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a b s t r a c t 

Coagulation-based pre-treatment efficiency of high strength digestate of food waste (HS- 

DFW) anaerobic digestion is negated by organic ligand-catalyzed decomposition of coag- 

ulants. In this study, an efficient HSDFW pre-treatment method, magnetic seeds (MS) co- 

agulation, was employed by using highly stable Keggin Al 30 nanocluster (PAC 30 ), MS and 

polyacrylamide (PAM), and its operation was optimized by evaluating the performance of 

removing turbidity, total suspended solids (TSS), chemical oxygen demand (COD), and total 

phosphorous (TP) phosphate. Results showed that at the optimum dosage of 4.82 g/L, PAC 30 

demonstrated excellent removals as high as 98.93% ± 0.1% of turbidity, 98.04% ± 0.1% of TSS, 

58.28% ± 0.3% of total COD, 99.98% ± 0.01% of TP and 99.50% ± 0.01% of dissolved phosphate, 

respectively. Apparent molecular weight (AMW) and three-dimensional excitation-emission 

matrix (3D-EEM) fluorescence spectroscopy analyses demonstrated more efficient removal 

of dissolved organic matter (DOM), particularly non-biodegradable and hydrophobic compo- 
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nents by PAC 30 than commercial coagulant. The sedimentation was much improved from 40 

min by coagulation/flocculation to about 5 min settling by MS coagulation. The PAC 30 based 

magnetic coagulation (MC) presents theoretical guidance on a cost-effective and much less 

footprint pre-treatment alternative for high strength wastewater. 

© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Food waste (FW) is one of the largest category of municipal
solid waste (MSW) disposed by landfill in the United States,
accounting for approximately 18% of the waste stream. The
FW is found to be three times methane production poten-
tial (376 m ³ gas/ton) compared with biosolids (120 m ³ gas/ton)
( United States of Environmental Protection Agency, 2007 ).
Consequently, anaerobic digestion (AD) pioneered as a well-
established technology is employed worldwide to convert the
organic fraction of municipal solid wastes as an auxiliary re-
source into methane gas, and that can be used to produce
heat, electricity and vehicle fuel ( Labatut and Pronto, 2018 ).
The resulting effluent of the anaerobic digester known as di-
gestate or digested liquor has been widely used as a fertil-
izer due to the presence of dozen useful nutrients ( Lotti et al.,
2019 ). However, the direct discharge of the digestate can cause
possible environmental problems such as nitrate leaching,
ammonia emissions into the atmosphere, and causing eu-
trophication ( Nkoa, 2014 ). Thus, the digestate is claimed as re-
mained non-friendly to the environment, as its obviously rich
with a high concentration of direct pollution-causing spec-
trum components. Along with more and more stringent re-
cent environmental standards, its treatment before discharge
becomes an urgent need. 

Although the presence of highly concentrated soluble pol-
lutants ( Xia and Murphy, 2016 ) and complex chemical compo-
sition ( Scaglione et al., 2017 ) makes the treatment of the liquid
digestate more complicated, it is most commonly post-treated
with the combination of physicochemical methods (e.g., am-
monia stripping) ( Törnwall et al., 2017 ) and conventional bi-
ological treatment processes. In contrast, the digestate treat-
ment cost was recognized as the main constraint for spread-
ing AD technology ( Lotti et al., 2019 ; Xia and Murphy, 2016 ).
The use of enhanced biological methods is supposed to re-
duce these costs, and cost-effective biological treatment pro-
cesses have been developed for the liquid digestate treatment,
such as deammonification process ( Chini et al., 2019 ), aerobic
granular sludge process ( ́Swi ̨atczak et al., 2019 ), partial nitri-
tation (PN), anammox process ( Lotti et al., 2019 ) and anaero-
bic fixed-film process ( Demirer et al., 2019 ). However, the ef-
fectiveness of the biological processes for the liquid phase
treatment is hampered by the high concentration of pollu-
tants in the digestate, such as ammonium ( Lotti et al., 2019 ),
chemical oxygen demand (COD), total suspended solids (TSS)
( ́Swi ̨atczak et al., 2019 ), free ammonia ( Liu et al., 2019 ), conduc-
tivity, temperature ( Wang et al., 2019 ), phosphate, sulfate and
heavy metals ( Feng et al., 2017 ), because the microorganism
community and activity are sensitive to these factors. Hence,
employing a cost-effective pre-treatment (to minimize excess
 

pollutant load and remove suspended solids) is of great con-
cern for the biological treatment of FW digestate in practice. 

Generally, the physicochemical pre-treatment processes
have been developed and applied in the wastewater treatment
industry to improve the efficiency and performance of sub-
sequent biological treatment processes and reduce microbial
toxicity as well as operating costs ( Ghimire and Wang, 2020 ).
Coagulation/flocculation is widely used as a pre-treatment
process for the treatment of domestic and industrial wastew-
ater ( Choumane et al., 2017 ), such as petrochemical hydro-
carbon wastewater ( Ribera-Pi et al., 2020 ), lead (Pb) smelt-
ing wastewater ( Meng et al., 2020 ), saline industrial wastew-
ater contaminated by hydrocarbons ( Bruno et al., 2020 ), high
strength olive processing wastewater ( Esteves et al., 2019 ;
Ozbey-Unal et al., 2018 ), dairy wastewater ( Triques et al., 2020 ),
landfill leachate ( Luo et al., 2020 ) and vegetable oil refinery
wastewater ( Khouni et al., 2020 ). 

