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Abstract: A soluble biopolymer (SBP) was obtained by hydrolysis in pH 13 water at 60 °C. The dry
product was re-dissolved in plain water at pH 10 and used as control against the same solution
added with hydrogen peroxide at 0.1-3 H202 moles per SBP carbon mole. The control and test
solutions were kept at room temperature, in the dark or in a climatic chamber under irradiation
with simulated solar light, until the solutions pH remained constant. Afterwards, the solutions were
processed to recover and analyze the crude soluble products. For the control solution, the results
indicated significant production of CO2, production of organic carboxyl functional groups and de-
polymerization of the pristine SBP organic matter. These findings demonstrate the oxidation of SBP
by water, which could only occur through the production of O and OH radicals catalyzed by SBP.
The present work reports the results obtained from the control solution and for the test solution
treated in the presence and absence of H20z, with and without pH control, in the dark and under
irradiation with simulated solar light. The paper discusses the perspectives of further
implementation of the autocatalytic properties of SBP for the realization of a municipal biowaste-
based biorefinery producing value added bio-products for consumer’s use.

Keywords: oxidation; autocatalysis; municipal biowaste; biosurfactants; biopolymers; antifungal
agents; anaerobic fermentation; composts

1. Introduction

Municipal biowaste (MBW) has been proposed as sustainable feedstock for the production of
value added water soluble biobased products (SBPs) to use in different sectors of the chemical
industry and agriculture in place of synthetic products obtained from fossil sources [1]. To this end,
the chemical hydrolysis and ozonisation of as collected [2] or fermented MBW under anaerobic and
aerobic conditions [1] have been investigated to assess their environmental and economic
sustainability and social acceptability. The results of these studies have shown that reaching these
objective is possible, pending on optimisation of the SBPs performance in some applications.

A typical example needing optimisation is the SBP product obtained by hydrolysis from the
MBW anaerobic digestate. This product contains organic and mineral matter. The organic matter is
constituted by a pool of molecules with widely different molecular weight, ranging from 5 to over
750 kDa, and with different chemical compositions. They are made by aliphatic and aromatic C
moieties functionalised with acid and basic groups of different strength, which are bonded to a wide
range of mineral elements. These features are memories of the chemical moieties and macro-
molecularity of the pristine MBW from which the SBP is derived. Thanks to their chemical
composition, the SBPs have been found to exhibit a number of properties as soil fertilisers and plant
growth biostimulants, surfactants and biopolymers to manufacture plastic articles. Studies to assess
the performance of the SBPs in real operational conditions have shown that, while they are very
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efficient as agrochemicals, their use for the manufactures of detergents presents some draw backs
due to their black colour. Also, their performance for the manufacture of plastic articles is severely
limited by their lack of film forming properties and poor mechanical properties. All these drawbacks
stem from the content of aromatic lignin-like moieties. Further studies have attempted to reduce the
content of aromatic C in the SBPs by ozonisation. The results have shown that this is possible, but
ozonisation causes severe depolymerisation. The reaction yields 30 % products with molecular
weight >100 kDa and 70 % of products with molecular weight < 5 kDa [2], the latter ones
characterised by the complete loss of the surfactant properties of the pristine SBPs.

While looking for milder oxidation conditions, the authors of the present work have
conceptualised the MBW autocatalytic chemical reactions. According to the authors vision, the
oxidation reactions of MBW might occur at room temperature in water solution without added
chemical reagents and/or catalysts. Indeed, the SBPs, thanks to their acid and basic functional groups,
have been shown to bond Fe ions, to perform as photosensitiser in advanced photocatalytic oxidation
processes [3] and to promote the oxidation of many organic pollutants present in industrial waste
waters [1] under irradiation with simulated solar light. Also, depending on the concentration in water,
the SBPs have been found to promote their auto-oxidation. The same products have been proven to
promote the oxidation of ammonia to nitrogen [4], even in the absence of irradiation. These findings
proposed that, in addition to their photosensitising properties, the SBPs could perform also as
catalysts for their mild auto-oxidation under proper experimental conditions. A somewhat similar
approach is reported in a doctoral thesis [5] describing functionalised products derived from agro-
industrial biomass waste to catalyse a number of reactions applied to biomass for the production of
platform chemicals.

The present work describes the behaviour of the aqueous solutions containing the SBP derived
from MBW anaerobic digestate. The behaviour of the SBP solution without added reagents and/or
catalysts, irradiate and not irradiated with simulated solar light, was investigated in comparison with
the SBP solution containing added alkali and/or hydrogen peroxide. On one hand, the complex
chemical composition of the SBP offered ground supporting the foreseen autocatalysis. On the other
hand, it made the demonstration of the autocatalysis concept quite challenging. The SBPs, as well as
the sourcing MBW chemical compositions are not well known, unlike the case of reactions performed
on hydrocarbons from fossil sources and the synthetic products derived from them. Therefore, for
MBW and their derived SBPs, an analytical protocol was specifically developed [1], which included
fractionation of the tested SBP by sequential ultrafiltration with membranes having different cut offs
in the 0.2-750 kDa range, determination of the content of organic and inorganic matter, and of
elemental C and N, characterization of functional groups by solid state NMR spectroscopy and
potentiometric titration. The results reported here in after will show how this analytical protocol is
particularly necessary in the case of the present work aiming to assess the autocatalytic effect of the
tested SBP derived from the MBW anaerobic digestate.

2. Results

2.1. Treatments of SBP and recoveries of C in crude soluble products.

Table 1 reports the experimental conditions under which the SBP solution at 33 g/L concentration
was treated and the soluble carbon as mol/mol % of the total C in the SBP before the treatments,
which was recovered from the solution at the end of the treatments. During the treatment, some
insoluble materials formed. This was separated from the soluble phase by centrifugation. The
recovered insoluble material accounted for 3-9 % of the total C in the SBP before the treatments (Table
S1). The formation of insoluble matter in the oxidation of lignocellulose materials has been reported
and discussed previously [1]. In the present work aiming to develop water soluble products with
improved surfactant properties or workability for the manufacture of plastic materials, the insoluble
co-product was an undesirable. Values of the recovered C mol/mol % for the recovered soluble
material (Table 1) and for the insoluble material were calculated from the respective recovered dry
mass weights and C contents reported in Table S1.
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Table 1. Products obtained from SBP in water solution at 33 g/L concentration, treated® under
different experimental conditions: with and without irradiation by simulated solar light, with and
without pH control, in the absence and presence of added hydrogen peroxide at 2-3 H202/C mole
ratio, referred to the SBP C in the solution.
Treatment® pHe¢ KOH¢ H+/C,4 Recovered Soluble C
grams eq/mol (mol/mol %)¢

No. type

0 none 10

1 DO 9 79.3

2 D2 5.3 58.2

3 D3 4.9 36.8

4 LO 9 91.8

5 L2 4.9 53.9

6 L3 5.1 35.1

7 DO 10 2 0.24 100

8 D2 10 2.8 0.33 94.1

9 D3 10 3.3 0.40 90.1

10 LO 10 2 0.24 100

11 L2 10 29 0.35 84.7

12 L3 10 3.3 0.40 79.3

aSee section 4 for details. ®No. (treatment number), D (dark, no irradiation); L (simulated solar light irradiation);
Di and Li, i = 0, 2, 3 H202/C mole ratio. Final pH after 14-day treatment; starting pH was 10 at day 0 for all
treatments. “Added KOH (g) to keep pH 10 constant and corresponding acid equivalents produced per pristine
organic C mole (H*/C eq/mol). ¢Recovered soluble C mole %, relative to the C moles in the SBP solution at day
0.

