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ABSTRACT

Advanced dewatering technologies with moisture eonfrom nearly 80% to
below 60% have attracted widespread attention énfild of municipal dewatered
sludge disposal. The usage of the correct typexiofints and the degradation of key
component on the effect of secondary advanced eewgtperformance is a rising
focus. In this study, three types of typical oxigafFenton’s reagent, -8,, and
KMnO,) were used to pre-treat dewatered sludge direitityy advanced dewatering
performance, conversion rate of bio-bound water gambmposition trend of various
organic biomass were analysed. Results showed fihat moisture content of
Fenton’s reagent group reduced to below 50% witosdre to the compression of
1,000 kPa for 30 min. Different oxidants that werearacterized by selective
oxidizability and, compared with other oxidants,int\adecomposed proteins, lipids
and humic substances, the key component of poligsaices, which may combine
with the most water were primarily decomposed bgtéwe's reagent. This promoted
the conversion from bio-bound water to free wated aadvanced dewatering
performance significantly. From a morphological gperctive, the ratio of dissolved
polysaccharides from three layers showed Pelligistly bound EPS (T-EPS): loosely
bound EPS (L-EPS) = 52.28%~66.56% : 8.37%~12.72%15%~39.08%, and due
to the cell-breaking capacity, Fenton’s reagentidconainly promote the release of

intracellular polysaccharides-bound water.

Keywords: advanced dewatering; selective oxidative decontiposibio-bound water;
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polysaccharides
1. Introduction

With the growing quantity and processing capacifywastewater treatment
plants (WWTPs), there remains an increase in deactEudge emissions which will
pose a huge threat to environment and public hehdtithe next several years, the
production of dewatered sludge will increase aita of 16% and, by 2020, will reach
60 million tons annually in frequent media repoisost WWTPs in China, which
generally produce dewatered sludge with a moistargéent of nearly 80% are facing
a great challenge of large amount of sludge neée isposed urgently. Additionally,
there are certain number of sludge pits, which @iosthuge amount of dewatered
sludge in many cities. At the same time, in orderehsure the final disposal of
dewatered sludge properly, government has establisbveral relevant standards and
moisture content is restricted to be 50%—-65% fog thisposals of individual
incineration, mixed landfilling, agricultural andrést land improvement. In addition,
there is a non-negligible volume reduction if theisture content falls below 60%
(Zhu et al., 2003). However, advanced dewateringansexpensive and difficult
process due to the strong water binding capacitys{fnta and Viikari, 1993),
mechanical dewatering is often selected due treltgively lower energy and charge
(Mahmoud et al., 2010). Therefore, the ability terfporm mechanical secondary
advanced dewatering with a moisture content froarlge80% to below 60% is now a
focus in the field of dewatered sludge disposal.

The whole dewatering process (from approximatel%% 38 below 60%) could
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be divided into two completely different sub-proesitration stage (nearly 98% to
nearly 80%) and compression stage (nearly 80% kowb€0%). So far, filtration
stage has been studied widely and It is well kntivat filter dewatering performance
can be evaluated by two parameters: Specific EdtmeResistance (SRF) or Capillary
Suction Time (CST), and the correspondence betweeparameters and actual filter
dewatering performance is very exact (Neyens et 2003). First, from the
perspective of microstructure which influence SB&ber and Veenstra (1986) found
SRF depended little on the amount of bound watbereas significantly affected by
particle distribution (i.e., smaller particles pdseer channels to dewatering) and the
smaller the floc size, the harder it was to dew#teough comparing 28 different
sources of excess sludge (raw moisture conteninmgrigpm 97.8% to 99.8%); Karr
and Keinath (1978) classified anaerobic sludgeayatetd sludge, and excess sludge
into four floc sizes with a sieving method, therxed flocs of different sizes to study
the effect of floc size on dewatering performararg] found that even if the types of
sludge were different, the SRF with similar flozesdistribution were almost similar.
When the number of fine particles (< 1ih) increased, the sludge cake became
clogged during filtration, which, in turn, increasthe SRF value; Xiao (2018) also
found the increased amounts of small size partickessed by EPS degradation and
sludge disintegration may clog the porous structiumeng filtration; Second, in terms
of key component which influence SRF, You (2019 that the increased proteins
would corrected significantly with SRF. Higgins ahbvak (1997) used divalent

cations (e.g., G and Md") to culture activated sludge and found that th€& S&ue
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decreased after increasing the bound proteinsarfltts, but did not significantly
changed with the bound saccharides. Therefore, kihe factor and component
affecting the filtration dewatering performancemainly microstructure and proteins
respectively.

