaceuticals and adducts for various synthetic uses [40]. P-cresol has a range of uses
including, fumigants, explosives, and photographic development [45]); where m-cresol

forms a basis of fragrance and flavor substances, disinfectants, preservation and
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explosives [40]. The concentration of these compounds in agro-industrial wastewaters

can ranged from 0.05 to 10 g/l. depending on the type and origin of the effluent [47).

Fhgh distribution of cresols in the environment indicates the extensive exposure to
humans. However. levels of exposure depend on the lifestyle, occupation and location.
Many government agencies recommend discharge limits for hazardous contaminants in
wastewater released from industries. Legislations in the UAE limit the total phenols in
mndustrial water discharged to the marine environment to 0.1 mg/l, compared to that set
bv USEPA of 0.168 mg/l. According to the Agency of Toxic Substances Registry
(ATSDR), cresols are potentially carcinogenic and highly toxic. United State
Environmental Protection Agency (USEPA) has classified cresols within group C:
possible human carcinogenic: this same agency has recommended that cresols cause,
even at low concentration, adverse effects on the nervous system, cardiovascular system,
lungs, kidney and liver, as well as respiratory writations in animals and humans. In
humans, cresols or their metabolites are detected in ussues and urine following
inhalation, dermal. or accidental and intentional oral exposure, in addition to causing

corrosive damage at the site of contact [48-50].

1.2.2. Removal Technologics

Benzene derivatives are less reactive and more stable than single-chain compounds due to
the large amount of energy required to break a part of the cyclic structure [51]. Therefore,
efforts are now being made to destroy phenolic compounds using environmental friendly
techniques, without external resources of energy. Several physical, chemical and

biological technologies are available and have shown to be effective in treating a vancty

5



CHAPTER ONE Introduction & Literature Review

of phenolic pollutants in the aqueous streams [46, 50, 52, 53). Although the removal of
phenolic components in general, and phenol in particular have been well documented in
the literature [0, 54], few investigations were reported about the removal of cresols from
wastewater stream by physical and chemical technologies such as chemical oxidation [ 7).
photocatalytic  degradation [55] photoelectro-Fenton  degradation [56] and  ozone
oxidation [57].

Fenton process has been applied for treating wastewater containing cresols in batch
reactors [58]. Hadjar ct al. [59] reported that p-cresol can be removed using novel
technique of  carbon/diatomite composites prepared from diatomite and a carbon
precursor. In recent years, clectrochemical degradation has gamed much attention in
cresols removal; Groenen-Serrano et al. [47] reported the successtul removal of cresols
(0-,m- and p-cresol ) via electrochenmical interaction using tlow filter-press reactor. Chu
et al. [60] also studied the clectrochemical degradation of m-cresol using porous carbon-
nanotube. Suarez Ojeda et al. [61] have successtully reported the combined use of two
stages of physical and biological treatment of wastewater for high strength o-cresol. The
process consist of Catalyst Wet Air Oxidation (CWAQ) with activated carbon (AC),

followed by aerobic biological treatment using activated sludge.

1.2.3. Biodegradation process

The last few decades has shown that the use of biological treatment for the removal of
organic pollutants from wastewater stream has been very effective. Generally, the
biodegradation of phenolic compounds in wastewater has been widely studied using
different microorganisms [10, 11, 13], including bacteria [30. 62, 63]. fungus [17, 18],

and yeast [64]. In spite of the toxic properties of cresols and the presence of a methyl

6
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group 1n cresol molecules, which inhibits their degradability (cresol-degradation), a
number of microorganisms can utilize cresol as a sole source of carbon and energy

required for their growth and survival, under aerobic and anacrobic conditions [65-69).

Perron ct al. [39] studied the degradation of relatively high phenol and cresols (o-p- and
m-cresol) concentration at low temperature in- suspended- carrier biofilm process using
two aerobic stages, with fungus followed by bacteria. The biodegradation of o-cresol
using 1immobihized  Psceudomonas Putida in batch recirculation bioreactor system was
performed. and the kinetics parameters of o-cresol acrobic biodegradation were

investigated using Haldane inhibiton model by Pazarlioglu et al. [49].

P-cresol biodegradation has been studied by number of researchers as a pure compound
and 1in mixtures [69]. Arya et al. [66] reported that the biodegradation of p-cresol and
resorcinol can take place using filamentous tungus Gliomastix indicus for p-cresol
concentration up to 700 mg/L in the batch culture experiments at 28 °C and pH of 6. The
effect of initial substrate concentration on maintenance energy and the substrate
degradation profile have been modeled for both compounds. Additional work by Kumar
et al. [65] examined the biodegradation Kinetics of p-cresol as a single compound using
pure culture, Gliomastix indicus. The effect of pH on the growth rate and the nitrogen
source effect were examined. In addition, the initial concentration of p-cresol ranging
from 10-700 mg/l was tested using mixed culture in batch reactor [70]. A Sequencing
Batch Reactor (SBR) was used by Basheer et al. [45] for p-cresol biodegradation as a
pure component. The study was performed at initial concentrations up to 800 mg/L and

the kinetics analysis was carried out according to Haldane model.
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According to literature m-cresol does not provide necessary energy to sustain the growth
of microbial culture in maintaining high process efticiency [3]. Therefore, there is a need
for the presence of simple alternative carbon source, such as glucose to support the
growth of microorganisms [3]. The Biodegradation of mixture of phenol and m-cresol
has been examined by many rescarchers using several types of microorganisms [4, 12,
42, 64, 71, 72]. The biodegradation of mixed substrate of m-cresol and pyridine was
studied using Lysinibacillus cresolivorance, as well as, cresolivorans and was found to
exhibit a great potenual in degrading m-cresol as a sigle component; turthermore, the

kinetics and characterization of m-cresol has also been investigated [73. 74].

1.2.3.1.  Factors that affect the biodegradation process

Despite the high efficiency and the low cost of the biodegradation process for the
removal of toxic compounds from wastewaters, the method sull has some restrictions.
The rate of biodegradation depends, not only on the properties of the substrate and the
presence of microorganisms able to degrade the toxic compound, but also on
environmental conditions such as oxygen content, temperature, pH, availability of
nutrients and the presence of other substances [75-77]. Each of these parameters should
be optimized to obtain a high degradation performance. Substrate concentration is one of
the most important parameters that affect the biodegradation process. The inhibition of
substrate may take place, due to the formation of intermediates and extracellular
products. The presence of these components may decrease the biomass yield and increase

the maintenance energy to overcome the inhibition effect [78-80]. Substrate imhibition 1s
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a feature of phenol metabolism for different microorgamsms, depending on the
concentration level of phenol [10, 17, 81].

Operating conditions can also affect the efficiency of the biodegradation process.
Enzymes are greatly stabilized by weak hydrogen bonds, and thus highly affected by the
variation of pH [82]. It is well known that many microorganisms obtain their maximum
growth rate at a pH range of 6.5 to 7.5 [65]. Temperature is another important factor that
affects the biodegradation process. An increase in temperature results in more kinetics
energy for the enzymes molecules and reactants, thus enhancing the rate of reaction due
to increasing the frequency of collision. At high temperature sufficient energy is gained
to overcome the weak interactions holding the globular protein together, and deactivation
follows [82, 83]. According to Yong Lu et al. [18], the biodegradation of phenolic
compounds was highest at temperature ranging from 28 to 37°C. However the

biodegradation of phenol and p-cresol was extensively inhibited at 40°C.

Single compounds are rarcely present, while mixtures of complex substrates that are not
always easily degradable are often confronted. Biodegradation of mixed substrate 1s more
complicated than that for single compound. The biodegradable process of mixed substrate
can be slow or inefficient, particularly when the substrates are recalcitrant to microbial
biodegradation. More recently, detrimental interactions were shown for different classes
of organic pollutants present in mixtures; it was suggested that they interfered with
enzymatic induction thereby repressing the mechanism for catabolism [84]. However,
when external source of carbon are introduced as energy source, it helps in the synthesis

of the enzymes involved in the metabolic breakdown of recalcitrant compounds [4, 85].

