<]
TUDelft

Delft University of Technology

Effects of mild thermal pre-treatment combined with H202 addition on waste activated
sludge digestibility

Gonzalez, Adrian; van Lier, Jules B.; de Kreuk, Merle K.

DOI
10.1016/j.wasman.2022.01.017

Publication date
2022

Document Version
Final published version

Published in
Waste Management

Citation (APA)

Gonzalez, A., van Lier, J. B., & de Kreuk, M. K. (2022). Effects of mild thermal pre-treatment combined with
H_O_ addition on waste activated sludge digestibility. Waste Management, 141, 163-172.
htfp<*//doi.org/10.1016/j.wasman.2022.01.017

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.wasman.2022.01.017
https://doi.org/10.1016/j.wasman.2022.01.017

Waste Management 141 (2022) 163-172

Contents lists available at ScienceDirect

Waste Management

FI. SEVIER

journal homepage: www.elsevier.com/locate/wasman

L)

Check for

Effects of mild thermal pre-treatment combined with H,O, addition on s
waste activated sludge digestibility

Adrian Gonzalez , Jules B. van Lier, Merle K. de Kreuk

Faculty of Civil Engineering and Geosciences, Department of Water M it, Sanitary Engineering Section, Delft University of Technology, Stevinweg 1, 2628 CN

Delft, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Apparent viscosity

Catalase activity

Cationic polymer

Hydroxyl radicals
Low-temperature pre-treatment
Non-ideal mixing

The pre-treatment of waste activated sludge (WAS) has become more common since it often results in improved
bioconversion to methane, in both rate and extent. However, thorough insights on the possible effects and
mechanisms of mild pre-treatment techniques, such as temperatures <100 °C combined with the addition of
H,0,, are still limited. This study reports the effects of the addition of 5-30 mgH»0,/g TS and its interaction with
thermal pre-treatment at 70 °C on methane production, using WAS as the substrate. It was found that the
addition of Hy02 increased the methane production rate, coinciding with a decrease in apparent viscosity of
WAS, which probably improved mass transfer under non-ideal mixing conditions. While HyO solubilized pro-
teins and carbohydrates and mineralized a small fraction of the humic substances in WAS, these biochemical
transformations did not suffice to explain the observed extent and rate of methane production. A decreased
particle size, the presence of Fenton’s reagent, and the presence of cationic polymers in the WAS were discarded
as the reasons for the observed decrease in apparent viscosity. It was concluded that the pre-treatment conditions
applied in the present study might be a strategy to enhance mixing conditions in full-scale anaerobic digesters.

1. Introduction

Waste activated sludge (WAS) is the main by-product of conven-
tional activated sludge (CAS) wastewater treatment plants (WWTP).
Around 14-17 kg as dry solids per person per year are produced in the
European Union, Japan and Australia and up to 55 kg TS per person per
year in the United States, where kitchen grinders are commonly used
(Wu et al., 2020). Due to its putrescible nature, WAS requires a proper
disposal, which is commonly achieved via anaerobic digestion (AD) and
subsequent landfilling or incineration. The treatment of WAS before AD
(WAS pre-treatment) commonly results in improved biogas production,
dewatering and hygienization (A. Gonzalez et al., 2018; Neumann et al.,
2016). In particular, thermal pre-treatment techniques have been
popularized and are commonly categorized into high- and low-
temperature using 100 °C as division. In this regard, low-temperature
thermal pre-treatment has a lower energy requirement and avoids the
use of pressured vessels, steam and sophisticated control systems (Pilli
et al., 2014). Various studies have combined low-temperature thermal
pre-treatment with chemical reagents, such as hydrogen peroxide
(H202) to potentiate the benefits of pre-treatment. For instance, pre-
treatment using microwaves combined with Hy0, has resulted in
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synergetic increases in methane production rate and extent, sludge
stabilization and a decrease in apparent viscosity of sludge and digestate
(Ambrose et al., 2020; Liu et al., 2016; Wang et al., 2009). The observed
effects of microwave-Ho0O, pre-treatment have been attributed to
oxidizing by-products or side-reactions, such as Fenton’s reagent and
superoxide radicals (Ambrose et al., 2020; Xiao et al., 2012; Yu et al.,
2016). Nonetheless, such claims have not been thoroughly researched,
probably because of the difficulty of measuring oxidizing species such as
hydroxyl radicals. In addition, it is unclear how each pre-treatment
individually contributes to the reported improvements in solubiliza-
tion, methane production and to the decreased WAS viscosity.