Poly aluminum chloride (PAC) based coagulation is consid-
ered as the most popular coagulation, where its efficiency de-
pends mainly on the polycation (Al 13 ) content, dosage, and
characteristics of the wastewater ( Matilainen et al., 2010 ).
However, the presence of a small amount of Al 13 in the com-
mercial PAC coagulant and its instability in DOM’s presence
( Abeysinghe et al., 2013 ) is an insurmountable problem in the
removal of dissolved organic matter. 

Polynuclear aluminum nanoclus-
ter, Al 30 O 8 (OH) 56 (H 2 O) 24 

18 + (Al 30 ), is another promising Gem-
ini polycation with two δAl 13 connected by four Al monomers
and 2 nm in size ( Fig. 1 ), which is less sensitive to pH
fluctuation and more tolerable for temperature change
( Allouche et al., 2000 ). Al 30 achieves better turbidity re-
moval than Al 13 due to its higher sorption-neutralization
nature, excellent sweep-flocculation, bridge-aggregation,
and precipitation in the coagulation process by making
use of its large-sized and high positive charge ( Chen et al.,
2006 ). It is also more resistant to DOM-ligand catalyzed
decomposition than other species ( Abeysinghe et al., 2013 ;
Kimura et al., 2013 ). Inspired by the turbidity removal effi-
ciency and structural composition, the polycation solution
with a high content of Al 30 was synthesized and employed
for the treatment, where the application of this material for
the treatment of high strength digestate is very scarce in the
literature. Recently, the introduction of magnetic nanopar-
ticles and polyelectrolyte into the coagulation process has
attracted attention in enhancing performance ( Kimura et al.,
2013 ; Zhang et al., 2017 ; Zheng et al., 2020 ). Since the high
ionic density and other related characteristics of FW deceler-
ates the sedimentation rate in the conventional coagulation
process, magnetic seed and polyelectrolyte are supposed to
play an important role in improving the floc structure and
strength. MC has been used to treat municipal, oily and coal
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Fig. 1 – Schematic of Al 13 isomerization, thermal treatment and dimerization for Al 30 synthesis. 
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astewater, and has been found to perform better suspension 

emoval than conventional coagulation due to quick, large 
nd dense floc formation, with more than 80% TSS removal 
fficiency ( Cao et al., 2017 ). Furthermore, MS can be recycled 

nd reused ( Zhang et al., 2016 ). Thus, the solid-liquid sepa- 
ation efficiency would be enhanced ( Zhang et al., 2017 ), and 

esulting in shortening the treatment time and reducing the 
apital costs related to land use and reactor construction. 

The main objective of this study was to optimize a 
igh content Keggin Al 30 nanocluster (PAC 30 ) based MC pre- 

reatment, in such a way to tackle the above bottlenecks of 
he subsequent biological processes. MS and PAM were used,
nd their effect on the kinetics and fate of the process was in- 
estigated. The removal assay of DOM was investigated from 

MW and 3D-EEM analyses. The process variables, such as pH,
AC 30 , PAM, MS dosage and stirring speed, were also optimized 

hrough evaluating removal efficiencies of turbidity, TSS, COD,
P and phosphate. Besides, this study with the specific em- 
hasis on settling time and chemical cost analysis may pro- 
ide an insight into cost-effective magnetic coagulation pre- 
reatment alternatives of FW digestates. 

. Materials and methods 

.1. Wastewater characteristics 

he high strength FW digestate was collected from an anaer- 
bically digested municipal food waste digester at Dongcun 

iogas Company, Beijing, China, with the maximum daily di- 
estate discharge capacity of 1000 m 

3 /day. The liquid phase of 
he digestate was taken after the mechanical dewatering pro- 
ess and filtered using 0.9 mm (Ø 200 mm 

∗ 50 mm, GB/T60031- 
012) mesh size to remove the coarse particles. The character- 
stics of the FW digestate were listed in Appendix A Table S1 . 

.2. Preparation of aluminum nanocluster 

ig. 1 describes the scheme of coagulant synthesis. The detail 
f coagulant synthesis and the product species characteriza- 
ion is available in Appendix A Table S2 . 

.3. Jar test procedures 

tandard jar tests were carried out by using a programed jar 
est apparatus consisting of 500 mL beakers and a six-paddle 
ang stirrer (MY3000-6N, Meiyu, China). The raw digestate 
ample was prepared by homogenizing the source water for 
0 min. The pH of the samples was adjusted with 0.5 mol/L 
Cl and NaOH before pipetting a predetermined amount of 
S, coagulant and PAM in the final 400 mL solution. The dos- 

ng and mixing procedures are briefly described in Appendix 
 Table S3 . After quiescent settlement, the supernatant solu- 

ion was withdrawn for residual turbidity (RT) measurement 
2100Q Turbidimeter, HACH, USA). The concentrations of am- 

onium, COD, phosphate, and phosphorus in the supernatant 
ere determined from the portion of the supernatant sample 
nd compared with the raw water concentration. The samples 
ere taken with a syringe before settlement for zeta potential 
easurement (pre-experiment). 