9
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1.2.3.2.  Pseudomonas putida
Several aerobic and anaerobic microorganisms have shown high performance in the
biodegradation of organic compounds. Acrobic microorganisms are more efficient for
degrading toxic compounds such as cresols, because they grow faster than anaerobes and
usually transform organic compounds to inorganic compounds (CO,, H>O) [17, 67).
Many acrobic bacteria are capable of using aromatic compounds as the sole source of
carbon and energy [80, 86]. Pseudomonas putida has been studied widely by many
rescarchers for the degradation of phenols n several types of batch and continuous
bioreactors, at different conditions [87, 88]. These include: degradaton of 24-
dichlorophenol and 4-Cl-m-cresol [89]; kinetics biodegradation of phenol and catachol
[90]: degradation of phenol and sodium salicylate mixture by suspended P.putida [10]:
biodegradation of phenolic industrial wastewater in fluidized bed bioreactor(63]:
degradation of propargite [23]: degradation of phenol and TCE [30] and biodegradation

of phenol mn trickle bed reactor [91].

1.2.3.3.  Cresols biodegradation mechanism

In almost all cases, the important pathway for cresol biodegradation using Pseudomonas
species is initiated by the formation of 3-methyicatechol for o-cresol and 4-
methylcatechol in p-cresol; mixtre of 3-methyl and 4-methylcatechol was tound 1o be the
first intermediate from m-cresol [92]. The resulting catechol derivatives molecule can be
degraded by two altemative pathways depending on the responsible microorganisms. In
the ortho pathway, the aromatic ring is cleaved between the catechol hydroxyls by a

catechol /,2-oxvgenase, or 2,3-oxygenase in the meta pathway. The appearance of the
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vellow color in the mixture indicates meta pathway for the phenols biodegradation
mechanism [93].

It was proposed by Hopper and Taylor [93] that the biodegradation of m-cresol
biodegradation 1s metabolized by the hydroxvlation to methyl- substitute catechol and
ring-fission by meta cleavage, when the microorgamisms grow by m-cresol. Whereas p-
cresol. with 4-methylecatechol as an intermediate, 1s degraded by meta cleavage pathway
when the biomass grows by phenol or any other cresol isomers. Another pathway for p-
cresol  biodegradation, mitiated by the oxidaton to the d-hvdroxybenzoate and
protocatechuate, was proposed which indicated ortho cleavage [92]. The biodegradation

pathways of the (0-, p- and m-cresol) are shown in Figures 1.1.
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1.2.3.4. Biomass Immobilization

The immobilization of microorganisms has been suggested as a strategy for maintaining
efficient degradation in wastewater treatment systems. When compared with free cells,
the immobilized cells have several advantages such as increasing the biodegradation rate
through a higher cell loading [94]). casily controlled. protecting microorganisms from
harsh environmental conditions, allowing higher biomass density providing a greater
opportunity for reuse and recovery and reducing reactor volume [30, 31, 95]. It has been
proved that the immobilization of enzymes on synthetic polymer gives much better
reusability; these types of polymers have strong mechanical strength and durabihty
compared to the natural polymers which generally possesses poor mechanical strength
and durabihty. However, natural polymers are not known to be toxic to the
microorganisms [96, 97].

Many gel matrices have been proposed as possible camiers for immobihization of
biomass. The use of polyvinyl alcohol (PVA) as an immobilization carrier started about
20 years ago [98). It is a polymer of great interest due to its desirable characterization in
the area of biosensors, biocatalysts and biomedical applications (32, 99, 100]. Two
methods have been proposed to entrap microorganisms using PVA: in both techniques,
the microorganisms are first mixed with a PVA viscous solution, then the PVA is
polymerized. One technique is the chemically cross-linking by adding chemical and the
other by iterative freezing-thawing. Microorganisms can be immobilized using PVA,
alone or mixed with alginate, into spherical gel beads through dripping into a gelatin
solution [21. 34]. This chemical technique has been used in Baker’s yeast immobilization

using four PVA-alginate compositions. In order to investigate the enzymes activity and

13
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comparing with the free enzymes, PVA and calcium alginate were prepared by a freezing
and thawing cycle process and used for activated sludge immobilization. The
characterization and evaluation of some physical propertics for the PVA-Ca alginate
system was nvestigated by (Ca-alginate) [101]. It was proposed that the strain
Burkholderia vietmamiensis CO9V 1o be immobilized using on PVA-alginate—kaolin gel
beads (chemical cross-linking) as a biomaterial o improve the degradation of crystal
violet from aqueous solution [21). Bacillus subtilis cells entrapped in polyvinyl alcohol
PVA-cryogel bed reactor, generated by using PVA-alginate beads, efficiently removed
DMEF from industnal etfluents, even in the presence of certain organic solvents [102].
Other cell immobilization techniques involve the preparation of PVA gel by physical
cross-hnking through the freezing/thawing method. In the field of wastewater treatment,
El Naas et al. [75] used the PVA freczing-thawing technique at -20°C to immobilize
P.putida. Dang-sheng et al. [103] also applied the freezing-thawing technique at -20°C
for 10 h and thawing at room temperature for 2 h. Polyvinyl alcohol (PVA) was also
used as a gel matrix to immobilize Acincetobneter sp. strain PDI 2by repeated freczing and
thawing [11].

Previous research showed that physical parameters such as concentration and number of
freezing-thawing cycles can highly affect the prepared polymer, and the prepared
polymer becomes harder by the increasing the freczing-thawing cycles [104].

Mechanical properties become important as polymer technology moves from laboratory
into process development. The prediction and control of mechanical properties in gels 1s
of great importance in assessing the applicability of gels. Many researchers have

focuscdonstudying the mechanical properties of PVA gels. Gauthier et al. [105] have

14



CHAPTER ONE Introduction & Literature Review

studied the degree ot cross-linking and mechanical properties of cross-linked PVA beads
cross-linked with epichflorohydrin (PVA-EP) use in solid-phase organic synthesis.
Jeremie ct al. [106] have characterized the mechanical properties of polyvinyl alcohol
(PVA) cryogel in order to ivestigate its utility for intravascular elastography. They have
shown that PVA cryogel becomes harder with increasing number of freeze-thaw cycles.
Knst et al. [107] studied the dependence of hydrogel mechanical properties on various
parameters that are usually examined in material sclection process. The results showed
that the mechanical properties are highly dependent on the polymer structure, especially
the cross-linking density and the degree of swelling. 1t has been reported by Stammen et
al. [108] that the critical barner to Poly(vinyl alcohol) (PVA) hydrogels used as
biomaterials (load-bearing tissue replacements) 1s the lack of sufticient mechanical
properties. Compressive failure of the hydrogels was found to occur between 45 and 60%

strain, depending on water content.
1.3.  Aims of the Study

The overall objective of this thesis is to evaluate the biodegradation of cresols
using P. putida immobilized in PVA Gel. This is divided into the following main

objectives:

e Characterize PVA gel prepared by the freezing-thawing technique as
support material for biomass immobilization, and study the performance
of the prepared PVA gel in phenol biodegradation for long periods of

time.

