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Abstract

Coagulation and flocculation processes could reduce particulate algal cells ef-
ficiently, but they are not so performant in dealing with solubilized algal or-
ganic matter in potable water factories. This work reviews the main findings
found in recent publications. Many techniques used in the water treatment
industry encounter the problem of microalgae lysis, toxin release, and degra-
dation. Indeed, chemical coagulants such as alum and pre-oxidation injecting
chlorine can trigger demolition to algal cell integrity leading to the release of
intracellular organic matter. As suggestion, chlorination could be decreased
to the disinfection (ie., before sand filtration) averting pre-disinfection and
keeping the post-disinfection. Moreover, algae recuperation instead of its re-
moval in drinking water treatment plants remains an encouraging outlook
especially if the surface water arrives from dams where algae blooms happen
usually. Algae remain a sustainable energy resource with a huge capacity for
CO, fixation. The micro-algae could be developed in photo-bioreactors or in
open ponds. A fresh attracting domain of investigation would be fast and
simultaneous algal biodiesel production with drinking water treatment in the
biodiesel production/water treatment plant without chemicals use.
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1. Introduction

Because of climate alteration and plenty of nutrients, both recurrent eutrophica-
tion, and the outbreak of algal blooms and phytoplankton development in sur-
face water remain of universal worry [1]-[6]. The particulate algal cells are re-
duced fully (>95%) throughout coagulation/flocculation techniques in drinking
water treatment plant (DW'TP) [7] [8] [9] [10] [11]; nevertheless, solubilized al-
gal organic matter (AOM), which comprises both extracellular organic matter
(EOM) and intracellular organic matter (IOM), stay not reduced well trough
coagulation [12] [13] [14] [15]. Categorized as the autochthonous natural com-
pounds in water, AOM contains polysaccharide, proteins, and humic-like sub-
stances [16]. Further, AOM has a considerable contribution to the aquatic eco-
system [17] since an essential fraction of NOM incorporates AOM [18]. There-
fore, AOM brings about several issues in potable water treatment techniques like
augmented coagulant request, development of biofilm provoking fouling of the
membrane [19] [20] [21] [22], blocking the activated carbon adsorption sites,
and augmented generation of precursors for disinfection by-products (DBP)
through chlorination [12] [23]-[30]. While a great part of the at hand publica-
tions concentrated on the DBP production from allochthonous natural organic
matter (NOM) from detritus materials and vegetation, at most restricted inves-
tigations handled the DBP generation from autochthonous NOM because of
phytoplankton development; a thorough investigation is needed to formulate
treatment procedures in DWTP [1] [31] [32].

The EOM is existing at all steps of growth of the phytoplankton, chemical co-
agulants like alum and pre-oxidation employing chlorine (to ease better reduc-
tion through coagulation) may trigger demolition to algal cell integrity conduct-
ing to the liberation of IOM, which induce taste, odor and toxicity to water [1]
[33]. A bigger quantity of trihalomethanes generation happened because of the
liberation of IOM throughout pre-oxidation prior to coagulation [34]. IOM may
as well be liberated to treated water if coagulated species stay at the bottom of
the sedimentation basin. Nevertheless, the contribution of IOM vs. EOM on the
coagulation and disinfection by-products formation potential (DBPFP) stays not
well-determined because of the shortage of thorough control researches. Op-
posed findings are mentioned in the publication on the type of EOM and IOM
and their efficiency in water treatment technologies [35]. Algal IOM was discov-
ered to be mainly hydrophilic (HPI) [16] showing small reduction capacity
throughout coagulation; however, IOM of Microcystis aeruginosa was found to
be more hydrophobic (HPO) than EOM [36]. On the contrary, algal EOM may
operate like flocculation aid enhancing the coagulation performance [37] [38]
[39]. Further, EOM may produce chelate complexes with metal coagulants,
greatly augmenting the requested injection and decreasing the treatment per-
formance [40] [41] [42]. Consequently, the impact of AOM on coagulation in
water treatment stay paradoxical and particular to algal species [43] since the
distribution of HPO and HPI portions of AOM changes following the nature of
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algae and phase of development [1] [44].

