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Abstract

The inadequate management of asbestos-cement products (ACP) and/or wastes (ACW)
generates hazardous airborne dusts. For this reason, the EU is promoting the removal of
ACP from utilities, public and private buildings and is looking for innovative ACW
treatments alternative to the landfilling. The simultaneous treatment of ACW and orange
pulp or cheese whey was attempted with a mesophilic dark fermentation (DF) process
followed by a 12 h hydrothermal (HT) treatment carried out with the addition of lactic or
oxalic acid at 100 °C and ambient pressure. The DF of orange pulp or cheese whey in the

presence of 5 g L" ACW lasted 171 h and led to the production of 4 Ly, and 5 Ly, per

litre of solution, respectively. During the DF, the dissolution of the ACW matrix was

almost completed, and the partial collapse of the asbestos fibres was observed. Both the
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organic acids that were added during the HT tests at a concentration >2.5 g L! completely
destroyed the asbestos fibres. However, when 1.25 g L-! lactic or oxalic acid was added
before the HT tests, few fibre fragments were found, and their chemical composition

differed from that of chrysotile.

Keywords: orange pulp; cheese whey; oxalic acid; chrysotile; hydrogen; asbestos-

cement waste treatment.

1. Introduction

Chrysotile, also called white asbestos, is the most used type of asbestos, and it is
considered to be a human carcinogen (Donaldson et al., 2013; Stayner et al., 2013).
Chrysotile consists of sheets of Mg(OH), (brucite-like sheets) bonded to sheets of SiO,,
and it is characterized by a layered structure that is wrapped around itself to form a tubular
fibre structure with a spiral section (Falini et al., 2004). In a very recent paper, the
adoption of the DF process as a pretreatment of an acid-infused HT phase was proposed
to destroy the chrysotile fibres contained in ACW to save energy and reagents (Spasiano
etal., 2017). Indeed, the biological DF treatment led to the conversion of glucose in CO,-
and H,-rich biogas and organic acids (OA) (Saleem et al., 2018), which dissolved all of
the calcium-based compounds from the cement matrix and part of the brucite-like sheets
of the chrysotile fibres constituting the Eternit sample (Spasiano, 2018). Consequently,
during the acid-infused HT treatment that was carried out at 100 °C under ambient
pressure, the amount of sulfuric acid, which was required to completely dissolve the
suspended brucitic layers was halved with respect to a previous finding (Nam et al., 2014).

Similar results were obtained when 1.25 g L-! malic or lactic acid was added instead of



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

the same amount of sulfuric acid, but in these cases, the anaerobic digestion (AD) of the
HT effluents led to an additional source of energy in the form of bio-methane (Spasiano
et al., 2019). Notably, besides to chemicals savings, this treatment train led to the
production of both bio-hydrogen and bio-methane, which can energetically support the
HT treatment. Consequently, the adoption of a DF stage followed by the HT and AD
treatments could overcome the high energy and/or reagents requirement issues of the
conventional ACW treatments (Spasiano and Pirozzi, 2017) and support the application
of the recently introduced ACW treatment train at the industrial scale.

The above mentioned studies were carried out by adding glucose as a biodegradable
substrate in a [CcH,04]/[ACW] mass ratio equal to 12 during the DF. Even if an aqueous
solution of glucose could simulate the molasses produced by sugar refineries (Sen et al.,
2019), the production is not enough to meet the needs of this treatment train, since the
quantity of ACW to be disposed is very high. For example, the ACW to be treated in Italy
and in Flanders, which is a Belgian region, equals 3.0x107 ton and 3.7x10° ton,
respectively (OVAM, n.d.; Plescia et al., 2003). However, instead of glucose, other
biodegradable substrates could be used during the DF, such as the organic fraction of
municipal solid waste (Shin et al., 2004; Gomez et al., 2006), wastewater sludge (Cai et
al., 2004; Wang et al., 2019), agricultural lignocellulosic biomasses (Kumar et al., 2015;
Motte et al., 2015; Hu et al., 2018), and agro-food wastes (Buitrén et al., 2014; Mamimin
et al., 2016; Ghimire et al., 2017).