15
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e Investigate the effect of several parameters such as initial substrate
concentration, operating temperature, pH and PVA volume fraction on the
batch biodegradation of o-p- and m-cresol. Moreover, study the effect of
imitial concentration, air flow rate. hquid tlow rate and residence time on
the continuous biodegradation process.

e Investigate the performance of immobilized bactena in the biodegradation
of binary and ternary mixture of cresols in the continuous mode, and
compare it with the biodegradation of single component. Finally, use
Monod and Haldane kinetics to model the continuous biodegradation

process using data generated from the batch experimental work.
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2.1. Materials

A special stram of the bacterium 2. putida was obtained from Cleveland Biotech. LTD.
UK in a cercal from (AMNITE P300). The cereal contains a consortium of
microorganisms, with P. putida as the dominate strain. Analytical grade phenol and
cresols (o- , p- and m- cresol) was purchased from BDH Chemicals, UK. Synthetic
phenol and cresols solutions were prepared for the desired concentration in distilled water
before cach experimental run. The solutions were always kept in a brown flask to avoid
light oxidation of the phenol. All other chemicals and PVA powder were of analytical

grade and were also obtained from BDH, UK.
2.2. Analytical Techniques

2.2.1. Microscopic Analysis
Cuts of PV A pellets were prepared as thin sections using microtome sectioning machine
(Leica RM2255). PVA pellets were cut into thin sections (~20 pm) in a the microtome
using stainless steel microtome blade. Images were obtained using Compound
Microscope (Leica DM6000). for the microscopic analysis. adjustments of the
diaphragms and filters as well as adjustments of luminous intensity to the magnification
and contrast methods can be carried out and reproduced automatically. The transmitted-
light illumination system is based on a commercially available 12V, 100 W halogen
bulb. the luminous intensity of which is automatically adjusted to the pre-set value based
on the density of the specimen and the light stream in the object. The different

ransmitted-light methods generally require different condensers and/or condenser heads.
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2.2.2. Analysis of Cresols

Phenol and cresols concentrations in the biomass free samples were determined
quantitatively using Chrompack Gas Chromatograph, Model CP9001. Analysis has been
accomphshed by GC with flame ionization detection (GC/FID) Model CP9001. Samples
were filtered through a filter syringe with (0.45pm pore size). The GC was equipped with
a capillary column (Stabilwax. 30m. 0.25 mm ID) and a flame ionization detector which
was set at 250 °C. A sample of 1 pl was filtered through syringe filter with pore size of
0.45 pm and injected mnto the GC. The temperature program started at 100 °C and
increased at a rate of 20 °C min ' to 180 °C. The accuracy of the analyzer was checked to
be within £0.5 mg/l. Measurements for cach phenol and cresols samples were carrned out
in duplicates and a standard solution was used to recheck the accuracy of the GC after
every 4 h of continuous operation.

All experimental results reported in this thesis were based on averaging results of
repeated experimental runs (duplicates), with the standard deviation ranging from 2 to
5% of the reported average. It must be mentioned that m-and p-cresol, could not be

separated properly in the analysis due to the overlapping between two picks.
2.3. Experimental Procedure

2.3.1. Preparation of bacterial cereal
Bacterial suspension was prepared as reported by EI Naas et al. [75]). 100 g of the
bacterial cereal wwas mixed with 1000 ml of 0.22 % hexametaphosphate solution buffered
by Na-CO;3 to a pH of 8. The mixture was homogenized in a blender for about Ih,

decanted and kept in the refrigerator at 4°C for 24h. Bactena slurry was prepared by four
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consecutive steps of low speed centrifugation at 6000 rpm for 15 min. The supernatants
were collected and centrifuged again at 10,000 rpm for 20 min. The precipitated amount
from the three centritugations (which contains the harvested bacteria cells) were
collected, suspended as slurry in distilled water and kept in the refrigerator for subsequent

immobilization.
2.3.2. Preparation of PVA gel

2.3.2.1.Variation of freezing-thawing time

Homogenous PVA solutions were prepared by dissolving 50, 100 and 150 g of PVA
powder in warm distilled water (70-80 °C), to prepare | L of solution having PVA
contents of 5, 10, and 15 mass %. Heating and mixing by a glass rod continued during the
entire dissolving process to form well-mixed homogenous solutions. The prepared PVA
solutions were then allowed to cool at room temperature before adding 10 ml of the
previously prepared bacterial suspension. The PVA-biomass solutions were then well
stirred for 10-15 min to insure homogeneity and then poured into molds and kept in a
freezer at about -4 °C. PVA matrix was cross-linked by repetitive freezing-thawing
method (physical cross linking). Several thawing periods were examined in the cross-
linking step. The prepared gels were thawed for different periods of time (3, 6.9, 12, 18
and24 h)at room temperature. The samples were then frozen at -4 °C for 24 h .The
freezing-thawing process was repeated 5 times, and PVA particles were rinsed with

distilled water to remove any uncross-linking.
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2.3.2.2 Variation of PVA mass content
Homogenous PVA solutions were prepared by dissolving 50, 100, 150 and 200 g of PVA
powder in warm distilled water (70- 80 °C), to prepare 1 L of solution having PVA
contents of 5, 10, 15 and 20 mass % following the same procedure described in the
previous section. The only difference here is that the freezing and thawing periods were

fixed at 24 h and 3h, respectively.

2.3.2.3.Mechanical testing of PVA pellets
Unlike the majority of polvmers, swollen hydrogels are extremely weak matenals, which
can exhibit poor mechanical strength. This weakness and the requirement that the sample
does not reduce n size during testing need special care. In the current work, a specitic
experimental procedure for testing PVA has been followed. After preparing the viscous
PVA solution, as described in Section 2.3.2.2, the solution was poured (casted) in a
plastic mold with six rectangular spaces. Each space has nominal dimensions of 5.5 mm
width, 12 mm depth and 100 mm length. The PVYA molds were kept in the freezer at
about -4 °C and PVA matrices were cross-linked by freezing-thawing method. After
completing the freezing-thawing process with S cycles, the samples were allowed to thaw
at room temperature for 30 min before performing the tensile tests. In most of umaxial
tensile testing standard, dumbbell-shaped and dogbone samples are usually used.
Dumbbell-shaped specimens were used by several investigators[109-113]. Dogbone
shaped specimen was used by Mourad et al.[114] to test diedrawn polymeric samples and
by Aneth el al. [107] to test PVA/Gelatin samples. In these studies an abrasive paper was
placed between the hydrogel sample and the grip surface to prevent slippage during

loading. Some difticulties have been encountered in preparing and testing the standard
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dumbbell-shaped and dogbone-shaped samples of PVA gel. The

refore. specimens vith
rectangular cross section have been used. The specimens have been prepared by molding
technique with nominal dimensions of 5.5 mmx12 mmx100 mm. Specimens were
prepared with relatively extended length to ensure good gripping. Special fixture has
been prepared 0 install the specimen in the gripping system of the tensile testing
machine. The fixture consists mainly of special type of soft tissues and rubber bands. The
tissue papers and rubber bands were carefully wound around the two ends of the
specimen. Then the two ends were placed between two rubber pieces before installing the
specimen into the gripping system of the machine. These procedures of fixation eliminate
both slippage and specimen damage during loading. The tensile tests were conducted on a
universal matenal testing machine (MTS) of 100 KN load cell. All samples were tested at
room temperature and at a constant overhead speed of 25 mm/min untl the sample
reached ultimate failure.

When testing PVA gel samples, 1t was expected that the samples would be subjected to
water loss which could essentially influence the mechanical performance. In particular, as
the temperature increased, water loss could become more prominent and lead to increase
in moduli with temperature which were in reality the result of water loss and subsequent
changes in the PVA gel structure. Therefore, all tests were conducted at a relatively high
overhead speed of 25 mm/min to minimize the time of the test and in turn water loss.
This also helped to avoid coating the hydrogel samples with any material such as

petroleum gel or silicone vacuum grease that might affect the measured properties.
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2.3.3. Acclimatization

Cuts of PVA 5, 10, 15 Ind 20 mass% containing biomass were placed in 300 ml bubble
column reactors with 200mg/I of glucose (as an easy biodegradation source of carbon) in
addition to other essential mineral nutrients with continuous aeration. Nutrient mineral
medium solution was prepared by dissolving in | L of distilled water 825 mg of mineral
salt mixture consisting of: 299.58 mg MgS0,4.7H,0, 249.65 mg K;HPO,, 149.80 mg
CaCl2.2H,0, 119.83 mg (NH4),CO3, 3.50 mg FeS04.7H,0, 1.30 mg ZnS0,.7H,0. 1.30
mg MnCl,.4H,0, 0.018 mg CuS04.5H,0, 0.015 mg CoCl.6H,O and 0.013 mg
a2Mo004.2H,0. To precisely determine the added small masses, larger amounts were first
dissolved i 100 ml of distilled water. A 5 ml sample was then added to the rest of the
salts and diluted to a total volume of | L [115].