In our present research, convectional thermal pre-treatment at 70 °C
was used instead of microwaves, since the application of temperature
via microwave irradiation or heating via convection has yielded similar
results (Eskicioglu et al., 2007; A. Gonzalez et al., 2018). In view of any
possible full-scale application, convectional heat is considered more
cost-effective, as it avoids the capital cost and electricity consumption of
microwave equipment. The objective of our present work is to clarify the
effects of convectional thermal pretreatment at 70 °C combined with
Hy0, addition on WAS, as well as to provide insights about the
previously-reported increases in methane production.
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2. Methods
2.1. Sludge origin and characteristics

WAS was obtained from the wastewater treatment plant Kra-
lingseveer (KV) (Rotterdam, The Netherlands) in September (autumn).
The sludge was collected after the centrifugation step and therefore
included the conditioning agent (cationic polymer) VTA LC 186 (VTA
Austria GmbH, Austria). Physicochemical characteristics of WAS were as
follows: TS = 79.7 g/L; VS = 56.8 g/L; COD = 86.1 g/L. The same WAS
batch was pre-treated (see Section 2.2) in multiple events to ensure
sufficient sludge was available to perform all the analytical assays. In
addition, samples from two other wastewater treatment plants were
taken to perform rheometric assays: Nieuwgraaf (NG) (Arnhem, The
Netherlands), with TS = 61.2 g/L and VS = 48.1 g/L and Harnasch-
polder (HP) (Den Hoorn, The Netherlands), with TS = 53.2 g/L and VS
= 41.9 g/L. Digestate was obtained from Harnaschpolder treatment
plant, with TS = 35.3 g/L and VS = 25.4 g/L. The anaerobic digesters in
Harnaschpolder were operated with a retention time of ~21 days at
37 °C.

2.2. WAS pre-treatment

Thermal pre-treatment of WAS was performed as shown in Gonzalez
et al., (2021). HyO4 at a concentration of 30% w/w (Merck, U.S.A.) was
dosed according to the designated concentrations. In the pre-treatments
without HyO», demineralized water was added to balance the liquid
volume. In addition, the added water also compensates the production
of water after HyO, addition (Eq. (1)). The amount of added water al-
ways was <2 mL or <0.5% of the total WAS mass.

2H,0,—2H,0 + 0, (@]

Since the dosage strategy or sequence of HoO5 application has been
observed to markedly influence the outcomes of pre-treatment
(Ambrose et al., 2020; Gan and Li, 2013; Pignatello et al., 2006), the
addition of either H,O5 or water proceeded 10 min after WAS reached a
temperature of 70 °C; then the temperature was maintained for 30 min.
The chosen strategy agrees with Wang et al. (2009) and is based on the
rationale that pre-incubation at 70 °C would lead to denaturation of
catalase before Hy05 is added. In addition, the time lapse of 20 min at
70 °C after Hy05 addition would promote fast decomposition of HoO4
(Wu and Qian, 2018), preventing peroxide from entering the anaerobic
digesters. Oxidation-reduction potential (ORP) was chosen as surrogate
for Hy0 detection, since photometric detection of HyO5 from the WAS
matrix probed to yield into stoichiometrically impossible concentra-
tions, probably due to interferences. Temperature, pH and ORP were
carefully measured during each pre-treatment to ensure similar pre-
treatment conditions for each pre-treatment event, as detailed next.

2.3. Analytical

2.3.1. COD, pH, solids, VFA, ORP and pH

Total solids (TS); volatile solids (VS); chemical oxygen demand
(COD); and volatile fatty acids (VFA) were measured as described pre-
viously (Gonzalez et al., 2020). pH was measured with a SenTix 940 IDS
probe (WTW, Germany) and oxidation-reduction potential (ORP) with a
SenTix ORP-T 900 (WTW, Germany). The pH probe was calibrated daily
and the ORP probe was checked for accuracy with a standard solution
before each use. Data was captured with a multimeter model 3620 IDS
(WTW, Germany). Finally, temperature was measured with two digital
thermometers model G1710 (Greisinger, Germany).

2.3.2. Rheometry

Shear stress and shear rate were measured using a rotational
rheometer model MCR 302 (Anton Paar GmbH, Graz, Austria) with a
smooth measuring cylinder model B-CC27 with a diameter of 26.66 mm

164

Waste Management 141 (2022) 163-172

and a measuring cup model C-CC27 with a diameter of 30 mm. The
volume of the sample was ~17 mL and the assays were performed at 35
+ 0.2 °C and lasted ~3 min. A shear rate from 0.01 to 1000 s~ with a
logarithm curve was applied, without a pre-shearing stage. The obtained
rheograms were fitted to the Herschel-Bulkley model, which has been
observed to be a suitable model for non-Newtonian fluids such as
concentrated WAS (Liu et al., 2016; Wei et al., 2018) (Eq. (2)):

T =1, +ky" 2

Where:

T = shear stress, Pa

Ty = yield stress, Pa

k = consistency index, Pa.s

y = shear rate, s

n = flow behavior index, unitless

Storage and loss moduli (G’ and G”, respectively) describe the elastic
and viscous properties of viscoelastic materials. G’ relates to the solid-
like behavior and G” to the liquid-like behavior of a sample (Anton-
Paar, 2021) (Egs. (3) and (4)). The strain at which G” = G/, is the
deformation required for the sample to start behaving from a solid-like
to a liquid-like behavior.