To obtain the final moisture content of approxinha@%, board-frame-pressure
filter processing technology after the pre-treatmeith flocculants and abundant
lime is used commonly in practice. Besides, sinskardies have analysed numerous
other lime-like conditioning materials, such as eetrkiln dust, fly ash, coal powder,
lignite, gypsum, magnesia powder, magnesite powddrmud, cement coke, bagasse,
and waste incineration slag (Benitez et al., 19%pa et al., 2009; Chen et al., 2010;
Liu et al., 2012; Liu et al., 2013; Zhang et abD13). However, the decreasing final
moisture content is mainly promoted by the additaindry matters which would
increase final volume of cake, rather than thehdisge of bound water, so it could
only be considered as a type of “quasi-advancedtiimg.”

To reach the “true-advanced dewatering”, methodswioving bound water by
chemical oxidation is gradually becoming the receadirection. Due to EPS
represent up to 80% of the mass of activated slydgay et al., 2008) and a
considerable amount of water trapped either inghese sludge microorganisms or
within the flocs (Erdincler and Vesilind, 2000), st@f the water in dewatered sludge
is bio-bound water. Recently, many studies havetestato attempt to convert
bio-bound water to free water in activated or egcskidge (moisture content of

approximately 98%). Kato (1971) found that whent@rowas hydrolyse by protease,
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SRF increased 10.7-fold and dewatering performasigaificantly decreased for
producing smaller floc particles; Chen (2016) fouhdt protein oxidation via CgO
peroxidation associated with chemical re-floccalatimproved filtration dewatering
performance but a high dosage resulted in the ldisso of a large quantity of
protein-like substances, which was detrimentallt@fion.

Overall, pre-treatment by flocculants and lime donbt promote the removal of
bound water while chemical oxidation of organicrbass would cause blockage at
filtration stage (Liu et al., 2013), So, secondatyanced dewatering technology with
chemical oxidation pre-treatment on the basis efadered sludge will overcome both
the two shortcomings at the same time. With resfmetite plate-frame-pressure filter
operation principle, if bio-boundatercould be converted to free water by oxidation,
sludge fluidity will significantly increase and,taf plunger pump feeding, the final
moisture content may realize a reduction from 8@%below 60% through the
pressure process directly. There are significastirditions between filtration process
(approximately 98% to nearly 80%) and compressimtgss (nearly 80% to below
60%), which the separation process has entereav#iter extrusion process inside
solid-like flocs instead of mud. O’Kelly (2005) skified the compression process as
a soft soil consolidation process, which can ondydvaluated with the theory of
consolidation in ‘Soil Mechanics’ rather than thHRFSor CST value. Besides, from the
perspective of material composition, the complexl aiverse organic biomass in
dewatered sludge are still comprised of proteimdygaccharides, humic substances,

lipids and nucleic acid (Mowla et al., 2013); Frdhe perspective of micro space,
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EPS in sludge flocs are proposed to exhibit a dyoaiouble-layer-like structure,

composed of loosely bound EPS (L-EPS) and tightlyrldl EPS (T-EPS) (Yu et al.,
2007). Therefore, there are several uncertainteed o be confirmed further: (1)
How to evaluate the advanced dewatering performahdewatered sludge properly?
(2) Could chemical oxidation promote the advancegatering performance through
the conversion of bio-bound water to free water?w8ich is the key component
control the advanced dewatering performance andt viknathe morphological

properties? To answer to these questions, thresstgp conventional oxidants were
selected to pre-oxidize the dewatered sludge dyréat the first time and advanced
dewatering performance was evaluated via consaidatewatering experiments.
Then, the key component was found through differkimds of analysis of

components in free water. Finally, the mechanisnke&yf component on advanced
dewatering was discussed through the relationshiffge changes of organic biomass,

water form, and advanced dewatering performance.

2. Materials and methods
2.1. Raw dewatered sludge and reagents

Raw dewatered sludge was obtained from dewaterorgskiop of the Jiangning
Development Zone WWTP in Nanjing city. The treattechnologies of sewage and
excess sludge are “double-channel oxidation diteimtd belt filter press after
polyacrylamide flocculation respectively. The saenphas stored at 4°C after

obtaining and fibres, plastics, leaves, and hagsewemoved. Table 1 lists the basic
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characteristics of the raw dewatered sludge.

Table 1. Basic characteristics of the raw dewatshedige(%).

