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Abstract: The dewatering process reduces the water quantity in sludge, allowing the decrease in its
volume, which facilitates its storage, transport, stabilization, and improves the post-treatment effi-
ciency. Chemical polymers including aluminum sulphate and polyaluminum chloride were applied
as flocculants in the conditioning process in order to prepare sludge for dewatering. However, these
synthetic polymers may cause risks for human health, and should be substituted with ecofriendly
and safe materials. These materials include plant-based flocculants, animal-based flocculants, and
microbial-based flocculants. Sludge dewaterability was evaluated by considering many parameters,
such as moisture content (MC), dry solids (DS), specific resistance to filtration (SRF), capillary suction
time (CST), and sludge volume index (SVI). The use of microorganisms for sludge dewatering is
an available option, since many strains (R. erythropolis, A. ferrooxidans, P. mirabilis, T. flavus, etc.)
demonstrated their ability to produce polymers useful for dewatering sludge from various origins
(chemically treated primary sludge, activated sludge, anaerobically digested sludge, etc.). For plant-
based flocculants, only okra (Abelmoschus esculentus), cactus (Opuntia ficus Indica), moringa (M. oleifera),
and aloe (A. vera) plants are examined for sludge dewatering. Compared to synthetic polymers,
plant-based flocculants showed a viable alternative to chemicals and a step forward in green sludge
treatment technology. Among the animal-based flocculants, chitosan and aminated chitosan were able
to reduce the SRF (SRF reduction rate > 80%) of the anaerobically digested sludge. A new strategy
using methylated hemoglobin also showed a significant enhancement in cake solid content of sludge
(47%) and a decrease in sludge bound water content of 17.30%. Generally, extensive investigations
are needed to explore and optimize all the related parameters (operating conditions, preparation
procedure, production cost, etc.) and to choose the appropriate materials for large-scale application.

Keywords: bioflocculants; sludge dewatering; microbial-based flocculants; plant-based flocculants;
animal-based flocculants

1. Introduction

Because of the intensification of industrial activities and the improvement in people’s
living standards, an increasing quantity of wastewater is generated, causing a serious health
problem, mainly when it is discharged in the environment without treatment [1]. To manage
wastewater from various origins (industrial and urban, etc.), wastewater treatment facilities
are designed to remove pollutants using various methods, including physical, chemical, and
biological processes. Generally, wastewater treatment processes generate large amounts of
sludge, creating a potential threat to the environment and human health [2,3]. The obtained
sludge with a lower solid content (under 8%) should be treated for final safe disposal [4,5].
Sludge handling and disposal is a significant step of the whole system, which costs as
much as 50% of the total wastewater treatment cost [6,7]. However, sludge management
cost is governed mainly by the efficiency of the methods used to separate liquids and
solids in sludge [8], allowing the decrease in its volume and enhancing the post-treatment
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efficiency [9,10]. Generally, after mechanical dehydration, the sludge water content remains
more than 70% [11], which should be reduced to meet the subsequent sludge reuse. The
performance of sludge dewatering is controlled by various factors related to its composition,
the particle size, the surface charge, the presence of extracellular polymers, etc. [12,13]. Be-
cause of their composition (mainly hydrophilic proteins and polysaccharides), extracellular
polymers bind water molecules, allowing for high water content in sludge and making the
sludge dewatering process difficult [14-17]. In order to enhance the efficiency of sludge
dewatering, various methods are applied. These methods are classified into biological,
chemical, and physical methods [18-23]. The biological methods are based on the use of
enzymes that degrade proteins, allowing sludge floc fragmentation [18]. In the physical
methods, the sludge physicochemical characteristics are modified (formation of particle
skeletons, building of drainage channels, change in the particle size, etc.), using various
approaches (thermal, freeze-thaw, microwave, ultrasonic, skeleton builders, etc.), allowing
the improvement in the sludge dewaterability [24-28]. However, the chemical methods are
based on the addition of many reagents (flocculants, coagulants, acids, alkalis, surfactants,
Fenton’s, oxidants, etc.) [22,29-34]. Flocculation is the most universally used method because
of the many advantages (low cost, high efficiency, simple operation, and applicability for
various sludge type) related to its use [35-38]. The addition of flocculants to sludge allows
small colloidal particles to form large flocs and compacted cakes. Hence, the flocculants
attack the stable colloid system and compress the double electric layer, allowing the frag-
mentation of the sludge extracellular polymers. Consequently, the linked water is released,
enhancing the sludge dewatering rates and its solid content [39—42]. Generally, inorganic,
organic synthetic, and natural flocculants are often used to improve sludge dewaterability
before mechanical processing. The organic synthetic polymers include polyacrylic acid and
polyacrylamide derivatives. Despite their effectiveness and their lower costs, their residual
monomers are toxic and associated with serious diseases (cancer, neurological diseases,
Alzheimer’s, etc.) [43,44]. Similarly, the inorganic polymers, including aluminum sulphate
and polyaluminum chloride with residual metal ions, remain in sludge after treatment
and may cause other risks for human health [45]. Therefore, there is a necessity to de-
velop and use ecofriendly and safe flocculants. In this context, bioflocculants are potential
sustainable materials which can substitute synthetic polymers. Generally, bioflocculants
are made from non-toxic, biodegradable, and renewable materials, which fit well with
the notion of sustainability [46,47]. However, an economical and efficient bioflocculant
should be naturally abundant and renewable. Interestingly, the improvement in sludge
dewatering by natural materials was reported in the literature. These materials include
plant-based flocculants, animal-based flocculants, and microbial-based flocculants. The
literature reported the use of numerous methods to prepare bioflocculants. To conclude
about their efficiencies regarding sludge dewaterability, these natural materials were tested
for sludge dewatering by assessing various sludge parameters including moisture content
(MC), dry solids (DS), specific resistance to filtration (SRF), capillary suction time (CST),
settling velocity (Vs), sludge volume index (5VI), and bound water content (BWC) [48-53].
This paper will review and discuss the potential use of bioflocculants as an alternative to
synthetic polymers to enhance wastewater sludge dewaterability.