G = % cosd 3)
=]

G =Lsins (4
=)

Where:

G' = storage modulus, Pa
G" = loss modulus, Pa

0o = initial stress, Pa

£o = initial strain, m/m
§ = phase-shift angle

Both G’ and G” were measured using a stainless-steel plate model I-
PP80/SS with a diameter of 80 mm and a cone plate model CP50 with a
diameter of 50 mm, an angle of 1.001° and a truncation of 102 um. Both
implements were manufactured by Anton Paar (Anton Paar GmbH,
Graz, Austria). Around 3 mL of WAS were used and the temperature was
controlled at 35 + 0.2 °C. The strain was logarithmically applied from
0.01% to 100%. The duration of each assay was ~5 min.

2.3.3. Particle size distribution (PSD)

A laser diffraction instrument model Microtrac MRB’s Bluewave
(Microtrac Retsch GmbH, Germany) was used to measure PSD. The WAS
samples were diluted 1:5 with a solution of 0.05% NaCl (w/v) and
analyzed.

2.3.4. Catalase activity test

Catalase activity assay was based on the method of Iwase et al.
(2013). Briefly, a sample of unknown concentration of catalase, sur-
factant and H2O; are combined in a test tube. The oxygen generated by
the enzymatic decomposition of Hy0, is trapped by the surfactant,
producing foam. The height of the foam column is proportional to the
concentration of catalase and is related to a calibration curve. Catalase
from bovine liver (CAS 9001-05-2 with 2000-5000 units/mg protein,
and 65% protein) from Sigma (Sigma-Aldrich, U.S.A.) was used as
standard. Solutions of catalase with concentrations of 0, 25, 50 and 100
enzymatic units (U) were prepared for the calibration curve. Triton X-
100 from Sigma was used as surfactant and HyO» at a concentration of
30% w/w was obtained from Merck (U.S.A.). WAS was diluted 1:5 and
0.1 mL were added to a test tube model 114,724 from Merck. Then, 0.1
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mL of 1% Triton X-100 was added together with 0.1 mL of HyO5. All the
dilutions were performed with demineralized water. The test tube was
gently stirred by hand and allowed to rest for 5 min at 20 °C. Finally, the
height of foam was measured with a ruler and compared with the
standard curve. The analysis was performed in triplicates.

2.3.5. Measurement of hydroxyl radicals. Quantification of HO radicals
(HO') proceeded as follows

Disodium terephthalate (Na;TA) (Alfa Aesar, U.S.A) was used as a
molecular probe (Charbouillot et al., 2011; D. Gonzalez et al., 2018) at a
NayTA:Fe molar ratio of 2. Depending on the experiment, either HyO5 or
water was added to the WAS and the sludge was held for 30 min at 70 °C.
A sample of 25 g of pre-treated sludge was diluted 1:2 with demineral-
ized water and centrifuged at 15,000g (gravitational acceleration units)
for 10 min using a centrifuge model Sorvall ST 16 (Thermo Fisher Sci-
entific, U.S.A.). The supernatant was filtered through a polytetra-
fluoroethylene (PTFE) filter (Macherey-Nagel GmbH & Co, Diiren,
Germany) with a nominal pore-size of 0.45 um. The filtered sample was
then pipetted into a well of a 96-well Bio-One Cell star microplate
(Greiner Bio-One GmbH, Austria) and analyzed with a spectrophoto-
fluorometer model Polar Star Optima, (BMG Lab Tech, U.S.A.). The re-
action between Na;TA and HO' results in 2-hydroxyterephtalate (2hTA),
which is detected at (Aexe = 320 nm and Aep, = 420 nm) (Fang et al.,
1996). A calibration curve was prepared with 2hTA obtained from
Sigma at concentrations of 0.0, 2.5, 5.0 and 7.5 uM. The yield of the
reaction between HO" and 2hTA was assumed to be 35% for samples
containing Hy0, (Fang et al., 1996) and 87% for samples without HoO5
(Charbouillot et al., 2011). To validate the viability of the probe, WAS
was exposed to 70 °C with 15 mg HoO»/g TS and sonicated with a digital
sonicator model 250 (Branson Ultrasonics Corp., U.S.A 250) with a
frequency of 20 kHz and at a specific energy of 3.06 kW/g TS. Sonication
is an established method for the production of HO" (Le et al., 2015; Pilli
et al., 2011). The duration of the sonication was 30 min and the tem-
perature increase was <1 °C. The sonicated sample was compared to a
non-sonicated control. Compared to control, the sonicated sample had a
higher concentration of NayTA (Fig. S1), demonstrating the sensitivity
and suitability of NayTA for the quantification of HO".