The aim of this study was to demonstrate the potential biotechnological valorisation of
two biodegradable wastes, cheese whey and orange pulp, which were used as substrates
for the DF process to produce H; and the required OAs necessary for an efficient ACW

treatment. Cheese whey represents approximately 80-90% of the milk used during the
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production of cheese and casein and, to date, represents a waste (Colombo et al., 2016).
In particular, the global cheese whey production in 2016 was almost equal to 200x10° ton
y'! and the FAO evaluated a constant 3% increase of cheese whey production in the last
21 years (Domingos et al., 2018). Even if 50% of this by-product is converted into useful
products, such as human and animal feed, the rest is disposed of as a waste (Nikodinovic-
Runic et al., 2013). Citrus pulp is a waste that is derived from juice-making industries and
represents approximately 50% of the processed fruit weight (Mantzouridou and
Paraskevopoulou, 2013). The global citrus pulp production may reach 25x10°¢ ton y-!
(Taghizadeh-Alisaraei et al., 2017), and only a small part of the pulp that is derived from
the squeezing of citrus fruits is pelletized and sold for animal feeding (Mamma et al.,
2008). Consequently, as in the case of cheese whey, the proposed treatment train could
valorise and treat this by-product, which is generally landfilled with a cost that is
approximatively equal to 10 USD ton™! (Rossi et al., 2009).

The DF effluents from the biological conversion of orange pulp or cheese whey have been
processed with an acid-infused HT treatment to completely dissolve the brucite-like
layers of chrysotile fibres and their suspended fragments. In agreement with the findings
of a previous work in which sulfuric, malic and lactic acid were tested (Spasiano et al.,
2019), in this study, lactic acid was adopted since it seems to be a good compromise in
terms of costs, bioavailability, efficiency at dissolving brucitic layers, and bio-methane
production during the final AD treatment. However, in this work, oxalic acid was also
tested because it costs 50-80% less than lactic acid and it could be considered to be a
green chemical. Indeed, oxalic acid could be produced from waste biomasses (André et
al., 2010; Musiat et al., 2011) or from the reduction of carbon dioxide (Angamuthu et al.,

2010). Additionally, the oxalic acid biodegradation in anaerobic conditions could
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generate a methane rich biogas (Dinsdale et al., 2000). Notably, the adoption of oxalic
acid instead of lactic or malic acid would both lower the costs of reagents and contribute
to the production of methane during the AD of the HT effluents.

The novelty of this work consists in the evaluation of the real feasibility of the proposed
process adopting real biodegradable wastes instead of a synthetic glucose solution, which
was already tested in our previous papers (Spasiano, 2018; Spasiano et al., 2019). This
aspect is crucial because, if the process have to be scaled using glucose as sacrificial
biodegradable substrate, the process may not be convenient, or at least less convenient
than using agro-food industry wastes. Furthermore, for the first time the evolution of the
chrysotile structure degradation has been evaluated at the end of the main steps of the

treatment train by means of SEM and EDX analysis.

2. Materials and methods

2.1. Materials

Oxalic acid (>99%) and lactic acid (85%), which were manufactured by Sigma-Aldrich.
The sulfuric acid (98%) in the preparation of the high-pressure liquid chromatography
(HPLC) eluent were used. In all of the reported experiments and in the dilution for
analytical procedures, demineralized water was adopted as the solvent.

The inoculum that was adopted for the DF experiments was attained by a thermal
pretreatment of the digestate, which was derived from an anaerobic digester that was used
to treat the wastewater and the biodegradable wastes produced by the dairy farm ‘Davide
Colangelo’, located in southern Italy. In particular, the pretreatment was carried out at
105 °C and lasted 1.0 h (Ghimire et al., 2015). The digestate characterization highlighted

the total solids (TS) and volatile solids (VS) at concentrations of 50.3 g L! and 26.5 g
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L, respectively, with the initial pH value of 7.8, and finally, the initial dissolved calcium
and magnesium concentrations were 276 mg L' and 626 mg L-!, respectively.

The characterization of the ACW sample that was used in this study, which was reported
elsewhere (Spasiano, 2018), showed the presence of chrysotile fibres and Mg?* and Ca?*
concentrations that were equal to 3.1 %, and 30.0 %, respectively.

The orange pulp and cheese whey that were adopted in this experimental campaign are
characterized by a COD equal to 173.5 g kg! and 77.5 g L-!, respectively. Additionally,
the characterizations of the two substrates, which are reported in Table 1S, agreed with
previous findings (Wong et al., 1978; de Moraes Barros et al., 2012). Once received, the
substrates were stored at -18 °C, and an orange peel was blended before use to easily

manage the specific bio-reactor’s feeding procedure.