The data in Table 1 for the treatment No. 1-D0 and No. 4-L0, respectively performed without
and with light irradiation, in the absence of added H202 show that the pH of the starting SBP solution
in water decreases after 14 days from 10 to 9. For the treatments No. 2-D2, 3-D3, 5-L2, 6-L3, performed
in the presence of added H20: at 2-3 H202/C mole ratio, without and with light irradiation, the pH
decreases to about 5. According to previous work [1,2] for the ozonisation of SBPs, the pH decrease
reported in Table 1 is consistent with the oxidation of SBPs organic matter, and formation of
carboxylic functional groups and/or CO:. The same treatments were replicated adding KOH to keep
the pH 10 of the pristine SBP solution constant during the treatments performed under the same
above conditions. The data for the treatments No. 7-12 in Table 1 show that the amounts of added
KOH to maintain pH 10 is equivalent to the formation of 0.24 acid equivalents produced per mole of
starting organic (H*/C eq/mol) in the case of No.7-D0 and No.10-L0 treatments, of 0.34 H*/C eq/mol
in the case of No. 8-D2 and No. 11-L2, and 0.40 H*/C eg/mol in the case of N0.9-D3 and No.12-L3
treatments. The data confirm that the production of organic functional COOH groups and/or CO:
occurs also for the SBP solutions containing no added H202, and that the produced H*/C eq/mol
amount depends on the amount of added H20:.

Parallel to the pH decrease, Table 1 shows that the recovered soluble C at the end of the
treatments No.1-6 decreases along the decrease of pH of the recovered solution. Similar trends were
observed for the weight of the recovered soluble matter and for the C/N mol/mol ratio in the dried
recovered soluble matter (Table S1).

Evaluation of data for the recovered soluble C in Table 1 should account for the variability of the
measured values, due to handling the recovery of the reaction medium, separating the soluble and
insoluble phases, drying, weighing and analysing the products for their C and N content (see section
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4). To this purpose, Table 2 reports the mean values and standard deviations calculated over the
values for treatments No. 1-6 and No.7-12, separately. Compared to treatments No.7-12, treatments
No. 1-6 are characterised by significantly lower mean values and also much higher standard
deviations values. The large differences of mean and standard deviation values between the two
groups stem mainly from the production of CO2 and its fate. While in treatments No.7-12 at constant
pH 10, the produced CO:zremains in the recovered material in form of carbonate, in treatments No.
1-6 it is lost in the gas phase. On one hand the 5.9 standard deviation for treatments No.7-12 is likely
to represent largely the variability due to handling, separating and analysing the crude matter at the
end of the treatments. On the other, the comparison of the data for the two groups of treatments
should potentially allow assessing the effect of pH on the soluble organic matter recovered in the
different treatments. This poses the issue of understanding how much of the recovered soluble C in
treatments No.7-12 is due to the formation of CO2 and of organic COOH functional groups.

Table 2. Mean and standard deviation (StdDev) of recovered soluble C (mol/mol %) for treatments
No. 1-6 and No. 7-12.

Treatments No. 1-6 Treatments No. 7-12
Mean 65.2 99.0
StdDev 20.1 5.9
StdDev% 30.8 5.9

To assess the relative contributions of the CO2 and organic C, samples of the products obtained
in Table 1 treatments were further treated with HCI in order to obtain COz2 free samples (see section
4). Figure 1 reports the C types and functional groups composition of the products determined by 13
C NMR solid state spectroscopy.

Crude Soluble Products from Treatments
without pH control (A)
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Figure 1. C types and functional groups relative composition as mol/mol %, relative to total organic
C for crude soluble products (Figure 1A and 1B) obtained according to the treatments identified by
the abbreviations in Table 1 and for their fractions (Ri, i=750, 150) with molecular weights > 150 kDa
(Figure 1C) obtained by sequential membrane ultrafiltration (see Section 4). The suffix “dec” for the
samples in the subfigures A and B stands for decarbonated samples treated by HCJ, i.e., (A) 1-D0 dec
and 4-L0 dec (A); (B) 7-D0 dec, 10-L0 dec and 11-L.2 dec.

The content of the C types and functional groups listed in Figure 1 was estimated from the
measured areas of the 13C NMR resonance band covering the following chemical shift (5, ppm)
ranges: 0-53 for aliphatic (Af) C; 53-63 ppm for amine (NR) and methoxy (OMe) C; 63-95 ppm for
alkoxy (OR) C; 95-110 ppm for anomeric (OCO) C; 110-140 ppm for aromatic (Ph) C; 140-160 ppm
for phenol/phenoxy C (PhOY, Y = H, R); 160-185 ppm for carboxylate and amide (COX: X =OM, NR;
M = metal, R = H, alkyl and/or aryl) C. The total integrated band area over the 0-185 ppm range was
assumed to represent the total C moles in the analysed sample (see Section 4).

For the crude soluble products listed in Figure 1A and 1B, the COX resonance signal was
generally very broad, covering all the 160-185 ppm resonance range. Some spectra exhibited a high
intensity sharp signal overriding the broad band the 160-185 ppm range. In these cases, the measured
band area for the COX resonance accounted for 40-60 % of the total integrated band area over the 0-
185 ppm range. This occurred particularly for the products obtained in the treatments at controlled
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pH 10 (Figure 1B), which were expected to contain potassium carbonate, formed as a consequence of
the mineralisation of the SBP organic matter in the aqueous alkaline medium. Potassium carbonate
is characterised by a sharp intense 13C resonance single at 170.3 ppm [6]. To determine the content
of potassium carbonate, some selected samples of the crude soluble products obtained at constant
PH 10 were treated by HCI (see Section 4) and the expected CO:2 free products were analysed by 13C
NMR spectroscopy. The same HCl treatment and spectroscopic analysis was performed on selected
samples of the crude soluble products obtained at acid pH. This allowed assessing possible effects of
the HCl treatments, other than decarbonation, on the COz2 free organic matter of the pristine crude
soluble products.

