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Chapter 7
Fundamentals and Applications of Entrapped
Cell Bioaugmentation for Contaminant Removal

Sumana Siripattanakul and Eakalak Khan

Abstract Entrapped cell bioaugmentation is an addition of gel or rubber matrices
embedded with microorganisms 1o increase biological activities. The technology is
an integration of cell entrapment and cell bicaugmentation techniques. In the last
decade, this technology has been frequently siadied for its applications in the envi-
ronmental field for removing collective and specific contaminants. The technology
not only provides sufficient contaminant-degrading cultures but also prevents them
from environmental stresses and being transported out of the target systems. This
paper provides a review on the uses of entrapped cell bicaugmentaiion for contami-
nant removal including background of the technology, principles of cell entrapment
techniques, types and preparation procedures of selected cell entrapment matrices,
and studies on the applications of the technology for wastewater treatment and site
remediation, Future peespectives of the technology are also discussed.

Keywerds Bicaugmentation - Biodegradation - Bioremediation - Cell
entrapment - Wastewater treatment

7.1 Introduction

Engineered and natural biological processes sometimes do not perform well or
take long time in removing contaminams such as nuirients, heavy metals, pheno-
lic compounds, and chlorinated compounds because they have inappropriate types
and/or insufficient numbers of contaminant-degrading cultures [1-7]. A technigue
called cell bioaugmentation, was developed to overcome these problems [[-9]. Cell
bicaugmentation 1s the addition of adequate numbers of effective contaminani-
degrading microbial strain(s) to remove contaminants. The cell bivaugmentation
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technique has been applied to remove several contaminants, such as 3-chloroaniline,
2,4-dichlorophenoxyacetic acid, and 3-chlorobenzoate, in wastewater and contami-
nared sites {2, 3].

‘The key attributes for the success of cell bioaugmentation are the viability and
retention of the bioaugmented cells in the target systems [2, 4, 7, 10). In field
applications, the augmented cells might experience biotic and abiotic environmen-
tal stresses, such as predation and competition with indigenous species and presence
of inhibiting compounds [11]. Moreover, the augmented cells sometimes leave the
systems along with the effluent or groundwater flow for the cases of wastewater
treatment or site remediation, respectively,

Cell entrapment, a cell immobilization method by embedding microorganisms
in a porous polymeric matrix, can be used to alleviate the shortcomings associated
with the traditional planktonic (suspended or free) cell bioaugmentation scheme.
Some of the common natural and synthetic polymeric materials used as cell entrap-
ment matrices include calcium alginate (CA), carrageenan (CN), poly vinyl alcohol
(PVA), and cellulose triacetate (CTA). Cell entrapment has been studied and applied
mainly as stand-alone wastewater treatment processes for the removal of collective
pollutants, such as organic carbon [12-20] and nitrogen [21-27], as well as spe-
cific contaminants such as phenol [1], dyes [28-31], and cyanide [32]. Recently,
the technique was combined with cell bioaugmentation resulting in a new process,
known as entrapped cell bicaugmentation, for removing pollutants, such as nitrogen,
herbicide, and other hazardous compounds in wastewater and contaminated sites
[6. 7. 33, 34]. The entrapment matrix can protect the augmented cells against envi-
ronmental stresses and prevent their loss from the target systems making entrapped
cell bioavgmentation a more reliable technology compared to the traditional
planktonic cell bioaugmentation,

This article reviews the basics and applications of entrapped cell bicaugmenta-
tion for contaminant removal. The principles of cell entrapment, types and prepara-
tion procedures of selected cetl entrapment matrices including CA, CN, PVA, and
CTA, and advantages and drawbacks of entrapped cells compared to suspended
or free cells are described. Previous studies on the applications of eatrapped cell
bicaugmentation for waslewater treatment and sile remediation including success,
concerns, and future perspectives of the technology are also discussed.

7.2 Cell Entrapment

Entrapment is one of the cell immobilization technigues in which microorganisms
are embedded within porous polymeric supporting materials (Fig. 7.10 [35-37].
Some other common cell immobilization echniques include physical adsorption,
ionic binding, covalent binding, cross-linking, and encapsulation (Fig. 7.1a—e).
In entrapment and encapsulation, microorganisms are not directly bonded but
enclosed in supporting porous matrices. The cell entrapment technique confines
microbial cells within the pores and voids of immotilization matrix while the cell
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Fig. 7.1 Cell immobilization
techniques [65)], Reprinted by
permission of the publisher

a) Physical adsorption

¢€) Cross-linking d) Covalént binding

&) Encapsulatlof: ) Entrapment

@ represents immobiiized calls

encapsulation technique wraps the cells inside a shell (matrix) as shown in Fig. 7. le.
As a result, the two techniques provide more protection to the cells and are some-
times grouped together as a single category of cell immobilization. There are a
number of successful applications of entrapped and encapsulated cells in environ-
mental, pharmaceutical, and food industries. Entrapment matrices are known to be
more durable than encapsulation matrices and therefore are more suitable for field
applications.