2.2. Analytical methods

The dissolved magnesium and calcium ion concentrations were measured by flame
(acetylene/air) atomic absorption spectrometry (FAAS). Bio-H, concentration in the
produced biogas was evaluated by Varian Star 3400 gas chromatography (GC). The
concentrations of OAs were evaluated by using a HPLC technique. The adopted
equipment consisted of an absorbance detector, a gradient pump and a chromatography
oven where a cation-exchange column was housed. The solids collected after the DF and
HT processes were analysed with a FESEM-EDX electronic microscope after a golden
sputtering was carried out with a Sputter Quorum Q150 under Ar atmosphere. The TS,
VS, and COD values were measured according to APHA standard methods (Association,
1998). A pH-meter (HI 98190 pH/ORP; Hanna Instruments) was used to monitor the pH

of the solutions.
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Detailed information is presented in the Supporting Materials.

2.3. Experimental apparatus

Dark fermentation bioreactors consisted of a 2.0 L borosilicate glass bottle closed with
airtight screw caps having two sampling tubes to allow for the withdrawal of liquid and
gaseous samples. To guarantee a food to microorganism ratio (F/M), expressed as the
COD substrate (g)/VS inoculum (g), close to 2.6 (Spasiano et al., 2017), 500 mL of
inoculum was mixed with 407 mL of cheese whey or 182 g of orange pulp. The solutions
were made up to the volume of 1.0 L with distilled water and were purged with pure N,
for 30 min to ensure anaerobic conditions. Successively, the bio-reactors were
continuously stirred at 370 rpm and maintained at 35 + 1 °C. The DF experiments were
carried out under batch-wise conditions until the cumulative H, production reached a
plateau to re-activate the inoculum. Later, the stirring of the solution was interrupted for
2 h to allow the sedimentation of most of the biomass, and the reactors were fed in fed-
batch conditions. In particular, 500 mL of supernatant was removed and replaced by 500
mL of a water solution containing 182 g of orange pulp or 407 mL of cheese whey. This
procedure was repeated when the cumulative H, production reached a plateau for the
second time, and 5.0 g of ACW was added to each bioreactor together with the
biodegradable substrate.

The DF pretreatments of ACW lasted until the cumulative H, production reached the
plateau for the third time, and the resulting solutions representing the effluent of the DF
processes were used for HT experimentation. To this purpose, 100 mL of the afforded
solution was heated in a round bottom flask equipped with a glass condenser cooled with

tap water (=15 °C). In particular, the flasks were immersed into an oil bath with a



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

thermostat at 100 °C and were magnetically stirred. Once the solutions reached the
required temperature, oxalic acid or lactic acid was added to the solutions with a
concentration in the range of 0-5.0 g L!. Once withdrawn with a syringe, the samples

were centrifuged, filtered, diluted, and, finally, analysed.

3. Results and discussion

3.1. DF treatment

Due to the orange pulp and cheese whey bio-degradation, the H, production at the end of
the inoculum activation phase (45 h) was 2.6 L and 2.4 L, respectively (Figure 1). This
result is in accordance with other studies on DF of real waste biomasses (Kumar et al.,
2017; Ghimire et al., 2016) where low H, yields and high OA accumulation can be
achieved with respect to the case of synthetic glucose-based solutions fermentation. DF
of soluble biodegradable compounds, such as sugars, usually lead to the production of
acetic acid, butyric acid, propionic acid and ethanol as main by-products (Kumar et al.,
2017). The known biological routes for H, production usually depend on the bacterial
inoculum and substrate characteristics (Ghimire et al., 2016, Ghimire et al., 2017). Due
to the complexity of the real-scale derived inoculum and the organic substrates used in
this work, the stoichiometry of the process is far to be well known. Based on glucose
fermentation by fermentative bacteria (Eq. 1-3 from Costello et al. (1991)), it is possible
to assess that the presence of acetic (Eq. 1) and butyric (Eq. 2) acids in the culture medium

is more favourable for H, production optimization.