2.2. Recoveries of soluble organic C and CO:z for treatments in absence of added H20:.

For the scope of the present work, it was of primary importance comparing the crude soluble
products obtained in the treatments carried out in absence of added H20: with their corresponding
samples treated by HCIl. According to the data in Figure 1, the 1-D0 and 4-L0O do not show any
significant composition difference compared to the corresponding samples 1-D0dec and 4-L0Odec
subjected to the HCl decarbonation treatment. For each C type and functional group, Table 3 reports
the mean and standard deviation calculated over the 1-D0 and 1-D0dec, and over the 4-L.0 and 4-
LOdec samples, separately.

Table 3. Mean and standard deviation values calculated for the 1-DO and 1-D0dec samples’” couple,
and for the 4-L0 and 4-L0dec samples’ couple.

Samples’ C Types and Functional Groups

couple Af NR+OMe OR OCO | Ph PhOY COX

1-DO, 1- | Mean [359 |74 143 |51 156 |64 15.1

DOdec Std 1.2 0.35 049 |[0.14 064 |12 0.64
Std %* | 3.3 4.7 3.4 2.8 4.1 18.6 4.2

4-10, 4- | Mean |378 |79 129 139 156 |5 16.7

LOdec Std 2.8 0.2 078 042 064 |25 0.14
Std %* | 7.5 2.7 6.0 10.9 4.1 50.9 0.85

aRelative standard deviation as % of the mean values. .

It may be observed that the relative standard deviation values range from 2.8 % to 11 %, except
in the case of the PhOY functional group, which show rather large 19 % and 51 % values. This poses
doubts about the significance of the 13C signals measured in the PhOY 140-160 ppm. In most cases
the broad PhOY resonance band could hardly be distinguished from the background noise.

On the contrary, the data in Figure 1 evidence large significant composition differences for the
7-D0 and 10-L0 compared to the corresponding samples 7-D0dec and 10-L0Odec subjected to the HCI
decarbonation treatment. In these cases, the relative standard deviations were found to range from
16 to 58 % of the mean values calculated for all C types and functional groups. The data in Figure 1
evidence that the COX content, much lower in the decarbonated samples than in the pristine crude
soluble 7-D0 and 10-LO samples, is primarily responsible for the large composition differences
measured for these samples’ couples. These results prove that the measured area of the broad COX
resonance band in the 7-D0 and 10-L0 products includes contributions of the resonance signal of CO2
C (in form of potassium carbonate) and of organic carboxyl C (COXorg), which were calculated
according to the following equations (1) and (2),

COXorg contribution % = A x B/C 1),
CO: contribution % =D — COXorg contribution %  (2),

where (Figure 1): A and C are the values of COX and Af, respectively, for 7-D0dec or 10-L0dec;

B is the value of Af for 7-D0 or 7- LO; D is the value of COX for 7-D0 or 7- LO.

doi:10.20944/preprints202312.0537.v1
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Table 4 reports the calculated values of COXorg and CO: (mol/mol %) carbon contained in the
products obtained in the 1-D0, 4-L0, 7D0 and 10-L0 treatments listed in Table 1, and in Figure 1A and
1B. As expected, the data confirm that in the products obtained in the treatments 7-D0 and 10-L0 at
constant pH 10, the produced CO:is retained in form of potassium carbonate in the strong alkaline
water phase. On the contrary, no potassium carbonate is found in the products obtained in the
treatments 1-D0 and 4-LO without pH control. The amount of CO: calculated from the 13C
spectroscopic data for 7-D0 and 10-LO products corresponds to the values calculated from the
consumption of alkali to keep pH 10 constant during the treatments (see Table 1, column H*/C).

Table 4. Content of COXorg and COz carbon (mol/mol %) in samples 1-D0, 4-L0, 7D0 and 10-L0.

Sample COXorg COz
1-DO 15.1+0.64 none
4-1.0 16.7 £ 0.14 none
7-D0 11.1 25.1
10-LO 12.4 25.0

Similar calculations by equations 1 and 2 were applied to the data reported in Figure 1B for the
crude soluble product obtained in the treatments 11-L2 and 11-L2dec at constant pH in the presence
of hydrogen peroxide at 2 H20:/C mol/mol ratio. The calculated amount of CO:z C in the 11-L2 sample
was 53.2 mol/mol %, against 8.7 mol/mol % for organic COX C. These results indicated that organic
C mineralization in the presence of hydrogen peroxide is more than double than that (Table 4)
calculated for the 7-D0 and 10 L-0 samples of the crude soluble product obtained in the treatments at
constant pH 10 in the absence of hydrogen peroxide without and with light irradiation, respectively.

2.3. Molecular weight distribution in pristine SBP and crude soluble products obtained in absence of added
H:0:.

Further information on the effects of the 1-D0, 4-L.0, 7-D0 and 10-L0 treatments of SBP in absence
of added H20: was obtained by fractionating the recovered crude soluble materials through
sequential membrane ultrafiltration. To this end, the pristine SBP and the recovered soluble products
were fed to polysulphone membranes with decreasing molecular cut off at 750, 150, 100, 50, 20, 5, 0.2
kDa, and the collected retentates at each step and the final permeate through the 0.2 kDa membrane
were collected, weighed and analysed for their C content. Figure 2 reports the results of the
fractionation process.
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Figure 2. Weight % composition (A), and carbon recoveries (B) relative to pristine SBP for fractions
isolated by sequential filtration through the membranes with decreasing molecular cut off at 750, 150,
100, 50, 20, 5, 0.2 kDa. Figure legends: Ri (i = 750 through 0.2); P0.2 is the permeate though the 0.2 kDa
cut off membrane. Colours correspond to different crude soluble materials identified according to the
treatment No. and type in Table 1: i.e., 0-SBP for the pristine SBP; 1-D0, 4-L0; 7-D0; 10-LO for the
products recovered in the treatments of SBP in absence of added H20:.