Until their time, Zhao et al. [1] affirmed that there has been no methodical
juxtaposition of DBP generation pursued via coagulation below similar treat-
ment circumstances for various species of algae and cyanobacteria. Goslan et al
[45] focused on the DBP generation from only EOM of three cyanobacteria, one
diatom, and one green alga. Nevertheless, they did not consider the influence of
coagulation on the elimination of EOM. Wide-ranging monitoring researches
are required to locate the actions of particular AOM arising from frequently ob-
served, abundant algal species in surface water, their reduction employing coag-
ulant injections applicable to potable water treatment, and following DBPFP es-
timation [1].

This work focuses on the main achievements realized in the field of removing
algae and controlling AOM. Special interest will be dedicated to the enhanced
coagulation (EC) in terms of evaluation and amelioration. Electrochemical tech-
nology will be shortly discussed as it is employed in the field of algae harvesting.
The influence of water treatment technologies on cyanobacterial integrity will be
briefly introduced. Averting chlorine use, and instead of eliminating algae, har-

vesting it for biodiesel production will be presented as future trends.

2. Coagulating Algae and Cyanobacteria
and DBPFP of EOM and IOM

Zhao et al. [1] evaluated the best coagulation circumstances utilizing alum for
both EOM and IOM of six diverse algal and cyanobacterial species. They tried
varying coagulation circumstances like alum dosage, pH, and initial dissolved
organic carbon (DOC). Reducing DOC via coagulation matched fully with the
AOM hydrophobicity. The DBPFP of different portions of AOM was assessed
following coagulation. Even though higher reduction happened for HPO AOM
throughout coagulation, particular DBPFP, which changed from 10 to 147 ug/mg-C
is higher for HPO AOM. Of all the six species, the highest DBPFP happened for
Phaeodactylum tricornutum, plentiful marine diatom species, but is ever more

observed in surface water.

3. Enhanced Coagulation (EC) Process:
Assessment and Improvement

The fast decay of water quality is a grave menace and simultaneously constitutes
a challenge for scientists for settling the issue wisely via forward-looking coagu-
lation procedures [46] [47] [48] [49]. Following a short analysis of the usage of
coagulation in water treatment and wastewater treatment, Sun et a/. [50] studied
the link between water and energy [51] in EC. EC alludes to the method of ele-
vating the reduction rate of organic matter (OM) via augmenting the injection of
coagulant and managing the pH degree under the premise of making sure the
reduction of turbidity throughout the traditional coagulation treatment of water

treatment (Figure 1). Sun et al [50] focused on the global presentation of the
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pathway of EC and the technique of EC (Figure 2). They reviewed energy con-
sumption and the estimation of the EC method from the points of view of tech-
nology, economy, and environment. They discussed the importance and objec-

tive of EC, and the advance trend of EC.
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Figure 1. Pathway of EC to eliminate OM [50].
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Figure 2. Procedures for attaining EC [50].
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4. Enhanced Coagulation (EC) for Treating M. aeruginosa

Liu et al [52] studied the implementation of EC with persulfate/Fe(II), permanga-
nate and ozone for Microcystis-laden water treatment. They juxtaposed two ox-
idant dosage procedures in matter of the organic reduction effectiveness: a sim-
ultaneous dosing strategy (SiDS) and a successive dosing strategy (SuDS). To reg-
ulate the oxidant species, they examined oxidant doses and oxidant dosage strate-
gy, the zeta potential (ZP), floc size and dimension fraction, potassium liberation
and organic reduction performance throughout the coagulation of algae-laden. They
found that ozonation provokes the most serious cell lysis and decreases organic
removal effectiveness as it liberates intracellular organics. Then, ozonation may
induce the liberation of odor compounds like 2-methylisoborneol and geosmin.
With augmenting injections, the efficiency of contaminant reduction throughout
coagulation ameliorated via persulfate/Fe(II) or permanganate did not observa-
bly get better, which proposes that a small injection of persulfate/Fe(II) and per-
manganate is the best procedure to ameliorate coagulation of Microcystis-laden
water. The SiDS accomplishes better than the SuDS since more Microcystis cell
lysis happens and less DOC is reduced when oxidants are introduced before the
coagulants.