CgH1,04—CH3CH,CH,COOH + 2CO, + 2H,, (Eq. 1)
CgH1204 + 2H,0-2CH3COOH + 2CO, + 4H,, (Eq. 2)
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When other fermentation pathways are performed, as in the case of mixed culture-real
substrate fermentation, low H, yields are achieved and other by-products, such as lactic
acid (Eq.3), can be accumulated in the bioreactors. In addition, using high F/M ratios it is
possible to favour acids accumulation within the culture medium with uncomplete
substrate conversion. This was the aim of DF phase in this work, where high OA
concentrations were accumulated for the successive dissolution phase of the ACW
treatment. After feeding the bioreactors in semi-batch conditions, the H, production
decreased. Indeed, with the second and third loads of cheese whey, the H, volumes
generated in the bioreactor were 2.1 L and 0.5 L, respectively, while lower H, volumes
were produced by using orange pulp as a biodegradable substrate. This behaviour could
be ascribed to the production of other OAs, such as lactic, which led to a decrease in the
pH (Figure 2) and the consequent slowdown of bio-H, production. Moreover, the lower
H; production during the DF of orange pulp could be due to the presence of orange peel
oil, which was mainly constituted by D-limonene, a monoterpene that is toxic to
fermenting microorganisms (Zema et al., 2018). In particular, among the other OAs
typically produced during the DF process (Figure 2), the presence of 1468 mg L-! caproic
acid at the end of the DF of the orange peel confirms this hypothesis. D-Limonene, by
interacting with the membrane structure of specific microorganisms such as Escherichia
coli and Salmonella enterica, led to the change in the membrane lipid profile and to an
increase in the caproic acid content to more than 50% (Di Pasqua et al., 2007).

The inhibitory effect of D-limonene also affected the amount and the speciation of
produced OAs during the DF. This aspect is highly relevant because inorganic trace
elements can add additional inhibitory effects on microbial consortia operating in

anaerobic conditions (Maharaj et al., 2018). Indeed, when cheese whey was used as the
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substrate, the final amount of OAs was higher than when using orange pulp as feedstock.
Specifically, the molar ratio among butyric acid and acetic acid (B/A) in the effluents of
the last cycle was 1.21, which is a value that is close to the optimal B/A ratio (1.5) that
was previously evaluated (Hawkes et al., 2007). On the other hand, during the DF of
orange peel, the OA production decreased by almost 40%, and the B/A ratio at the end of
the biological phase was also equal to 0.66. These results are higly relevant as they can
be used as experimental base for the understanding of the biochemical behaviour of mixed
culture consortia and the definition of mathematical models (Frunzo et al., 2019; Mattei
et al., 2018; Kostrytsia et al., 2018).

However, in both cases, the OAs produced during the DF phase attached the calcium and
magnesium compounds contained in the ACW sample that was added 100 h after the
beginning of the experiments. Indeed, as shown in Figure 3, most of the Ca-based
compounds that constituted the cement matrix of the ACW sample were dissolved, since
90% of the theoretical Ca amount in the suspended ACW was found dissolved as Ca?" in
both of the effluents of the biological phase. This results is in agreement with the
biogeochemical mechanisms of deterioration of concrete due to the metabolic activity of
some microorganisms, which leads to the production of OAs that facilitate the calcium
complexation and dissolution (Sand, 1997; Jia et al., 2019). Specifically, this
phenomenon can contribute to the biodeterioration of cement pipe in drinking water
distribution systems (Wang et al., 2011), of buildings and monuments (Dyer, 2017).

At the same time, 41.5% and 36.4% of the magnesium constituting the brucitic layer of
white asbestos contained in the ACW was found to be dissolved in the DF effluents from
cheese whey and orange peel, respectively. Also in this case, the dissolution of the brucitic

layer could be ascribed to the metal extracting action of the OAs produced during the DF.
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Indeed, a similar biodeterioration mechanism was observed in the environment on
asbestos and asbestiform minerals exposed to the action of some organisms (bacteria,
fungi and lichens), whose metabolites with acidic and chelating functions (such as, oxalic
acid, pulvinic and norstictic acid) attack and extract metals from the asbestos structure
(Favero-Longo et al., 2013; Mohanty et al., 2018).

In particular, as shown in Figure 3, the net concentration of calcium and magnesium ions

([ca®*] and [Mg?*] ) at the end of the DF was normalized with respect to the

n
theoretical calcium and magnesium concentration suspended in the solid state after the

addition of 5 g L' ACW ([Mg?*+ ]t and [Ca®* ]t) as follows:

[Mg?+ ]n [Mg?* ]171h - [mg?* ]100h

= Eq. 4
[Mg? ], 155mgL~! (Ea-49)