The data in Figure 1A show that the R750, R150 and R100 in order of decreasing weight
abundance are the major high molecular weight fractions of the pristine SBP solution (0-SBP in Figure
1) ultra-filtered readily after its preparation at pH 10. However, keeping the SBP in the alkaline
aqueous solution for 14 days (treatment No. 1-DO0 in Table 1) yields the product (1-D0 in Figure 1A)
exhibiting a drastic compositional change with the R750 fraction reduced at 5.2 % level and the R150
and P0.2 fraction increased up to 54 and 40.8 %, respectively, compared to the composition of the
pristine SBP. For the SBP solution irradiated with simulated solar light for the same time, the crude
soluble product (4-L0 in Figure 1A) exhibits further reduction of the fractions” molecular weight with
the R750 and R150 accounting for 6.5 %, and the R20 and P0.2 fractions accounting for over 89.1 % of
the total recovered material. As shown in Table 1, during the 14 day treatments, the pH of the two 1-
D0 and 4-LO solutions decreased to 9. For the products obtained in the treatments carried out at
constant pH 10 (i.e., 7-D0 and 10-L0 in Figure 1A), the reductions of molecular weight seemed less,
compared to the 1-D0 and 4-LO products in Figure 1A. For 7-D0 (in Figure 1A) obtained without
irradiation of the pH 10 reaction medium, the R750 fraction accounted for 30 % and the R150 for 6.5
%, as compared to 5 % for R750 and 54 % for R150 in the 1-D0 product (in Figure 1A) obtained without
pH control. For 10-LO (in Figure 1A) obtained from the irradiated reaction medium, the R50
accounted for 14.2 % against 0 % for the 4-L0 product, while the lower molecular weight fractions
R20, R 0.2 and P0.2 fractions all together were 86.2 % in the 10-L0 product, lower than 93.3 % in the
4-L0 product (Figure 1A) obtained without pH control of the reaction medium. For the 4-D0 and 10-
LO products, the P0.2 fraction is supposed to contain potassium carbonate, the product of the
mineralisation of organic C (see Section 2.2).

Figure 1B reports the total C distribution over each of the above materials. For the pristine SBP
(0-SBP in Figure 1B), most of the total carbon (69 %) is accounted by the R750 fraction. For the crude
soluble products obtained in each treatment, the carbon recoveries are given as w/w % relative to the
carbon in the pristine SBP. The C recovery values are calculated based on the mass data given in
Figure 1A and the C content measured for each fraction. It may be observed that the pattern of C
recovery distribution changes significantly depending upon the type of treatment. The carbon
recovered with the R750 fractions of the crude soluble products ranges from 0.5 % for 10-L0 to 30 %
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for 7-D0, while most of the remaining C (46-81 %) is recovered with the lower molecular weight
fractions.

Both the mass and C recovery data in Figure 1 indicate that all treatments cause
depolymerisation of the pristine SBP organic matter and that the effect is stronger in the treatments
carried out by irradiation and/or without pH control of the reaction medium. These findings offer a
highly relevant information, which coupled to the results reported in Sections 2.1 and 2.2,
undoubtedly demonstrate the autocatalytic properties of SBP to react with water and lead to the
depolymerisation and mineralisation of its own organic matter.

2.4. Products obtained in the presence of added H20:.

Figure 3A reports the C recoveries, as mol/mol % relative to the carbon of the pristine SBP, with
each fraction isolated from each crude soluble product obtained in all SBP treatments listed in Table
1. The C recoveries are calculated from the weight and carbon content of the fraction isolated through
the sequential ultrafiltration with the same membranes listed in Figure 2. The different colours of the
histogram columns identify the different retentates and permeates obtained in the ultrafiltration.

Molecular weight distribution for all products in Table 1
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Figure 3. (A) Breakdown of C recoveries with fractions obtained by sequential filtration through the
membranes with decreasing molecular cut off at 750, 150, 100, 50, 20, 5, 0.2 kDa (see legends in Figure
2) of crude soluble products in all treatments listed in Table 1. (B) Total C recovered with the retentate
(R0O.2) and permeate (P0.2) fractions as % of total C recovered with all fractions. See also Table S2.
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The data evidence the effect of hydrogen peroxide on the molecular weight distribution of the
crude soluble products. For the treatments carried out at constant pH 10, without (7-D0, 8-D2, 9-D3)
and with irradiation (10-L0, 11-L2, 12-L3), the data show the increase of the lowest molecular weight
fractions R0.2 and/or P0.2 occurring in the presence of added H20:, compared to the reaction in
absence of H20:. This is readily evidenced in Figure 3B, which reports the total C recovered with the
retentate (R0.2) and permeate (P0.2) fractions as % of the total C recovered with all fractions.

It may be observed in Figure 3B that, in the case of the treatments carried without light
irradiation and with no pH control (1-D0, 2-D2 and 3-D3), the total production of R0.2 and P0.2
increases upon increasing the added content of H202 from 2 to 3 moles per SBP C mole. In the other
cases, no effect or significant trend appears evident by increasing the content of H202 above 2 moles
per SBP C mole. A somewhat similar trend is observed due to light irradiation. Compared to the 2-
D2, the 5-L2 treatment caused a strong increases of the total production of R0.2 and P0.2. In all other
cases, no definite effect or trend may be picked out as being caused by light irradiation.

The data in Figure 3 show that depolymerisation and/or mineralisation of SBP organic matter is
particularly evident in treatments 3-D3, 5-L2, 6-L3, where the sum of R0.2 and P0.2 % values in Figure
3B accounts for 74-93 % of the values reported in Table 1 for the total C recovered with 3-D3, 5-L2, 6-
L3 treatments. Considering the data in Table 1 and Figure 1-3, it appears evident that the SBP
treatments in the presence of hydrogen peroxide at 2 and 3 H202/C ratio are too drastic, due to the
enhancement of depolymerisation and mineralisation by oxidation of the SBP organic matter. Similar
results were obtained for the SBP treatments at controlled pH 10 and 0.1-0.5 H202/C mole ratio not
reported here. Under these conditions, 0.06-0.15 H*/C eq./mole were produced. This indicated that
the oxidation of the SBP organic C to organic COOH functional groups and/or CO2 was quite less
than in the treatments No. 7-12 at 2-3 H20:/C mole ratio reported in Table 1.

2.5. Chemical composition and properties of the molecular weight fractions isolated from the crude soluble
products obtained in all treatments performed in the present work.

Figure 4 and 5 report data related to the chemical composition and surface activity properties of
the fractions obtained from the crude soluble products obtained in all treatments carried out in the
present work. More detailed data are given in Table S3.
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Figure 4. C/N ratio in retentates (Ri, i = 0.2-750) and final permeate (P0.2) fractions, which were
isolated by sequential ultrafiltration through membranes with different cut-off of crude soluble
products obtained in the treatments described in Sections 2.1 through 2.4.