Moisture content Free water Bound water Organic content Status/colour

80.30 46.34 33.96 41.59 Solid-like/dark brown

“Determination method for municipal sludge in wagéer treatment plant
(CJIT221-2005, in Chinese)” was used to determeentoisture content and organic
content of the dewatered sludge. All reagents vaeadytical grade (AR), including
Fenton’s reagent (O ny,o,/N7u,0.res0,=2/1, according to the conclusion of our
previous experiments, this ratio is the most sietalormula), HO, (30%), and

KMnO,. Table 2 lists the basic characteristics of thhedloxidants.

Table 2. Basic characteristics of the three oxislant

Oxidant Fenton’s reagent H,0, KMnO 4
Oxidation Reduction Potential (ORP)/V 2.85 1.78 1.68
Status Solution + powder solution powder

2.2. Pre-oxidation experiment of dewatered sludge
Dewatered sludge (100 g) was well mixed with thentccal amount of Fenton’s
reagent, HO,, and KMnQ, then reacted for 30 min with being kneaded caomiusly

(According to the results of previous research,akielation reaction will finish in 30
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min) at a reaction temperature of 25+1°C, withsheme dosages of 1.07, 2.15, 3.25,
4.30, and 5.37 mmol/gDs (gram dry substance) aadldar reagent ratio of Fenton’s
reagent was listed in Table 3.

Table 3. Reagent ratio of Fenton’s reagent.

Fenton’s reagent (mmol/gDs) 1.07 2.15 3.25 4.30 5.37
FeSQ, » 7H,0 (g/gDs) 0.15 0.30 0.45 0.60 0.75
H,0,(30%) (mL/gDs) 0.11 0.22 0.33 0.44 0.55

The oxidants were added stepwise described by Ru6)and raw dewatered

sludge without pre-oxidation was used as reference.

2.3. Evaluation of advanced dewatering performance

A self-made advanced dewatering test device (Figodsed on the consolidation
tester introduced in “Soil Mechanics” (O’Kelly, 2800 was used to determine the
changes of moisture content range from nearly 80%etow 60%. This device has an
area of 30 cthand a height of 3 cm. There is a filter paper aqmkrmeable stone that
allowed for drainage at the bottom and the increpsif pressure in the upper parts
via a pressurizing piston. Samples were compadted they were placed into the
chamber and a graded pressurization program was $gt12.5, 25, 50, 100, 200, 400,
800, and 1,000 kPa. The cumulative time of increapressure was 10 min, then the
maximum pressure of 1,000 kPa was maintained fomB0O After the experiment,

final moisture content of cake and amount of demmgewere measured. Advanced
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dewatering performance was evaluated by both fima@bkture content and dewatering
rate §) through equation (1):
n= (mg-my) /' m (2)
where mg is the amount of filtrate;
m,, is the amount of the liquid reagent addedd}{ the addition of KO, could
hardly affect the final dry mass and it is assurttet HO, was added as foreign
water, but not belongs to the raw sludge);

andm s the quality of water in raw dewatered sludge 38g).

P piston

filtrate () drainage channel (b)

Fig. 1. Advanced dewatering test device: (a) Rawatered sludge and (b) Final advanced

dewatered sludge cake.

2.4, Determination of moisture form

On the compression stage, moisture form may bekdlyefactors affecting the
advanced dewatering performance. According to Bathidy (1978), bound potential
(pF value) could represent the combination stremgtiveen dry matters and water,
and high-speed moisture centrifugation method veexi uo determine the moisture

form of dewatered sludge for its better reflectitmn the mechanical dehydration
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performance. Lebedev (1936) suggested that whempkhgalue less than 3.8, the
water is free water, whereas larger than 3.8, themis bound water. In this study,
conversion of moisture form in dewatered sludge weasasured by a CR2GIII
high-speed refrigerated centrifuge (Hitachi), amel éxperimental temperature was set
to 25°C. Then the centrifuged water was simultaskoeollected and filtered through

a 0.04um glass fibre filter as a free water sample forsggjnent analysis.

2.5. Determination of decomposition degree of oighiomass

Dewatered sludge is divided into cake and free wdte the high-speed
centrifugation method. Changes between the amduhotal Organic Carbon (TOC)
in cake (dry matters after freeze-drying treatmemt)l Dissolved Organic Carbon
(DOC) in free water could reflect the decompositiegree of organic biomass after
pre-oxidization (Zhang et al., 2005; Torrades et 2003). TOC was measured by

TOC-Vcpn(Shimadzu) with Solid Sample Module and DOC with@T Module.