Similar research was performed by Lin and Ika [53] who worked on EC

polyaluminum chloride (PACI) coagulation for reducing DBP precursors.

5. Juxtaposing the H20: /Fe(II) and H202/Fe(III) Methods
for Eliminating Cyanobacteria

For Zhang et al. [54], pre-oxidation EC could be more efficacious at reducing
algae than conventional coagulation. Nevertheless, its utilization is inhibited via
elevated oxidant/coagulant use and the consequent potential health hazard, in
the form of AOM liberated throughout oxidation. To reduce cyanobacteria and
at the same time maintain cell integrity, H,0,/Fe(II) and H,0,/Fe(IlI), which
have been broadly employed to decompose organic contaminants in waters [55]
[56], are suggested by Zhang et al. [54]. They followed the elimination effective-
ness of M. aeruginosa below different oxidant/coagulant injections, AOM libera-
tion and cell safety, as well as floc production and morphology with such con-
comitant oxidation/coagulation techniques. Their findings depict that the reduc-
tion performance was greater than 95% with H,O,/Fe(II) and H,O,/Fe(III) below
100 pmol/L H,0, and Fe (Figure 3). Further, neither process was observed to
deteriorate the algal cells in 50 - 200 pmol/L H,O, dosing levels. Moreover, they
discovered that AOM, involving microcystins (MCs), was well-dominated
thanks to the oxidation of H,O, or hydroxyl radicals, and in-situ Fe(III) settled
down the cells in the techniques. Juxtaposed with H,0,/Fe(II), H,0,/Fe(III) can
eliminate algae efficaciously and dominate AOM liberation with smaller H,O,
(50 umol/L) and Fe(III) (80 umol/L) injections, which proposes that small chemi-
cal use is appropriate for such concomitant oxidation/coagulation techniques.
Zhang et al. [54] concluded that this is an encouraging technique for eliminating
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SEM MAG: 5.00 kx SEM MAG: 5.00 kx WD: 10.46 mm
View field: 55.4 ym View field: 55.4 ym

Figure 3. Scanning electronic microscopy (SEM) of flocs sedimentation with diverse Fe
levels. H,O, level is 100 umol/L, (a) 60 pmol/L Fe(II), (b) 150 umol/L Fe(II) (c) 60 pmol/L
Fe(III) (d) 150 umol/L Fe(III) [54].

algae from potable water in a pure and economical manner.

6. Electrochemical Engineering for Algae Removal

Ghernaout et al [13] studied the microalgae removal from Ghrib Dam water via
electroflotation (EF) using stainless steel electrodes. They illustrated that EF is
outstanding in microalgae removal (~100%). They investigated the influences of
numerous parameters. Future research must focus on microalgae lysis, toxin re-
lease and degradation due to EF treatment. Precautions must be taken such as
reducing the applied voltage, increasing the residence time in the electrochemi-
cal device and adding a powdered activated carbon adsorption stage. The same
researchers obtained also identical efficacy using electrocoagulation process [57]
[58].

Some scientists also applied electrocoagulation and EF and obtained similar
findings as well [59] [60] [61].