2.3.6. Methane production rate (kcp4) and specific methane production
(SMP)

kcrg and SMP were determined as described previously (Gonzalez
et al., 2020). SMP values are reported as volume of methane per gram of
added VS of the un-treated WAS; that is, without considering any
possible mineralization of sludge as a result of pre-treatment. Regarding
the first order kinetic model, a two-substrate model was used, using as
division the best apparent curve fitting. Anaerobic digestate was mixed
with a substrate to inoculum ratio of 1:2 (as VS). Two SMP tests were
performed: the objective of the first set was to compare the SMP of a)
non-treated WAS; b) WAS pre-treated at 70 °C; and c) WAS at 70 °C with
15 mg Hy0,/g TS. Digestate (see Section 2.1) was degassed for 7 days at
35 °C. Bottles with a working volume of 400 mL were agitated with an
orbital incubator shaker model Innova 40 (Eppendorf, Germany) at a
rotational speed of 120 rpm at 35 °C. The produced biogas was scrubbed
with 80 mL of 3 M NaOH solution and the exit gas was measured in a gas
volume measuring device (BPC, Sweden). Crystalline cellulose (Sigma-
Aldrich, U.S.A.) was used as a control substrate and tap water was added
to the bottles containing the control and blank samples until all the
bottles had a similar head space. The objective of the second SMP test
was to compare the effects of different mixing regimes and WAS
rheology on the production of methane. The test consisted of 30 bottles
(each with a working volume of 400 mL): half of them were mixed with
an orbital incubator shaker model Innova 44 (Eppendorf, Germany)
with a rotational speed of 120 rpm. The other bottles were stirred with
the Multifunction Brushless DC motor included in the AMPTS-II (BPC,
Sweden). For each mixing mode, a cellulose control was prepared as
described above. The rotational speed of the AMPTS-II motors was set to
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~160 rpm for each motor and was monitored with a tachometer model
DT-30LK (Voltcraft, Germany). The stirring cycle was: 5 min on; 30 s off,
with alternative bidirectional mixing. For each mixing regime, the
temperature was monitored at 35.0 £ 0.2 °C. For the second test,
digestate was stored for 4 days at 4 °C.

2.3.7. Extracellular polymeric substances (EPS) extraction

EPS composition; and Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES), were performed as described in Gonzalez et al.,
(2021) in order to determine the Fe concentration in WAS.

2.3.8. Viscosity of solutions of model molecules

Solutions of food-grade hydrolyzed collagen (Plent, Schagen, The
Netherlands); analytical-grade humic acid sodium salt (Sigma-Aldrich,
U.S.A); and analytical-grade crystalline cellulose (Carl Roth GmbH & Co
KG, Germany) were prepared as model molecules of protein, humic
substance and carbohydrates, respectively. Demineralized water was
used to prepare the solutions, which were as concentrated as possible
but still able of being mechanically mixed with magnetic stirrers. The
resulting TS concentrations and VS fractions were: 411 mg collagen/g at
96% VS; 305 mg humic acid/g at 27% VS; and 269 mg cellulose/g at
100% VS. 80 mL of each solution, were exposed to the same conditions
as the pre-treatment settings shown in Section 2.2 and the resulting
broths were subjected to rheometric assays as shown in Section 2.3.2.

3. Results and discussion
3.1. Physicochemical parameters

During pre-treatment, the breakdown of HpO, by catalase (the
enzyme that mediates the decomposition of H,O5 into water and oxy-
gen) (Wang et al., 2009) will result in misused reagent; thus, catalase
must be inactivated via thermal denaturation to ensure H,O, is available
for other reactions. Previous research showed that catalase is denatured
at temperatures ranging from 60 to 80 °C, depending on the time of
exposure (Eyster, 1950; Liu et al., 2015; Velayati et al., 2019). In the
present study, the effects of temperature on the activity of catalase were
clearly observed (Fig. S2a and b); catalase activity was no longer present
after only 2 min of exposure to a temperature of 70 °C (Fig. S2b).

The decomposition of HoOy and its possible oxidizing derivatives
were monitored via oxidation-reduction potential (ORP) measurements.
Dewatered WAS showed a negative ORP (reducing conditions) due to
the high oxygen-consuming activity of the activated sludge. Fig. la
shows that the exposure of WAS to 70 °C only caused a marginal increase
in ORP that likely can be ascribed to intensive mixing during pre-
treatment, which induced aeration of the sample. As expected, the
application of HoO; sharply increased the ORP until oxidizing conditions
(Fig. 1b) but the ORP decreased smoothly to a reducing environment
after 9-12 min of dosing, suggesting the progressive decomposition of
H0, and its possible oxidizing by-products, thus preventing their
entrance to anaerobic digesters. Fig. 1c shows an increase in tempera-
ture of almost 2 °C, indicating the exothermic nature of the reaction
between HyO, and the WAS components. The pH decreased almost 1
unit during pre-treatment with or without HyO» (Fig. 1d), which coin-
cided with the formation of VFAs during thermal pre-treatment. None-
theless, the observed decline in pH (<1 unit) seems insufficient to
attribute any potential effect of HyO, to a pH-related mechanism,
although a small but sharp drop coincided with Hy0» addition.