The bacteria acchmatization to phenol was achieved by gradually increasing the
concentration of phenol and decreasing the concentration of glucose. Once the maximum
concentration of phenol 1s reached (200 mg/l) and the concentration of glucose dropped
to zero, the immobilized bactena is considered fully acclimatized to phenol concentration

up to 200 mg/l [75].

2.3.4. Spouted Bed Bioreactor (SBBR)

The Spouted Bed Bioreactor was made of Plexiglas with a total volume of 300 ml and
fitted with a surrounding jacket for temperature control. Air was continuously introduced
at a specified flow rate into the reactor to enhance mixing and at the same time provide
excess oxygen to maintain aerobic conditions [115]. The temperature of the reactor

content was controlled to the desired value by the surrounding jacket. The SBBR is
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characterized by a systematic intense mixing due to the cyclic motion of particles within
the bed. that i1s generated by a single air jet injected through an orifice in the bottom of
the reactor [88]. Schematic diagrams of the Spouted Bed Bioreactor for batch and

continuous systems are shown in Figs. 2.1 and 2.2, respectively.
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Figure 2.1: A schematic diagram of the batch Spouted Bed Bioreactor (SBBR)
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Figure 2.2: A schematic diagram of continuous Spouted Bed Bioreactor (SBBR)
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2.3.5. Biodegradation performance of immobilized bacteria in several PVA
mass%
The acclimatized immobilized bacteria in different PVA compositions. 5, 10, 15 and 20
mass% with 3 h thawing and 24 h freezing were placed in four spouted bed bioreactors
(SBBR) with phenol initial concentration of 200 mg/I and mineral nutrients. Experiments
were carried out at optimum conditions as reported by El-Naas et al.[75]: temperature
was adjusted at 30°C, pH 7.8 and 0.003 I/min air flow rate. In order to study the effect of
PVA mass% on the phenol biodegradation after acclimatization, all PVA pellets were
kept n bubble column reactors with 200 mg/l of synthetic solution with the mincral
nutrients. After one month, the experiments were carried again in four (SBBR) systems
then the drop in phenol concentration with time was analyzed. PVA pellets were kept in
bubble column reactors again with phenol solution, in order to assess the applicability of
the immobilized bacteria over long periods of time; experiments were ran again to
determine the decrease in phenol concentration after two and three months using

immobilized bactena in several PVA compositions.

2.3.6. Batch biodegradation process for cresols
The acclimatized immobilized bacteria were adapted gradually on o-cresol to
concentration up to 200 mg/l over a period of 7 days by placing the PVA particles (5
mass%) in batch Spouted Bed Biorcactor (SBBR). O-cresol solution were prepared by
dissolving o-cresol powder in the solution of menial nutrients prepared as Sec 2.3.3.
Batch experiments were then carried out to study the effect of initial concentration,

temperature, pH and PVA vol.% on the biodegradation process.
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All experimental results reported in the next sections were based on averaging results of

repeated experimental runs (duplicates).

2.3.7. Continuous biodegradation process of cresols

Experiments were conducted to study the continuous biodegradation process. Synthetic
solution of o-cresol or p-cresol wwith different initial concentrations were continuously
fed to the bioreactor using a peristaltic pump (Watson Marlow, Model 323) for a period
of 4h. The reactor temperature and pH were kept constant at § and 35°C, which are the
optimum conditions obtained in the batch study. In all experiments, the volume fraction

of the PVA pellets was kept at 30 % of the total operating volume.
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3.1. Evaluation of PVA gel as an inmobilization matrices

J.1.1. Effect of PVA composition and thawing time on pores structure
PVA gel prepared by the iterative freezing-thawing technique is well known for its good
mechanical properties and porous structure [35, 36, 103, 116). In the freezing-thawing
cycles, fine crystallites are formed due to the slow heat treatment. The crystallites serve
as physical cross-links by making an insoluble three-dimensional network [117. 118].
Phase scparation, crystal formation and hydrogen bonding may take place durnng the
sohidification of PVA solution; the phase separation leads to the formauon of PVA-rich
and PVA-poor regions. In PVA rich region, crystallization and hydrogen bonding may
occur due to the specitic propertics of PVA. The comnectivity and spreading of  this
region all over the gel cause extending in the network structure, which  will result in

porous formation [118].

The structure of the prepared polymer is highly affected by the preparation conditions. In
order to investigate the effect of thawing time and PVA composition on the porous
structure of the PVA gel, several mass contents (5, 10, and 15 %) were prepared by
thawing for (3 to 24 h) at room temperature. PVA samples were frozen at -4°C for 24 h,
and freezing-thawing cycles were repeated 5 times. The porous structure of freeze dried
PVA samples were studied and compared using Scanning Electric Microscope (SEM).
Table 3.1 shows the microscopic analysis for PVA gel prepared by varying PVA

composition and thawing tume.
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Table 3.1: SEM images of several PVA compositions at different thawing hours.

PVA % 5% 10% 15%

Thaw

3h

6h

9h

12h
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24h

It can be noticed that the samples with PVA content of 5 mass % have good porous
structure for all thawing periods; turthermore, the distribution and size of pores are highly
dependent on the thawing tme for this composition. In contrast, samples with PVA
content of 10 % show good porous structure at low thawing periods (from 3 to 9). and
the pore distribution decrease by increasing thawing time. Diminished porosity was
observed for PVA 15 mass% at all thawing periods. When comparing the porous
structure of 5 and 10 mass % at the same thawing time, the 10 % shows better porosity in
3 h thawing than the 5 mass %; whereas 1n 6 h thawing, no significant difference in the
pores distribution is observed in both pellets. These results highlight the signiticant effect
of preparation conditions on the cross-linking and the porous network of the prepared gel.
The porous structure of the prepared polymer is affected by thawing time, freczing ime
and the PVA content. Variation in these conditions may affect the crystal formation,

which directly affects the pores structure within the polymer [35, 36].
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3.1.2. Effect of PVA concentration on porosity (F-T: 24-3h)

The porous structure of the biomass carrier plays an important role in the biodegradation
process, since it allows substrate and oxygen diffusion into the internal surface and hence
improves the growth rate of the biomass within the pellets. In order to investigate the
porous structure of the PVA gel pellets at different PVA mass contents ranging from 5 to
20%. the gel pellets were cut into thin sections in a microtome sectioning machine and
then examined using a Compound Microscope (Leica DM 6000) by the (Bright Field)
contrast method. Microscopic images for different samples of PVA mass content (5. 10,
15 and 20%) were tested and an example of each PVA mass% is presented in Figures 3.1
(a)-(d) using 63x magnification. The images clearly show highly porous structure for all
PVA mass contents except 15% and the pores seem to be distributed with varying sizes
across the PVA pellet. which indicates that PVA matrices have suitable structure for
biomass immobilization. The matrices with 10 mass % PVA had the highest porosity
comparing with other pellets and showed a stable microstructure with evenly distributed
pores as presented in Figures 3.1(b); the pore size is smaller than that in both 5 and 20
mass %, which seemed to be varying in size and unevenly distributed over the displayed
surface. Figure 3.1(d) clearly indicates that the porous structure of the prepared polymer
is not density dependent and may depend more on the crystal formation [119, 120], which
is related to the concentration of the PVA in the solution. freezing time and thawing time
[121]. Pellets with 10 mass % PVA seemed to have reached high crystallinity in the 24 h
freezing and 3 h thawing as observed in the network structure.

The PVA matrices with 15 mass % (Figure 3.1¢) appears to have diminished porosity due

to the inappropriate freezing-thawing time for crystal formation, where the freezing
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thawing process could not achieve the optimum conditions for crystallization which

consequently affected the pore formation and porosity.

(b) (d)

Figure 3.1: Compound Microscope images of PV A; (a) 5 mass% : (b) 10 mass%: (c) 15 mass%: (d) 20
mass% :(freeing-thawing: 24h-3h)
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The porous structures for pellets with different PVA mass contents were also examined
using SEM for freeze-dried samples and presented in Figure 3.2 (a)-(d). The SEM images
show three-dimensional networks for the cross-hnked polymers, with pore size and pore

distribution similar to those observed by the Compound microscope. PVA 20 mass%.