2.6. Determination of organic biomass type in freder

2.6.1. Molecular weight (MW) of the organic biomass free water was
measured via high-performance size exclusion chtognaphy after purification by
dialysis (membrane with a cutoff-molecular weigltit5®0 Da) to remove the the
influence of Fe and Mn. The gel chromatograph (I02-2Shimadzu) consisted of an
SPD-20AYV differential detector and a Shim-pack VB$(150 x 4.6 mm; i.d. pm)

column. The mobile phase was buffered with 5 mMgpimate and 0.01 M NaCl was



225 filtered through a 0.22m filter. Approximately 20uL of liquid was injected at a
226 flow rate of 1.0 mL/min and polyethylene glycol stiards were used to obtain the
227  apparent molecular weight.

228 2.6.2. Functional groups of the organic biomasfree water was measured by
229 FTIR (BRUKER-ALPHA) spectrometer after freeze-diyitreatment under vacuum
230 at-60C for 72h. All the spectra were in a scanning rafngen 1000 to 4000 cth

231 2.6.3. Dissolved fluorescent organic biomass wereeasured by
232  Three-dimensional excitation-emission fluoresceariaflel factor analysis method. A
233  Hitachi F-7000 FL fluorescence spectrometer, witheacitation range of 200-500
234 nm and an emission range of 250-550 nm, was usaeltéomine the types of organic
235 biomass. Spectra were recorded at a scan ratd@® 2m/min while using excitation
236 and emission slit bandwidths of 5.0 and 2.5 nmpee8Bvely. After high-speed
237 moisture centrifugation (see section 2.4), freeewatamples were diluted 10-fold
238  before analysis. In addition, Due to the interfeeeand overlap between the spectra
239 of organic biomass, the identification of fluoresce peaks is often biased. So,
240 parallel factor analysis (Xu et al., 2013) was usedecompose complex fluorescent
241  peaks and distinguish the independent fluoresadrgtances.

242 2.6.4. The contents of aliphatic acid and polysaddes in free water were
243  measured via NaOH titration method after distilatiprovided by “Determination
244  method for municipal sludge in wastewater treatmplant (CJ/T221-2005, in

245 Chinese)” and Sulfate-anthrone method (Raunkjeeal.et1994) separately. Each
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treatment sample was analysed in triplicate anddlative deviations for all analyses

were always less than 5%.

2.7. EPS extraction and analysis after the optpraloxidation

SEPS, L-EPS, T-EPS, and Pellet in dewatered sludge extracted based on the
extraction methods reported by Niu (2013): 5 g deveal sludge after pre-oxidation
was resuspended in a 50 mL tube with distilled watentrifuged at 3,000 g for 10
min, and the supernatant was then collected as SBER& SEPS removal, the
dewatered sludge in the tube was then resuspemdedid mL of NaCl (0.05%),
sonicated for 2 min at 20 kHz, shaken horizontétly 10 min at a speed of 150
rom/min, sonicated for another 2 min and diluted 30mL. The liquor was
centrifuged at 8,000 g for 10 min, and the supamtaivas then collected as L-EPS.
The residual sludge left in the centrifuge tube wessispended in the NaCl solution,
sonicated for 3 min, heated for 30 min at 60°Qytdd to 50mL, and then centrifuged
for at 12,000 g for 20 min, and the supernatant W&S. Finally, sediments were
diluted with a NaCl solution to the original voluraad mixed, which was defined as

the Pellet.

3. Results and discussion
3.1. Advanced dewatering performance
Final moisture content was measured after pre-paiitin, following advanced

dewatering experiment (1,000 kPa, 30 min), as shiowsg. 2(a). The final moisture



268 content of raw dewatered sludge was only reducefl4t83% when exposed to a
269  pressure of 1,000 kPa for 30 min. Obviously, whes dosage of Fenton’s reagent
270 was 4.30 mmol/gDs, the final moisture content waduced to less than 50%.
271 However, final moisture content is extremely susibép to the effects of additional
272 solid substances, and could not reflect the adoadunt of dewatering completely.
273  Combined with the dewatering ratg in Fig. 2(b), the significant emission of water
274 in Fenton’s reagent groups could be seen. Wherldsage of Fenton’s reagent was
275 more than 4.30 mmol/gDs, the final moisture contesmésed to decrease with a
276  continued decline of dewatering rdtg ,so the decrease of moisture content is caused
277 by the addition of dry matters (The changes oflfdrg mass could be seen from Fig
278 S1); There was nearly no significant change of final moisture content and
279 dewatering rate(n) after pre-oxidization with bD,, which could not promote
280 advanced dewatering performance, even preventedisbbarge of water slightly at
281 some point; Although the final moisture contentkdfinO,groups was reduced to a
282  minimum of 53%, no more water was removed basedhendewatering raten).
283  Therefore, moisture content reduction caused by ®Ms mainly due to the addition
284  of dry matter to adjust the final moisture contesntd could not be considered as
285  “true-advanced dewatering”. Overall, the decreddeal moisture content in Fenton
286  groups depended on both the dry matters additidntla@ emission of more water in
287 raw dewatered sludge. Final moisture content amhtiging rate of kO, groups did