.4. Analytical methods 

issolved components were analyzed after passing the super- 
atant samples through a 0.45 μm membrane filter. The stan- 
ard method ( APHA, 2017 ) was employed to analyze all the 
omponents except COD. The COD was determined by COD 

refabricated tube reagent (HR 20-1500 mg/L, HACH, USA) us- 
ng a HACH DR2800 (HACH, USA), whereas, concentrations of 
O 

3 −
4 -P, NH 

+ 
4 -N and total phosphorus (TP) were determined by 

pectrophotometry methods with dual-beam ultraviolet spec- 
roscopy (TU-1901, Beijing General Instrument Co. Ltd, China).
mmonium molybdate and ascorbic acid solution were used 

s a reagent for diluted supernatant content of PO 

3 −
4 before ab- 

orbance measurement. Ammonium molybdate and ascorbic 
cid solution were used for TP quantification after autoclav- 
ng the samples containing potassium thiosulphate. Nessler 
eagent (HJ 535-2009) was applied to quantify NH 

+ 
4 -N. Before 

ixing the reagents, all samples were diluted to the appropri- 
te concentration from the samples obtained directly at the 
oint of 3 cm under the liquid top layer of the jar. Ultra-pure 
ater prepared by the Milli-Q water purification system (Milli- 
ore, China) was used for all solution preparation and dilution 

rocedures. The sediments dried at 55 Pa and -50 °C for 48 hr by
he vacuum freeze drier were used to characterize the surface 

orphology of floc obtain with and without magnetic seed as 
ell as a polyelectrolyte. The analysis was carried out by SEM 

Quattro C, Thermo scientific, USA). 
Apparent molecular weight (AMW) distributions analysis 

as carried out by a size exclusion chromatography analy- 
is with a high-performance liquid chromatography (HPLC) 
ystem equipped with dual λ absorbance detector (Waters 
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2487, USA) and binary HPLC pump (BREEZ 1525, Waters, USA)
at UV 254 at room temperature. A TSK gel column (G3000
SW, C-No. SW 3600482) conditioned with 0.015 mol/L phos-
phate buffer solution (0.00255 mol/L NaH 2 PO4, 0.00245 mol/L
Na 2 HPO 4 , and 0.01 mol/L NaCl at pH 6.8) as the mobile
phase before sample analysis. Three-dimensional excitation-
emission matrix (3D-EEM) fluorescence spectroscopy was ob-
tained using a fluorescence spectrophotometer (F-4600 FL, HI-
TACHI, Japan). Floc particle size distribution was measured us-
ing a particle size analyzer (Mastersizer 2000, Malvern, UK). 

In addition, several fluorescence indexes were calculated
to determine the hydrophobicity and humification property
of the dissolved organic components as follows: 

Fluorescence index (FI) is determined as the ratio of emis-
sion intensity at 450/500 nm measured at an excitation wave-
length of 370 nm (Eq. (1)). 

FI = 

I Em 450 

I Em 500 
, at Ex = 370 nm (1)

Humification index (HIX) is determined as the ratio of flu-
orescence intensities for two integrated regions of the emis-
sions scans: Em 435–480 nm divided by Em 300–345 nm, at Ex
254 nm (Eq. (2)). 

HIX = 

∑ 

I Em 435 −480 ∑ 

I Em 300 −480 
, at Ex = 254 nm (2)

Biological index (BIX) is calculated at Ex 310 nm, by dividing
the fluorescence intensity at Em 380 nm by that at Em 430 nm
(Eq. (3)). 

BIX = 

I Em 380 

I Em 430 
, at Ex = 310 nm (3)

2. Results and discussion 

2.1. Optimization of the magnetic coagulation process 

There has been studied that the commercial coagulants have
been used for pre-treatment of surface and wastewater before
the subsequent biological treatment processes ( Zhang et al.,
2017 ). Despite, they are thought to have an insurmountable
problem in removing dissolved organic matter (DOM) from
a water sample due to their cation-organic complex forma-
tion and decomposition by ligand catalyzed reaction. How-
ever, the current high basicity coagulant with more content
of non-simplex polycationic nanocluster expected to be more
resistant to form a dissolved complex and decomposition
( Abeysinghe et al., 2013 ; Kimura et al., 2013 ), thereby settle
down organic components and their colloids from the bulk of
the digested sample, by taking in to account its unique desta-
bilization properties for suspended solids ( Chen et al., 2006 ). 

2.1.1. Effect of PAC 30 dosage 
The species distribution of prepared PAC 30 was described in
Appendix A Table S2 . Turbidity and COD were taken as the pri-
mary indicators during the optimization process throughout
the study. Preliminary experiments were performed to iden-
tify the working pH range of PAC 30 by taking the same dosage
as the commercial PAC dosage that we use in our laboratory
for pre-treatment of the same wastewater. The range of (2.4 –
5.5 g/L) PAC 30 was added into 400 mL digestate sample solu-
tion and tested against a pre-adjusted sample pH (6.5 – 8.5) in
the presence of 12.5 mg/L of PAM and 2.5 g/L of MS, arbitrar-
ily used on the basis of literature ( Cao et al., 2017 ; Chen et al.,
2018 ). Accordingly, the sample with pH 8.0 clearly showed sig-
nificant removals of turbidity and COD, most likely related to
the efficient hydrolysis performance of polynuclear species
( Chen et al., 2006 ) and ionization characteristics of organic
component’s functional group. Therefore, pH 8.0 was chosen
in this study for the optimization of the remaining parame-
ters. The experimental sequence was designed in the follow-
ing successive ways: as a coagulant (PAC 30 ), flocculant (PAM),
magnetic seeds (MS) optimization, finally, the optimum pH
was investigated once again. 