(c) (d)

Figure 3.2: SEM images of PV'A; (a) 3 mass% : (b) 10 mass%: (c) 15 mass%: (d) 20 mass%: ( freezing-
thawing : 24h-3h)
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3.1.3. Biodegradation rate

The biodegradation capabilities of P putida immobilized in PVA pellets with ditterent
mass contents were assessed over long periods of time ranging from one to three months.
Batch experiments were carried out for the biodegradation of phenol in four SBBR
systems using  bacteria immobilized in 5, 10, 15 and 20 mass % PVA for a period of
one, two and three months after acclimatization. All experiments were carried at reactor
temperature of 30°C and pH of 7; the results presented in this section are the average of
two to three runs. Plots for the dimensionless concentration as a tunction of time for the
biodegradation of 200 mg/l of phenol are shown in Figures 3.3 a to d. for experiments
carried out immediately after acclimatization, one, two and then after three months. The
biodegradation rates were calculated from the slopes of the best fitted straight line for

concentration versus time plots and summarized in Figure 3.4.

Directly after acclimatization (Figure 3.3a), the biodegradation rate seemed to be similar
for the different PVA contents with the 15 % showing slightly better rate compared to
the other three. This could be attributed to the possibility that for this PVA matrix, more
biomass was available at the outer surface due to the poor cross-linking and diminished
porosity as mentioned in the previous section. However, the biodegradation rate seemed
to drastically improve with time and the rate of improvement varied and depended on the
PVA content as shown in Figures 3.3 (b-d). The biodegradation process is expected to
improve with time as the number of biomass cells within the PVA matrices increases

significantly and can only be limited by the porous structure of the PVA pellet.
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This 1s clearly reflected in the results presented in Figure 3.4, as porous pellets (5 and 10
%) showed better biodegradation rate after three months than those that are less porous.
The least porous matrix (15 %) exhibited the least biodegradation rate after three months
as shown n the figure. Although the SEM and Compound microscope analysis revealed
that the 10 % PVA pellets had the most porous structure, it showed shghtly lower
biodegradation rate than that of the 5 % which can only be attributed to the pores size in
PV A mass% that enhance the growth of the bacteria inside the polymer, moreover PVA 5
mass% may has better mixing and hence better mass transfer for the lighter pellets. This
was observed experimentally as the 5 % pellets showed better movement and better
mixing inside the reactor as compared to those of the 10 % that tend to be heavier with

more hindered movement.

40



Biodegradation Rate (mg/Lh)

CHAPTER THREE Results & Discussion

| . o
200 B After acchmatization

1 After | month
s After 2 months
ESSI After 3 months

150

N

100

N
o

25

15

PVA mass %

Figure 3.4: Comparison of phenol biodegradation rate for different PVA pellets after several periods of time

41



CHAPTER THREE Results & Discussion

3.1.4. Mecechanical Behavior

Mechanical tests were carried out 1o evaluate the tensile properties of PVA gel (fracture
strength, percent elongation and Modulus of elasticity). Although the material exhibits
large strain at fracture and rubbery behavior. it is not a ductile material because the strain
is not permanent and almost the total clongation is recovered after fracture in away
similar to rubber behavior. It 1s an clastic matenal and elasticity of the samples is
ascertained from the stress-strain profiles. No local deformation or necking/yielding was
observed while testing as shown in Figures 3.5a and 3.5b. The fracture surface 1s smooth
flat and perpendicular to load hine n almost all specimens as the cleavage behavior in

brittle matenals.

(b)

Figure 3.5: PVA specimen. (a) Betore fracture; (b) After tractured

Tensile tests were conducted on samples with different PVA contents (5 %. 10 %, 15 %,
20% and 25 %). Three samples were tested for each PVA % and the curves demonstrated
a good level of repeatability. The average values of the properties have been reported.
Representative stress-strain curves for the different PVA contents are presented in Figure

3.6 The stress varies with the strain following almost a lincar relationship. The behavior
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shows that the PVA gels respond to stresses with nearly instantaneous and fully
reversible deformation. This may be attributed to the fact that the gels are cross-linked
networks (as rubber) with a large free volume that allows them to respond to external
loads with a rapid rearrangement of the polymer segments. When a gel is in the region of
rubber-like behavior, its mechanical behavior is dependent primarily on the structural
design of the polymer network. At low cnough temperature, these gels may lose their
rubber elastic properties and demonstrate viscoelastic behavior. Similar observation has

been reported by Kristi et al. [107].

Figure 3.7 demonstrates the variation of the maximum fracture strength (fracture load)
with PVA contents. The matenal eventually offers increasing resistance to the load, and
the curve turns markedly upward as PVA concentration increases. The variation follows
almost an exponential function. This improvement in the mechanical properties (fracture
strength, percent elongation, and stiffness) with increasing PVA concentration is due to
the combined effect of density and/or porosity and cross-linking. It has been reported by
Ma and Xiong [103] that the increase in PVA mass % may produce remarkable increase
in the cross-linking. This in wms leads to observed improvement in the properties. In
addition, porosity plays an important role in the variation in these properties. PVA
matrices that have high porous structure and low density such as PVA 5 % and 10 %
showed less mechanical properties than others. As has been mentioned before in Section
3.2, the porosity of the produced PVA gel depends on the process parameters such as

PV A mass %, freezing and the thawing cycles [122].
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PV A mass % of 15 % produced a gel with less porosity as presented in Figures 5 and 0.
this may explain the remarkable increase in the fracture stress (see Figure 3.7), when
PVA mass % increased from 10 % to 15. The slope of the curves increases with PVA
concentration which 1s an indicator for the apparent improvement in the suffness
(modulus of elasticity) of the matenal. This behavior 1s shown in Figure 3.8. Such
improvement is also dependent on the combined effect of the process parameters. These

observations have also been reported by Gupta et al. [122].
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3. 1.5 A comparison between phenol and o-cresol biodegradation
In order to compare the degradation performance of the immobilized bactena in several
PVA pellets, batch experiments were carried out simultancously in four SBBR systems
using PVA mass contents of 5, 10, 15 and 20 % atter three months. The initial substrate
concentration, temperature pH, and air flow rate were adjusted at 200 mg/1, 30°C, 7.8 and
3 VUmin, respectively. The biodegradation results are shown in Figure 3.9 The
biodegradation rate is the lowest using PVA 15 mass%, due to the absence of the porous
structure which resulted in reducing the oxygen and substrate diffusion. These results
suggest that the acceptable PVA composiion for immobilizing bactena and using in
cresols biodegradation 1s PVA 5 mass%. Clearly the biodegradation rates for both phenol
and o-cresol are the highest using the S mass %. It can be noticed that the ability of
immobilized bacteria to degrade o-cresol and phenol 1s higher using both 5 and 10
mass% pellets compared with 15 and 20 PVA mass%. This could be attributed to the
better mixing and hence better mass transfer associated with the lighter PVA pellets. The
biodegradation of phenol seems to be better than that of o-cresol when using heavier
pellets (15 and 20 mass%), which highlights the importance of mass transfer for the

biodegradation of o-cresol.
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3.2, Biodegradation of cresols using P.putida immobilized in PVA 5 mass %
In this part of the study, the capability of P.putida to mineralize the three cresol isomers
(0-. p- and m-cresol) was evaluated in a batch SBBR. The experiments were carried out
for single components, while keeping the initial substrate concentration, temperature,
PVA volume faction and pH constant at 200 mg/1, 30°C, 30 vol.%. and 7.8.respectively.
Clearly P.putida has the potential to utilize cresols as a sole source of carbon and energy.
The biodegradation rate for each cresol isomer was calculated from the slope of the
reduction in concentration with time. As shown in Figure 3.10, o-cresol seems to be the
most favorable cresol isomer tor P.putida, and the biodegradation rate of p- and m-cresol
slightly differ. The biodegradation rate of the three isomers were in the order of o-cresol
p-cresol> m-cresol; similar results were obtained by Ahmed et al. [123] tor another
Pseudomonas strain. These results are attributed to the importance of the position of the
methyl substitute; o- and p-substituted phenols are more degradable than m-substituted

phenol [76].
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3.3.  Biodegradation of Single component