288 not change significantly, so B, could be considered as free water-like liquid



289  approximately. The decrease of final moisture canite KMnO, groups which did

290 not drain more water depended on the dry solidtewtdonly.
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293  Fig. 2. Advanced dewatering performance: (a) Finaisture content and (b) Advanced
294  dewatering raten).

295

296 3.2. Moisture form conversion

297 The amount of bound water converted to free watemeasured through the
298 changes of bound water between the dewatered sluitigeut pre-oxidant and after
299  pre-oxidant. The ratio of the amount of bound watenverted to free water to the
300 amount of original bound water is defined as bowader conversion rate (i.e., this
301 value is positive when conversion occurs from botmnfiee water and negative when
302 conversion is from free to bound water; Fig. 3).eTtiecomposition of organic
303 biomass would result in the conversion of moistioen necessarily. The bound
304 water converted to free water significantly aftes-pxidization with Fenton’s reagent,
305  which was able to obtain a maximum conversion cat28%. How, when the dosage

306 was greater than 4.30 mmol/gDs, the generationrgdroc debris with larger specific
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surface area could combine with free water to folwand water and the conversion
would be impeded; Besides, there was no clearteffethe changes of moisture form
in H2O, groups; On the contrary, the amount of bound wiatgeased 6.68% through

the conversion from free water to bound water indQJ4groups.

40
<
S
@ 204 —a— Fenton's reageft
o ——HO,
S —A—KMnO,
2
() 4
© 0
S
O 1
-20

o 1 2 3 a4 5 6
Dosage of oxidizing agent (mmol/gDs)

Fig. 3. Effects of three oxidants on the conversibhound water.

Good correlation between conversion of bound waiter discharge of water was
found through the material balance calculation @ftbn’s reagent groups (Fig. 4). It
could be seen that, the water measured by dehgdratite is mainly free water
instead of bound water which lack of fluidity andutd not be discharged yet under
the high compression. With the increasing amountfreé water, more water
accounting 83.90-95.81% of it would be dischargealdgally. Compared with the
conference sample and two other groups, Fentordgerg has the unique and
significant effect on advanced dewatering and #fiect mainly depends on its
capacity to promote the conversion of bound wategiily combined with organic

biomass) to free water, which is more easily disgba during the compression. This
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is the direct reason of the promotion of advancesvalering performance
significantly by Fenton’s reagent, and it is anoiht method to practical application.
Since Fe would remain in the cake, the amount gfrdatters increased with the
addition of FeS® 7H,0. When the dosage was 3.25 mmol/gDs, the amoudtyof
matters increased 29.95%.

150

|| Dry matter 7] Free water
XY Bound watef | Discharged wate

=

1204
90|
2 ” >/>/>/>/>/>
304 w
)

0 107 215 325 43 537
Dosage of Fenton's reagent (mmol/gDs)

Fig. 4. Material balance éfenton’s reagenjroups.

3.3. Decomposition degree of organic biomass

The content of residual organic biomass in the céken which the free water has
been removed, is expressed by the TOC, and thésesa shown in Fig. 5(a). Total
organic biomass did not significantly decrease rafiee-oxidization with HO,,
whereas there was a maximum reduction of 30.92%C(Tiom 17.66% to 12.20%)
after pre-oxidization with KMn@Q The organic biomass content in free water is
expressed by the DOC, and the results are showaginb(b). The DOC of KMn®
groups was 10mg/L while the Fenton’s reagent only containedregimately 1/10

of this amount and the DOC after treatment witlO§] was approximately one order
of magnitude smaller again, Neyens and Baeyens3{28i8o found the insufficient

oxidation capacity of kD, in excess sludge and Decomposition degree of argani



344  biomass showed KMn>Fenton’s reagent H,O,. As the insoluble organic biomass
345 in the dry matters were gradually decomposed andymed soluble organics which
346  would flow into free water, DOC increased with thdding of oxidants. Besides,
347  since the oxidation ability of Fenton’s reagent ethiwould generate kinds of free
348 radical such as* OH and HQ * is much stronger than,B,, (Zhang et al., 2005;