7.2.1 General Principles of Cell Entrapment

Cecll entrapment procedures normally consist of two steps: (1) mixing of cells and
viscous-tiguored matrix and (2) gelation (Fig. 7.2) [38]. The mixing of cells and
matrix is performed by dispersing the cells in the matrix, which can be accomplished
by simple blending techniques such as magnetic stirring and propeller mixing. There
are two common approaches for gelation: droplet and plated gelations. In droplet
gelation, the mixture of cells and matrix is dropped into a gel formation solution to
produce spherical beads using a syringe or a peristaitic pump (Fig. 7.2). In plated
gelation. the mixture of cells and matrix is poured into a tray containing a gel
formation solution and the formed gel is cut into small cubes (Fig. 7.2).
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Step 1: Mixing of cells and matrix

Liguored
matrix

Mixture

Step 2: Gelation

Droplet gelation Plated gelation

Fig. 7.2 General cell entrapment procedures

The gelation takes place via several processes including jomctropic gela-
tion, temperature-induced gelation, organic polymerization, and phase separation
depending on entrapment matnces [39]. lonictropic gelation is a cross-linking
between a matrix {polyionic polymer) and a cation in the gel formation solution.
For example, calcium alginate is formed through tonictropic gelation. Temperature-
induced gelation is a phase transition at differenl temperatures. The examples of
the temperature-induced gelation are agarose and gelatin formations. Organic poly-
merization occurs through a reaction between monomers. Common cell entrapment
matrices such as polyacrylamide, polymethacrylate, and PVA are the products of
organic polymerization. During polymerization. a cross-linking agent may be added
for a beuwer gel network. The last process is a phase separation which the cells are
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extracted by a gel formable solvent. The phase separation process is quite limited in
use since the gel formable sclvent could severely damage the viability of the cells.

7.2.2 Widely Used Cell Entrapment Matrices and Procedures

For environmental applications, cell entrapment matrices can bhe categerized into
two types: natural and synthetic. Natural matrices, such as CA, CN, agarose,
and gelatin, are polysaccharides produced from algac or seawced while synthetic
matrices are man-made polymers, such as PVA, CTA, polyethylene glycol, and
polyacrylamide. The criteria for matrix selection are summarized in Table 7.1. The
principles, descriptions, and cell entrapment and de-entrapment procedures for only
selected martrices including CA, CN, PVA, and CTA are reviewed below. Note that
the de-entrapment process is needed for evalvating the cell number and growth
inside the matrix.

Table 7.1 Crileria for cell entrapment matrix selection

Property Criterion Reference
Surface area Large Keurketus et al. [65]
Handling and regeneration Easy Kourkotus et al. [65]
Cell retention High Kourkatus et al. [65)
Celt viability High Kourkotus cf al. {65}
Biological aclivity High Jenetal. [35]
Kourkenus et al, [65]
Porosity/Diffusivity . High Jen et al. [35]

Kourkotus el al. {65}
Leenen et ad. [79]

Mechanical and chemical stability High Kourkotus et al. {63]
Leenen et al. {79]
Preparation procefdure Easy Kourkentus et al. [65]
Leenen et al, [79]
Solubility Low Leenen et al. {79]
Biodegradability Low Leenen et al. {79}
Cell growth Possible Leenen et al. [79)
Cost Lorw Leenen e al. [79)

7.2.2,1 Calcium Alginate
Calcium Alginate Chemistry and Gelation

Alginate is one of the pioneer materials used for cell entrapment. It is a son-
toxic natural polysaccharide extracted from brown algae, seawced and bacteria
such as Laminala hyperborean, Macrocystis pyrifera, Ascophylium nodosum, and
Azotobacter vinelandii [40-42). 1t is a chain of 1-4 linked B-D-manaurnaate (M)
and o-L-guluronate (G) in different compositioas, sizes. and patterns depending
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G M M G G

Fig. 7.3 Chemical structure of alginate [42]

on the sources (Fig. 7.3). Alginate is commercially available as a sodium salt of
alginate.

Gelation of alginate is a cross-linking of alginate with divalent cations, such as
Ca®, Ba®*, and Sr*, Calcium is the most widely used cross-tinker and the CA
entrapment is simple, quick, and inexpensive. Normally, CA gel is prepared by the
droplet gelation method. When the sodium alginate solution is in contact with the
Ca’* solution, a semi-solid structure is formed immediately in its outer layer. The
Ca™*solution then passes through the outer layer to form the gel structure for the
entire aiginate bead. The chemical structure of alginate affects its properties, stabil-
ity, and biodegradability [42]. Alginate containing high G content, espeeially with
a long GG structure, provides high gel strength and low shrinkage. This is because
the GG block favors more cation bindings, which consequently lead to higher gel
stability,

The CA gel is stable in broad ranges of pH (pH of 3-10) and lemperature (up Lo
85°C) [41]. The drawbacks of the CA gel are gel abrasion and swelling under some
conditions {4, 40, 41, 43]. The CA gel beads are demolished in the envirenment
containing high concentrations of divalent cations (except Ca™), phosphate. and
chelating agenis and swell in the presence of monavalent cations.