2. Microbial-Based Flocculants

Various microorganisms (fungi, bacteria, and microalgae) are able to produce floc-
culating materials, such as polysaccharides, proteins, and glycoproteins. The ability of
microorganisms to produce these molecules is identified based on many parameters, in-
cluding the morphology and the existence of slimy extracellular polysaccharides. For
this purpose, various methods (colorimetric, 165 rRNA gene sequence, etc.) and reagents
(chelating agents, CuSOy solution crystal violet, etc.) are applied to isolate suitable microor-
ganisms from soil, rivers, seawater, sludge, etc. [54]. The general process of the preparation
of microbial-based flocculants is illustrated in Figure 1.
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Figure 1. General process of the preparation of the microbial-based flocculants.

Generally, the microbial bioflocculants have been successfully applied for the removal
of various pollutants (suspended solids, chemical oxygen demand, heavy metals, dyes, etc.)
with high efficiency levels (>90%), allowing a significant flocculating activity (>70%) [54,55].
Interestingly they have the potential to improve sludge dewaterability, as indicated in Table 1.

Table 1. Applications of microbial-based flocculants for sludge dewatering.

Sludge Characteristics after

Crude Sludge Characteristics Bioflocculation References
Type of CST MC DS Flocculation SRF CST MC DS
Sludge PH SRE(m/kg) ()" (o) (%) Conditions (m/kg) © %) (%)
Acidithiobacillus
Municipal 329 x 1083 3870 ferrooxidans 036 x 10 1010  70.30 [56]
anaerobically 6.79 (10° cells/mL,
digested : 30 min, 180 rpm)
sludge Commercial catolomc 1.08 x 1013 1625 71.20
polymer (0.2%)
Pre-treated sludge
11.30 x 1012 13.20 flocculant (1.5 g/L), 3.40 x 1012 22.50 [57]
Municipal pH75
secondary Al (SOy)s 8 g/L, pH 6.5) 4.70 x 1012 15.90
sludge PAM (0.15g/L, pH7.5)  3.20 x 102 24.20
PAC (4g/L,pH7.5) 3.80 x 1012 20.60
FeCl; (8 g/L, pH 6.5) 450 x 1012 16.40
Municipal Paenibacillus polymyxa
secondary 6.50 11.30 x 1012 13.20 flocculant 3.60 x 1012 21.70 [58]
sludge (1.5g/L, pH75)
Paenibacillus polymyxa
Sesclfl‘édaery 11.30 x 1012 13.20 flocculant 3.90 x 1012 20.80 [59]
& (15g/L, pH75)
Klebsiella pneumoniae
12 P 12
Secondary 11.64 x 10 (0.1%/wt /v) 4.66 x 10 59.97 [60]
sludge Aly(SOy)3 6.26 x 1012
PAC 5.00 x 102
Proteus mirabilis TJ-1
Secondary 5 (7 mg) + CaCl, 5
sludge 623 29.00 x 10 3.19 (125 mg/g Dw), 9.00 x 10 [61]
(pH 7.5)
Chemically Acidithiobacillus
treated 6.20 71.90 x 10'2 122.70 2.71 ferrooxidans + Fe?* 5.00 x 1012 20.00 [62]
primary sludge (10% v/v)
Activated Acidithiobacillus
lud 6.70 10.00 x 102 12.60 2.08 ferrooxidans + Fe?* <5.00 x 102 7.90 [62]
sudge (10% v/v)
Anaerobically Acidithiobacillus
digested 7.70 830 x 10'2 19.50 2.10 ferrooxidans + Fe* <3.00 x 102 7.50 [63]
sludge (10% v/v)
Anaerobically Acidithiobacillus
digested 7.45 16.10 x 1012 30.40 2.05 ferrooxidans + Fe?* <1.00 x 102 <20 [64]
sludge (10% v/v)
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Table 1. Cont.
Crude Sludge Characteristics Sludge .Chamden.sms after References
Bioflocculation
Type of CST MC DS Flocculation SRF CST MC DS
Sludge pH SREm/ke) " (o) (%) Conditions (m/kg) ©  Ch (%)
Chemically Acidithiobacillus
treated 6.74 111.00 x 102 121.00 2.59 ferrooxidans + Fe?* 11.10 x 102 10.00 31.40 [65]
primary sludge (10% v/v)
Chemically Filamentous
treated 7.03 86.90 2.00  fungal strains (5% w/v), 35.50 [66]
primary sludge pH 6.85-7.15
Secondary 12 Klebsiella sp. 12
sludge 8.04 10.87 x 10 13.10 (6 mg/g Dw), pH 8 3.36 x 10 17.50 [67]
Acidithiobacillus
Munici 339.10 824 ferrooxidans ILS-2 + FeZ* 31.30 60.10 [68]
unicipal o
digested 7.70 (15%o/2)
N : Acidithiobacillus
& ferrooxidans ILS-2 + FeZ* 2620 48.60
(21% v/v)
MBF10
11.30 x 10%2 12.10  Rhodococcus erythropolis 4.80 x 1012 19.30 [69]
Sec9ndar y (12 g/kg dry sludge)
activated 6.40 MBF10
sludge Rhodococcus erythropolis
12
(10.5 g/kg + PAC 3.20 x 10 23.60
(194 g/kg))
Municipal
activated 743 276 x 1012 21.00 Talaromyces flavus S1 0.83 x 1012 12.40 [70]
sludge