3.3.1. Batch Biodegradation of cresols (o-, p- and m-cresol)

3.3.1.1.Effect of initial concentration

Substrate concentration is one ol the most important parameters in the biodegradation of
phenolic compounds. due to the inhibitory effect of these contaminants at high
concentrations.  Batch  experiments  were  carried out  at  various initial  cresols
concentrations (25, 50, 100, 150 and 200 mg/l), to ecvaluate the effect of 1mual
concentration on the biodegradation rate. From the start, a yellow color was observed for
a short period of tme during all experimental runs. This is believed to be due to the
formation of 2-hvdroxymuconicsemialdcehydeand its homologues, which has been
produced from the metabolizing of 3-methylcatecholand 4-methylecatechol by meta
pathway (92, 93, 96]. The concentration of each cresol isomer (0-, p- and m-cresol) at
different time intervals was measurced quantitatively by GC (FID) as mentioned 1n
Section 2.2.2. Figure 3.11(a)<c) shows the experimental data of the reduction in cresol
concentration. Clearly the reduction seems to be linear with time, which indicates

constant biodegradation rates.
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AU high substrate concentration (150 mg/l), o-cresol is toxic to the microbial activity and
inhibited the biodegradation process (Figure 3.12 a). Previous study recommended that
the substrate hibition is a feature of o-cresol degradation using P.putida and the
inhibition effect was observed at imtial concentration of 200 mg/I [49. 124]. In contrast,
the biomass did not scem to be inhibited by p-cresol as indicated by the exponential
ncrease of the biodegradation rate shown in Figure 3.12 b. However, the inhibitory
effect ol p-cresol has been reported at 400 mg/l by Basheer et al. [45] during the
biodegradation of p-cresol using activated sludge. The experimental results for the
biodegradation of m-cresol are presented in Figure 3.12 ¢, and show that the m-cresol
biodegradation rate increases with concentration from 25 to 50 mg/l, and then stabilizing
in the range between 50 and 150 mg/l before rising again at 200 mg/l. This result may be
due to the ability of Pputida in degrading meta position of cresol, where the
biodegradation of m-cresol is much difficult than other methyl substitute as discussed in
Section 3.2. Therefore the biodegradation rate is stabilized at lower concentrations, and
increases by raising the initial concentration. The lack of inhibitory effect in p-cresol and
m-cresol even at high concentrations of 200 mg/l could be attributed to the presence of
the immobilizing PVA gel. which acts as a protective shelter against substrate toxicity

(11].
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3.3.1.2.Effect of temperature
Experiments were carried out at temperatures ranging from 25 to 45°C to study the effect
ol temperature on cresols removal. O-cresol initial concentration was kept constant at
150 mg/l, and the mital concentrations of p- and m-cresol were kept at 200 mg/l. The
initial pH solution was adjusted to be fixed at 7. Figure 3.13 presents the experimental
results for the effect of temperature on the biodegradation rate. Increasing the operating
temperature from 25 to 30°C seems to enhance the capability of P.putida for the
biodegradation of all cresol isomers. As mentioned carlier, an increase in the temperature
basically results in more kinetics energy of the enzymes molecules and reactants [77]. O-
cresol biodegradation rate reaches an optimum in the temperature range of 30 to 35°C. A
wider range of optimum temperature (30 to 40°C) was obscrved for p-cresol degradation.
It was proposed by Haiyan You et al. [74] that the biodegradation of m-cresol using
Lysinibacillu scresolivorans was optimized at 35°C; where as in the present study,
P.putida showed the highest performance in m-cresol degradation at 30°C. Higher or
lower values than the optimum tend to have negative effect on the biodegradation rate.
Low temperatures usually result in slowing down the activity of the bacteria, while
raising the temperature to high values leads to deactivation of the main biodegradation

enzymes [83, 125].
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3.3.1.3.Effect of pH

Being proteins, enzymes are stabilized by weak hydrogen bonds and are generally
affected by the variation of pH [82]. In order to study the effect of initial pH on the
biodegradation of cresols. experiments were conducted at pH ranging from 4 to 8 for o-
cresol and p-cresol, and from 4 to 9 form-cresol. The initial pH was adjusted using drops
of HCI or NaOH depending on the desired pH value. The initial concentrations of o-

cresol were kept at 150 mg/l and for both p- and m-cresol at 200 mg/l.

[t 1s believed that most organisms cannot tolerate pH levels below 4.0 or above 9.5, and
the optimum pH for most microorganisms lies n this range. O-cresol biodegradation rate
reached the maximum at the pH values ranging from 5 to 7. and then declined sharply
with further increase in pH as shown in Figure 3.14 a. Severe environment with lower
and higher pH damaged the enzymes, affecting the degradability of the bactena. Figure
3.14 shows that the biodegradation rate of p-cresol is dimimished at pH 5. and the rate
increases sharply at higher values. The experimental results indicate that the
biodegradation of p-cresol is optimized at pH 8, and it can be varied from 6 to 8 without
any negative effect on the biodegradation rate. Similar results were reported by Singh et

al. [65] for the biodegradation of p-cresol using Gliomastix indius.
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The ability of the P
of 6 (Figure 3.14 ¢):the rate decreases shghtly at pH 7 and drops again at pH 8.
similar study. Haiyan Yao et al. [73] reported that the biodegradation of m-cresol using
Lvsinibacillus  cresolivorance was optimum  at pH of 7. These results support the

statement that the growth rate of most of the organisms usually reaches the m

the pH range of 6.5 to 7.5 [606].
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3.3.1.4.Effect of PVA volume fraction

The amount of PVA pellets, which contains the active biomass. is one of the most
important factors that can affect the biodegradation process. Experiments were conducted
to study the effect of PVA volume fraction on the biodegradation rate. The solution pH
was kept at 7 and the reactor temperature at 35°C for o- and p-cresol and 30°C for m-
cresol biodegradation. The initial concentrations were 150 and 200 mg/1 for o-cresol and
both p- and m-cresol, respectively. The total operating volume of the biorcactor was
maintained at 300 ml. Figure 3.15 shows the biodegradation rate for three PVA volume
fractions (20, 30 and 40%). It 1s noticeable that the biodegradation rate of all cresols (o-,
p- & m-) tends to increase lincarly with increasing the PVA volume fraction in the
reactor. This is expected as the amount of PVA is directly related to the amount of
bacteria in the bioreactor and hence more PVA particles mean the presence of more
bacterial cells. Although larger volume fractions were not tested, it is expected that more
PV A particles in the reactor would hinder the movement and mixing of the pellets, and

consequently, reduce the biodegradation rate.
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3.3.2. Continuous Biodegradation of cresol
Although the batch experimental work provided essential data regarding the ctfect of
certain operating parameters on the biodegradation rate, continuous operation is vital in
assessing the potential industiial application of the biodegradation process. Again. all
experiments were carried out in duplicates and average values are reported in the

following sections. The standard deviaton ranged between 2 and 5%.

3.3.2.1.Effect of initial concentration

The cffect of the initial concentration of o-cresol and p-cresol was studied at four initial
concentrations: 50. 100. 150 and 200 mg 1. Both hquid and air flow rates were tixed at 5
mlmin and 2 I'min. respectively. Since the SBBR was operated under well-mixed
conditions, the substrate concentration in the reactor was considered to be the same as
that of the outlet. Samples were collected from the cftluent stream and analyzed at
different time intervals. The reduction of o-cresol and p-cresol concentration as a
function of time at different imitial concentrations i1s shown in Figure 3.16 (a & b). and
indicate that the biodegradation rate for both cresol 1somers 1s highly dependent on the
mitial concentration. The residence time inside the reactor (60 minutes) was suftficient to
completely consume the substrates at low concentration (50 mg'l).