Procedures of Calcium Alginate Cell Entrapment and De-Entrapment

The CA cell entrapment procedures are similar in most previous studies. The fol-
lowing procedure is one of the successful methods which was used in several
environmental applications [20, 44, 45]. Sodium alginate powder is dissolved in
deionized water (DI) at 2% (w/v). To prevent agglomeration, the powder is slowly
added into stirred DI The solution is stirred until all the powder is wtally dis-
solved, which could take up to 12 h. A liquid medium containing microbial cells
is centrifuged at 7000 rpm for 10 min 1o ubtain concentrated cells. which are then
uniformly mixed with the sodium alginate solution. The mixture is dropped into a
calcium chloride solution of 3.5% (w/v) using a peristaltic pump a1 a flow rate of
3 ml/min (bead size of 2.0-5.0 mm depending on the pump head). The dropleis




7 Fundzmeatals and Applications of Entrapped Cell Bicaugmentation 133

remain in the sclution for 2.5-3.0 h for the formation and hardening of spherical
beads.

As mentioned earlier about the vartation of the CA entrapment procedure, the
chemical concentrations, centrifugation speed, dropping rate of the cell-alginate
mixture, and hardening time may be modified for enhancing the bead durability
and/or convenience of bead preparation. For instance, the hardening time of the CA
gel beads normaily ranges from 0.5 to 3.0 h; however, it has been shown that more
durable beads can be obtained by increasing the hardening times to overnight [20].
The CA entrapped cells can be de-entrapped hy vigorous vertical shaking in2 0.3 M
sodium citrate solution at pH 5 [20, 46] or 50 mM phosphate buffer at pH 7 {40

7.2.2.2 Carrageenan
Carrageenan Chemistry and Gelation

Carrageenan is another common matrix for cell entrapment. It is produced from red
scaweed [38, 43, 47]. Its structure contains 1,3-linked B-D-galactose and 1,4-linked
3,6-anhydro-a-D-galactose, There are three types of CN based on the number and
position of sulfonation: kappa (x}, lambda (1), and iota (1) (Fig. 7.4), Lambda-CN is
water soluble; therefore, it is not suitable for cell entrapment, Between « and 1-CN,
k-CN is a better cell entrapment matrix since it has a stronger gel network.

The CN gelation process can be either ionictropic or temperature-induced (cool-
ing) gelations. Similar ro CA gel, «-CN gel can be formed with different ions, such

CH:OH "
Kappa o
OH OH
CHOH Hi
Q
lota
OH O501
CHOH R 1080,"
H o o
Lambda H
Fig. 7.4 Chemical structure o HEP%) _
of carrageenan [47] SOT0%) 030>
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as K*, NHy*, Ca?*, Cu?*, Mg?*, Fe?*, and amines [38, 43, 47}. Additionally, the
sirength of k-CN gel can be improved by adding polymers such as gatactoman-
nans, locust bean gum, and taragum [38, 43]. Normally, k-CN entrapped cells have
relatively high biological activities and in turn broad utilizatdons. However, the
applications at high temperatures are not suitable because k-CN gel dissolves [48).

Procedures of x-Carrageenan Celt £ntrapment and De-Entrapment

The «-CN cell entrapment can be accomplished by both droplet and plated gela-
tions. The droplet method is suitable for a laboratory scale since the setup is simple.
However, the droplet method would be time-consuming for preparing a large vol-
ume of entrapped cells; the plated method is more appropriate for it. The following
procedure is a general droplet method implemented in several studies [20, 47, 49].
Kappa-CN powder is dissolved in stirred DI at a iemperature of 50°C and the solu-
tion is allowed to cool down to 35°C. Then, concentrated microorganisms are mixed
with the k-CN solution. The mixture is dropped into 0.3 M potassium chloride and
0.18 M calcium chiloride solutions for gel formation and gel hardening, respectively.
The final k-CN concentration is about 2-5% (w/v). The de-entrapment procedure
for the k-CN entrapped cells involves continuous shaking in a [% sodium ciirate
solution at 37°C {20, 271

7.2.2.3 Polyvinyl Alcohel
Polyvinyl Alcoho! Chemistry and Gelation

PVA is a polymer that can be prepared in the forms of film and hydrogel with
high mechanical strength and durability [4, 21, 50]. Similar to CA and CN, PVA
is non-toxic even though it is a synthetic polymer. Therefore, it does not nega-
tively affect both microorganisms and envifonment. Raw PVA appears in a white
and free-flowing granule. The chemical structure of PYA is shown in Fig. 7.5. The
propertics of PVA are based on the polymer chain length (molecular weight) and
degree of hydrolysis. Polyviny! alcohol with high molecular weights and degrees of
hydrolysis has high mechanical stabilicy and low water solubility {51].