For reactions involving products of complex chemical composition such as SBP, the ratio of the
carbon to nitrogen (C/N) content in the product has been used as index of the effect of a chemical or
a biochemical reaction on the product chemical nature. For example, for the chemical hydrolysis of a
wide variety of municipal biowaste composts, the following equation 3 has been proposed [1]:

C/N=1.81+2.60Z (1),

where Z is the ratio of the measured total aliphatic, aromatic, carboxylic, phenol, phenoxide,
methoxy, amine, amide and ketonic carbon over the sum of amine, amide and carboxylate functional
groups. A similar significant linear relationship has been confirmed between the C/N values of
different composts with the C/N values of the derived SBPs products [4]. The relationship allows
predicting the chemical composition of SBPs obtained from different composts. According to the
authors [4], it constitutes a valuable tool to assist the industrialisation of the SBPs production process.

The data in Figure 4 show that C/N values vary over a very wide range, from a minimum 3.3
value for the P0.2 fraction of the crude soluble product obtained in 3-D3 treatment listed in Table 1
to 49 for P0.2 of the crude soluble product obtained in the 15-L0 treatment of the pristine SBP solution
carried out at controlled pH 10, under irradiation and in the absence of added H202. Most of the
fractions in Figure 4 have C/N values different from the 8.7 value for the pristine SBP reported in
Table S1. The variability of the C/N and molecular weight values of the fractions composing the crude
soluble products obtained in the different treatments of the pristine SBP reflects the complexity of the
supply chain that includes the pristine MBW and the SBP anaerobic digestate, from which the
products are derived. In essence, each of the fractions in Figure 4, obtained by ultrafiltration of the
crude soluble products described in Section 2.1-2.4, are mixture of molecules having not only
different molecular weights, but also different chemical composition. With specific references to the
P0.2 fractions, the C/N values higher than 8.7 (measured for pristine SBP) are likely contributed
mostly by the content of potassium carbonate COz. This occurs for most of the P0.2 fractions isolated
from the crude soluble products obtained in the treatments at constant pH 10, as anticipated by the
data for the crude soluble products obtained at constant pH 10 (see Section 2.2). On the contrary, low
C/N values, as for example C/N 3.3 and 4.4 for P0.2 isolated from the 3-D3 and 6-L3 crude soluble
products, indicate the presence of small molecules containing N, as organic oxymes isolated in the
ozonisation of SBP [7].

Table 4 reports mean C/N values calculated from the single C/N values (Figure 4 and Table 56)
of the fractions isolated as retentates or permeates through membranes with the same cut off values.

Table 4. Mean C/N value of fractions with the same molecular weight.

Fractions Mean StD? STDr® Data points*
R750 8.5 2.7 32 14

R150 7.3 14 20 14

R50 7.4 1.5 21 8

R20 9.5 5.2 55 13

R5 6.7 1.1 16 5
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RO.2 9.9 7.4 75 13

P0.2 14.4 11.0 76 19

aStandard deviation. "Standard deviation as % of mean C/N value. ‘Number of data points.

Mean C/N values have relatively high relative standard deviations, which do not allow
confirming that the differences between average values are statistically significant. Many factors
contribute to the high standard deviations. For the complex molecular mixtures dealt with in the
present work, major factors are the different reaction conditions adopted, e.g. the applied H202/C
mole ratio, together with the replicability of the course of the reaction under the same experimental
conditions and the change of the solution conformation of the molecular pool constituting the crude
soluble products from which the corresponding fractions in Figure 4 are isolated. The polymeric
molecules in the crude soluble products, through their basic and acid functional groups, may
establish intermolecular H-bonds. Depending on their concentration in water, these molecules form
aggregates of different sizes trough the H-bond network established between macromolecules of
different composition. In dilute solutions, the size of these aggregates is likely to decrease and
therefore the composition of retentates through a membrane with a specific cut off may change
depending on the concentration of the solution fed to the membrane. Yet, within the limitations posed
by the relatively high variability of the C/N parameter, the data in Table 4 show some apparent
differences that may help to rationalise the nature of the crude soluble products. For example, the
lowest molecular weight P0.2 fractions have the highest C/N average (14.4) and standard deviation
(11.0) corresponding to STDr 76 %. These results are most likely due to the fact that the P0.2 fractions
contain variable amounts of carbonates, as anticipated in the Section 2.2. The same may be true for
the R0.2 fractions. By comparison, all other fractions exhibit lower average C/N values in the 6.7-9.5
range and lower STDr in the 20-55 % range. Excluding the P0.2 and R0.2 fractions, the apparent order
of average C/N values is R20 > R750 > R150 = R50 > R50 > R5. The C/N data therefore indicate that,
based on equation 3 and on the molecular weight, the R750 and R5 have, respectively, the lowest and
the highest relative content of amino carboxylic and peptide functional groups plausibly organised
in protein like-moieties with different molecular weights.

Selected samples of the products listed in Figure 4 were investigated for their capacity to lower
the surface tension of water. The results are reported in Figure 5 and also in Table S3. The graphical
representation of the measured surface tension (y) values in different colours (Figure 4) allows
observing readily that the experimental ydata may be divided in three groups: i.e.
y<50;50<y<60; y=60.

[ER Surface tenslon
md _
L ;| E =
_E i
: . '
I_'- i { - ® - o
50 - -
- -
-
45
Ail

¢$~‘°“¢f‘“¢“’ e 4‘* w""’ﬁ& e 2. *’f& S
x:d}fbﬁ A 'f‘Fuﬂ ﬁ,ﬁph’%}? Py ﬁiﬁ ﬁ‘i‘@ﬁﬁh

Same o
@ 7t miNowT gy SN ﬁ T =4 mi m !


https://doi.org/10.20944/preprints202312.0537.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2023 doi:10.20944/preprints202312.0537.v1

13

Figure 5. Surface tension values (y, mN m™) for aqueous solutions containing 2 g L' of retentates (Ri,
i = 750-20) isolated by membrane ultrafitration of crude soluble products obtained in all treatments
described in Table 1 and Sections 2.1-2. See also Table S3.

Table 5. Mean surface tension values (y, mN m™) for each of the groups with y <50, 50 <y <60, y=>
60. See also Table S4.

Y 2 60 50 <y<60 vy <50
Na 9 9 5
Mean? 64.1 a 54.7 b 479 ¢
Stdc 2.4 2.6 1.4

aNumber of data points. ®Values with different letters are significantly different at P <0.01 level; e.g, a>b > c.
Standard deviation.

The data point and the standard deviation bars in Figure 5, and the statistical analysis given in
Table 5 show that the mean values of the three groups are significantly different one from the other.
The SBP treatments at H202/C 0.5-0.1 mole ratios without pH control, and without or with irradiation
yield products with the lowest y < 50 values. All others have y > 50. All samples obtained by virtue of
the autocatalytic properties of SBP in absence of added H20: seem to exhibit the highest y > 60 surface
tension values. On the other hand, the treatments in the presence of H202/C 2-3 seem to yield fractions
with some improvement of the surface activity properties, but produce high de-polymerization of
the pristine SBP organic matter. The treatments at H>02/C 0.5-0.1 mole ratios produce also de-
polymerization of the pristine ~ SBPs organic matter, but yield the fractions exhibiting the best
surface activity property.