349  Torrades et al., 2003), the DOC of Fenton’s reagemips is much higher than®b.

350
10
= gl(f‘
X (o]
< £ t
3 %
~ —m— Fenton's reagent A @) 102< —a&— KMnO ),
—8—HO, T o
127 | -a—xwno, A B
10 . . . . . 10 . : : . .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
351 Dosage of oxidizing agent (mmol/gDs) Dosage of oxidizing agent (mmol/gDs)

352  Fig. 5. Effects of the three oxidants on total oigs: (a) TOC and (b) DOC.

353

354 From the comparison of the three groups, the naiat brganic biomass was
355 removed (TOC~DOC) in KMnQ, groups, but there was not the most conversion of
356  bound water; KO, groups removed the least total organic biomasg;hwiad nearly
357 no effects on the conversion of bound water; Altffomot the most of total organic
358 biomass were removed in Fenton’s reagent groupdiditconvert the most bound
359  water to free water. It could be concluded that-éXielative decomposition of the
360 total organic biomass does not inevitably leacheodonversion of bound water to free
361  water. This is possibly related to the combinatietween bound water and one type

362  of key component rather than total organic biomass.
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Ling (1965) suggested that bound water mainly eglish a hydration hard shell
or multi-layer polarization form, and with the peese of hydrogen bonds that had a
strong bond potential. Therefore, the bio-boundewat difficult to discharge even at
high dewatering pressure and, only would be retbaseough its degradation.
Besides, he reported that organic biomass in deachitdudge were mainly consisted
of proteins, polysaccharides, humic substanceslipitts, where 70%—-80% is both
proteins and polysaccharides, 20% is humic substarso the key component in four
above which combined with the majority of bound evanay exist and needed to be

confirmed further in this study.

3.4. MW distribution of organic biomass decompoised free water

To confirm the compositions after pre-oxidatiore MW of organic biomass in
free water was determined via high-performancepgeineation chromatography (the
molecular weight chromatogram is in Figure S2)cduld be seen from Fig.6 that
Fenton’s reagent groups mostly concentrated at D&bpeak, HO, groups only had
a weak peak at 1650 Da, and KMn@oups showed four distinct peaks at 640, 950,
1650 and 2030 Da respectively. Kiss (2003) sugdetstat, peaks at 640, 950, 1650
and 2030 Da referred to different substances. Bostiep, it was certain that different
components in dewatered sludge were oxidized bythhee oxidants and only the
component produced 1650 Da was the key producingluthie pre-oxidation in
Fenton’s reagent group. The more Fenton’s reagedéd the more substances of

1650 Da produced, but bound water would not coneefitee water when the dosage
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larger than 4.30 mmol/gDs. Besides, for the sulestaof 2030 Da containing more
organic carbon element than 1650 Da, the DOC vafueMnO4 groups was large

than Fenton’s reagent groups.
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Fig. 6. Molecular weight (MW) distribution of orgarbiomass in free water: (a) 1.07, (b) 2.15, (c)

3.25, (d) 4.30, and (e) 5.37 mmol/gDs.

3.5. FTIR analysis

To further ensure the component in free water etlgr@ups of samples with the
same dosage of 3.25 mmol/gDs were analysed via ,FAAR the results are shown in
Fig. 7. There was no significant difference of theee peaks in the range 3310-3315
cm?, which mainly included the O-H stretching vibratiabsorption peak in organic
biomass (Sheng et al., 2006; Chai et al., 2007¢ Beal., 1993). peaks at 1050 and

1600 cm'in both Fenton’s reagent and® samples were distinct and clear, which
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mainly included absorption of polysaccharides awtygaccharides-like substance
(Wang et al. 2018); However, KMnGsample showed multi-peak characteristics,
where the distinct absorption peaks of aming1630 cm?), amino I (1550 cft),
amino 1l (1380 cm®), aminoVI(537~606 ci, out-of-plane C=0 bending) (Kong et
al., 2007) and humic substance (2930 %m In connection with the MW
distributions, polysaccharides, proteins and husnigstance exist in KMnOsample

together while most concentrated polysaccharidesezkin Fenton’s reagent sample

probably.
537~606 1050
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Fig. 7. Infrared spectrum of organic matter in fveser.