After pre-treatment, the concentration of solids and COD of the
sludge samples was analyzed. Fig. S3 shows that H,O5 provoked a slight
decrease in TS, VS and COD, suggesting mineralization of organic matter
(Eskicioglu et al., 2008; Xiao et al., 2012). Based on the COD mass
balance and the redox half-reactions of H5O,, it was calculated that the
number of electrons donated by the sludge was>8 times higher than the
potentially scavenged electrons by the dosed H,O5 (Annex A in Sup-
plementary Information), suggesting that some mineralization indeed
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Fig. 1. Temperature, pH and ORP of WAS during pre-treatment at a) 70 °C; b) 70 °C with 15 mg H,04/g TS, (squared area is shown in c); ¢) zoom of squared areas in

b; and d) pH and VFA of sludge pre-treated at 70 °C with and without H,O».

occurred during pre-treatment. The occurrence of mineralization re-
actions may be explained by an increased effectiveness of HyO», due to
the absence of catalase and the increased H,O- reaction rate at the
applied temperature.

3.2. EPS

The exposure of WAS to 70 °C resulted in a marked increase in
concentration of extractable proteins, humic substances and carbohy-
drates and a shift of these compounds from the tightly bound fraction to
the loosely and soluble fraction (Fig. 2a—c). These trends coincide with
previous reports under similar pre-treatment conditions (Liang et al.,
2020; Zhen et al., 2019). However, while the addition of 15 mg H202/g
TS triggered a further increase in the concentration of extractable pro-
teins and carbohydrates (Fig. 2a and c), there was a slight decrease in the
concentration of humic substances when the sludge was exposed to
H20; (Fig. 2b). Humic acids are less soluble under acidic conditions.
However, both pre-treatment conditions resulted in similar pH drops,
although the HyO,-treated samples had a more abrupt decline imme-
diately after the addition of peroxide (Fig. 1a and b). The decrease in
extractable humic substances was also observed when the experiment
was repeated using a different sludge sample (Fig. S4). Based on the
observed results, it was postulated that HyO, degraded a fraction of the
humic substances in WAS, which resulted in the observed decrease in VS
and COD (Fig. S3). In previous studies, the degradation of humic matter
was observed after the application of HyO, during microwave pre-
treatment of WAS (Eskicioglu et al., 2008) and lignite (Doskocil et al.,
2014).

3.3. Rheology

As reported for similar temperatures (Hammadi et al., 2012; Wei
et al.,, 2021), the exposure of WAS to 70 °C resulted in an overall
decrease in shear stress at shear rates 0.01-1000 s~! (Fig. 3a and
Fig. S5). However, the addition of 5-30 mgH;0./g TS provoked a
further decrease in shear stress, and thus, in the apparent viscosity of
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WAS, particularly in the shear rate range that is considered typical for
the flow velocity gradients in full scale digesters (0.14-1.0 s’l)(Fig. 3b)
(Dapelo and Bridgeman, 2018; Wei, 2021). A decrease in apparent vis-
cosity was also reported by Liu et al. (2016), using microwave heating at
100 °C, with a 10-fold higher HyO5-dose than in the present study.

Previous studies have shown that the rheological properties of the
fermentation liquor impact the mass transfer and short-circuiting during
mixing in both lab- and full-scale digesters (Liu et al., 2018; Samstag
et al., 2016; Wei et al., 2019). In addition, sludge viscosity impacts the
economics of sludge management since it influences mass-transfer rates
(Liu et al., 2018; Ratkovich et al., 2012): the lower the apparent vis-
cosity of the fermentation liquor, the better the mixing performance, the
higher the biogas production rate, and the lower the occurrence of dead-
zones under non-ideal mixing conditions (Liu et al., 2018; Miryahyaei
et al., 2019; Wei et al., 2019).

Moreover, the consistency index k (which is a proxy of viscosity)(Eq.
(2)) and the loss modulus G** (Eq. (4)) have been demonstrated as in-
dicators for the level of biogas production in lab-scale experiments
(Miryahyaei et al., 2019). Thus, it was hypothesized that the decrease in
k, G, and WAS yield stress (7,), might result in increased biogas pro-
duction as studied in Section 3.4. The parameters of the Herschel-
Buckley model (Eq. (2)) were calculated via curve fitting of the rheo-
grams in Fig. 3. The fitted curves and tabulated values are shown in
Fig. S6 and Table S1.

Fig. 4a shows a clear decrease in consistency index with a dose of 5
mg Hy0y/g TS, and a further modest decrease was observed propor-
tional to the concentration of HoO2. Apparently, WAS viscosity lowered
in proportion to the dose of HyO. Similarly, also the yield stress for WAS
dosed with 5 mg HoO5/g TS decreased; however, there was no additional
decrease for higher HyO, doses. The flow behavior index (n) had a
constant increase in proportion to the HyO5 concentration (Fig. 4b),
suggesting that the pre-treated WAS became a more Newtonian fluid
with every increase in HoO5 concentration. Overall, our results indicate
that the WAS pre-treated with HyO5 increased its fluidity, which is in
line with the findings of Liu et al. (2016), which were obtained with a
10-fold higher H,05 dose.
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methods. A modification in the total measured fractions implies a change in
extractable EPS upon treatment.