3. Discussion

3.1. The autocatalytic property of SBP.

The SBP depolymerisation (Figure 2) and mineralisation (Figure 1) in water, induced by the 1-
DO, 4-D0, 7-L0, 10-LO SBP treatments in absence of added H20:, prove that the SBP auto-catalyses its
own oxidation. In the absence of added oxidant reagents, the reaction can only occur through the
generation oxygen and/or hydroxyl radicals [3] catalysed by SBP [1]. Therefore, under these
conditions, water acts as solvent and oxidizing agent. The data also demonstrate that the SBP auto-
oxidation occurs both with and without light irradiation of the SBO solution.

The auto-oxidation of a compost derived SBP in water solution at 500 mg L-! under irradiation
with simulated solar for 0-15 hours has been reported [1] to yield crude soluble products with
increasing content of organic carboxylic functional groups, and to cause decrease of the SBP aromatic
chromophores and fluorophores, lighter colour and complete loss of the surfactant properties of the
pristine compost derived SBP. Photo-bleaching, as evidenced by the lighter colour of the product,
was more marked in the presence of added hydrogen peroxide. The auto-oxidation of SBPs solution
without irradiation with simulated solar light, as observed for the SBP tested in the present work, is
so far unknown in literature.

Photo-assisted chemical reactions under light and dark conditions are known to occur for
systems containing a wide range of mineral ions from groups I through IV and rare-earth elements
[8]. Bio- and chemiluminescent reactions [9] are examples of reactions occurring in the dark and
producing light. These reactions involve complex systems involving condensed heteroaromatic rings,
molecular oxygen or hydrogen peroxide, potassium hydroxide and complexed Fe®/Fe? ions
participating in redox reactions. The SBP investigate in the present work, derived from the MBW
anaerobic digestate, and the compost derived SBPs have all organic and mineral components [1] for
chemical reactions to occur in water in the dark.

Thanks to their complex chemical composition, compost derived SBPs have been shown to
perform as photosensitisers favouring Photo-Fenton processes under irradiation with simulate solar
light [1]. The Fe ions in SBPs are inherited from the pristine MBW from which the products are
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obtained. These ions are bonded to the SBPs organic matter. In this fashion, SBPs can maintain Fe(1II)
in solution at pH values above 4.5-5. Through this mechanism, SBPs have been demonstrated to
induce the oxidation of organic pollutants in water with significant mineralisation of organic C and/or
their self-oxidation.

The autocatalytic properties of the SBP obtained from the MBW anaerobic digestate, which are
disclosed in the present work, are a novelty, valuable for many aspects. The results described in
Section 2.1-2.3 offer scope for further research aiming to increase the scientific knowledge of
advanced oxidation processes [3], biomass derived C catalysts [5] and photo-assisted chemical
reactions under light and dark conditions. At the same time, they open new perspectives for
developing no energy and no reagents consumption, clean, mild oxidation processes for the
valorisation of MBW as feedstock for the production of new value added chemical specialities.

3.2. Criticalities for the implementation of the SBP catalytic properties.

Aside from the scientific value, the results of the present work indicate a number of criticalities
that need to be solved to improve and implement the oxidation process for the valorisation of MBW
as feedstock for the production of competitive biowaste-based biosurfactants and materials to
industrial and commercial level.

The auto-catalyzed reactions in absence of added H202 (1-D0, 4-L0, 7-D0 and 10-L0) yield the
lowest de-polymerization degree of the pristine SBP. This is readily evident from the data in Figure
3, showing that the total production of the low molecular weight fractions (R0.2 and P0.2) in the 12-
37 % range. Unfortunately, the surface tension values of the high molecular weight fractions (Ri, i =
750-20) are too high (y = 56—69). The treatments in the presence of hydrogen peroxide at 2-3 H20»/C
mol/mol ratio gave products with slightly better surface tension properties, i.e., y= 52-53 for the
products obtained in the 9-D3 and 12-L3 treatments (Figure 3). However, compared to the treatments
in absence of hydrogen peroxide, the de-polymerization degree induced by the treatments in
presence of hydrogen peroxide was quite high. For example, the production of the R0.2 and P0.2
fractions (Figure 3B) amounted to 75 % and 62 % for the 9-D3 and 12-L3 treatments, respectively. The
treatments at H202/C 0.5-0.1 mole ratios produced also high de-polymerization of the pristine SBP
organic matter, but yielded high molecular weight products exhibiting the best surface activity
properties. The surface tension (Figure 5) range from 47 to 49 mN m-! for the R750, R150 and R20
fractions isolated by membrane filtration of the crude soluble products obtained in the treatment at
0.25-0.5 H202/C mol/mol ratio. Furthermore, the R750 and R 150 fractions of the crude soluble
products obtained from the treatments 19-D0.5 and 16-L0.5, respectively, yielded the 2 g L-! solutions
exhibiting the lightest yellow colours (Table S3) coupled to the lowest surface tension (Figure 5).
Figure 6 shows the example of the colour of the solutions of the R750 fractions obtained from the 7-
DO and 15-L0 treatments, and of the R750 and R150 fractions obtained from the treatments 19-D0.5
and 16-L0.5, respectively. Lighter white colour coupled to lower surface tension 38 mN m-! had been
observed only for the R150 fraction isolated from the ozonised SBP [7]. Bleaching and improving
surface activity make SBPs more competitive biosurfactants against current commercial products

12,7].
l TED
= —— - -_—

Figure 6. Colour of the solutions of crude soluble products’ fractions, in the order from the left side
to the right side of the Figure: 7-D0 R750, 19-D0.5 R750, 15-L0 R750, 16-L0.5 R150 listed in Figure 5
and Table S3.



https://doi.org/10.20944/preprints202312.0537.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2023 doi:10.20944/preprints202312.0537.v1

15

Considering the induced depolymerisation degree and the surface tension values of the
products, none of the treatments in the presence of H20O2 seems competitive with the ozonisation of
SBP [7] reported to yield 30 % of polymers with molecular weights from100 to > 750 kDa, and
biosurfactants” solutions with white colour and surface tension values of 38 mN m at the product
critical micellar concentration of 0.47 g L-1. Compared to the ozonisation of SBP, the auto-catalyzed
reactions in absence of added H20: (1-D0, 4-L0, 7-D0 and 10-L0) are the only ones producing a definite
improvement, although only for the reduced depolymerisation degree, and not for the products
surfactants properties.