Several gelation techniques are available for producing PVA gels for cell entrap-
ment including boric acid-PVA (BPVA), freezing and thawing of PVA (IFPVA), and
phosphorylated-PVA (PPVA) methods. The BPVA wechnique is the simplest and
most economical. The technique is a one-step droplet gelation method [52]. The
BPVA gelation process is a cross-linking of boron and PVA as shown in Fig. 7.6. The
BPVA hydrogel beads present high mechanical strength and durability. However.

HHHHHHHH
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Fig. 7.5 Chemical siruciure 1 E ! l E l | |
of PVA HOHHOHHOHH OH
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Fig. 7.6 Reaction of PVYA-boric gelation

there are two potential problems associated with the technique: cell damage in the
boric acid solution and PVA bead agglomeraticn {21, 53] Several researchers mod-
ified the procedure to solve these problems, such as additions of calcium alginate
and activated carbon [53, 54].

The FPVA technigue is based on physical cross-linking during temperature-
induced condition. Under cryotropic conditions, hydrogen bonds between OH
groups of the PVA polymer chain(s) occur either within the chain (intramolecu-
lar) or between two chains {(intermolecular) [55]. Although this technique provides
a strong PVA cryogel, the freezing condition could affect cell viability.

Chen and Lin [21] developed a PPVA method that reduces the boric acid con-
tact time and consequently cell damage associated with the boric acid-PVA method.
This modified téchnique not only decreases the cell damage by bonic acid but ajso
increases the strength and durability of entrapped cell beads. The PPVA technique is
a two-step droplet gelation method including spherical bead formation and harden-
ing. In the first step, spherical bead formation, the PVA-boron cross-linking occurs
according to the reaction shown in Fig. 7.6. In the second step, bead hardening,
spherical beads are left in a sodium phosphate solution to increase the surface gel
strength through PVA phosphory lation (Fig. 7.7) {56].

Procedures of Phosphorylated-Polyvinyl Alcohol Cell Entrapment
and De-entrapment

Asg mentioned above that BPVA and FPVA entrapment protocols may affect cell via-
bility, therefore, only PPVA cell entrapment 1s reviewed here. The following PPVA
cell entrapment procedure is according to Siripattanakol et al. [57]. The proce-
dure was modified from Chen and Lin [21] for preventing PVA bead agglomeration
during the PVA-boron cross-linking step. The modified cell entrapment procedure
begins with dissolving PVA in sticred DI at temperature of 60-8G°C and letting the
solution cool down to room temperatare. Microbial cells are centrifuged at 4000x g
for 10 min and then nixed with the PVA solution. The mixwre is dropped into a sat-
urated boric acid solution in a 1-1 cylinder and remains in the solution for 30-43 min

Fig. 7.7 Structere of PVA [_CH —CH, _]'\
pliosphorylation {56, p. 654], (l)
Copyright (2004 and John I

Wiley & Sons. Inc.): HO—P—0H
Reprinted with permission of I
John Wiley & Sons, Inc
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to form spherical beads. Note that in the method by Chen and Lin [21], the cell-
PVA mixture is dropped into a stirred boric acid solution for 10-120 min. Then, the
formed hydrogel beads are then soaked in a 1.0 M sodium phosphate solution at pH
7 for 60 min for hardening. The final PVA concentration is 10% {wiv).

The de-cntrapment procedure of the PPVA involves adding the PPVA enirapped
cells into DI and heating to about 60°C. As mentioned above, the de-entrapment
process is normally performed for measuring cell number and/or growth inside
the mairix. This thermal de-entrapment may damage the cell viability making
plate counting of the de-entrapment product an unsuitable method for quantify-
ing the cells in the PPVA matrix. Measuring the cell mass (represented by volatiie
suspended solids) after the de-entrapment is an alternative to this fimitation {20}.

7.2.2.4 Cellulose Triacetate
Cellulose Triacetale Chemistry and Gelation

Cellulose is a natural polymer extracted from plants. Its structure is a chain of
organic compounds containing glucose molecules of which the number and loca-
tion in the chain vary based on the sources [43]. Nawral cellulose itself is not
appropriate for cell entrapment; however, modified cellulose compounds via chem-
ical processes, such as esterification and etherification, can form fiber networks.
Examples of the modified cellulose compounds are cellulose azide, diazo cellulose,
and CTA. Cellulose triacetate has been applied as a cell entrapment matrix since
1980s. The CTA entrapped cells were first developed for food technology appli-
cations. The CTA cell entrapment matrix is rubber-like, which is different from
the other entrapment media described earlier. The CTA enttapped cells have very
high mechanical strength. It was reported that the CTA enirapped cells can be used
centinuously for more than 8 years {13, 14].