Fig. 2 a stipulates the removal efficiencies of COD and tur-
bidity against the various dosages of PAC 30 . The COD and tur-
bidity removal increased with dosage and eventually became
the most significant at the dosage of 4.82 g/L owing to suf-
ficient enmeshment and destabilization with the rise in co-
agulant components. Due to more vital attractive forces be-
tween PAC 30 particles at high dosage, a floc with more ro-
bust resistance to shear stress was formed, which effectively
destabilized suspensions. However, upon increasing coagu-
lant dosages, the removal decreased once again. It should be
related to the restabilization of suspension in the bulk me-
dia by the excess coagulant species (charge reversal). Besides,
flocs cleavage into several pieces of a size similar to parent
flocs is inferred at a very high dosage by large-scale fragmen-
tation ( Jarvis et al., 2005 ), which has a determinantal effect on
the removal efficiency. 

2.1.2. Effect of PAM 

The inorganic salt-based coagulation treatment of HSDFW is
thought to be improved using combination with suitable poly-
mer flocculant aids. To investigate this effect, PAM (5 mg/L –
11.25 mg/L)) and an arbitrary amount of MS was introduced
to the raw digestate sample during coagulation as per the
procedure described in Appendix A Table S3 . As presented
in Fig. 2 b , the turbidity and COD removals were slightly in-
creased with increasing PAM dosage and reached a maximum.
It can be explained in terms of sweep flocculation, electro-
static patch and polymer flocculant bridging ( Bolto and Gre-
gory, 2007 ; Sun et al., 2020 ). Despite, after a certain range of
dosage, the removals of COD and turbidity started to decrease
again due to the presence of excess polymer and trace of
turbidity-causing components in bulk adhered to it in bulk.
The maximum COD removal (51.04%), and turbidity removal
(99.39%) were achieved at 8.75 mg/L of PAM dosage. The max-
imum turbidity removal, 99.52%, was achieved at PAM dosage
of 11.25 mg/L, which had a negligible difference with that of
using 8.75 mg/L dosage. Strangely the COD removed at this
dosage (41.27%) was found below the pre-planned removal ef-
ficiency and was nearly achievable with commercial PAC prod-
ucts ( Table 1 ) ( Wan et al., 2011 ). Hence, the polymer dosage at
8.75 mg/L was concluded as the optimum dose by taking into
consideration COD removal as the most important issue and
employed for the rest of the experiments in this study. 
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Fig. 2 – (a) Effect of PAC 30 :12.5 mg/L PAM and 2.5 g/L MS, (b) effect of PAM: 4.82 g/L of PAC 30 ), (c) effect of MS: 4.82 g/L PAC 30 , 
8.75 mg/L of PAM, (d) effect of pH: 4.82 g/L PAC 30 , 8.75 mg/L PAM, 2.5 g/L of MS, and (e) effect of Stirring Speed: 4.82 g/L 
PAC 30 , 8.75 mg/L PAM, 2.5 g/L of MS on COD and turbidity removal with respective pH of 8. 
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.1.3. Effect of MS dosage 
ince the high ionic strength of the coagulation media (FW 

igestate) suppresses the settling rate of the coagulum, the 
rocess needs to be supplemented by additives, like MS.
here coagulant, MS and target pollutants coagulate together,

nd the resulting “seed-coagulant-pollutant” agglomerates 
re subsequently removed from the suspension either by sed- 
mentation or filtration. 

The effect of magnetic (Fe 3 O 4 , the average particle size of 
80-300 mesh) was studied by increasing the dosage from 2.5 
o 6.25 g/L ( Fig. 2 c ) in a coagulation media. The maximum tur-
idity removal (99.39%) was achieved at 2.5 g/L of seed com- 
ined with optimum PAC 30 and PAM dosage. The removal was 
hen slightly decreased with increasing dosage, as the excess 
eed enhances the formation of more crystalline floc with 

ess sorbing/enmeshment potential; it may incline to settle 
he coagulum before the completion of the proper coagulation 

rocess ( Section 3.3 ). Likewise, the maximum COD removal 
50.96%) was achieved at about 2.5 g/L of MS dosage and grad- 
ally decreased with increasing its dosage. 
.1.4. Effect of pH 

he pH of raw water is the other process variable having an 

mportant effect on the removal of pollutants (suspended and 

ther related components) as it can alter both hydrolysis char- 
cteristics and the binding site of the coagulant as well as the 
ature of the contaminant ( Chen et al., 2006 ). 

During the preliminary experiment, the optimum pH value 
as determined in the absence of PAM and MS and nonopti- 
ized PAC 30 dosage. The influence of pH value, particularly 

n turbidity and COD removals, was determined by a varying 
ange of raw FW digestate pH values (6.5 – 9.5) with an opti- 

ized coagulant, PAM, and MS dosages. As shown in Fig. 2 d ,
he pH was 8.0, corresponding to the minimum residual tur- 
idity and COD value with the removals of 99.40% and 51.15% 

f turbidity and COD, respectively. The increase in removal 
fficiency with pH was attributed on the one hand, via the 
ncrease in the negative nature of the colloidal suspension,
hich can bind effectively with high positively charged coag- 
lant aggregate by turn with MS and PAM, on the other hand 

ia improving the partial hydrolysis characteristics of polynu- 
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clear coagulant ( Chen et al., 2006 ). Although the partial hy-
drolysis of polycationic species increases at a very high pH
value, the hydrolysis products’ positive charge may be grad-
ually reduced, and the electro-neutralization would decline,
which resulted in the increase of the residual turbidity (COD).
Besides, the other species Al ( OH ) −4 or Al ( OH ) 3 were expected
to be formed, and turbidity and COD removal was thus de-
creased due to changes in removal mechanism and sorption
efficiency in addition to charge reversal ( Chen et al., 2006 ). 

