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Abstract -
13

Major challenges in global groundwater supply mainly Come from population growth and climate change requiring innovative water technologies

to keep steady supply of drinking water and decrease water pollution worldwide. In particular, agricultural activities impact gPghdwater pollution.
Against this background, the adaptation of highly advanced bioremediation supported by microencapsulation technology to traditional process
engineering offers new opportunities in technological developments for advanced groundwater and wastewater technology processes. [n this
study, benefits of microencapsulation technology for in situ bioremediation of polluted groundwater applications, particularly in bio-augmentation
and bio-stimulation, are presented. In addition, an overview of recent advances in microencapsulation technology for contaminated groundwater

treatment processes is provided, including the use of various micro-carrier materials are also summarized.
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Introduction

The long-term establishment of the global water supply
and sustainability is closely related with the world population
growth and global climate change. Steadfast growth of the world's
population forecasted to be almost multiplied by two from 3.4
to 6.3 billion between 2009 - 2050, is presented by a predicted
required growth of 70% agriculture production by 2050 [1]. Hence,
the need for fresh water is dramatically increasing, especially for
food production. It is because 70% of the withdrawals of world's
freshwater are already adjudged for agricultural land irrigation.
Today each year, 64 billion cubic meters of fresh water are consumed
progressively by worlds' population [2].

In developing countries, ground water contamination is a key
issue, with high levels of pollutants being reported in various
regions. Various contamination control and groundwater treatment
technologies methods should be applied to overcome this problem
[3]. Groundwater treatment technologies encompass physical,
chemical, or biological treatment techniques. They could be divided

as ex-situ or in-situ technologies.

Aside of world population growth and global climate change,
in particular, agricultural activities have been known to give
impact to groundwater pollution. For example, high nitrogen
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fertilizers application rates have been associated with the raise
of groundwater pollution [4]. Groundwater has been found as
vullﬁ'ahle to pesticides used in agricultural land [5].

Public concern with polluted soil and groundwater encouraged
the development of programs designed to control and remediate
this contamination, as well as to prevent further contamination
[1]. Bioremediation as an environmentally friendly, socially
allowable and economically viable is among the best way to
eliminate pollutants from the environment. In bioremediation,
microorganisms with beneficial biological activity, including
fungi, algae, bacteria, and yeast, could be utilized in their naturally

occurring forms [6].

In situ bioremediation involving bio-stimulation and/ or bio-
augmentation, being an economical and eco-friendly approach, has
come out as the most beneficial soil and water clean-up technique
for contaminated sites [7]. Systems involving degrading bacteria
have been found helpful in supporting bioremediation option to
treat the polluted groundwater [8]. Cells of degrading bacteria
have been known as bioremediation agent [9]. Microencapsulation
is among important strategy used in bio-augmentation and bio-
stimulation improve the effectiveness of bioremediation processes
[10].

Microencapsulation is among quality preservation technigues
of vulnerable suances, such as enzymes, living bacterial cells,
phytochemicals, and a method for generation of materials with
novel precious characteristics. Microencapsulation is defined as
a process of packing micron-sized particles in a polymeric shell.
Various techniques are now avail@§le for the encapsulation of
different entities. This mini review provides a literature review of
different microencapsulation techniques applied in bioremediation

of groundwater worldwide in the last ten years [1].
Discussion
Bioremediation for polluted groundwater

With

environmentally friendly, socially acceptable and economically

latest advancements, bioremediation offers an
viable as well as choice option to deplete pollutants from the
environment. There are three major ways of bioremediation

including the use of microorganisms, plants and enzymes as

Bioremediation technology optimizes and exploits the natural

remediation agent [11].

role of microorganisms in the transformation and |meralizaﬁon
of these environmental pollutants. The range of contaminated
environments may include surface and subsurface soils and surface
and groundwater. Bioremediation for contaminated sites including
groundwater containing heavy metals and/or organic pollutants
usually involves bio-augmentation and/or bio-stimulation [10]. Bio-
augmentation could be defined as addition of pre-grown microbial
cultures to support the degradation of unwanted substances
(contaminants), while bio-stimulation is the injection of nutrients
and other supplementary substances to the indigenous microbial

population to influence propagation at a stimulated rate [7].