Procedure of Cellulose Triacetate Cell Entrapment

The CTA entrapped cells are prepared by the plated gelation. A procedure to prepare
CTA entrapped cells was introduced by Kolarik et al. {S8]. Later, Yang and See
[59] modified it to ease the preparation. The modified procedure has been used in
several studies [6, 12-14, 34}, Cellulose triacetate powder is dissolved in nicthylene
chioride at a concentration of 10% (w/v). Concentrated microbial cells are uniformly
mixed with the CTA solution. Then, the mixture is plated into tolucene for hardening.
The hardened CTA sheet is cut to small cubes and washed with water to rinse the
residual chemicals. Currently, there is no procedure for CTA de-entrupment.

7.2.3 Advantages and Drawbacks of Entrapped Cells

There are several advantages of entrapped cells over suspended cells [60, 61].
Basically, cell entrapment leads to the enhancement of both hiological and mechan-
ical stabitities. The entrapment matrix can alleviate physicochemical challeages,
such as temperature, pH. solvents, shear, and heavy metals, Other advanrages of
entrapped cells include high bicmass conceniration, no need for celr separation.
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increased product yield and stability, increased reaction selectivity, and versatility
in the selection of the reactor. Several studies reported that entrapped cells pro-
vided better waste treatment performances and/or are mere durable than free cells
[7, 20, 62-64]. For example, in a previous study, PPVA entrapped cells were used for
removing total erganic carbon compared to free cells. The results indicated that the
PPVA entrapped cells had substantiaily higher specific growth and substrate utiliza-
tion rates [20]. The main drawbacks of entrapped cells are metabolic changes, cell
merphology changes, substrate and chemical growth factor diffusion limitations,
and inconsistent growth pattern {61, 64].

7.3 Applications of Entrapped Cell Bioaugmentation

In the past two decades, bioaugmentation and cell entrapment processes have
been separately applied in the environmental field, Examples of bicaugmentation
applications include removal of 2,4-dichlorophenoxyacetic acid, 3-chlorobenzoate,
3-chleroantline, diesel {oil spills} {2, 3, 64] whercas the cell entrapment has been
applied for removing phenol, dyes, and cyanide [ 1, 28--32]. Although both processes
alleviate several problems associated with traditional contaminant removal schemes,
the roles of the two processes are different. Bicaugmentation provides a number
of specific or acclimated contaminant-degrading cultures whereas cell entrapment
maiatains the cultures in the system and protects them from stresses.

Combining bicaugmentation and cell entrapment results in a novel process,
called entrapped cell bioaugmentation, which inherits the benefits of both processes.
Entrapped cell bioaugementation has been studied for environmental applications
only in recent years. The applications involved the degradation of collective and
specific polimants in wastewater treatmen plants and contaminated sites, Although
entrapped cell bicaugmentation has not been applied at field scales since 1t is rela-
tively new, the bench-scale results thus far are very promising. The technique can
retain effective contaminant-degrading cultures within the target systems and the
matrices can protect the cells from environmental stresses. Table 7.2 presents a
summary of previous studies on entrapped cell bicaugmentation for environmental
applications. Since the technology has been studied mainly for wastewater treatment
and site remediation, only these two categories of applications are reviewed below
for each cell entrapment matrix separately. For matrices that have not been used tor
entrapped cell bioaugmentation, their technological outlook is provided.

7.3.1 Wuastewater Treatment

7.3.1.1 Calcium Alginate Entrapped Cell Bioaugmentation

Calcium alginate is the most common matrix studied in the applications of entrapped
celi biogugmentation for wastewater treatment. There were several successful appli-
cations of the CA entrapped cell bioaugmentation for removing toxic compounds
in domestic and industrial wastewater such as o1l phenol, and cresol, as bsted in
Tuble 7.2, The bioavgmented cultures were pure or enriched mixed cullures.