The bioflocculant produced by Rhodococcus erythropolis in alkaline thermal pre-treated
sludge allowed a significant increase in both SRF and DS, reaching 3.4 x 10'> m/kg and
22.5%, respectively [57]. In the same study, the use of R. erythropolis supplemented with
synthetic polymers (PAC and Aly(SO4)3) increased the charge neutralization and bridging
effect, allowing the enlargement of the flocs and, consequently, improving the sludge
dewaterability [57]. However, for specific microbial strains there is a need for an energy
substance (FeZ") for efficient production of biogenic flocculants [62-65]. For example,
Acidithiobacillus ferrooxidans in the presence of Fe?* (10% v/v) significantly improved the
dewaterability of anaerobically digested sludge, and the values of SRF and CST passed
from 16.1 x 10'2 m/kg to less than 1 x 10'?> m/kg and from 30.4 s to less than 20 s [64]. The
same strain improved the dewaterability of various sludges (chemically treated primary
sludge, activated sludge, and anaerobically digested sludge) and the highest reduction
was observed for chemically treated primary sludge, with final values for SRF and CST
of 5 x 102 m/kg and 20 s, respectively [63]. Moreover, the biopolymer produced by
the same strain (Acidithiobacillus ferrooxidans) reduced the SRF and the CST of municipal
anaerobically digested sludge with an interesting reduction rate of MC (70.3%), SRF, and
CST. The SRF and CST values passed from 3.29 x 10'3 m/kg to 0.36 x 10'3> m/kg and from
38.7 s to 10.1 s, respectively. The obtained reduction rates are higher than those reported
for polyacrylamide (PAM) [56]. Similarly, the use of filamentous fungal strains for the
dewatering of chemically treated primary sludge allowed the decrease in CST from 86.9 to
35.5 s in the presence of metal cations [66]. More recently, the strain A. ferrooxidans ILS-2
was added to municipal digested sludge in the presence of ferrous iron (10-21%), allowing
a significant reduction in CST and MC values. However, this reduction increased when
increasing Fe?* loading, and the highest reduction was obtained with ferrous iron at 21%.
Fe?* loading at 21% reduced CST from 339.1 s (without strain and ferrous addition) to
26 s, and MC from 82.4% (without strain and ferrous addition) to 84.6% [68]. Therefore,
higher loading of ferrous iron could improve the growth of A. ferrooxidans in sludge, and
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this strain transforms ferrous iron to biogenic ferric iron that acts as bioflocculant, allowing
the enhancement of sludge dewaterability by the release of bound/stagnant water in
extracellular polymeric substances in sludge.

A bioflocculant TJ-F1 obtained by growing P. mirabilis was tested for the dewaterability
of a secondary sludge showing a higher reduction in SRF compared to a synthetic polymer
P(AM-DMC). In the presence of 7 mg of the bioflocculant supplemented with 12.5 mg/g
dw (dry weight) of the synthetic polymer and at pH 7.5, the SRT of the sludge reduced
by 69% which is significantly higher than that obtained by P(AM-DMC) [61]. In the same
context, the exopolysaccharide Klebsiella sp. at a dosage of 6 mg/g dw and at pH 8 allowed
a reduction in the secondary sludge SRF by 69%, giving a final DS of about 17.5% [67]. In
the same study, the use of the bioflocculant supplemented with alum reduced the SRF by
84.2% and achieved a DS of 21.3% [67]. In this context, Serratia flocculant used for sludge
dewatering allowed for a sludge volume index of 54 mg/L, obtained at a dosage of 0.3 g/L
of the bioflocculant. However, with a synthetic flocculant, such as cationic polymers, a
sludge volume index of 56 mg/L at a dosage of 0.3 g/L was achieved [71]. Similarly, the
polysaccharidic bioflocculant produced by Rhodococcus erythropolis cultivated in rice stover
hydrolysate showed better sludge dewaterability performances than synthetic polymer in
terms of DS and SRF [69]. More recently, the spores of the filamentous fungus Talaromyces
flavus S1 were used to inoculate activated sludge. This inoculation improved the dewat-
erability by 48% [70]. This improvement may be related to the polysaccharides produced
by the fungal mycelium [72]. It was reported in the literature that extracellular polymeric
substances have the ability to enhance the formation of biofloc, allowing higher settleability
of sludge [73]. The content of the extracellular polymeric substances significantly affects
their role in sludge dewaterability. Thus, higher carbohydrate content and lower protein
content may increase sludge dewatering [74,75]. Likewise, it is very important to point out
that sludge characteristics (sludge origin, pH, organic content, cationic content, etc.) affect
the facility of extracellular polymeric substances to act in sludge conditioning [76]. Indeed,
the use of microbial flocculant could increase the sludge calorific value, as reported by
Kurade et al. [56,65]. Moreover, microbial flocculants act at lower dosages when compared
to synthetic polymers, such as FeCl3 and Al,(SOy4); [57].