7. Properties of Intracellular Organic Matter (I0M)
and Its Reactivity vs. Hydroxyl Radicals

Lee et al. [62] estimated the reactivity of IOM towards hydroxyl radicals (*OH),

a fundamental reaction species in advanced oxidation processes (AOPs) [63] [64]
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[65] [66]. IOM was extracted from two green algae, Chlamydomonas reinhardtii
and Scenedesmus sp., and two blue-green algae, Anabaena sp. and M. aeruginosa
employing a freeze-thaw procedure. The second-order rate constants of the ex-
tracted IOM with *OH were determined as 7.95 x 10° M. "s™! (C. reinhardtii),
6.71 x 10* M "s™' (Scenedesmus sp.), 4.02 x 10° M. "-s™' (Anabaena sp.), and
4.45 x 10° M "»s™ (M. aeruginosa). Such rate constants were considerably bigger
than values noted for dissolved OM in diverse water sources. This significates
that IOM generation throughout algal bloom season can modify the *OH water
matrix demand and badly touch the efficiency of AOPs. To explore the physico-
chemical composition features of IOM and their link to the rate constants evalu-
ated for the reaction between IOM and *OH, they employed liquid chromatog-
raphy-organic carbon detection and fluorescence excitation-emission matrix &
parallel factor analysis. The IOM mostly composed of low molecular weight
(LMW) matter and protein-related compounds, as evidenced LMW neutrals
(38% - 65%), biopolymers (7% - 19%), and tryptophan-like compounds (74% -
94%). Considering the composition properties of IOM, they concluded that the
molecular weight and the occurrence of nitrogen-containing compounds are in-

fluential factors for assessing the reactivity of IOM with *OH.

8. Blue-Green Algae: Ferrate(VI) Pre-Treatment
and Following Chlorination

Dong et al [67] evaluated the influence of ferrate(VI) treatment on two blue-green
algae, Chlorella sp. and Pseudanabaena limnetica, in eutrophic water. They es-
tablished that Fe(VI) reduced the algal cells via provoking cell death, apoptosis,
and lost integrity, and reduced AOM (in terms of total organic carbon) in water
by oxidation and coagulation. Chlorination of the Fe(VI) pre-oxidized algal wa-
ter samples formed halogenated DBPs; however, the levels of DBPs were smaller
than those produced in the chlorinated samples without pre-treatment by Fe(VI).
Bigger Fe(VI) injection, longer oxidation period, and alkaline pH were useful in
dominating DBPs. In bromide-containing algal solutions, a disregarding quanti-
ty of bromo-DBPs was formed in the Fe(VI) pre-oxidation, and halogenated

DBPs were mostly generated in the following chlorination.

9. Acidified-Flocculation Process for Harvesting Microalgae

Chemical flocculation stays viewed to be an overall low-cost and up-scalable tech-
nique for the harvesting of microalgae. Kim et al [68] presented a flocculation
procedure employing metal coagulant (Fe,(SO,);) and sulfuric acid (H,SO,) for
the harvesting of Chlorella sp. KR-1, which gets over two major problems of
pollution and reuse of coagulant (Figure 4). Decreasing pH successfully liberat-
ed residues fixed to the microalgae, and the residual acidic solution carrying re-
cuperated ferric ions can be reused for harvesting up to three times with high,
better-than 98% performances. Further, the acid-treated micro-algal biomass

can be straight employed for lipid extraction without an additional catalyst. Ele-

DOI: 10.4236/0alib.1106252

7 Open Access Library Journal


https://doi.org/10.4236/oalib.1106252

D. Ghernaout, N. Elboughdiri

vated extraction yields of about 32% were obtained with fatty acids methyl ester
(FAME) conversion performances of approximately 90%. The combined proce-
dure presented by Kim et al [68] is anticipated to make the best use of the
age-old yet effective harvesting means of flocculation, which can be a practical
and economical option in micro-algal bio-refinery.

In the same direction, employing chitosan modified soil to flocculate and
sediment algal cells has been seen as an encouraging procedure to counter cya-
nobacteria blooms in natural waters. However, the flocculation performance
frequently changes with algal cells with diverse ZP [69] [70] related to varying
development stages or water parameters. Li et al [71] concentrated on the link
between ZP of M. aeruginosa and its impact on the flocculation performance em-
ploying chitosan modified soil (Figure 5). Their findings proposed that the best
reduction effectiveness was reached if the ZP was among —20.7 and —6.7 mV with
an elimination performance of more than 80% in 30 min and a large floc size
of >350 pum. If the algal cells were more negatively charged than —20.7 mV, the in-
fluence of chitosan modified soil was reduced (<60%) because of the deficient

charge density of chitosan to neutralize and destabilize the algal suspension. If