As the concern towards environmental deterioration grows
worldwide, new technological achievements become important
for all countries. Among the technologies offering great potential
of bioremediation is the microencapsulatione active material
including living cells or microorganisms [12]. For bioremediation
to be effective, microorganisms must enzymatically attack the
pollutants and convert them to harmless products [11].

Role of microencapsulation in Horemediation

Microencapsulation is defined as a process of enclosing or
encapsulating micron-sized particles of solids or small drops of
liguids or gasses in an inert shell, which in turn protects and isolates
them from the external environment [13]. Micro-particles are
products obtained by microencapsulation. When the particles have
diameter between 3-800mm, they are regarded as micro-particles,
microspheres or microcapsules. Micro-capsules are distinguished
from microspheres in terms of morphology and internal structure
[14].

Microencapsulation is a technology developed to pack solids,
liquids and gases in tiny, sealed capsules isolating and protecting
them from harsh environmental factors, such as moisture, light,
oxygen, and interaction with other substances. Such microcapsules
could gradually release their contents under specific conditions at
controlled rates. Those packs are spherical with a micrometer size;
yet are highly affected by the structure of micro-carriers and the
core components [15,16].

Degradation activities naturally mediated by microorganisms
used as bioremediation agent could detoxify pollutants. It is also the
goal bioremediation to develop reliable technology, which can
accelerate this degradation process, to reduce health risks of the
pollutants and to restore the affected site into its natural state.
However, even though these organisms have high degradation
performance, there are limitations in success including microbial
inoculum distribution and handling, suppression by parasites and
predators as well as nutrient limitation [17]. These factors highly
affect microbial bioremediation agent to survive in the environment.
To overcome the issues, possible strategies include improved
delivery system of microbial inoculum on microencapsulation
technology, which could provide protection through the making of
micro-environments and allow controlled release of inoculum to the
targeted site [18].

Bio-stimulation supported by microencapsulation

Bio-stimulation is a commonly used technique for
bioremediation involving the addition of rate-limiting nutrients
to speed up the biodegradation process. Bio-stimulation often
includes the addition of oxygen and nutrients to aid indigenous
microorganisms Ed as bioremediation agent. The nutrients
are essential as the basic building blocks of life allowing the
microorganisms to produce particular enzymes, which could

degrade pollutants [11].
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A number of studies have reported the use of controlled release
of active materials as a way of bio-stimulation and providing the
nutrients required or essential for the bioremediation process
[12]. In this sense, bio-stimulation could be highly supported by
microencapsulation. The use of microencapsulated microorganisms
offers a great potential in degrading pollutants through
bioremediation. Microencapsulation of living microbial cells in a
semi-permeable gel or carrier materials bring more advantages
over the free cell bio-augmentation. The microencapsulation
could prevent microbial cells from bacteriophage infections
and protozoa grazing. It supports both biological and physical
stabilities, by decreasing risks such as brief and sudden variations
of pH or temperature; covers from abiotic stresses coming
from heavy metals or other toxic compounds [19]. In addition,
microencapsulation using carboxymethyl-cellulose as micro-
carrier could form fine structures for nutrient release, producing
bio-stimulation in biodegradation process [12]. Thus, in general,
microencapsulation is beneficial in enhancing cell survival and high

biomass concentration
Bio-augmentation supported by microencapsulation

Bioremediation of polllan[s or contaminants by utilizing
microorganismsis among the mostimportant strategies to eliminate
contaminants from groundwater. However, there are limitations
of this approach since many contaminants are not efficiently
removed [11]. To overcome tha limitations, bio-augmentation
also includes addition more specific and efficient pollutant-
biodegrading microorganisms into a microbial community as a way
to support the ability of this microbial community to biodegrade
contaminants. In this aspect, microencapsulation of the pollutant-

biodegrading microbial cells is relevant to allow steady supply of
the bioremediation agent.

To date, the elimination of contaminants by bio-augmentation
has been widely investigated in surface water, soil and groundwater
[19]. However, although it has been practiced in agriculture and
in wastewater treatment for years, bioc-augmentation is still
experimental. Many factors (e.g. predation, competition or sorption)
conspire against it. However, a number of strategies have been
explored to make bio-augmentation a beneficial technology in sites
lacking significant populations of biodegrading microorganisms.
e pollutant degradation rate under optimal local conditions, may
increase upon addition of an inoculant to remediate a chemical spill;
yet, the most successful examples of bio-augmentation occur in
confined systems, such as bioreactors allowing controlled
conditions to favor prolonged activity and survival of the exogenous

microbial population [20].