According to the literature, sludge dewatering can be achieved by adding the micro-
bial strain into sludge and the bioflocculant will be produced during the growth or by the
application of a pure bioflocculant purified after its production by a selected microbial
strain growing in an appropriate growth medium [77]. However, the microbial biofloc-
culant production is controlled by various factors including the culture medium and the
operating conditions (C/N ratio, oligoelements, pH, temperature, aeration etc.) [54,78]. For
large-scale production, optimization studies should be carried out in order to maximize
the bioflocculant production. Moreover, the purification process and the preservation
method should be taken into consideration in bioflocculant recovery. The optimization
of the growth media and the purification process are considered as the main factors that
control the product commercialization. For economical production, a low-cost medium
should be developed and/or high-yield strains should be selected. In this context, various
agricultural and industrial wastes (molasses, poultry processing waste, corn, rice, peanut,
potato, corn, etc.) [79,80] and wastewaters generated by many industries (potato starch,
brewery, corn ethanol, swine, palm oil mill, livestock, ramie biodegumming, etc.) have
demonstrated their ability to replace standard microbial growth media for bioflocculant
production [55]. This may considerably reduce the microbial flocculant production cost, as
reported by Siddeeg et al. (2019) [55]. In the same way, another strategy was developed
based on the screening of new microbial strains able to grow and produce flocculant in a
culture medium low in nutrients [81]. Is also important to promote the selection of strains
with the ability to produce bioflocculants that act without metal activation [81-83]. Further-
more, the microbial bioflocculant yield could be improved using genetic engineering [84].
The microbial diversity and the variability of the carbon sources may affect the nature
and the characteristics of the produced bioflocculant (structure, composition, flocculating
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activity, etc.) [55]. Although these variations may limit the universal use of the produced
microbial bioflocculant, these biopolymers seem suitable to replace synthetic polymers in
the coagulation/flocculation process in wastewater treatment and sludge dewatering [54].
Generally, the research activities reported for sludge conditioning are limited and more
investigations are needed to evaluate the flocculating activity at a large scale for sludge
from various origins. A techno-economic feasibility should be conducted, taking into
consideration the various parameters, such as the growth conditions (culture medium
composition, operating parameters, extraction and purification of bioflocculants, etc.).

3. Plant-Based Flocculants

As reported in the literature, various plant-based flocculants were prepared using
several parts of plants (moringa seeds, tamarind pods seeds, banana fruits peels, acorn
leaves, cactus cladodes, hyacinth beans, okra, Lobularia maritima seeds, etc.) [85-91] and
applied for wastewater treatment for the removal of various pollutants, such as turbidity,
chemical oxygen demand (COD), heavy metals, dye, etc. Most of the research papers treated
contaminated waters through the coagulation/flocculation process, and a limited number of
studies are devoted to sludge dewatering. To the best of our knowledge, okra (Abelmoschus
esculentus), cactus (Opuntia ficus Indica), moringa (M. oleifera), and aloe (A. vera) are the
plants that have been used to prepare flocculants for sludge dewatering, and have been
compared to synthetic polymers. Looking for efficient plants for the flocculation process
is always a difficult procedure for scientists, and the limited list of plants explored by
researchers may be related to the fact that these natural products are renewable, adaptable,
abundant in nature, and easily retrievable. The general process of the preparation of plant-
based flocculants is summarized in Figure 2. The steps for the preparation included slicing,
peeling, drying, grinding, and solvent extraction.

WYY Y Y

STEP 1 STEP 2 STEP 3
Collection and

preparation of plants Extraction of the plant- Purification of the plant
collection based flocculant based flocculant
Identification of usable parts - ) ‘ » Precipitation
Cleaning » Water extraction » Dialysis
Cutting # Salt solution extraction » lonexchange
Drying and grinding # Organic solvent extraction 7 Lyophilisation
Fat extraction

Figure 2. General process of the preparation of the plant-based flocculants.

As listed in Table 2, different preparation strategies for plant-based flocculants were
applied depending on the natural material.

Table 2. Applications of plant-based flocculants for sludge dewatering.

Application of Abelmoschus esculentus (okra) for Kaolin Sludge Dewatering [92]

Flocculants

SS Removal

Preparation Dosage (g/L) (%)

Water Recovery (%)

Aqueous bioflocculant

The pods were removed, sliced (5-10 mm cubes),

ground, and extracted with water 175.00 >96 45-50

Dried bioflocculant

The aqueous bioflocculant was dried (40 °C) 150.00 >96 30-45
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Table 2. Cont.