Undoubtedly, obtaining valuable products by just keeping SBP in water solution is the most
desirable lowest cost process, as it would not involve energy and reagents consumption, and process
wastes needing secondary treatments for their disposal. The results obtained with the SBP treatments
in absence and in the presence of hydrogen peroxide at 0.1-0.5 H202/C mol/mol ratio offer scope for
investigating the reaction of SBP with water containing hydrogen peroxide in catalytic amounts at
H202/C pmol/mol level, to perform as precursor of active O and OH radicals. Such system might
allow controlling better the rate of the SBP chemical oxidation, in order reduce the depolymerisation
degree and improve the surface activity properties of the products, compared to the products
obtained in the present work.

3.3. Scopes and perspectives of future improvements

The underlying concept of the previous work [1] was the realisation of a MBW-based biorefinery,
which could compete with fossil-based refineries for the production of commodities, fine chemicals
and chemical specialities [10,11]. The lignocellulose proximates in MBW constitute in principle
potential polymeric raw materials made of aliphatic and aromatic C types, substituted by a variety
of oxygenated functional groups. The mild chemical treatments adopted in the previous and present
work aimed to recover the MBW organic matter in soluble form, while maintaining as much as
possible the functionalised polymeric structure. Contrary to the pristine MBW, the recovered
polymeric soluble organic matter could be fractionated into different molecular cuts with different
chemical composition, exploiting the different molecular sizes and/or solubilities in acid and alkaline
water [1]. This methodological approach is quite different from the technology used in fossil-based
refineries, which encompasses several thermal and/or multistep chemical processes to manufacture
organic commodities, fine chemicals and materials [10,11].

For the envisioned MBW-based biorefinery to compete with fossil-based refinery, the previous
work addressed several issues, such as the site-specific variability of MBW [4], the processes
sustainability, the products replicability with guaranteed specification and performance, and the
production flexibility [2], i.e., the capacity of the biorefinery to obtain different products and to
modulate their production according to the market demand. Production flexibility is well practiced
in fossil-based refineries [12-16].

In this context, the development of the autocatalytic SBP process in the presence of hydrogen
peroxide at H202/C pmol/mol level is a further option offered by the results of the present work,
which might contribute more economic sustainability and production flexibility to the aimed MBW-
based refinery. The improvement of the yield, quality and performance of the surfactants and
polymers described in the present work is a highly worthwhile objective to be achieved, upon
considering that the current commercial counterpart products account for large shares of the world
chemical market. These commercial products are used for the manufacture of consumer chemicals,
auxiliaries for industry and plastics, which constitute about 60 % of the chemicals sales in the
European market [17].

At present, there are no commercial chemicals made from MBW, except for composts. A typical
example is the compost made from food waste anaerobic digestate mixed with urban gardening
residues produced by the Italian Acea MBW treatment plant [18]. This product however has a very
low commercial value of 30 €/t [1,19]. In the long term vision of the present work, MBW management
and biobased economy are intimately connected. The previous work on SBPs [1] proves that
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exploitation of MBW as feedstock can generate new relevant benefits for waste management and the
biobased economy.

In Europe, about 100 Mt yr' of MBW?! are generated by 750 million EU citizens and treated by
18000 plants [20,21]. About 35 Mt yr'' MBW are processed by anaerobic and aerobic fermentations,
yielding biogas, anaerobic digestate and/or compost [22,23]. The rest is landfilled or incinerated
emitting 11000 Mm? yr! COz, 14000 Mm? yr' CHs, 2-4 kt yr! dust and 154 kt yr! other GHG and toxic
organics [24]. On the other hand, the EU chemical industry produces 330 Mt yr? organic chemicals
from fossils to make plastics and chemical products [25,26] generating 1037 Mt yr-* CO2 emission. Sale
prices [27-31] for plastics and high performance surfactants run 1,500-150,000 € t1, worth 84-8,400
billion € yr! total market value. By comparison, biobased plastics and chemicals turnover [25,26] is
70 billion € yr-. In this scenario, the improvements of SBPs yield and quality could in principle allow
obtaining new biowaste-based commercial products, which were competitive with the current
commercial products and could replace large portions of EU chemicals obtained from fossil
feedstock, thus increasing the market output of biobased chemicals and materials.

The realisation of these perspectives would generate considerable environmental, economic
and social benefits. For examples, current MBW treatment plants are not cost effective [1]. The value
of the produced biogas and compost is not enough to cover the collection and processing cost of the
biowastes. Eighty per cent of it is paid for by citizens’ taxes. The conversion of the MBW treatment
plants into biorefineries, producing the improved SBPs competitive with current commercial
products, would allow raising the MBW plants’ revenue by two-three order of magnitude. This effect,
in turn, would allow obtaining a number of effects: i.e., reducing the citizens’ taxation for waste
disposal; establishing a healthier living environment due to reduction of GHG from landfill sites and
from the fossil based chemical industry; generating new jobs in the biowaste-based refineries;
convincing citizens that wastes are source of economic, social and environmental benefits, rather than
cost; promoting social acceptance of the new biorefineries; improving citizens’ attitudes towards
waste reuse and recycling; contributing to biobased products standardization/certification; updating
EU REACH Chemicals Policy by including SBPs as authorized chemical specialities for the chemical
market.

The achievement of above impacts requires the participation of multidisciplinary industrial
skills and join ventures (JVs) involving multipurpose industrial actors. For example, the facilities to
produce the SBPs should be most suitably located in the MBW operational sites, which traditionally
deal with the collection and treatment of the biowaste paid for by the local citizens’ community. On
the other hand, chemical companies have assessed competence and experience in the manufacture
and marketing of finished consumers’ products and/or materials. The JVs between such actors could
more properly be established in form of benefit corporation, a recent new legal tool to create a solid
foundation for long term mission alignment and value creation that was established in 2016 in Italy
as first European state and second country in the world to adopt it [32,33]. The mission of the benefit
corporation is perfectly tailored to the achievement of the multiple impacts expected to be achieved
by the new waste-based biorefinery. It combines the goal of profit with the purpose of creating a
positive impact for society and the environment. For the nature of its mission and skills, the above
benefit corporation has all traits to communicate and interact with scientists, technologists, policy
makers and citizens.