:
Bl
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Table 7.2 Summary of studies on entrapped cell bivaugmentation for contaminant removal

Enfrapment Environmental
matrix Microorgaaism  Contaminant medium Reference
CN Pseudomonas sp.  Pentachlorophenol  Water Cassady et al. {76]
UG30
CN Pseudmnonas sp. Pentachlorophenol  Soil Cassady et al, [77]
UG30
CA Enriched mixed  Phenol and cresol  Wastewater Guiot et al, [66]
cubtures
CA Enriched mixed  Phenol and cresol  Wastewater Hajit et al, [78])
cultures
FPVA Enriched Diesel Seil Cunningham et al.
microorgan- [64]
isms
BPVA modificd  Zoogleea sp. Phenanthrene and  Soil Li et al. [54)
by sodium pyrene
alginate or
activated
carbon
CA and agar Rhodobacter Cooking oil Synthetic Takeno et al, [68]
shaernide S waslewater
Rhodabacter
shaemide
NR-3
CA Rhodococcus Atrazine Water and soil  Vancov et al. {33]
erythrpolis
NIB6/21
PVA Denitrifying Nitrate Agricultural Hunt et al. {74]
sludge drainage
CA Mixed culture Nitrate Synthetic Siripattanzkut et al.
agricultural [45]
infilirate
PPVA Acclimated Atrazine Synthetic Siripattanakul et al.
mixed culture wastewater {57]
and
Agmbacterium
radiobacter
J14a
CA Sphingmnonas Pentachlorophenol  Groundwater Yang and Lee [24]
chiarupheno-
liea
PCP-1
A Recombinant Coumaphos, Waste cattle dip Ha et af. [I8]

Escherichia
verli

cirorferon, and
diethylthio-
phosphate

solution
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Table 7.2 {continued)

Entrapmem Environmental
Matrix - Microorganism  Contaminant medium Reference
PPVA Agmbacterium  Atrazine Symihetic Siripattanakul es al.
radiobacter agricultural 7]
Iida infiltrate
PPVA Mixed culture Alrazine Synthetic Siripatsanaknl ¢t ak.
agriculwral {75]
infiltrate

The calcium alginate matrix contains numerous pores while providing a strong
network for cell restriction and proliferation as shown in scanning electron micro-
scopic (SEM) images in Fig. 7.8. Large numbers of cells are present both inside and
on the surface of the matrix. It has been reported that CA emtrapped cell bioaug-
mentation greatly improves the wastewater treatment operation and efficiencies. Far
example, Guint et al. {66] examined phenol and cresol removal by the bioaugmented
CA entrapped acclimated mixed cultures in an upflow anacrobic sludge blanket
reactor (UASB). The results showed that the UASR with the bicaugmented CA

Fig. 7.8 SEM images of calcium alginate entrapped nitrifying bacteria: {a) Bead surface after
enlrapment, (b) Interior bacterial foc after entrapment, {¢} Surface rupturing bacterial cofony after
experiments, and {d) Interior hacterial colony after experiments [44]

il i
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entrapped cells could remove the contaminants much better than the UASB alone.
The maximum specific phenol, p-cresol, and o-cresol treatment activities of the sys-
tem with the entrapped cells were approximately 13, 16, and 8 times higher than
those without the entrapped cells. Additionally, the bioaugmented system reached a
steady state much quicker and provided higher process stability,

Although CA is a popular entrapment material, there have been reponts on its
susceptibility to degradation [4, 67]. However, some studies found that the CA
entrapped cells are durable and perform wel afler several rounds of rewilization.
A good example is a study by Moutaouakkil et al. {30] which reported that the
CA entrapped cells removed toxic azo dye at high concentrations efficieatly even
after reutilizing them 7 times. Lately, the modified or amended CA was developed
for improving contaminant removal efficiencies and the matrix stability. Activated
carbon, bentonite, amd skim milk are among the amendments [17].

7.3.1.2 Carrageenan Entrapped Cell Bioaugmentation

The utilization of CN entrapped cells is relatively limited among the selected matri-
ces. To daw, there has been no CN entrapped cell bioaugmentation application
for wastewater treatment. There are only a few basic swudies on the uses of the
CN entrapped cell inoculation as a treatment scheme by itself. For example, k-CN
eatrapped cells were applied to remove total organic carbon [20] and glucose [49]
in liquid systems,

The limitation on the CN entrapped cell applications may be attributed to the
weakness of the material. The traditional k-CN entrapped cell preparation requires
warm temperatures (35-55°C) for dissolving the k-CN powder, which could damage
the viability of cells. Additionally, the k-CN entrapped matrix is sensitive to cations,
such as K* and NHa* leading to easy gel abrasion. However, the «-CN structure
is appropriate for cell proliferation. Godia et al, [69] reported a large number of
proliferated cells in k-CN after i-day fermentation (Fig. 7.9). The modified k-CN
matrices by clay or skim milk amendments were developed for better gel strength
[70]. Through advancements in material science and technology, i is possible that

Fig. 7.9 lmages of celt distribulion in carrageenan matrix: () After entrapmient and (b} After
|-day fermentation [69]

JaEY |
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the strength of k-CN will be timproved in the near future and more applicatiens of
k-CN entrapped cells including bioaugmentation will then take place.