Application of Aloe vera for municipal wastewater secondary sludge (Chotrana II, Tunis, Tunisia) dewatering [93]

Dosage Turbidity

Flocculants Preparation (mL/L) removal (%) Settling rate (%)

Leaves washed, skin removed, and the remained filets

Aloe vera gel were mixed, homogenized, and used fresh 3.00 45.00 67:50
Water glass SiO; mixed with Na,COj3 (1:1 M) at 1200 and 1300 °C 3.00 89.00
Aloe vera gel + 78.00 90.00
water glass
Untreated sludge 55.00

Application of cactus (Opuntia ficus Indica) for municipal wastewater sludge (Beni Messous wastewater treatment plant, Algeria)
dewatering [94]

Flocculant Preparation Dosage (g/Kg)  SRF (m/Kg) DC (%) Filrate turbidity (NTU)
Cut, blended, sieved, and the
Cactus juice obtained juice was dried (60 °C, 0.40 0.13 x 1012 20.50 2.50
3 days)

Chimfloc C4346 8.00 0.30 x 102 20.50 1.50
Sedipur NF 102 25.00 9.00 x 10'? 18.50 13.50
Sedipur NF 400 16.00 23.00 x 1012 10.00 5.00
FeCl3 80.00 1.00 x 10'2 22.00 2.40
Aly(SO4)3 70.00 1.00 x 10'2 21.50 2.20

Application of Moringa oleifera for municipal wastewater sludge (sewage treatment plant, Kuala Lumpur, Malaysia) dewatering [95-97]

. CST Enhancement
Flocculant Preparation Dosage SRE reduction reduction in solid
(mg/L) (%)

(%) content (%)

Enhancement in Settling
rates (%)

Seeds dried
Seed dry powder [95] (45°C, 24-48 h), 5000 24.00 93.33
ground

Seeds dried
(45 °C, 24-48 ),
ground, and the
Water extract of obtained powder 5000 (for SRF),
seeds [95] was extracted 7000 (for CST)
with water
and filtered
(muslin cloth)

Seeds dried
(45°C,24-48h),
ground, and the
Salted water extract of obtained powder 5000 10.30 83.33
seeds [95] was extracted
with NaCl (1N)
and filtered
(muslin cloth)

Seeds dried 2000 (for SRF),
Seeds dry powder [96] (45°C, 24-48 h) 3000 (for CST 44.44 17.64 31.56
and ground and SC)

31.20 92.82

Seeds dried (45
°C,24-48h),
ground, and the 4000 (for SRF),

Water extract of obtained powder 2000 (for CST 50.00 13.79 17.08
seeds [96] was extracted and SC)

with water
and filtered
(muslin cloth)
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Seeds dried
(45 °C, 24-48 h),
ground, and the 2000 (for SRF)
Salted water extract of ~ obtained powder 4000 (for CST 56.52 18.96 26.96
seeds [96] was extracted and SC)
with NaCl (1N)
and filtered
(muslin cloth)
Zetag 7653 [96] 50 62.96 38.98 21.92
Seeds were
shelled and the
Seed powder [93] nuts were 3750 41.17 66.70
ground to
obtain powder
Seeds were
shelled and the
Oil extracted seeds nuts ground. The
powder [97] obtained powder 3750-5000 47.60
had the
oil extracted
Application of Moringa oleifera for Kaolin sludge dewatering [98,99]
Supernatant
. Dosage Vs .1 SVI SRF
Flocculant Preparation (mg/D) (cm/min) Turbidity (mL/g) (m/Kg)
(NTU)
Seeds were ground, sieved (212 um),
defatted (hexane), and the obtained
Salted:g:(;esr[gz;ract of defatted powder was extracted with 462.80 0.93 67.20 23%375%_
NaCl (1M) and filtered ’
(filtration paper)
Seeds were ground, sieved (212 pm),
Salted water extract of defatted (hexane), and the obtained
defatted seeds [95] defatted powder was extracted with 235.58 1.10 x 101
- NaCl (1M) and filtered
(filtration paper)
Mixture (50:50): Alun
and M. oleifera seed 1.08 x 10"
extract [99]
Alun [99] 1.08 x 101
Application of Moringa oleifera for drinking water treatment sludge (Stockholm, Sweden) dewatering [100]
Flocculant Preparation Dosage SRF reduction red(l?lsc;l;on Cake
p (kg/t dry solids) (%) (%) solids (%)
Seeds were shelled and the nuts
Salted water extract were ground; the obtained powder
of seeds was extracted with NaCl solution 125.00 3475 57.35 4.50
1M
Alum 63.00 81.08 69.85 4.76
Praestol 2540 TR 1.80 91.96 90.35 6.83
Praestol 650 TR 1.80 96.83 95.21 5.95
Alum + salted water
extract of 81.08 71.42 5.95