The effect of HyO5 on WAS shear stress and apparent viscosity was
verified using WAS samples from two other WWTPs, i.e., Kralingseveer
WWTP (KV) and Harnaschpolder WWTP (HP). From KV, 2 samples were
collected with a time difference of around one month (equivalent to a
1.5 SRT in the aeration tank). The chosen pre-treatment settings were
similar to our pilot study (Gonzalez et al., 2020), i.e., a temperature of
70 °C with 15 mg HyO,/g TS. Overall, the above-presented results
seemed reproducible for both the KV and HP WAS samples (Figs. S7 and
S8).

Storage (G’) and loss (G’*) moduli were measured to assess the effect
of pre-treatment on viscoelastic properties. Fig. S9a shows that non-
treated WAS required a strain of ~35% for G’ to equate G’. On the
other hand, Fig. S9b and c, show that the pre-treated samples required a
strain of ~17-20% to equate both moduli. This implies that a lower
deformation was required to provoke a liquid-like behavior of pre-
treated WAS, although very similar values were registered between
WAS pre-treated at 70 °C with and without the addition of HyO5. This
observation disagrees with the results of the other measured rheological
parameters, although limitations in the analytical method (e.g., size of
cone plate, heterogeneity and volume of the sample) could have played a
role in this result.

The stepped dosing of HyO5 compared to a single-dose application
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was assessed as an approach to reduce the demand of hydrogen peroxide
(Gan and Li, 2013; Pignatello et al., 2006). It was hypothesized that the
partitioning of the dose into 3 events separated by 10 min could result in
a higher reaction yield and would promote a more notable decrease in
shear stress. However, it was observed that the stepped dosing mode had
no additional effect on the decrease in shear stress (Fig. S10). Moreover,
when compared to a single-dose application, the ORP of the stepped-
dosed WAS did not return to reducing conditions. This implies that
H05 and/or its derivatives were not completely converted during pre-
treatment and the possible entrance of oxidative species into the
anaerobic reactor might have occurred (Fig. S11).

3.4. Methane production rate and extent

We assessed the ability of the used pre-treatment to increase methane
production of WAS, considering two possible mechanisms: a biochem-
ical one, caused by higher accessibility of the biodegradable matter, i.e.,
EPS as indicated in Fig. 3 and VFA; and a physical one, induced by the
modification of WAS rheology (Liu et al., 2016). The concentration of
volatile fatty acids (VFAs) during AD of WAS at 35 °C is shown in
Fig. S12. AD of WAS samples started with a similar VFA concentration
for all conditions (Fig. S12a—c), implying that any VFAs produced during
pre-treatment were diluted by the inoculum to a negligible concentra-
tion. For the pre-treated samples, the VFA concentrations increased
sharply after 3 h of digestion and remained higher than the reference
until hour 168 (day 7) (Fig. S12a’—c’). However, there was no clear
difference in composition and only small differences in concentration of
VFAs caused by the addition of HoO,. Overall, results suggest that VFA
production was slightly stimulated by the pre-treatment. After hour 168,
the VFA concentration of all samples was comparable.

Regarding methane production, Fig. 5 demonstrates that the
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addition of Hy05 to WAS exposed to 70 °C did not increase its SMP
compared to the sole application of temperature. However, both pre-
treatment settings increased the SMP relative to the non-treated WAS,
in agreement with the VFA concentrations shown in Fig. S12.

Another incubation was performed to assess the effects of mixing on
methane production. The incubation was performed under two different
mixing regimes: orbital shaker and stirring (using AMPTS-II motors
(BPC, Sweden)). It should be noted that WAS pre-treated at 70 °C
without HoO, was not assayed as there was no clear difference in SMP
compared to the sample including HyO5, as shown in Fig. 5. Addition-
ally, the rheograms of the fermentation liquors were assessed and results
are shown in Fig. S13. Fig. 6 shows the resulting SMP curves and Table 1
lists the calculated kinetic parameters.

As shown in Fig. 6 and Table 1, the samples incubated in the orbital
shaker showed lower values for the kinetic parameters, suggesting non-
ideal mixing conditions compared to the stirrers of the AMPTS-II
(Table 1). For instance, the SMP curves of cellulose incubated in the
orbital oscillator reached a plateau after ~10 days without reaching the
minimum expected theoretical SMP of 340-395 NLCH4/kgVSadded pro-
posed by Hafner et al., (2020). In contrast, the methane yield of the
AMPTS cellulose incubations was in the expected range (Fig. 6a and b).
Regarding the sludge samples, which were incubated under the orbital
oscillator mixing conditions, we observed that the lower viscosity
brought about by pre-treatment, resulted in increased methane pro-
duction rates of the pre-treated samples compared to the non-treated
ones. As a consequence, more methane was produced for the treated
sample until day ~18th (Fig. 6a), although ultimately the SMP values
were similar. Apparently, the pre-treatment at 70 °C with 15 mg HO0»/g
TS improved the digester mixing conditions, resulting in enhanced mass
transfer during digestion of dewatered WAS under non-ideal mixing
conditions.