Initial coagulant Recycle ?f algal-free
Fe,(S0,); (h) solution (Fe3*)
: (b) :
Microalgal Sweep Sedimen- Acidificati Acid-catalyzed hot-
culture Flocculation tation cidification water extraction
1% (w/w)
f Fe3*
@ [ — 3 ©
P
= O @ 9 .“:: Lipid extraction &
',' PO 4:.‘ Fe3* + etc. (pH<1) Transesterification
@ -a @ .‘ 4 A g
X N ._ - .. O ~ 1% H,S0, o
@ PO @ '#Fez(Po.), o RJ\OMO
Microalgae in Microalgae entrapment Contaminant-free FAME
culture medium in precipitate networks Microalgae
Figure 4. Overall experimental scheme of proposed system [68].
."‘:;r‘: E‘ # .:'\"’_II .
. i .
. - . £
L] +
. &
& w -
Microcystis aerigiioss Zeta polehil - -6.7 mV Zeta potential = %

Figure 5. Images of floc structure of M. aeruginosa cells with varying zeta potential (ZP) after being flocculated by 2 mg/L chi-

tosan modified 10 mg/L soil [71].

DOI: 10.4236/0alib.1106252

8 Open Access Library Journal


https://doi.org/10.4236/oalib.1106252

D. Ghernaout, N. Elboughdiri

the algal cells were less negative than —6.7 mV or even positively charged, a
small floc size (<120 um) was produced, which may be hard to sink below the
usual water circumstances. Thus, controlling ZP furnished a doable tool to ame-
liorate the flocculation performance of chitosan modified soil and considerable
advice for a workable technology of cyanobacteria bloom control.

10. Decomposing Microcystins (MCs) Using Bacteria
Acquired via Natural Media

Bacteria separated via artificial media are usually unsustainable in bio-decomposing
MCs in natural water. Li and Pan [72] investigated substitutional manners to
separate MCs-decomposing microbes employing natural media. In comparison
to two species (MS-1 and MS-2) separated from artificial media and the failure
of bacterial colonies generation employing water extracts of sediment (10%,
w/v), five colony species (WC-1 toWC-5) seemed to utilize concentrated water
extracts of sediment that is 10-fold enhancement of nutrient level. In the simu-
lated bio-decomposition experiment, in the Lake Taihu water, with a continuous
supply of MCs, a lag stage of 6 days was needed for MS-1 and M-2 to decompose
13% and 15% of the introduced MC-RR and MC-LR, respectively; however, the
lag stage was only 3 days with around 44% and 31% reduction of the introduced
MC-RR and MC-LR by WC-1 to WC-5. Throughout the continuous supply test,
decomposition of MCs via MS-1 and MS-2 paused after 3 days; however, decom-
position of MCs via WC-1 to WC-5 persisted constantly during the 18 day test pe-
riod with 2 to 6-fold improvement of reduction rate. Further, 16S rRNA gene se-
quences and phylogenetic analysis depicted the capability to intensify species of
MCs decomposing microbes if natural media were utilized. Such findings pro-
posed that the augmented adaptability of microorganisms gained via concentrated
natural media was in charge of the improved and persistent bio-decomposition

below simulated natural water circumstances.

11. Impact of Water Treatment Techniques on
Cyanobacterial Integrity

Numerous toxic and/or noxious cyanobacteria seem in nature with a filamen-
tous, stacked cell arrangement called trichomes [73]. As aforesaid, even if water
treatment could be regulated to maintain cyanobacterial cells intact and avert
the liberation of poisonous and/or noxious compounds, several physicochemical
stresses meet throughout the treatment technology may lead to trichome trunca-
tion, reducing treatment performance via letting single cells or short trichomes
to attain the treated water. This makes it easy for toxic/noxious compounds as
well as OM to come into the distribution system. Pestana et al [73] performed
examinations in a pilot and three full-scale water treatment plants to light the
level of trichome truncation from one side to the other of the diverse unit tech-
niques. They established that genera (Pseudanabaena, Planktolyngbya), with