However. at higher concentrations. substrates were not completely degraded. but steady
state was achieved within one residence time. It must be mentioned here that during the
startup of the biodegradation process. sharp reduction in cresol concentration was
observed, followed by a period of slow reduction before stabilizing. A faster diffusion

step due to the physiochemical interactions betw een the organic chemicals and microbial
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cell walls 1s believed to have resulted in the first stage of the biodegradation process
[126. 127]. During this phase. the removal by the biodegradation is less significant.
However. n the sccond phase. the entire exposed surface of the PVA pellets gets
saturated with the substrate or reach closed to saturation. then the removal by adsorption

ccomes less significant. In this se. the contribution of biodegradation becomes
becomes less signiticant. In this phase. the contribution of biodegradation becomes

significant.
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The overall percent removal s plotted as a tunction of initial concentration in Figure
3.17(a & b). In cases of o-cresol. the percent removal at high concentration (200 mg 1)
reached 79%. compared with that for p-cresol where the maximum removal percentage at
the same concentration reached 85%. This could be attributed to  the absence of the
inhibition effect on the biodegradation process of p-cresol as concluded trom the batch

study.
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Figure3.17: Initial biodegradation rate of cresol as a function of initial concentration. Reactor temperature

35 ° C: air flow rate 2 I'min: liquid flow rate = 5 ml/min: (a) o-cresol: p-cresol
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3.3.2.2 Effect of liquid flow rate
I'he effect of hiquid flow rate on the biodegradation cfficiency was evaluated for three
different flow rates (5. 6.5 and 10 ml'min). while keeping cresol initial concentration and
airflow rate constant at 150 mg'l and 2 I'min. It is often anticipated that increasing the
liquid flow rate would reduce the residence time inside the bioreactor and hence reduce
the biodegradation rate. In fact increasing the liquid flow rate may have two opposing
factors. On one hand. the higher flow velocity around the PVA pellets may improve
cxternal mass transfer. especially for low concentrations of cresol (0- & p-). On the other
hand. the reduced residence time will  decrease the contact between the immobilized
bacteria and the substrate [128]. The latter seems to be the dominate factor and hence the
obsenved reduction in biodegradation eftficiency. Shetty et al. [129] suggested that the
increase in liquid velocity may result in higher erosion of the biomass from the biofilm
surface. and reduce the biodegradation rate. This may be valid for biofilms but not for
bacterial cell immobilized in PVA particles. These cells are usually very well nested
inside the porous structure of the PVA and rarely get stnpped away in significant

numbers due to high hquid flow.
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The residence time for the three hquid flow rates (2.5, 5 and 6.5 I/min) were estimated to
be 60, 46 and 30 nmin, respectively. A plot of the substrate removal as a function of
residence time 1s shown in Figure 3.19 (a &b). Obviously, the removal % increases
linearly with increasing the residence time. In both cases. longer residence time gives the
immobilized bacteria more time to degrade the cresol. P.putida 1s well known for its
ability to degrade o-cresol more than p-cresol i single components experiments, as
concluded from the biodegradation results for all cresol isomers; therefore lower

residence time tends to highly affect p-cresol degradation more than o-cresol degradation
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3.3.2.3.Effect of Air flow rate

Acrobie biodegradation processes require systems which ensure the adequate oxygen
supply for maintaining the growth of the microorganisms_ Ajr flow rate plays an
important role in the biodegradation process using acrobic bacteria such as P.putida. In
addition to providing cnough oxygen for the biodegradation process. it enhances mixing
and particles movement in the biorcactor. The effect of air flow rate on the continuoug
biodegradation process was investigated for three different values: 1.2 and 3 I'min. The
iitial substrate concentration and hquid flow rate were fixed at 150 mg 1 and 5 mlimin.
respectively.

The vanaton of o-cresol and p-cresol concentrations with time for the three flow rate 1s
presented in Figure 3.20. It seems that both biodegradation processes are optimized at air
flow rate of 2 I'min. which can provide sufficient amount of oxygen for the immobilized
bacteria to complete the aerobic biodegradation process. At a lower air flow rate (I
[ min). however. the distnibution of PVA pellets was not uniform through the bioreactor.
Visual observation indicated that this flow rate could not provide enough air lift to give
good spouting of the particles and consequently, most of particles were settling at the
bottom of the bed with neghgible movement. Although higher flow rate (3 I'min) may
provide more than enough oxygen for the aerobic biodegradation. 1t does not seem to
provide the smooth mixing needed for good mass transfer.

Based on visual observation, high flow rates lead to slugging making the small spouted
bed bioreactor lose its systematic cyclic motion and good particle movement. Similar
observations were reported by Salehi et al. [86] and El-Naas ct al. [128]). who noted that

after a certain air flow rate the biodegradation rate could no longer be improved. It must
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be noted  here that the p-cresol biodegradation process tends to be more affected by
lowering the air flow rate, compared to that for o-cresol. This may be attributed to the
deficient amount of oxygen ftor metabolizing p-cresol at this air flow rate: where the

oxygen content is sufficient to completely minerahze o-cresol.
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3.4, Continuous biodegradation of binary mixture (o- & p-cresol)

In this part of the study. the biodegradation process on binary mixture of cresols were
carried out In continuous mode. using initial concentrations of 100 mg 1. air flow rate of
2 I'min. reactor temperature of 35°C and pH of 7. The solution of 0- p-cresol binary
mixture was continuously fed with hquid flow rate of 5 ml'min at a ratio of 1:1I.
Experiments were also conducted for o- and p-cresol biodegradation as a single substrate
with initial concentration of 100 mg1 for cach cresol. As shown in Figure 3.21.the
biodegradation of p-cresol in the mixture 1s not affected by the presence of o-cresol.
while the biodegradation of o-cresol in the mixture is lower than that when o-cresol 1s
alone. P.putida scems to prefer other cresol isomers (p- and m-cresol) over o-cresol. s
believed that co-metabolic products may results in more resistance in the biodegradation,
or even more toxic than original component producing dead-end product [85]. This result
can be related to the presence of co-substrate in o-cresol biodegradation process, where

co-substrate partially transformed without producing energy for cell growth.
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3.5, Continuous biodegradation for ternary mixture (o-, p- & m-cresol)

Little information is available in the literature on the biodegradation of ternary mixtures
of cresols. Therefore. continuous experiments  were carried out to evaluate the
biodegradation of mixture of the three cresol isomers (o-, p- and m-cresol). The main
residence time in the bioreactor was optimized at (60 minutes). while the air flow rate.
solution pH and temperature were kept constant at 2 I/min, 7 and 35°C. respectively.
Some ditficulties were faced in the separation of p-cresol and m-cresol in the analysis
due to the similar properties of both compounds, which produced overlapping in the GC
analysis. as discussed in Section 2.2.2. Thus, the ternary mixture was divided in the
analysis into two single groups. o-cresol and p-.m-cresol. The synthetic cresols solution
was continuously fed to the bioreactor at equal ratio of o-cresol and p-.m-cresol for 4
hours, the imtial concentration of each component (o-cresol) and (p-. m-cresol) were kept
at 100 mg 1. In order to compare the biodegradation process for single components and
temary mixture. another set of experiments for single compound was conducted at the
same conditions. Again. the initial concentration of each isomer was 100 mg/I.