In addition, Fig. 6b shows an asymmetric allocation of error between
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different treatments in the AMPTS-II: the pre-treated samples had
evidently higher standard deviations between the replicates compared
with the non-treated samples. We speculate that the lower viscosity
brought about by H202 made the liquor more susceptible to the varia-
tions in mixing energy from each individual AMPTS-II's motors. More-
over, any possible small difference was probably magnified since the
samples were digested for 25 days. Overall, this was not the case for the
orbital oscillator, which delivers the same mixing energy to all the li-
quors (at least conceptually).

Considering that many pilot and full-scale AD reactors are non-
ideally mixed (Dapelo and Bridgeman, 2018; Wei, 2021), our present
results might explain the observations done in our pilot-scale experi-
ment, performed at similar pre-treatment settings (Gonzalez et al.,
2020). In that study, pre-treatment at 70 °C with 15 mg H0,/g TS,
preceding compartmentalized digestion, allowed for an increase in
organic loading rate from 1.4 to 4.1 kg VS/m®d, without process
impairment and even with a slight increase in biogas production (from
425 to 486 L/kg VS) and volatile solids degradation (from 40 to 44%, in
absolute values). The observed increase in methane production, might
be attributed to a decrease in WAS viscosity, improved mixing and
enhanced mass transfer, which also coincides with the conclusion drawn
by Liu et al. (2020) in a lab-scale scenario. Nonetheless, mass transfer
and enhanced biochemical conversion are interrelated and were not
studied as separated variables in the present study.

3.5. Possible reasons explaining the viscosity drop

3.5.1. Particle size distribution (PSD)

Changes in PSD and floc disintegration are factors that influence the
apparent viscosity of biological sludge (Pevere et al., 2009; Yuan et al.,
2011). While Fig. S14 shows a clear decrease in the size of particles due
to the thermal effect (which seemed proportional to exposure time), no
obvious additional decrease was caused by the addition of HO5. Thus,
the observed decrease in viscosity generated by HyO, was apparently
not related to changes in the average particle size of WAS.

3.5.2. Oxidative stress: Fenton’s reagent

Previous studies have suggested that the effects of HyO are related
to the formation of oxidative species (See Section 1). The Fenton’s re-
agent consists of the production of hydroxyl radicals (HO") from H30o, a
reaction that is catalyzed by ferrous iron (Fe*H) (Eq. (5)) and its
occurrence is possible at neutral pH values (Wu et al., 2020).

Fe*" +H,0,—»Fe*" + HO-+OH k ~70M's™! (5)

Thus, it was tested if the Fenton’s reagent could cause the observed
decrease in WAS viscosity. Based on Eq. (5) and assuming that the entire
pool of iron in WAS is ferrous and accessible for H,O2 (27.7 + 3.9 mg Fe/
g TS, n = 3, obtained via solubilization of the WAS matrix with digestion
at 300 °C with 30% HNOs3 and subsequent ICP-OES analysis), a theo-
retical concentration of ~7.5 mg HO'/g TS (~35 mM) was calculated.
Thus, quantitatively, the possible presence of HO" during pre-treatment
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Table 1
SMP kinetic parameters at different mixing conditions, n = 3.
Mixing condition Orbital shaker AMPTS-1II
Substrate Cellulose Non-treated 70 °C + 15 mg H20,/g TS Cellulose Non-treated 70 °C + 15 mg Hy05/g TS
Kcrgorapia > 7 - 0.44 + 0.01 0.47 + 0.01 - 0.51 + 0.03 0.55 + 0.08
Kera-siow'> A - 0.09 + 0.00 0.11 + 0.01 - 0.11 + 0.00 0.13 + 0.02
Sum of squares, X(model-measured)"2 510.8 235.6 5603.7 4872.2
SMP, NLCH4/kg VSadded 324 +£ 10 195 + 7.7 206 + 7.2 357 +10.2 274 +12.6 242 + 31.2
Biodegradation,%2 82.1 £ 2.6 36.7 £ 1.4 38.7+1.3 90.3 + 2.6 51.6. £ 2.4 45.5 £ 5.9

! The division between kcr4-rapia and kcpa.siow Was set at the 4th day of digestion for the orbital shaker and at the 2nd day for AMPTS-II.

2 Assuming that 1 g COD produces 0.35 L of methane.

could explain the observed changes in rheology. Fig. 7a shows the
concentration of 2-hydroxyterephtalate (2hTA, which is expected to be
analogous to the concentration of HO", see Section 2.3.5) during pre-
treatment of WAS. The result suggests that only 0.05% of the theoret-
ical HO" were produced. Such a low yield could be explained by the
Pourbaix diagram in Fig. S15: in the pre-treatment conditions (pH > 5.5;
ORP > 0; T = ~70 °C) the dominant iron species is expected to be iron
(III) oxide. Iron (III) oxides contain ferric iron (Fe3+), which would result
in a slower chemical pathway, as shown in Eq. (6):