2.1.5. Effect of stirring speed 
To investigate the effect of stirring speed on the treatment of
FW digestate, the experiment was carried out in the range of
stirring speed (100 r/min – 350 r/min) with optimum condi-
tions of pH, PAC 30 , PAM, and MS ( Fig. 2 e ). The residual tur-
bidity and COD were gradually decreased by increasing stir-
ring speed. The maximum removals of turbidity at 99.40% and
COD at 52.88% were attained at 300 r/min and 250 r/min, re-
spectively. The turbidity and COD removals were decreased
slightly at a stirring speed of 350 r/min. Except for the discrep-
ancy in the removal between COD and turbidity at 300 r/min,
the cause seems reasonably related to the strong kinetic en-
ergy and hydraulic shear. The shear force disperses the flocs
and kinetic energy, which leads to floc’s breakage. Since the
turbidity removal at 250 r/min was 99.40%, which had an in-
significant difference with the removal at 300 r/min, 250 r/min
of the stirring speed was thus chosen as the optimum speed
in this study. The velocity gradient (G) is a very important fac-
tor when it comes to determining the probability of the parti-
cles coming together. As a result, the G value was calculated
according to ( Jarvis et al., 2005 ) (Supporting Information). The
velocity gradient value of 522.23 sec −1 and 48 sec −1 for rapid
and slow mixing were respectively, achieved in this study. It
appears that the G value of 500 sec −1 - 600 sec −1 (250 r/min
- 300 r/min) and 48 sec −1 -75 sec −1 (50 r/min - 70 r/min) are
the most favorable gradient of rapid and slow mixing, which
are in agreement with the standard limit. The excessive veloc-
ity gradient causes floc rupture, while excessive time allows
flocs erosion to occur ( Mhaisalkar et al., 1986 ; Mohammed and
Shakir, 2018 ). 

The flocculation stage mainly causes the effective collision
between small flocs ( Ma et al., 2016 ) and agglomerate them
into sediments. If the mixing intensity is too large, it will cause
the particles to grow too fast and weaken the strength of the
flower, by turn reduce removal efficiency. If the mixing inten-
sity is too small, the probability of collision between small
particles and large particles is drastically reduced, and small
particles that are not flocculated are eventually ignored to be
trapped by the settling coagulum ( Sun et al., 2019 ). 

2.2. Nutrient removal 

Nitrogen and phosphorus are the main causes for eutrophica-
tion, and eventually leading to aquatic environmental deterio-
ration ( Boeykens et al., 2017 ). Since the FW digestate is known
to contain a high concentration (Appendix A Table S2) of am-
monia nitrogen and phosphorous ( Zuriaga-Agustí et al., 2016 ),
they need to be controlled or efficiently removed before the
subsequent biological process in order to meet the discharge
standards. 
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.2.1. Phosphorus removal 
he change in phosphate removal during coagulation with 

arious dosages of PAC 30 , PAM, MS and pH is presented in Ap- 
endix A Fig. S1 . The pH corresponding to the maximum re- 
oval of phosphate was 7.0, different from that of both COD 

nd turbidity removals discussed above. Although there ex- 
sts a marked discrepancy in the removal trend of phosphate,
urbidity, and COD with pH variation, the observed removal of 
hosphate was 98% at pH 8.0. However, this removal is suffi- 
ient enough compared with other coagulants’ performance 
 Table 1 ). Hence, pH 8.0 was chosen as it offered the opti- 

um removal of both turbidity and COD ( Section 3.1.4 ), and 

he residual phosphate would be easily degraded by the subse- 
uent process. As pH increased and eventually ( > 9.0), the pos- 

tive surface charge of the floc/coagulant particle decreases,
nd other Al species appear, which consequently suppress 
he removal. Although the positive surface charge is very high 

t lower pH value ( ≤6), the polycation suffers from hydroly- 
is/flocculation; hence the phosphate removal was negligible 
confirmed during pre-experiment). 

The effect of PAC 30 on the removal of phosphate was mon- 
tored at a fixed initial pH of the FW digestate. Accordingly,
hosphate removal appeared to increase with the rise in 

AC 30 dosage, suggesting electrostatic/binding site increase 
ith increased particles/floc fraction. In addition, shear resis- 

ant flocs formed due to high PAC 30 dosage can effectively bind 

he phosphate ( Jarvis et al., 2005 ). The effect of both PAM and
S on particulate and dissolved phosphorus removal resem- 

led their effect that was discussed above on the removal of 
ther components. In general, these investigations prove the 
fficient removal of phosphate and reduction of COD simulta- 
eously from FW; consequently, it would help to enhance the 
erformance of subsequent biological treatment. 