7.3.1.3 Polyvinyl Alcohol Entrapped Cell Bioaugmentation

Up to date, there has been no work on PVA entrapped cell bioaugmentation for
wastewater treatment. Based on several previous successful cases of PVA entrapped
cell applications as a stand alone wastewater treatment process, PVA entrapped cell
bioaugmentation will likely be attempted soon. The PVA entrapped cells success-
fulty removed more than 90% of contaminants such as organic carbon, nitrogen,
2-methylnaphthalene, and phenol [21, 28, 71-73]. Sharanagouda and Karegoudar
[72] reported that 2-methylnaphthalene removai efficiencies by PVA entrapped ceils
(60 to > 90%) are higher than those by corresponding free cells (20-60%).

The PVA matrices provide a proper microstructure for the contaminant-
degrading cultures [57}. Figure 7.10 presents the SEM images of PPVA entrapped
atrazine degraders, which reveals two porous bead layers. The outer layer has less
porosity providing an effective structure for cell retention. Additionally, PVA matri-
ces were proven to be a good entrapment material in terms of mechanical, chemical,
and biologicat stabilities. The matrices were found unbroken after 6 month uti-
lization [28], reusable more than 30 times without losing degradation ability for

Fig. 7.10 SEM images of PPVA entrapped cells: (a) Cross-section at 250x, (b) Exterior layer at
3000<. () Iaterior Tayer at 3000 = . and (@) External surface at 5000 {57]
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Z-methylnaphthatene [72], and reusable more than 50 times at various pH and tem-
peratures [73]. The PVA entrapment process only slightly affects the cell viability
based on the viable plate count and a fluorescence based assay [28).

7.3.1.4 Celiulose Triacetate Entrapped Cell Bioaugmentation

There have been less numbers of applications of CTA entrapped cells for wastewater
treatment compared to CA and PYA. This could be because the CTA entrapped
cell preparation procedure involves the use of toxic chemicals as mentioned above.
The chemicals may severely damage the contaminant-degrading cultures and pose
health risk to the personnel involved. In addition, hazardous wastes are generated
from the procedure. Advantages of the CTA matrix include very high mechanical
and chemical strengths. The entrapped cells can be used for longer than eight years
without the breakage of the matrix. Even though the entrapment procedure could
be very harmful to microorganisins, high contaminant removal efficiencies by CTA
entrapped cells have been reported [6, 12-14, 34, 59].

Cellulose triacetate entrapped cell bioaugmentation is utilized in a novel wastew-
ater process called immobilized cell augmented activated sludge (ICAAS), which
was developed to improve the ability of activated sludge process to degrade con-
tamminants (Fig. 7.11). The ICAAS system is an activated sludge system with an
off-linc enricher reactor growing CTA entrapped cells, which are induced to have
specific activities such as toxic contaminant degradation, nitrification, and denitri-
fication [6, 34). The entiched entrapped cells are used for bicaugmentation in the
aeration tank. Once they are less active due to unfavorable conditions in the aeration
tank such as the absence of the target contaminants and/or competition with indige-
nous microorganisms, they are retumed for reactivation in the enricher reactor and
in the mean time replaced by the active cells from the enricher reactor,

Jittawattanarat et al. [6] investigated pentachlorophenol (PCP) remaval by com-
pletely mixed activated sludge (CMAS) and ICAAS processes (Fig. 7.12). Synthetic
wastewater containing PCP at 40 mg/L was used. The ICAAS systems with and
without powder activated carbon (PAC) entrapped along with the cells removed
PCP more than the CMAS system (no bicaugmentation) as shown in Fig. 7.12.

Reiurn media

P 1
' Active media :

v Acration | Clarifier

Efftuent tore 1 zone
i
Influent e _——L» Effluent
- .
Synthetic wastewater Retuen studge \' /\
conlaining 40 mg/L of PCP- line !
Fixced-bed enricher-reactor (CA) CMAS

Fig. 7.1t A diagram of immobilized cefl augmented activated sludge system [6]. Repriared by
permission of the publisher
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At 10% bioaugmentation by volume, the cumulative mass of PCP in the effiuent of
ICAAS was about 50% less than that of CMAS. The results further indicated that
PCP biodegradation and adsorption took place in the ICAAS systems but biodegra-
dation by the bicaugemented entrapped cells was the main removal mechanism.

7.3.2 Site Remediation

7.3.2.1 Calcinm Alginate Entrapped Cell Bicaugmentation

There have been four studies on CA entrapped cell bioaugmentation for site remedi-
ation. The target contaminznts were atrazine. nitrate, PCP, coumaphos, chlorferon,
and diethylthiophosphate (Table 7.2). Calcium alginate entrapped cells were bioaug-
mented for removing contaminants in soil, groundwater and inftltrate. Stripattanakul
et al. [45] studied the use of CA entrapped cell bicaugmentation for denitrifying syn-
thetic agricultural infiltrate using a laboratory sand column setup at 20 £ 2°C. The
CA entrapped cells achieved nitrate removal of more than 90% within 8 hr compared
to aboul 50% by corresponding free denitrifiers.