short trichomes (b10-12 cells per trichome), are hardly influenced via the unit
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processes (loss of one to four cells, respectively), whereas genera (Planktothrix,
Geitlerinema, Dolichospermum) with longer trichomes (30+ cells per trichome)
suffer from high degrees of truncation (up to 63, 30, and 56 cells per trichome, re-
spectively). The existence of a rigid sheath and/or mucilaginous layer seems to pro-
vide some protection from truncation. They detected that some unit techniques
modify the sensitivity or resilience of trichomes to disruption via physical stress.
Certain genera (Planktothrix, Geitlerinema) were susceptible to pre-oxidation
making them more liable to shear stress, while Dolichospermum sp. looks more
solid after pre-oxidation. Whereas the possibility of toxicogenic genera breaking
through into the treated water stays a true risk, Pestana et al [73] did not note
toxicogenic cyanobacteria. Such investigation underlines the necessity for plant
engineers to monitor the arriving cyanobacterial composition in the raw water
with a view to setting treatment variables and consequently restrict the possibil-

ity of toxic/noxious compound breakthrough.

12. Trends towards Avoiding Chlorination

As mentioned above, it is proved that chemical coagulants such as alum and
pre-oxidation injecting chlorine can trigger demolition to algal cell integrity
leading to the release of IOM, which involves taste, odor and toxicity to water [1]
[33]. Ten years ago, a fundamental question was formulated in this direction
[74]: “how the chemical water treatment with its chlorination (in the forms of
pre-disinfection, disinfection, and post-disinfection) [75]-[81] and coagulation
employing alum would be turned in a green water treatment?” As suggested,
chlorination could be decreased to the disinfection (Z.e.,, before sand filtration)
averting pre-disinfection and keeping the post-disinfection [74] [82] [83] [84]
[85] [86].

13. Instead of Removing Algae,
Harvesting Algae for
Biodiesel Production

As illustrated previously, the potable water treatment possesses many drawbacks
like it could break the algae, that way liberating the taste- and odor-producing
oils before the whole algae are eliminated from the treatment train. Ghernaout
and Ghernaout [2] suggested the idea of algae recovery instead of its elimination
in DWTP. Indeed, algae recuperation instead of its removal in DWTP remains
an encouraging outlook especially if the surface water arrives from dams where
algae blooms happen usually. Micro-algae remains a sustainable energy resource
with a huge capacity for CO, fixation. The micro-algae could be developed in
photo-bioreactors or in open ponds. A fresh attracting domain of investigation
would be fast and simultaneous algal biodiesel production with drinking water
treatment in the biodiesel production/water treatment plant without chemicals.
Algal cultivation requires light and space would be taken into account [2] [87]
[88] [89].
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14.. Conclusions

This presented the major realizations obtained in the field of removing algae and
controlling AOM. Special interest is accorded to the EC in terms of evaluation and
enhancement. Electrochemical technology is discussed as it is used in the field of
algae harvesting. The influence of water treatment technologies on cyanobacterial
integrity is introduced. As the next tendencies, avoiding chlorine usage and algae
harvesting for biodiesel production are suggested. From this work, the following
conclusions can be drawn:

1) The hydrophobicity and flocculation features of cyanobacterial cells are
closely linked to their extracellular polymeric substances (EPS). Throughout the
treatment of potable water, the coagulation and elimination of EPS-wrapped
cyanobacterial particles from natural water sources remain extremely hard. Sun
et al. [90] followed a set of surface properties of cyanobacterial cells with diverse
EPS portions to assess their impacts on the coagulation method. With the elimi-
nation of EPS, the coagulation effectiveness of cyanobacteria was gradually ame-
liorated. The intracellular MC liberation proved that the cyanobacterial cells in
each EPS elimination stage were mainly intact with few broken cells. Conse-
quently, the coagulation route of EPS-wrapped cyanobacterial particles was: the
cyanobacterial cells were first peeled off through attraction by opposite charges
from the coagulant, and then they were adsorbed before settling down. Such an
investigation gives a scientific orientation for the elimination of cyanobacteria
via enhancing coagulation.

2) The more recent references on algae treatment analyzed, the more realized
that it is necessary to avoid disinfection (chlorination) before coagulation re-

gardless of the nature of coagulant used.
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