.2.2. Ammonia nitrogen ( NH 

+ 
4 − N ) removal 

itrogenous matter in wastewater can be divided into 

wo categories: non-biodegradable and biodegradable. The 
on-biodegradable nitrogenous fraction is associated with 

he non-biodegradable particulate, chemical oxygen demand 

COD). 
Since the particulate fractions were effectively removed 

rom digestate sample ( Section 2.1.1 ), here, particular em- 
hasis was given to the dissolved components, particularly 
H 

+ 
4 − N removal. As listed in Appendix A Table S1 , the am- 

onium content (1861 mg/L) was more than 75% of the total 
itrogen (2244 mg/L) in the raw FW digestate. As shown in Ap- 
endix A Fig. S2 , the removal of NH 

+ 
4 − N was improved with 

ncreasing the dosage of PAC 30 , PAM, and MS, except for the 
H change. Nearly 20% of removal was achieved at optimum 

ondition. Although the removal of dissolved nitrogen was ap- 
eared not as significant as phosphorus removal, it was ex- 
ected to be efficiently removed by the subsequent biological 
rocess. 

.3. Removal efficiency of pollutants under optimized 

onditions 

.3.1. Suspended/Particulate contaminants 
t is apparent from Table 1 that turbidity removal with 

nly PAC 30 was 97%, attributed to sufficient destabilization 
f colloidal particles with a strong charge on nanocluster 
 Chen et al., 2006 ; Kimura et al., 2013 ). However, some frac-
ion of very small flocs remaining suspended might be re- 
ponsible for residual turbidity, but which were well collected 

y introducing PAM to the media; thus, turbidity and TSS re- 
ovals were each increased to 99% in the presence of opti- 
um PAM dosage. However, the MS introduction to the media 
as shown to have less effect on their removals, as it supple- 
ents the coagulation by predominantly improving the set- 

ling rate ( Section 3.5 ). Concomitant with turbidity removal,
he 54% removal of total COD ( Table 1 ) was achieved by co-
gulation with PAC 30 alone; the COD removal was increased 

o 57% by introducing PAM while no significant change was 
bserved on the removal by adding MS. The removal of partic- 
late COD (pCOD) was eventually increased to 96.36% in the 
resence of PAM, and MS spiked jar test samples. In contrast,
oth total phosphorus and phosphate removals were found 

o have negligible change after introducing both PAM and MS,
xcept a relative improvement in particulate phosphate re- 
oval. 

.3.2. Dissolved contaminants 
s shown in Table 1 , about 38.62% and 90.53% of removal 
elonged to dissolved and particulate COD, respectively, re- 

ated to the effectiveness of the high basicity coagulant on dis- 
olved organic compounds removal ( Abeysinghe et al., 2013 ; 
imura et al., 2013 ), which cannot be achieved with conven- 

ional coagulants (Appendix A Table S4 and Fig. 3 ). 
Fig. 3 shows that PAC 30 achieved more removals of both low 

MW and high AMW dissolved organic matter (DOM). Because 
he H 2 O and OH 

− found around the belt sphere of Al 30 poly-
ation ( Fig. 1 ) which can exchange proton with a bulk media
 Chen et al., 2006 ), and the deprotonated site can effectively 
ind with functional groups (ligands) of dissolved organics.
nlike the complex of simplex aluminum species, the result- 

ng complex with the nanocluster product is insoluble in na- 
ure ( Kimura et al., 2013 ), and then easily converts into amor-
hous flocculate, that still having a sorbing potential. Some 
issolved organics can also directly bind to the reactive proton 

xchangeable site around the bridging unit of Al 30 by complet- 
ng the puerperal coordination and coagulate them to amor- 
hous flocculates ( Demissie et al., 2020 ). Although there has 
een increased floc size for all samples dosed with PAM ( Fig. 4 ),
he intensity of AMW spectra increased as compared to the 
ame sample treated with coagulant alone or with MS ( Fig. 3 ).
his can be explained that a certain unbind fraction of PAM 

emained in the bulk after coagulation is related to the spec- 
ra. Not only large AMW but also small AMW spectral were 
hanged, owing to the product of chemical reaction with the 
omplex mixture of sample components. In general, almost in 

ll cases, the removals of the dissolved component by PAC 30 

ere not highly influenced by the presence of supplementary 
omponents, reflecting that they were mainly aiding the pro- 
ess. 

3D EEM spectroscopy was applied to investigate the fate 
f DOM removal in the presence of PAC 30 and commercial 
AC with MS and further determine the degradation be- 
aviour of pollutants in wastewater. Fig. 5 a clearly shows 

he distinctive peaks at A (E X /E M 

= 200-240 nm/275-330 nm),
 (E X /E M 

= 205-240 nm/330-380 nm) which belongs to sim- 
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Fig. 3 – The apparent molecular weight (AMW) chromatogram of UV response at 254 nm for raw water and treated water by 

PAC 30 and PAC in the absence or presence of coagulant aids at optimized conditions at pH = 8.0 (For PAC 30 , MS = 2.5 g/L, 
PAC 30 = 4.82 g/L, PAM = 8.75 mg/L and Stirring speed = 250 r/min. For PAC MS = 3.0 g/L, PAC 30 = 12.0 g/L, PAM = 12.5 mg/L 
and Stirring speed = 250 r/min). 