7.3.2.2 Polyvinyl Alcohol Entrapped Cell Bioaugmentation

Only a few studies dealing with the uses of PVA entrapped cell hioaugmentation for
site remediation have been reported, As preseated in Table 7.2, PVA entrapped cel!
bioaugntentation was used for phenanthrene, pyrene, and atrazine treatment in soil
and infiltrate [7, 54, 75]. Phosphorylated polyviny! alcohol entrapped cell bivaug-
mentation is a potential method for site remediation since the matrix s durable and
has no negative effects on microorganisms and environment [4, 21, 571
Siripattanakul et al. [7] introduced a PPVA entrapped cell bicaugmentation
scheme for removing atrazine in agricultural infiltrate and in turn protecting
groundwater quality. In their {aboratory-scale sand column studv, Agrobacterinm
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radiobacter J14a (114a), a known atrazine degrader, entrapped in PPVA was applied
on a top sand layer and its ability to treat atrazine in a synthetic infiltrate was
compared to bivaugmented free J14a cells. For a short term experiment (6 pore
volumes), the atrazine removal efficiencics of up to 99% were achieved for both the
free and entrapped cclls, However, for a long-term experiment (50 pore volumes),
the entrapped cell system provided consistent atrazine removal efficiency while
the atrazine removal by the free cells declined gradually because of the cell loss
(Fig. 7.13).

7.3.2.3 Carragenan and Cellulose Triacetate Entrapped Cell Bioaugmentation

Two investigations on the use of k-CN entrapped cell bivaugmentation for site
remediation have been conducted {76, 77]. Pentachloropheno! was the contaminant
in both studies which focused on different environmental media, soil and water.
Entrapped cells removed PCP from synthetic wastewater 3-times higher than free
cells {76). For the soil study, PCP removal using fiee cells, entrapped cells, CN
matrices without cells, and sterile soil (no cells) was compared [77]. The results
indicated that the bivaugmented entrapped cells performed more efficiently reduc-
ing PCP concentration about 64% while PCP removal in the systems with free cells,
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CN matrices, and sterile soil systems ranged 16-18%. However, based on the CN
chemistry, the k-CN entrapped matrix is sensitive to cations, the application for site
remediation may not be practical because environmental media (soil, infiltrate, and
graundwater) normally contain several types of ions.

There hias been no work on CTA entrapped celf applications for site remediation.
The CTA matrix should be suitable for practical use in site remediation because
it is very durable. Hawever, the toxic chemicals vsed for the CTA entrapped cell
preparation may cause additional contamination te the environmental media,

7.4 Conclusions and Future Perspectives

Entrapped cell hicaugmentalion is a potential technology for contaminant removal,
Tt pravides better cell retention and tolerance compared o traditional planktonic
cell bioaugmentation leading to higher contaminant removal efficiencies. In the
last decade, studies on the applications of entrapped cell btoaugmentation for
wastewater treatment have been mainly on xenobiotic treatment enhancement. The
drawbhacks associated with entrapped cell bioaugmentation, such as effect of entrap-

ment procedure on cell viability, subsrate diffusion limitation, and durability of

entrapped cells were discovered and solved. For site remediation, the entrapped cell
bioaugmentation investigations have been on remediating runoft, infiltrate, and soil
contaminatcd with urban, industrial, or agricultural residues. Previous work exam-
ined the centaminant degradation performance, and augmented celf retention and
tolerance under different environmental siresses.

Entrapped cell bioaugmentation is a technoiogy that has been tested at bench
scales. The technology has been verificd under controlled laboratory conditions
for #s potential for both wastewater treatiment and site remediation applications.
Recent laboratory research etforts have been on testing the technology under dif-
ferent environments such as contaminated soils and agricultural infiltration. In the
future, enlrapped cell bivaugmentation will likely move on to pilot and field scales.
Additionally, more environmental applications of the technique may be studied. For
cxample, the technique can be used for tn-situ Ireatment of landfill leachate and
degradation of organic solid waste (bioaugmented landfil! bioreactors).

The uses of entrapped cells for contaminant removal regardless of the scheme
have been in a black-box manner. In-depth investigations on important aspects
of entrapped cells including prowth, metabolism, morphelogy, and genelics com-
pared to those of free cells are needed. These understandings at the cellular and
molecular levels of entrapped cells would enable more accurate prediction of their
behaviors and effective bioaugmentation. Most of the work on entrapped cell
bivaugmentation has been limited to laboratory scales. A lack of low-cast and
industrial-scale production of entrapped cells is a major impediment for practi-
cal applications of the technalogy. If this issue could be resolved, entrapped cell
bicaugmentation. which is a technically capahle process, would turn into a sustain-
able praciice and consequently one of the commonly used contaminant removal
technologies,
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