Micro-carriers used in groundwater bioremediation
applications

One of the vital steps in micro-coating is choosing the most
suitable wall materials/ micro-carriers. Micro-carriers or coating
materials usually are film-forming materials opted from various
natural and synthetic polymers, or combination of both, depending
on the inner component and the overall desired microcapsule
characteristics [15,21]. Ideally, the wall or sphere material should be
an emulsifier, so it could promote enough content release when
reconstructed into the product, have a low viscosity due to high
concentrations of solids, have good film-forming performance, and
have high hygroscopicity.

Table 1: Reported studies related with the application of microencapsulation technology for bioremediation of polluted groundwater in the last decade

(2010-2020).

Atrazine Pseudomonas sp. Polyethylene oxide; pelycaprolactone, polyethylene lsrael Klein et al,
glycol 2012
Xylene Streptomyces sp. Sodium alginate Algeria Ch';é:tsal"
. L . . Dellagnezze
Hydrocarbon Bacillus subtilis Chitosan Brazil etal, 2016
Cr(I1I) Lysinibacillus fusiformis Arabic gum and sorbitol China Hua;ﬂgleét al,
Den- Schultz
Dichlobenil herbicide Aminobacter sp. Trehalose Jensen et al.,
mark
2016
. Pseudomonas putida; Dehalo- } . Shanbhogue
Trichloroethylene (TCE) coccoides sp. Zero-valent iron (ZVI) UsA etal, 2017
Pseudomonas sp., Gellan gum MziI:y- Aisami, 2017
Phenol Alcaligenes sp.,
Serratia sp.
Cr(VI) Morganella morganii Polystyrene; polysulfone Turkey S:To:i;::t
1,4-dioxane; chlorinated aliphatic . . Rasmussen
hydrocarbons Rhodococeus rhodochrous Alginate; gellan gum USA 2018
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Acetochlor herbicides Sphingomenas sp. No micro-carrier, dried cells China Wagg:;a L
Lactobacillus casei, Polyvinyl alcohol (PVA); sodium alginate (SA) USA Nutter etal,
Trichloroethylene (TCE) 2019
L. acidophilus
Trichloroethene Clostridium butyricum Silica gel Taiwan | Lo etal, 2020
_ . " . Malay- | Manas etal,
Carbazole Thalasasspira profundimaris Gellan gum sia 2020

Over the past 10 years, the number of publications on the use Conflict of Interest

of encapsulated microorganisms for the elimination of pollutants

in contaminated groundwater has been increasing steadily. The No conflict of interest.
following are among the most commonly used wall/ sphere
materials in microencapsulation: carbohydrates (sucrose, starch,
maltodextrins, and cyclodextrins), cellulose (carboxymethyl
cellulose and its derivatives), gum (Arabic and agar), lipids (wax and
fatty acids), and proteins (gelatin, gluten, and casein) [16,21]. Most
of these materials have been used in the bioremediation of
groundwater in the last decade as listed in Table 1.

Based on Table 1, in the last decade, microencapsulation
technology has been widely applied in bioremediation of
groundwater polluted by wvarious substances including
hydrocarbons, heavy metal, dioxin, herbicides, and plastics.
Various micro-carriers grouped as alginates, gums, polymers have
also been used as encapsulating materials providing protection
as well as nutrition source in suitable environment allowing the
release and growth of microbial cells. Interestingly, the microbial
cell immobilization could be done by creation of dried cells, which
means it does not necessarily need any micro-carrier [8].

Based on this literature review, microencapsulation
technologies with various applied micro-carriers as single or
combinations keep producing novel micro-engineered materials
offering great potential for more innovations in the future. Such
innovations are in particular very beneficial for the treatment for
contaminated groundwater [22-29].

Conclusion

There is a need for no@dvanced groundwater bioremediation
technologies, in particular to ensure a high quality of drinking water
and to eliminate water pollutants using suitable treatment systems.
Micro-engilared materials produced by microencapsulation
technology offer the potential for novel water technologies that
can be easily adapted to groundwater bioremediation applications.
To date, microencapsulation with various micro-carriers ep
producing novel micro-engineered materials offering great
potential for more innovations in the coming decades, in particular
for treating heavily degradable contaminants in groundwater.
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