Fig. 4 – The mean particle size distribution of floc collected 

after coagulation with PAC30 and PAC coagulants at 
optimized conditions at pH = 8.0 (For PAC 30 , MS = 2.5 g/L, 
PAC 30 = 4.82 g/L, PAM = 8.75 mg/L and Stirring speed = 250 
r/min For PAC, MS = 3.0 g/L, PAC 30 = 12.0 g/L, PAM = 12.5 
mg/L and Stirring speed = 250 r/min). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ple aromatic proteins such as tyrosine-like and tryptophan-
like substances, C (E X /E M 

= 210-245 nm/380-425 nm) and
D (E X /E M 

= 240-270 nm/390-450 nm) respectively correspond
to fulvic-like and humic-like substances, E (E X /E M 

= 260-300
nm/270-380 nm) represents soluble microbial by product-like
substances ( Jia et al., 2014 ; Yu et al., 2020 ). Moreover, Fig. 5 b
and 5 c show an intense peak at E X /E M 

200-225 nm/275-325
nm correspond to hydrophobic neutrals (HON) ( Leenheer and
Croué, 2003 ). EEM spectr a ( Fig. 5 a ) exhibited the hydropho-
bic components than the hydrophilic component and exper-
iment show PAC 30 removed most of the hydrophobic less
readily biodegradable or transformable substances e.g. exter-
nal foulant, soluble microbial products and more extracellu-
lar polymeric like substances from the wastewater than PAC
( Fig. 5 d and 5 e ) ( Xiao et al., 2019 , 2016 ). 
In addition to EEM spectra, fluorescence indices were cal-
culated to determine the nature of DOM and its removal (Ap-
pendix A Table S5 ). The fluorescence index (FI) of FW di-
gestate (FI = 2.97) was higher than 1.9, which means that the
DOM was mainly autochthonous derived ( McKnight et al.,
2001 ; Rodríguez-Vidal et al., 2020 ). Whereas the biological in-
dex (BIX) was 1.71, which is higher than 1, indicates a bio-
logical or aquatic bacterial origin of DOM ( Zheng et al., 2020 ;
Zsolnay et al., 1999 ). The humification index (HIX) of the
FW digestate was 0.04 indicated in situ formation of DOM
due to biological activities ( Huguet et al., 2009 ; Rodríguez-
Vidal et al., 2020 ; Zheng et al., 2018 ). Results confirmed that
PAC 30 based magnetic coagulation showed excellent DOM re-
moval (FI = 1.04, BIX = 0.93, HIX = 0.01) compared with com-
mercial PAC (FI = 2.67, BIX = 1.20, HIX = 0.02). 

2.3.3. Particle size 
The particle size distribution of raw water and samples after
coagulation (with different coagulants) was shown in Fig. 4 .
As shown in Fig. 3 , the particle size of samples after coag-
ulation with both PAC 30 and PAC increased with spiking MS
and further increased with PAM dosage. The most significant
increase in size was observed in the case of PAC 30 . A simi-
lar phenomenon was observed in the floc structure obtained
from SEM analysis. Although the floc of PAC 30 is assumed
to have high sorbing potential due to high surface area, and
smooth glossy (amorphous) surface (Appendix A Fig. S3a ), its
sedimentation rate was hampered by the high ionic density
of the sample water. However, using coagulant aids, partic-
ularly, MS, is accompanied by the formation of sheer resis-
tant and heavier flocs (Appendix A Fig. S3b ). Moreover, PAM
addition (Appendix A Fig. S3c ) was found to enmesh formed
flocs, which could thus significantly minimize the settling
time ( Section 3.5 ). 

2.4. Proposed mechanism of MS coagulation 

In summary, the removal model for DOM by MS and coagu-
lants could be assumed as Fig. 6 . There exist different pos-
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Fig. 5 – Excitation emission spectroscopy of (a) Raw FW digestate, (b) coagulation with PAC 30 , (c) MS + PAC 30 + PAM, (d) 
Commercial PAC, (e) MS + Commercial PAC + PAM: at optimum conditions, except (a). 
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ible mechanisms due to the complex behaviour of coagu- 
ant species in water, and the diversity of DOM. Among them,
our typical floc states were formed due to the complicated 

hemical-physical process after coagulant injection. (1) MS in- 
roduction increases collision frequency and decreases the av- 
rage distance between particles (Brownian motion), which 

ead to high sedimentation and turbidity removal due to high 

ensity; (2) Also, the complex matrix of MS and Al species can 

ffectively destabilize suspended (colloidal) particles; (3) Fe-O- 
 of MS may interact either with coagulants or protonated/ de- 
rotonated site of DOM via ligand exchange, hydrogen bond- 

ng and complexing reactions, thus flocculate together (Al 30 in 

AC 30 might have more tendency than others due to its more 

m

roton exchangeable sites) ( Abeysinghe et al., 2013 ). (4) MS can 

e used as a sorption substrate (nuclei) for coagulant species,
articularly for polymeric species, by turn oppositely charged 

OM binds effectively on the positively charged layer, and the 
nal densely structure would flocculate readily ( Zhang et al.,
017 ; Zhu et al., 2020 ). The negative zeta potential value of
S at working pH signifies this phenomenon. PAM is mostly 

nown by more bridging these formed particles together. 

.5. Settling time and chemical costs analysis 

he settling time during the coagulation process with com- 
ercial PAC and PAC 30 in the presence and absence of MS was 
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Fig. 6 – Mechanism of MS coagulation. 