M. oleifera seeds

According to Table 2, the gel obtained from Aloe vera was tested as a bioflocculant to
dewater sludge collected from a municipal wastewater treatment plant. Aleo vera leaves
was washed, their skin was removed, and the remained samples were mixed, homoge-
nized, and used fresh at a rate of 3%, allowing an efficient solid-liquid separation (45%
turbidity removal and an improvement of the settling rate of 22.72% of sludge) [93]. In
the same experiment, the mixing of Aleo vera with water glass (3%) increased the settling
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rate to 90% (an improvement of 63.63%). Interestingly, this bioflocculant allowed the re-
moval of the sludge odor (caused by volatile organic compounds analysis) [93]. However,
more investigations are needed to confirm these results by measuring other parameters,
such as the DS, SRF, and CST, which should be compared to synthetic polymers. Like-
wise, cactus juice prepared by using cladodes of Opuntia ficus Indica (the cactus cladodes
were cut, blended, and sieved, and the obtained juice was dried at 60 °C for 3 days)
was tested to dewater municipal wastewater sludge and compared to chemical poly-
mers, such as Chimfloc C4346, Sedipur NF 102, Sedipu AF 400, FeCl3, and Aly(SO4)3 [94].
High efficiency of sludge dewatering (SRF = 0.13 x 10!> m/Kg, Dryness of filtration cake
(DC) = 20.5% and filtrate turbidity = 2.5 NTU) was obtained with cactus juice powder at
lower dose of 0.4 g/Kg. These values are comparable to those obtained for synthetic poly-
mers, such as the cationic polymer Chimfloc C4346 (SRF = 0.3 x 10'> m/Kg, DC = 20.5%,
and filtrate turbidity = 1.5 NTU), FeClz (SRF = 1 x 10'> m/Kg, DC = 22.0% and filtrate
turbidity = 2.4 NTU), and Al,(SOy4)3 (SRF = 1 x 10> m/Kg, DC = 21.5% and filtrate
turbidity = 2.2 NTU) [94]. These results confirm the utility of cactus juice for wastewater
treatment as reported by [101,102].

For both cactus and Aleo vera, the action of the biological material in the coagula-
tion/bioflocculation process is related to their high content in polysaccharides (mainly
composed of L-arabinose, D-galactose, L-rhamnose, D-xylose and galacturonic acid), and
the presence of minerals (Ca and K). Because of the presence of carboxyl (-COOH), hy-
droxyl (-OH), and amino or amine (-NH>) functional groups, galacturonic acid is the main
compound implicated in the coagulation flocculation process [103-105].

In the same context, a number of studies reported the use of the active components of
Moringa oleifera as effective flocculants for sludge dewatering that reduce SRF and CST and
improve the solid content and the settling rate [95-99]. Wai et al. (2009) [96] evaluated the
performances of three forms of Moringa oleifera seeds (dry powder, water extract, and salted
water extract) when they were applied to settle activated sludge collected from a municipal
wastewater treatment plant. The salted water extract was found to be the most active form,
with SRF and CST reduction values of 56.52% and 18.96%, respectively. Generally, the
results are comparable to those assigned to the chemical reagent Zetag 7653. However, a
higher dosage of Moringa oleifera (2000-4000 mg/L) was necessary to compete with Zetag
7653 (dosage 50 mg/L) in reducing both SRF and CST [96]. The highest rate of enhancement
in solid content (31.56%) of sludge obtained with seed dry powder is associated with the
added dose (3000 mg/L). As reported in the literature, the active compound extracted
from Moringa seeds is a soluble dimeric cationic protein (13 kDa) known as A low charge
density cationic polymer acting with the bridging mechanism in the flocculation process,
allowing low sludge filterability when compared to Zetag 7653 [106-108]. The efficiency
offered by Zetag 7653 is related to its nature. Zetag 7653 is a cationic polyacrylamide
with a high molecular weight, which has the ability to bind strongly to the negatively
charged surfaces of particles in sludge, allowing efficient filterability [108]. Later, Tat et al.
(2010) [95] investigated the effect of the dosage of Moringa oleifera seeds (in the range of
1000 to 5000 mg/L) on SRF and CST for the same sludge, and the operating conditions were
optimized. The lowest values of SRF (1.22 x 10!! m/kg) and CST (4.5 s) were achieved
under the optimum conditions of sludge dewatering (100 rpm, 1 h, and at a dosage of
4695 mg/L). The obtained results are in agreement with those reported by Muyibi et al.
(2001) [97]. Interestingly, Muyibi et al. (2001) [97] pointed out the potential of using seed
powder free of oil, which performed as well as the untreated seed powder. Likewise, the
extraction of oil from seeds may enhance the potential of sludge conditioning [109]. In
the same perspective, salted water extract of moringa seeds can be applied as an effective
flocculant for sludge from drinking water treatment plants. A dosage of 125 kg/t dry solids
allowed acceptable reductions in SRF and CST of 34.75 and 57.35%, respectively. These
values were enhanced by mixing moringa seeds with alum (reductions in SRF and CST
were respectively 81.08% and 71.42%). This combination allowed the formation of stronger
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flocs compared to polyelectrolytes used alone [100]. The partial replacement of alum may
reduce the pollutant load of chemicals in sludge.

Plant-based flocculants for sludge dewatering represent a viable alternative to chem-
icals and a step forward in green sludge treatment technology, reducing environmental
pollution and health risks while also advancing green technology in wastewater treatment
processing. This strategy is interesting for regions of the world favorable to the cultivation
of specific plants, such as cactus, which is abundant, cheap, and has little commercial
use [110].

4. Animal-Based Flocculants

Animal-based flocculants with an interesting flocculating activity are generated from
animal sources (chitin, animal gelatin, animal blood, and blood protein components) [111-116].
To the best of our knowledge, only chitosan and hemoglobin are applied to improve sludge
dewaterability (Table 3). The preparation steps of these animal-based flocculants are illustrated
in Figure 3.