Fe*™ + H,0,>Fe*" + HO, +H™ k=~ 0.001 —0.01M's™"' 6
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Nonetheless, even a micromolar concentration of HO" suffices to
provoke alterations in the physicochemical properties of proteins
(Davies, 2016; Stadtman, 2001; Zhang et al., 2013), which are the most
abundant organic compounds in WAS (Xu et al.,, 2018). A possible
relationship between the production of HO" and the decrease in shear
stress of sludge was assessed: Tannic acid (TA), an iron chelator (Lopes
et al., 1999; Phiwchai et al., 2018), was added to WAS in a TA:Fe molar
ratio of 1.5:1 to inhibit the production of HO" (Eq. (5)). As tannic acid
resulted in a pH decrease of ~1 pH unit, control samples were spiked
with 30% HCI to compensate for this pH drop and the resulting samples
were then analyzed with fluorimetry and rheometry. Fig. 7a
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demonstrates that tannic acid successfully inhibited the formation of
2hTA, suggesting that the Fenton’s reagent was suppressed. However,
despite the absence of 2hTA, the decrease in shear stress persisted when
H20;, was added (Fig. 7b), implying that the decrease in viscosity and
the formation of HO" were unrelated (Fig. 7a). Notably, the addition of
TA increased the shear stress (Fig. 7b), which was partly counteracted by
adding HzOz.

3.5.3. Oxidative stress: H304

The reaction between H205 and the components of WAS (Fig. 2)
might be another cause of the decrease in shear stress. Compared to HO',
H20; has a lower oxidizing potential but also higher stability (Davies,
2016; Zhang et al., 2013).

In the food science field, the combination of Hy0, with cationic
polymers was found to increase the biocidal properties of peroxide
(Rios-Castillo et al., 2017). As the WAS samples contained a cationic
polymer, mixed liquor from the secondary settler was centrifuged
without the use of polymer to a concentration of solids similar to the
dewatered WAS with polymer. Both samples were then pre-treated and
their shear stress compared. The results demonstrated that the addition
of polymer was not the reason of the decrease in viscosity (Fig. S16).

However, HyO» has also been demonstrated to affect specific func-
tional groups (Wu et al., 2017): Studies from the agricultural and
pharmaceutical fields proved the ability of HyO4 to cleave the glycosidic
bonds of several polysaccharides (Dahl et al., 1998; Miller, 1986; Qin
et al., 2002). Specifically, Miller (1986) demonstrated that the depoly-
merization caused by HyO, resulted in a decrease in viscosity of a so-
lution made of carbohydrates. An additional experiment validated this
result using the pre-treatment conditions employed in the present study
and solutions of collagen, humic acid sodium salt, and cellulose as model
molecules for protein, humic substances, and carbohydrates (Fig. S17),
which are known to be some of the most abundant organic constituents
in WAS. Among them, cellulose not only had the highest viscosity
(almost 3 orders of magnitude higher than the other solutions) but also
was the only one that decreased its viscosity as a result of HyO, addition.
Thus, despite the low concentration of carbohydrates in WAS (A. Gon-
zalez et al., 2018), it is possible that the alteration of the molecular
structure of the polysaccharides in WAS could also modify its rheology.

3.6. Implication

Lab-scale validation of computational fluid dynamics (CFD) models
have implied an inversely proportional relation between the velocity of
the particles in the digesters and the viscosity of the reactor liquor
(Bridgeman, 2012; Liu et al., 2018). Liquid or sludge viscosity affects the
amount of energy required to produce turbulence and to avoid dead-
zones in full-scale digesters (Bridgeman, 2012; Liu et al., 2018; Wei,
2021). Since at least some rheological properties of the substrate are
correlated with the properties of the digestate (Liu et al., 2016; Mir-
yahyaei et al., 2019)(Fig. S13), a decreased yield stress of the sludge
might imply less dead-zones in full scale systems.
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In the present study, the use of convectional heat at 70 °C and a low
dose of Hy02 (0.5-3% w/w), resulted in a decrease in the apparent
viscosity of concentrated WAS, resulting in a more fluid sludge stream.
Thus, it is considered that pre-treatment conditions are a possible
strategy to increase the methane production rate of full-scale anaerobic
digesters via a drop in apparent viscosity of WAS.

4. Conclusions

The results presented in this study showed that the combination of
heating at 70 °C with the addition of HoO; resulted in the increase in the
methane production rate in non-ideally mixed anaerobic digestion. The
following mechanisms were proposed to explain the phenomenon:
Firstly, thermal pre-treatment at 70 °C deactivated catalase and pro-
moted the accessibility of EPS. Thermal pre-treatment at 70 °C also
increased the reaction rate of HyO5, which in turn lowered the apparent
viscosity of WAS in the range between 5 and 30 mg Hy05/g TS. The
decrease in viscosity of pre-treated WAS allowed a slight increase in
methane production rate under non-ideal mixing conditions during
anaerobic digestion.

The Fenton’s reagent and the presence of conditioning agent
(cationic polymer) were not related to the observed modifications in
rheology. The pre-treatment conditions applied in this study might be
used as a strategy to increase methane production in full-scale WAS
digesters, without increasing the mixing power requirement.
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