[ca®*],  [ca®*],,, - [Ca®* ] gon

_ Eq. 5
[Ca®*] 1500 mg L~ ! (Ea-2)

t

where [Mg?* ]171h and [Ca®* ]171h represent the concentrations of dissolved cations at

the end of the biological pretreatments, while [Mg? ] ,, and [Ca2+]100h are the

100
concentration of the ions dissolved in the solutions just before the 5 g L-! ACW addition.
Even when a partial dissolution of the brucitic layers was observed in both cases,
asbestos-like fibres were still present. Indeed, SEM analysis carried out on the suspended
solids contained in the DF effluents showed some fibres that were characterized by a
morphology that is very similar to that of chrysotile (Figure 1S). In agreement with the
lower amount of dissolved magnesium, the fibres found in the effluents of the DF that
were carried out in the presence of orange peel (Figures 1Sc-d) seemed larger than in the
other case. Additionally, the EDX analysis carried out on the fibres (sites S1-S6 of Figure

1S) revealed an Mg/Si weight ratio that was close to the theoretical Mg/Si ratio of pure

11
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chrysotile (1.298 8Mg/gy,). Indeed, the Mg/Si ratios were all in the range of 1.185-1.017

8Mg/gg;, except in the case of a thin fibre (site S4) that had a Mg/Si ratio of 0.814 8Mg/g;.
Most likely, the attack of the OAs produced during the DF begins with the defibration of
the chrysotile and the consequent generation of increasingly thinner bundles of fibrils.
Due to the larger specific surface area, the latter may be attacked faster by the OAs, with
a consequent decrease in the Mg/Si ratio. Although the Mg/Si ratios were lower than the
theoretical value and the chrysotile fibres seemed to have suffered an alteration, an HT

treatment should be carried out.

3.2. Acid-infused hydrothermal treatment

To ensure the collapse of all the residual chrysotile fibres in the effluents of the biological
pretreatment, HT treatment tests were carried out at 100 °C under ambient pressure. In
particular, the effects of lactic and oxalic acid additions during the HT treatment of the
DF effluents were investigated. As reported in Figure 4, a slight effect of the acid type
was observed during the tests. Indeed, higher magnesium concentrations were detected at
the beginning of the experiments, when oxalic acid was used instead of lactic acid. Since
the two organic acids used in this study are characterized by the same molecular weight,
using the same loading condition for each specific HT test caused the molar
concentrations to coincide. Consequently, the different efficiencies of the adopted acids
could be ascribed to the acidity and the chelating properties of the two compounds. Oxalic
acid has pK, values equal to 1.25 and 4.14 (Faria et al., 2008), while the pK, value of
lactic acid is 3.86 (Luongo et al., 2019; Gonzalez et al., 2008). Additionally, oxalic acid
has more pronounced chelating properties than lactic acid due to the presence of two

carboxylic groups.
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Apart from the different hydrogen productions, the biodegradable substrates that were
added during the DF pretreatment also play a key role in the HT step. Indeed, when cheese
whey was used, the HT treatments of the DF effluents (Figure 4a) result in a more efficient
brucitic sheet dissolution with respect to the treatment of the DF effluents carried out by
using orange peel as the biodegradable substrate (Figure 4b). Indeed, with the addition of
1.25 g L lactic acid or oxalic acid to the effluents of the DF carried out with cheese
whey, almost 91% of brucitic sheets dissolution was achieved after 12 h of HT treatment
at 100 °C. On the other hand, when orange peel was used as the substrate, with the
addition of the same loads of lactic and oxalic acid, almost 87% of brucite-like sheets
were dissolved. These results are probably due to the high amount of OAs produced
during the DF process: the more OAs are produced during the DF treatment, the higher
is the dissolution efficiency of the brucitic sheets at the end of both the DF and HT
treatments (Table 1).

Regardless of the biodegradable substrate that was used during the DF, no chrysotile-like
fibres were found during the SEM analysis of the solids that were withdrawn at the end
of the HT processes carried out with the addition of 5.0 g L-! and 2.5 g L! lactic acid. On
the other hand, SEM analysis of the suspended solids collected after the HT process was
carried out with the addition of only 1.25 g L-! lactic acid showed the presence of few
small fibres, which were similar to chrysotile. These fibrils, which are shown in Figure
28, were smaller and thinner than those found in the DF effluents that are shown in Figure
1S. Moreover, the Mg/Si weight ratios of the fibrils indicates strong damage to the

brucitic layer. Indeed, the EDX analysis carried out on these fibre fragments (sites S7-

S10 of Figure 2S) highlighted the Mg/Si ratios in the range of 0.86 8Mg/gg; (site S9) to

0.52 8Mg/gg; (site S7).
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Even if most of the chrysotile fibres collapsed and their fragments have a chemical
composition that is different from that of white asbestos, the addition of 1.25 g L! lactic
acid or, supposedly, oxalic acid, may not guarantee the complete destruction of all of the
asbestos fibres. Moreover, there is no information about the toxicity of the fragments that
are shown in Figure 2S. Consequently, it would be advisable to extend the duration of the
treatment or to increase the concentrations of acids to avoid any environmental issues that

are related to the treatment train.