4. Materials and Methods

4.1. Materials and Treatments.

The SBP was available from previous work [1]. It was obtained by hydrolysis at pH 13 and 60 °
from the anaerobic digestate of unsorted municipal food waste. The digestate was supplied by
Italian Acea Pinerolese MBW treatment plant [18] located in Pinerolo (TO). In the present work,
the SBP (5 g) was dissolved in 150 ml) water at pH 10. The solution was kept at room
temperature under the following different conditions: in the absence and presence of added
hydrogen peroxide at 0.1-3 H202/C mole ratio, with and without pH control. In the first case,
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the pH of the solution was found to decrease from 10 to about 5 over 14 days, and remained
constant afterwards. In the second case, the starting pH 10 was kept constant during the 14
days by adding a 0.2 g L' KOH solution in water. The same conditions were applied for the
solution kept in a climatic chamber under irradiation with simulated solar light. At the end
of the treatments, the solution was centrifuged at 5000 rpm to separate any insoluble
material from the soluble phase. The separated insoluble and soluble products were dried
at 60 °C.

4.2. Decarbonated CO:-free samples.

The dry soluble products were re-dissolved in water and added with 5 N HC until gas evolution
ceased. Afterwards, the solution was centrifuged to separate the precipitated solid from the
supernatant liquid phase. The solid was dried first at 60 °C and then in a chemistry lab desiccator
over solid NaOH and silica gel.

4.3. Products’ isolation and characterisation.

The separated soluble phase from the treatments described in Section 4.1 and the decarbonated
COz-free samples were further processed by sequential membrane ultrafiltration through 8
polysulphone membranes with decreasing molecular cut to collect the retentates at 750 kDa (R750),
150 kDa (R150), 100 kDa (R100), 50 kDa (R50), 20 kDa (R20), 5 kDa (R5), 0.2 kDa (R0.2) and the final
permeate at 0.2 kDa (P0.2). The obtained retentate and permeate fractions were dried at 60 °C to
constant weight and analysed for their volatile solids, ash, C, N content. The products were
characterised for their relative C type and functional composition by 13 C solid state NMR
spectroscopy and for their surface tension in water solution at 2 g L' added product concentration.

4.4. Analytical methods.

13C solid state NMR spectra were recorded as previously reported [1] at 67.9 MHz on a JEOL
GSE 270 spectrometer equipped with a Doty probe. The cross-polarization magic angle spinning
(CPMAS) technique was employed and for each spectrum about 104 free induction decays were
accumulated. The pulse repetition rate was set at 0.5 s, the contact time at 1 ms, the sweep width was
35 KHz and MAS was performed at 5 kHz. Under these conditions, the NMR technique provides
quantitative integration values in the different spectral regions. Thus the relative composition of C
types and functional groups for each product in Figure 1 is based on the integration of the band areas
in the 13 C NMR spectrum falling in the chemical shift (8, ppm) ranges: 0-53 for aliphatic (Af) C, 53-
63 ppm for amine (NR) and methoxy (OMe) C, 63-95 ppm for alkoxy (OR) C, 95-110 ppm for anomeric
(OCO) C, 110-160 ppm for total aromatic (Ph) C and 160-185 ppm for carboxylic and amide (COX, X
=OR, OM, NR, R =H, alkyl and/or aryl) C. The total integrated bands area was assumed to represent
the total C moles in the analysed sample. All other analytical and product characterisation details
were as previously reported [1].

5. Conclusions

This work shows that the realisation of the long term vision to convert municipal biowaste
treatment facilities into cost effective biorefineries producing biofuel, and value added biosurfactants
and biopolymers for the manufacture of consumer products and plastic materials, requires
improvements of process yields and products’ quality, relative to the current state of art of the
research so far carried out [2]. Process improvements should focus on increasing the yield of the high
molecular weight water soluble products by reducing the depolymerisation and/or mineralisation of
the pristine material. Product improvements should focus on enhancing the products” surfactant,
workability and mechanical properties.

The data collected in the present work show that, due to the complex chemical composition of
the feedstock natural waste materials and the derived products, it is not easy to assess the trade-off
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between destroying potentially valuable organic matter and gaining value from the residual matter
surviving the chemical treatment. Considering the stake in the context depicted in Section 3.3,
investigating the oxidation of SBP assisted by hydrogen peroxide at H202/C pumol/mol level as
function of the reaction time is highly worthwhile.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org., Table S1: Experimental conditions and products for the oxidation of SBP in water
solution at 33 g/L concentration, irradiated and not irradiated with simulated solar light, in the absence and
presence of added hydrogen peroxide at 2-3 H20/C mole ratio, with and without pH control. Data for pristine
SBP at day 0 and recovered soluble and insoluble products at day 14: weight (WY, w/w %), and C (CMY) and N
(NMY) molar (mol/mol%) yields relative to pristine SBP, and organic C and N w/w % content in recovered
materials; Table 52: C mole % recoveries accounted for by molecular weight fractions (MWF) isolated by
sequential membrane ultrafiltration in the SBP treatments listed in Table S1; Table S3: Chemical composition
and property data for molecular weight fractions of SBPox described in Table 1 and above Sections 2.1-2.3: C
and N content (w/w %), C/N w/w ratio, and surface tension (y, mN m) and colour for aqueous solutions
containing 2 g L' added products; Table S4: Surface tension values (y, mN m) in Table 4 and Figure 2 and mean
values for y <50, 50 <y <60, y = 60 groups.
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obtained from MBW anaerobic digestate used as pristine material in the treatments reported in the
resent work. SBP treatments, 1-DO0 (no added H20z, no pH control, no light irradiation); 2-D2 (added
H20: at 2 H202/C mol/mol, no pH control, no light irradiation); 3-D3 (added H20: at 3 H202C
mol/mol, no pH control, no light irradiation); 4-L0 (no added H202, no pH control, light irradiation);
5-L2 (added H:0: at 2 H202/C mol/mol, no pH control, light irradiation); 6-L3 (added H:0: at 3
H20:/C mol/mol, no pH control, light irradiation); 7-D0 (no added H202, pH 10 control, no light
irradiation); 8-D2 (added H202 at 2 H202/C mol/mol, pH 10 control, no light irradiation); 9-D3 (added
H20: at 3 H202/C mol/mol, pH 10 control, no light irradiation); 10-L0 and 15-L0 (no added H202, pH
10 control, light irradiation); 11-L2 (added H202 at 2 H20:/C mol/mol, pH 10 control, light irradiation);
12-L3 (added H202 at 3 H202/C mol/mol, pH 10 control, light irradiation); 13-D0 (no added H202, pH
10 control, no light irradiation); 14-D0.5 (added H20:2 at 0.5 H202/C mol/mol, pH 10 control, no light
irradiation); 16-L0.5 (added H20: at 0.5 H202/C mol/mol, pH 10 control, light irradiation); 17-D0.1
(added H202 at 0.1 H202/C mol/mol, pH 10 control, no light irradiation); 18-D0.25 (added H20: at 0.25
H20:/C mol/mol, pH 10 control, no light irradiation); 19-D0.5 (added H20: at 0.5 H202/C mol/mol, pH
10 control, no light irradiation).
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