3.6. Three-dimensional excitation-emission fluoezdeparallel factor analysis
The original fluorescence diagram of the respomsgdcbe seen in Figure S3 and

parallel factor method was used to separate theednsamples into 3, 4 or 5
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components. It could be seen that the error of &etwd and 3 components are larger
while 5 components are more consistent with 4 comapts, so 4 components was
chosen to obtain the standard components (in Figasdl S5), which included
component 1 (a, two peaks, 225/325nm for the lowitatton and 275/325nm for the
high excitation region of tyrosine), component 2 $85/400nm of macromolecular
humic substances), component 3 (c, 370/450nm ofirhacid) and component 4 (d,
240/440nm of fulvic acid). (Sheng and Yu, 2006; Biaal., 2018).

According to the results (Fig.8) of semi-quantitatianalysis between these
components, there were very few tyrosine and dtlienic substances, except fulvic
acid, in the Fenton’s reagent groups; More humiistances appeared in the KMnO
groups while increased amounts of tyrosine andidufcid appeared in the,8;
groups. So, the substance of 1650 Da couldn’t lee dcomposition product of

proteins and humic substances in dewatered sludge.
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Fig.
8. Fluorescent substances in free water. (a) Tiyepgb) Macromoleculahumic substance (c)

Humic acid, and (d) Fulvic acid.

3.7. Lipids and polysaccharide analysis

The analysis results for the lipids and polysaddearin three groups are shown
in Fig. 9, wherein (@) is aliphatic acid and (bs&ccharide. It could be observed that
Fenton’s reagent groups contained the most polisaictes and several aliphatic
acids in free water, ¥, groups contained a minimum amount of both subst&nc
while the KMnQ, groups contained the most aliphatic and an ineeasncentration

of saccharides but not the most.
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Fig. 9. Concentrations a@liphaticacids and polysaccharides in free water Aiphatic acids

and (b) polysaccharides.

3.8. Mechanism of advanced dewatering

To summarize, all the oxidants showed, to a cer&itent, a decomposition
capacity on the proteins, polysaccharides, humibstamces, and lipids in the
dewatered sludge, but without the same trend. Basethe MW analysis of the
organic biomass decomposition products in free mvdkere were several types of
components in KMn@groups, with less in $#0, groups, whereas a specific type of
component in Fenton’s reagent groups. For incrggsiaportion of amino radicals in
free water of KMnQ groups based on the FTIR analysis, Proteins doeldxcluded
preliminarily. Both the proteins and humic substswere essentially excluded when
using the three-dimensional excitation-emissiororiscent-parallel factor analysis
method. The substances of 1650 Da were identifedsaccharides through the
measurement of aliphatic acids and saccharidestt |

Previous studies (Wang et al.,, 2011) have suggetitatl typical oxidative
decomposition products of proteins were solublenamacids, lipids were soluble
aliphatic acids, humic substances were small ansoahsoluble humins and fulvic
acids, and polysaccharides produced low molecalecharides. It could be concluded
that the component in free water of Fenton’s reagesups was mainly soluble low
molecular saccharides and polysaccharides werkepheomponent. The mechanism

of the conversion from bound water to free watex okidative decomposition of
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polysaccharides could be seen from Fig. 10 thalipds not require a large amount of
dissolution of polysaccharides to promote the cosiga. As long as this structure of
polysaccharides is destroyed, the conversion véllpbpomoted effectively, and this
destruction of structure will cause a small amaafiiow molecular polysaccharides
to dissolve into free water only. From the perspecbf polarity, since the charge
distribution inside the water molecule is asymneetmd the centres of positive and
negative charges cannot overlap, water, which ismted by covalent bonds, easily
combines with polar organic molecules. Saccharidlarpy is greater that the bond
potential between water and polysaccharide molstisnger than that of other
components such as proteins, humic substancedjpaahs} From the perspective of
organic groups, polysaccharide molecules with gel@uantity of hydrophilic groups,
including the hydroxyl and aldehyde groups, arerbgtilic molecules themselves.
Proteins with hydrophilic groups, such as aminougsy contain a large quantity of
hydrophobic groups yet, such as hydrocarbon grokpsthermore, lipids contain
aliphatic hydrocarbon groups while humic substanegsch are highly hydrophobic,
have an aromatic nucleus with a large number ahatw and alicyclic rings (Neyens
et al., 2004). Therefore, the decomposition of gatgharides which may combine
the most water could promote the conversion of dmond water to free water
effectively and favourable for actual advanced devirag. Due to the larger specific
surface areas and stronger bounded ability of smatiganic biomass molecules, the
composition of proteins, humic substance and lipidg/ produce more bound water

conversely from free water. The possible transfoionaapproach of polysaccharides
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which mainly existed as the form of insoluble pogmnin raw dewatered sludge were
decomposing to the fractional saccharides, evemoumonosaccharide by oxidants
and releasing into free water with the conversidnbound water to free water

simultaneously.