4. Conclusion

The DF of orange pulp and cheese whey resulted in an effective pretreatment for the acid-infused
HT phase of ACWs. Indeed, the biological treatment of these two agro-food wastes led to the
production of OAs and H,, which can reduce the reagent and energy costs of the HT treatment.
In comparison with the DF of orange pulp, which is rich in D-limonene, higher H, and organic
acid production rates were observed when the cheese whey was used as the substrate. In both

cases, the addition of 2.5 g L-! lactic or oxalic acid, before an HT treatment lasting 12 h, allowed
for the effective treatment of 5 g L' ACW. On the other hand, when lactic and oxalic acid were
added at the concentration of 1.25 g L1, a few fibre fragments were found in HT effluents, and

their chemical composition differed from that of chrysotile.
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Figure 1. Bio-H, production during the DF process by using orange pulp (¢) and cheese whey (®) as

biodegradable substrates. Vi = 1.0 L. [ACW]j9op =5 g L'!. T=35 °C.
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Figure 2. Monitoring of OA production and the pH trend during the DF treatment carried out in the

presence of cheese whey (a) and orange pulp (b). Vo= 1.0 L. [ACW]j00n =5 g L-l. T=35 °C.
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Cheese whey Orange Glucose?

peel
[Butyric acid] (mM) 55.5 41.1 188.3
[Acetic acid] (mM) 45.6 62.7 38.5
[Lactic acid] (mM) 215.7 146.8 119.8
[Mg],/[Mg]; before the HT treatment 0.41 0.36 0.48
[Mg],/[Mg]; after 12 h HT treatment
0.90 0.86 0.93

(T=100 °C; 1.25 g L! lactic acid addition)

Table 1. Effect of the biodegradable substrate on the production and speciation of OAs and on the

brucite-like layer dissolution. ? Data reported in a previous study (Spasiano et al., 2019).
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Supplementary materials

a) Analytical methods
The dissolved magnesium and calcium ion concentrations were measured by flame (acetylene/air) atomic
absorption spectrometry (FAAS). For this purpose, a Varian Model 55B SpectrAA having a deuterium
lamp for background correction was used.
Bio-H, concentration in the produced biogas was evaluated by gas chromatography (GC). For this
purpose, a Varian Star 3400 equipped with a ShinCarbon ST 80/100 column and a thermal conductivity
detector was used, adopting pure Ar as the carrier gas.
The concentrations of OAs were evaluated using a high-pressure liquid chromatography (HPLC)
technique. The adopted equipment consisted of a Dionex AD25 absorbance detector, a Dionex GP
50bgradient pump and a Dionex LC 25 chromatography oven where a Metrohm Metrosep Organic Acids
—250/7.8 column was housed. The eluent adopted during the analysis was a solution containing 0.5 mM
sulfuric acid, and it was pumped at a flow rate of 0.7 mL/min.
The solids collected after the DF and HT processes were analysed with a FESEM-EDX Carl Zeiss Sigma
300 VP electronic microscope after a golden sputtering carried out with a Sputter Quorum Q150 under
Ar atmosphere. In particular, the analysed solids were obtained from =25 mL of suspension, which was
dehydrated by means of a Martin Christ Alpha 1-4 LSCplus lyophilizer.
The TS, VS, and COD values were measured according to APHA standard methods (APHA, 1998). A

pH-meter (HI 98190 pH/ORP; Hanna Instruments) was used to monitor the pH of the solutions.



b) Supplementary table

[TS] [VS] [COD] [Ca] [Mg]
Orange pulp? 190 183 173.5 810x103 258x107
Cheese whey” 62 59 77.5%10? 1061 248

Table 18. Orange pulp and cheese whey characterization. 2 Results are reported in g kg! of fresh weight.

b Results are reported in mg L.



¢) Supplementary Figures

Figure 1S. SEM images of the suspension withdrawal after the DF step was carried out with cheese whey
(a-b) and orange pulp (c-d). The highlighted parts represent the areas where the EDX analyses were

performed.



Figure 2S. SEM images of the suspension withdrawal after the HT treatment (1.25 g/L lactic acid) of
the effluents of the DF, carried out with orange pulp (a) and cheese whey (b). The highlighted sites

represent areas where EDX analyses were performed.