Table 3. Applications of animal-based flocculants for sludge dewatering.

Application of Chitosan for Anaerobic Digested Sludge (Xiaohongmen Wastewater Treatment Plan, Beijing) Dewatering [117]

. Dosage SRF Reduction CST Reduction o
Flocculant Preparation (mg/gTSS) (%) (%) Cake MC (%)
Chitosan 57.98 83.26 88

Deacetylated chitosan (90%) is
dissolved in acetic acid aqueous
solution (3%), heated (30 min),
followed by the addition of Ny, ceric
ammonium nitrate initiator (2% w/w),
and dimethyl diallyl ammonium % 88.90 95.60 84
chloride monomer (reaction for 3 h),
precipitation of the produced polymer
(acetone), purification, and drying
(60 °C, 6 h).

Application of chitosan for anaerobic digested sludge dewatering (Perth, Western Australia) [118]

Aminated chitosan

Dosage Enhancement in Filrate
Description (g/kg d §oli ds) CST reduction (%) cake solid turbidity
g ary content (%) (NTU)
Low MW chitosan Mw: 50,000—.190,0000Da 15-20 93-96 15.6-16.6 35.4-40.6
Deacetylation: >75%
Medium MW MW: 190,000-310,000 Da 83
chitosan Deacetylation: 75-85%
PAM 43
EMA 8845 41
Application of hemoglobin for secondary sludge (pulp and paper mill) dewatering [119]
Enhancement in .
Preparation Dosage (%wt) cake solid Decrease in sludge (P ound water
o content (%)
content (%)
Hemoglobin 10 29
Lyophilized bovine hemoglobin (3%
(w/v) is suspended in methanol,
followed by the addition of HCI (final
Methylate.d concentration 0.8 mol/L), agitation 10 47 17.30
hemoglobin (48 h at room temperature),

centrifugation (10,000 g, 15 min),
then washing (methanol), suspension
(water), and dialysis.
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Figure 3. Process of chitosan preparation.

Chitosan is a biopolymer obtained by chitin deacetylation (Figure 3). Chitin is a natural
polysaccharide having various origins (shrimps, crabs, sponges, diatoms, fungi, etc.) [120].
Chitosan is biodegradable, safe, biocompatible, sustainable, and an economical material
used in various fields [121,122]. Because of these characteristics, chitosan is well studied as
coagulant/flocculant to remove pollutants from municipal and industrial wastewaters [112].
In the coagulation/flocculation process of acidic wastewater, chitosan generates positive
charges, allowing the destabilization of the negative charges of colloidal particles [123-125].
Likewise, the blood protein (hemoglobin), which is considered as a by-product of meat
processing, has demonstrated its ability to act as a bioflocculant for kaolin and lignin at low
dosages [113-116].

As reported in Table 3, Lau et al. (2017) [118] investigated the capability of chitosan
for dewatering anaerobically digested sludge. Both low molecular weight and medium
molecular weight chitosan allowed higher dewatering performances than synthetic poly-
mers (PAM and EMA 8845) with CST reduction values exceeding 80% against 43% and
41% for PAM and EMA 8845, respectively [118]. In the same work, the results reported
that chitosan sludge dewatering performances is controlled by the pH, since pH may affect
the ionization state of the functional groups of biopolymers. At low pH, the amine groups
(-NH,) in chitosan may generate positive charges (-NH;3™"), allowing the improvement of
sludge flocculation and dewatering at acidic pH [118,126]. In the same context, Zhang et al.
(2019) [117] reported the enhancement of the dewaterability of the anaerobically digested
sludge while using aminated and virgin chitosan (Table 3). Aminated chitosan performed
well in terms of SRF (reduction rate of 88.90%) and CST (reduction rate of 95.60%) obtained
at a dosage of 35 mg/gTSS (total suspended solids). This study reported that chitosan-based
polymers interact with extracellular polymeric substances in sludge, and a densification
of the gel-like structure and an augmentation of floc strength of sludge were confirmed
using confocal laser scanning microscopy. The observed behavior may offer abundant
huge pores in flocs, providing channels for water liberation during the dewatering process
using a filter press [117]. Recently, as indicated in Table 3, Ghazisaidi et al. (2020) [119]
reported the ability of methylated hemoglobin to enhance sludge dewaterability. The use
of untreated hemoglobin showed no enhancement in sludge dewatering performances.
A non-significant enhancement in cake solid content was recorded (2.9%). However, the
application of methylated hemoglobin increases the sludge dewatering ability with an
enhancement of 47% in cake solid content. Moreover, the decrease in sludge bound water
content reached 17.30%. The methylation process allowed the elimination of the carboxylic
acid groups in proteins, decreasing the number of negatively charged groups. This fact will
raise the basicity and the net positive charges on the protein, leading to the enhancement of
the bioflocculation performance. The zeta potential measurements illustrate the decrease in
the negative surface charge of the particles in sludge after adding methylated hemoglobin.
Therefore, the charge neutralization allowed extracellular polymeric substances surround-
ing the sludge flocs to become detached, releasing the imprisoned water and, consequently,
increasing the dehydration process [119]. Interestingly, blood processing of swine, cattle,
etc., has the potential to be an excellent source of bioflocculants. However, this strategy
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requires rendering facilities to collect blood from the industry. As such, more investigation
is needed to draw conclusions about the large-scale applicability of this strategy.