In addition, different oxidants should have a dartaelectivity for the
decomposition of organic biomass in dewatered gu@gsed on the three oxidants
used in this study, KMn©had the ability of decomposing the largest qupmtittotal
organic biomass matter and several oxidative deositipn effects on various
organic biomass. The )8, had the poorest ability to decompose total organic
biomass matter and focuses on proteins and hunbstances. Fenton’s reagent
selectively decomposed the most polysacchariddseinlewatered sludge. Comparing
the ORP of three oxidants, polysaccharides could loe@ decomposed heavily when
the value reach 2.85 V. When the oxidizing abilityas insufficient, the
decomposition of polysaccharides could not occlly fuhile most other components
would be decomposed simultaneously.

Since polysaccharides were characterized by thenmaw water-bound capacity,
their decomposition would effectively enhance tloawersion of bound water and
actual advanced dewatering performance. In the evbelvatering cycle (moisture
content from nearly 98% to below 60%), the key sase of controlling the
dewatering performance may transfer from proteios polysaccharides and
conditioning method from keeping the effective peatility of cake to promoting

conversion of bound water.



508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

Residual polysaccharides

Pol‘saccharidespo’Q%iﬁ;g,«A
T Rges U

)

Free water:
L0y

Inorganic partjcles

Dissolved polysaccharides

Polysaécharides%%

Bound water
Residual bound water

Fig. 10. Mechanism of the conversion from boundew&s free water via oxidative decomposition

of polysaccharides.

3.9. Morphological properties of polysacchariddsrafFenton’s reagent pre-oxidation
Dissolved polysaccharides mainly derived from tmee-layer structure of the
pellet, T-EPS, and L-EPS (Fig. 11). As shown in.Fi@, With the increasing of
Fenton’s reagent, the quantity of polysaccharidesthe three-layers structure
decreased and released into free water togeth@thandecrement of polysaccharides
in dewatered sludge was 0.71~3.24 mg/gDs in Péla5~0.50 mg/gDs in T-EPS
and 0.34~1.13 mg/gDs respectively. Assuming that pathways from insoluble
polysaccharides in three-layers to dissolved paobyisarides in free water are parallel,
it could be seen that pellets contributed 52.28&®&%, T-EPS contributed
8.37~12.75%, and L-EPS -contributed 23.15~39.08% tlné total dissolved

polysaccharides through calculating the reductigmotysaccharides in three layers.
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From the morphological perspective, more than h#lé dissolved
saccharides of Fenton’s reagent groups most likatwe from Pellets, followed by
L-EPS and T-EPS. We could speculate that the podfdree water converted from
bio-bound water may primarily originate from micialbcells. Therefore, the effect
on promoting the release of intracellular water Idomainly attribute to the

cell-breaking capacity of Fenton’s reagent.
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—a— Pellet
601 —A— T-EPS
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A A R Ar-zzezas i
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Fig. 11. Morphological properties of polysacchasidéter Fenton’s reagent pre-oxidation.

4. Conclusions

This study attempted to investigate the effectdhoée oxidants on advanced
dewatering and to explore the key mechanisms tbatiroduring this process. The
following summarizes the conclusions of this study:

(1) Conversion from bio-bound water to free waterdewatered sludge could
improve actual performance of subsequent advaneeditering, and final moisture

content of which would fall below 50%.
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(2) Polysaccharides may be the key component inflee conversion from
bio-bound water to free water, which would be axédi selectively by Fenton’s
reagent

(3) Dissolved polysaccharides primarily came froelldts and the release of

intracellular water could attribute to cell-breaicapacity of Fenton’s reagent.
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Highlights

Effect of oxidants on secondary advanced dewatdoingewatered sludge directly
explored.

TOC reduction could not enhance conversion of bouatdr predicatively.

Key component enhances advanced dewatering comfirme

Release of intracellular polysaccharide-bound watemoted by Cell-breaking

capacity of Fenton’s reagent.

Polysaccharides would be oxidized selectively bytée's reagent.
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