Figure 3.22 illustrates the reduction of the concentration of each isomer as a single
component and in the mixture. The degradation of p-,m-cresol as a single component is
almost the same as In the termary mixture. It is interesting to notice that the
biodegradation of o-cresol is highly affected by the presence of p-,m-cresol. The decrease
in the removal of o-cresol in the presence of p- and m-cresol may be attributed to the
competitive inhibition and the toxicity of other substances as reported for BTEX mixtures

[130], or due to the formation of the toxic intermediates as in the case of the 3-chlophenol

degradation [131].
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3.6.  Modecling of the biodegradation process

Modeling of the biodegradation process involves relating the specitic growth rate of the
biomass to the consumption rate of the substrate. Based on material balance, the specific

consumption rate of the substrate is expressed as in Equation (1):

das H
(¢ = — = -
Is Xdt 4 (1)

Where, qs is the specific consumption rate (h™'); X is the biomass concentration (mg/l); S
is the substrate concentration (mg/l); Y is the cell mass yield (g/g);  In order to represent
the degradation kinetics of o- and p-cresol, two available models (Haldane and Monod)
were used to fit the experimental data obtained from the batch degradation experiments
(described in Section 3.3.1.1). The first model considers o- or p-cresol as non-inhibitory
compound and neglects the inhibitory eftect, while the second one takes into account the
inhibitory eftect of o- or p-cresol. The Monod model is expressed as:

__ Qmax S
qs = — — (2)
Ks+Sp

The Haldane model 1s expressed by:

_ QmaxS 2
4s =~ 52 (3)
Ks+So+2,

Where, S,is the initial substrate concentration (mg/l), q,nax 1s the maximum consumption
rate (lf'). K ¢is the half saturation coetficient (mg/l) and K; is the substrate 1nhibition
constant (mg/l). These two models can be used to predict the variations of the
biodegradation rate (¢) with initial p-cresol concentrations, utihzing the relation in Eq.
(1) and assuming that ¥ is constant over the concentration range. This assumption 1s vahd

if the substance concentration is much higher than K's (S>>Ks) [75). The degradation rate
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gs was determined from a plot of the substrate concentration S versus time for each initial
substance concentration S, . From the values of g and S, the values of Kkinetics
parameters for cach model were obtained. using SigmaPlot non-linear regression which
uses the Marquardt-Levenberg algorithm.

Both models are fitted to o-cresol brodegradation process with high accuracy, and the
kincucs represent in Table 3.2 .However, Haldane model has R” closer to 1. as well as
the value of K is accepted, which indicated the presence of the inhibition effect in o-
cresol biodegradation. Figure 3.23 shows the comparison of experimental data and fitted

models.

Table 3.2: Monod and Ialdane kinetics parameters for o-cresol.

\odel [/ — (h) K. (mg/l) K, (mg/h) R*
Monod 307.96 39.49 - 0.944
Haldane 369.9 54.04 1087.22 0.946

89



CHAPTER THREE

Results & Discussion

Biodegradation Rate (mg/l.h)

280

260

240

220

200

180

160

140

120

100

Experimental
Monod Model
Haldane Model

0 50 100

200

o-cresol Concentration (mg/1)

Figure 3.23: Comparison of the experimental data with fitted Monod model for o-cresol

90




CHAPTER THREE Results & Discussion

P-cresol biodegradation process was also expressed by Monod and Haldane models. and
the parameters values for both models are presented in Table 3.3. Although both models
give acceptable fit for the data with the same R value (0.975). The Monod non-inhibitory
model clearly gives a much more acceptable it between the data and model equation.
Large K;value was obtamed i Haldane Model. which indicates that the culture is less
sensitive to the substrate inhibition. Monod model 1s compared with the experimental

data in Figure 3.24.

Table 3.3: Nonod and tlaldane kinetics parameters for p-cresol

Model Qincix (h'" K (mg/l) K; (mg/ R?
Monod 357.9 21.64 - 0.9748
Haldane 357.9 21.64 1.903x 108 0.9748
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I'he global biodegradation rate was calculated based on the specific consumption rate.
where o-cresol and p-cresol is the limiting substrate in cach system. while oxygen and
other nutrients are in excess. Assuming perfect mixing in the bioreactor. the mass balance
of the continuous flow reactor can be expressed as follows:

AN,
dt

= F2(Cap = Ca) = Ta v ()

Dividing the equation by V:

as Fs

—(So = $) =75 (3)

dt
The substrate uptake rate according to Eq. (1) is given by:

—1s=Y1= (s (6)
Assuming constant yield in the bioreactor as mentioned above. o-cresol consumption can

be described as tollows

. Qmax S
1= S2 (7)
kg+ S+ k_[

Where for p-cresol the consumption can be expressed as

__ Qmax S ]
S ke+S (8)

Combining equations 5 and 7. the change of o-cresol concentration in the reactor can be

evaluated as:

dsS F, q S
e S—(SO . S) __ Ymax (())
dt Vv ke+ S

P-cresol concentration in the reactor can be evaluated by the combination of equations 5

and 8 as follow:

as F. S
E:ST(SO_S)_"'LXSZ_ (10)
k5+5+7i
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Where S, 1s the mput substrate concentration in (mg/l1). S is the concentration at desired
time mg/l.(—=75) is the rate of removal of substrate (mg 1.h). r;is the microorganism
growth rate (mg/l. h). x the microorganism concentration (mg/l). V is the reactor volume
(1). tis the ume (h) and F1s the volumetric flow rate (1'h). The model was applied for
different o-cresol and p-cresol concentrations in the effluent given by Equations (9) and
(10) for o-cresol and p-cresol, respectively. The vanation of the substrate concentration
with time was evaluated using (E-Z Solve). The model prediction and the experimental
data are shown in Figures 3.25 and 3.26.The Figures show very good agreement between
the model predications and the experimental data and confirm the validity of the
proposed model for simulating the continuous biodegradation of o-cresol and p-cresol

SBBR.
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4.1.Conclusions

PV gel was prepared by freezing-thawing  technique to be used as an
immobilization matrix. The porous structures were examined for several PVA
mass% and thawing periods using compound microscope and SEM. and revealed
dependency on the PVA mass content and thawing time. The mechanical properties
for the PVA gel pellets with different mass content were evaluated: tensile testing
indicated that the PVA gels possess a rubbery. elastic nature. fibril network structure.
Both fracture stress. percent elongation and modulus of elasticity increase with PVA
content. The phenol degradability of P. putida immobilized in the PVA pellets was
found to drastically improve with time and depend on the porous structure of the

pellets.

The biodegradation of cresols using immobilized bactena immobilized in PVA 5
mass% was performed in order to compare the degradability of the three cresols
isomer. Results indicated the biodegradation of o-, p- and m-cresol was in the order
of o-cresol >p-cresol >m-cresol. Batch biodegradation for cach cresol isomer (o-. p-
and m-cresol) was studied at different operating parameters such as initial
concentration, temperature. pH and PVA volume fraction. O-cresol biodegradation
process is optimized at temperature of 35°C. pH ranging from 6 to 8. The
biodegradation rate was increased with the initial concentration and the inhibition
effect was observed at 150 mg/l. The optimal condition for p-cresol biodegradation
process is pH of 8. temperature ranging from 30 to of 40°C. The rate was increased

exponentially with the initial concentration as well. M-cresol biodegradation rate was
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the maximum at temperature and pH of 30°C and 6. respectively. In addition. the
hiodegradaton performance was increased with the PVA volume fraction for all

cresol 1somers.

Continuous biodegradation results indicated that P.putida has high potential in
degrading o-cresol and p-cresol as a single component, for concentration up to 200
mg/l and the removal percentage was more than 79 and 85% for both cresols.
respectively. The biodegradation efficiency was affected by other operating
parameters such as air flow rate and residence time, with optimal air flow rate of 2
I/min. In addition to these parameters the biodegradation of cresols in binary or
ternary mixtures revealed that the biodegradation of o-cresol was inhibited by the

presence of p-cresol or m-cresol i the solution.

The biodegradation of o-cresol was successfully described as inhibitory substrate by
Haldane model. while the biodegradation of p-cresol was successtully described by
Monod model. The obtained kinetics parameters for o- , and p-cresol were utilized
for modeling the continuous biodegradation process and showed very good fit to the

experimental results.
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4.2.Recommendations for future werk

The immobilization of the biomass in the present work has been investigated using
PVA gel as a support matenal. Further investigations on other types of polymers arc
required in order 10 improve the immobilization technique.  Further studies could be
carmed out to examine the degradation capability of P.putida for other phenol
dervatives and aromatic compounds as toxic pollutants presents in the wastewater.
The present work focused mainly on the biodegradation of cresols using P.putida as a
tvpe of microorganisms: further studies should be carried out by other strains of
bactena or fungus that has a potential to use cresols as a sole source of carbon and
energy.

Only preliminary studies on the biodegradation of cresols in SBBR have been carried
out. Extended investigatons on the optimizaton and kinetic study should be
perfoimed for better performance of the SBBR. Mathematical modeling of the
biodegradation of cresols mixture in continuous SBBR should be carried out for

better understanding of the system performance.
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