5. Future Prospective of Bioflocculant for Sludge Dewatering at Large Scale

The potential of using natural flocculants from various origins has been proved mainly
for water and wastewater treatment by many researchers [54,55,127]. However, a limited
number of studies dealing with sludge dewatering using bioflocculants. Therefore, more
studies are required to demonstrate the possibility of dewatering sludge using biological
materials, since this fact will allow the safe use of sludge as a fertilizer for soils [128,129].
The research of new available biological materials with a flocculating activity and the ability
to enhance the sludge dewatering remains an interesting approach that should continue to
be extensively investigated.

Generally, the efficiency of the used bioflocculants may depend on what type of sludge
is being treated. This fact is well discussed for the coagulation/flocculation of wastewater
from various origins. For instance, a polymer applied for the flocculation of food processing
wastewater might not work efficiently for other industrial effluents, since the effluent char-
acteristics (pH, temperature, solids, pollutants, multivalent cations, etc.) affect the action of
the flocculant and, consequently, the required optimal dose [110,130-132]. Similarly, the
variability of efficiencies of natural based-flocculants in sludge dewatering (Tables 1-3) may
be associated with two main factors; the first is the bioflocculant origin and its preparation
process, and the second is the sludge origin and characteristics (pH, microbial composition,
pollutant composition, solids, etc.). However, the lack of data related to the dewatering of
different sludges from various origins (food industry, pharmaceutical industry, chemical
industry, etc.) with bioflocculants limits the conclusion about the major factors controlling
the sludge dewaterability. Therefore, more investigations are needed to determine and
analyze the specific operational parameters (pH, dosage, mixing speed, etc.) for each
bioflocculant and for sludges from various origins. Moreover, the flocculation operating
conditions should be statistically optimized to maximize the dewatering performance.
More studies are also required to compare bioflocculants from various origins and to clarify
the flocculation mechanisms occurring in the presence of different sludges [78].

The production of flocculants using microbial stains is an available option, as the
process of microbial growth as well the extraction and the purification of microbial polymers
are well established and valid for large-scale production. However, production costs limit
the large-scale production, and the cost reducing strategy should take into account several
points including the selected strain (the bioflocculant biosynthesis pathway, high-yield
strains, genetically modified strains, etc.), the growth media (composition, the availability of
low-cost medium, operating conditions), bioflocculant harvesting methods (the extraction,
purification, preservation, etc.), and flocculation mechanism [133-135]. However, the use
of the chosen plant-based flocculants for large-scale application is feasible, since the plant
species are abundant. Useful plants are specific to some geographical regions, making the
availability of the produced bioflocculant limited over the world. Moreover, the plant-based
flocculant characteristics (forms, production process, cost, etc.) vary depending on origin
(geographical location). However, these plants that produce active bioflocculant may have
the potential of commercial value as industrial crops, and a continuous investigation into
the behavior of these natural material may help their large-scale application [136].

Finally, animal-based flocculants, such as chitosan, are one of the most environmentally
beneficial and economical biological polymers with the ability to clean wastewater [137].
However, the investigation of new animal-based flocculants, such as animal blood, is
proposed as a valuable strategy for wastewater treatment, and extensive research should be
conducted to explore this sustainable approach [119,138]. Moreover, other wastes, such as
fish bones, which showed its ability to flocculate microalgae [139], should be investigated
for sludge dewatering.
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6. Conclusions

Efficient and effective bioflocculants for sludge dewatering are needed to ensure
environmental and public health. Flocculants from natural sources (microorganisms, plants,
and animals) provide a relevant opportunity to replace chemical reagents in the dewatering
processing. The reviewed data have shown important results for sludge dewatering in
terms of moisture content, dry solids, specific resistance to filtration, capillary suction time,
etc. The efficiency of the microbial flocculant for sludge dewatering was proved by adding
the microbial strain producing flocculant into sludge or by applying a purified bioflocculant
after its production by a selected strain cultivated in an appropriate growth medium.
However, the production cost associated with the growth media may limit the application
of microbial flocculant at a large scale. Plant-based flocculants were also successfully
applied for sludge dewatering. However, studies are limited for specific plants (okra,
cactus, moringa, and aloe). For animal-based flocculants, chitosan and blood processing
showed the potential to be excellent sources of bioflocculants with a significant reduction
in sludge dewaterability parameters. Generally, the efficiency of sludge dewaterability
seems to be controlled by the bioflocculation nature (origin and the preparation process)
and the sludge characteristics. Thus, it is important to determine which bioflocculant is
appropriate for large-scale application. In this context, various factors need to be considered,
including the product origin and availability, the preparation methods (drying, microbial
growth, extraction, purification, etc.), the operating conditions (dosage, pH, temperature,
etc.), and the dewatering efficiency compared to chemical reagents. Therefore, extensive
research is necessary to compare the suitability of natural materials from different origins
for various sludges while also using statistical analysis. Moreover, optimized operating
conditions should be determined for each bioflocculant, which should be linked to another
study aimed at understanding the mechanism of the bioflocculant process. After that, the
optimized operating conditions could be verified at a large scale. Finally, for the application
at real scales, a techno-economic feasibility should be conducted.
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