Fig. 7 – Effect of commercial PAC and PAC 30 with presence and absence of MS sludge volume at different settling time, (a) 
PAC, (b) PAC 30 , and turbidity value at different settling time (c) PAC, (d)PAC 30 : at optimum conditions. The slope is considered 

upto inflation point. ∗∗ denoted 95% significant level. 
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Fig. 8 – Coagulation experiment results with optimum dosages after 60 minutes settling time (a) PAC 30 + PAM, (b) 
PAC 30 + PAM + MS, (c) Commercial PAC + PAM, (d) Commercial PAC + PAM + MS: at optimum conditions. 
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nvestigated. Turbidity and corresponding sludge volume were 
bserved with different settling times at optimum dosages of 
oth coagulants (Appendix A Table S6 ). As shown in Fig. 7 b ,
he turbidity removal was 98.06% and 92.68% for PAC 30 and 

ommercial PAC , respectively, after 5 min of magnetic coag- 
lation. These values were nearly achieved without MS af- 
er 30 min, but the turbidity removal without MS after 5 min 

as only 94.48% and 88.88% for PAC 30 and commercial PAC , 

espectively. The results clearly show MC is faster than con- 
entional coagulation with both commercial PAC and PAC 30 ,
ith PAC 30 showing higher turbidity removal. It, thus, can be 
educed that the main function of the MS is to improve the 
ettleability of floc. 

As shown in Fig. 7 a , less sludge volume is produced in co-
gulation with MS than with its absence, which was reduced 

y 31.58% and 33.33% for PAC 30 and commercial PAC, respec- 
ively; and higher sludge compaction rate was observed in 

oth coagulants combined with MS addition. The results show 

 Fig. 7 a , 7 b , and Fig. 8 ) the commercial PAC had a relatively low
ettling rate and less sludge volume than the PAC 30 when em- 
loyed in the absence and presence of MS. PAC 30 was found to 
emonstrate not only a relatively faster settling rate but also 
as characterized by efficient removal of turbidity, COD, and 

ther components ( Fig. 8 and Table 1 ). 
A combination of efficiency and cost-effectiveness is the 

ssential prerequisites for the sustainable treatment process 
 Boguniewicz-Zablocka et al., 2019 ). Generally, the coagulation 
rocess’s operating cost is related to the cost of energy, chem- 
cal, and sludge disposal ( Yoo, 2018 ). A real case study needs
o be carried out to conduct an accurate economic assess- 

ent. This study includes only the chemicals cost, which was 
arried out based on the available prices from 2020 given by 
he company (Xinying, Beijing, China); commercial chemical 
rices are presented in Appendix A Table S7 . Since PAC 30 is not
et commercialized, the emphasis was given for the PAC cost 
nalysis, which can be cascaded for the PAC 30 as its produc- 
ion process resembles the commercial products. The chemi- 
al cost was calculated from the optimum dosage, then the re- 
oval cost of 1kg of COD was estimated for each coagulation 

tep ( Fig. 9 ). The estimated chemical costs for the magnetic 
oagulation process under optimal conditions are 0.137 USD 

nd 0.295 USD for PAC 30 and commercial PAC, respectively, per 
ubic meter of the FW digestate. 

Adding magnetic seeds to the coagulation process dras- 
ically accelerates the settling rate and reduces the settling 
ank volume. For instance, while the average settling time 
f conventional coagulation is 30 min ( Marañón et al., 2008 ; 
en et al., 2019 ), the MC process settling time is approximately 
-7 min ( Cao et al., 2017 ; Marañón et al., 2008 ). The settling
ime of MC was less than 5 min to reach 200 mL of sludge vol-
me for the PAC 30 + PAM + MS, which reduced the sedimenta- 
ion tank volume tenfold, compared with 40 min of settling 
or that without MS ( Fig. 7 a ). Even though the MC process
as found to increase the chemical cost to some extent, it 
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Fig. 9 – Comparison of chemical cost for each coagulation step to remove the 1kg of COD in FW digestate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

can be regarded as an important process in terms of saving
the volume of the tank basins and improving the treatment
capacity. In addition, the recovery of MS (approximately 99%)
( Zhang et al., 2016 ) can further decrease the MS dosage and,
consequently, the total chemical costs, which makes it a cost-
effective alternative process in a limited space area and highly
urbanized sites. 

3. Conclusions 

In this study, the high content of polynuclear nanocluster
solution (PAC 30 ) was prepared as a coagulant and combined
with MS for the pre-treatment of the FW digestate. Compared
with commercial PAC, PAC 30 was more effective in remov-
ing TSS (98.04% ± 0.1%), COD (58.28% ± 0.3%), TP (99.98% ±
0.1%) and phosphate (99.50% ± 0.01%). The optimized dosage
of PAC 30 was at 4.82 g/L, much less than that of commercial
PAC. Results from AMW and 3D-EEM analysis showed that
the small and large AMW molecules, and hydrophobic non-
biodegradable dissolved components were most removed by
PAC 30 , which are the common bottlenecks for the subsequent
biological process. The coagulation of PAC 30 and MS shows a
cost-effective method for the pre-treatment of FW digestate,
because the MS speeds up the settling rate and drastically re-
duces settling time (40 to 5 min), saving many footprints for
the coagulation- pre-treatment process of the FW digestate. 
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