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Highlights
e The enhancement of biodegradability of cosmetic industrial waste was investigated
e The performances of different physic-chemical pre-treatments were compared
e The increase of soluble COD was employed as reference parameter
e Best results were achieved from thermo-alkaline pre-treatment

e Methane yield increased of 50% after pre-treatments reaching 0.14 Nm®/kgvs

Abstract

This work investigated physic-chemical pre-treatments aimed at improving anaerobic digestion
(AD) of cosmetic industrial waste produced by a plant belonging to L’Oréal Group. A mixture
designed according to relative abundances of waste was considered: sludge from internal
wastewater treatment plant (54%-wt), residues of shampoo/conditioner (31%-wt), mascara sludge
(13%-wt), food waste (2%-wt). The mixture had 80% VS/TS and COD equal to 1240 mg O2/gvs:

soluble fraction of COD was 22%. Investigated pre-treatments were: chemical, thermal, sonication



and various combinations; their performances were assessed through the disintegration rate (DR,
the increment of soluble COD due to the pre-treatment compared to the unaltered sample). Best
results were achieved from TA - thermo-alkaline (120 min at 50°C) with DR 64.4 % and TAS -
thermo-alkaline-sonication (15 min at 80°C and 40 kHz) with DR 66.1%. The benefits of AD on
pre-treated waste mixture were: 50% increase in methane yield (0.14 Nm®/kgvs) and 5-7%-wt
reduction of waste amount. From technical, energy and economic viewpoints, the proposed
technical solution can provide an interesting perspective, fully consistent with Circular Economy

principles.

Keywords: biogas, cosmetic, economic analysis, industrial waste, pre-treatment

1. Introduction

Nowadays, society and industrial world are encouraged to adopt sustainable production criteria. The
depletion of non-renewable resources and social-political pressure drive industrial world towards
green resources, such as biomass and waste, to achieve environmental, economic and social
outcomes.

Usually, cosmetic wastes are incinerated or treated through coagulation/flocculation or pressure-
flotation (Moggio, 2000). These processes imply environmental, energy and economic outlays and
they are performed prior landfilling the waste. However, current regulations concerning industrial
and hazardous waste promote the adoption of innovative and sustainable technologies (EU
Parliament, 2016).

Anaerobic digestion (AD) is a mature technology for waste-to-energy production. Organic fraction
of municipal solid waste, manure, crops and waste activated sludge from wastewater treatment
(Linke et al., 2013; Rico et al., 2011) were extensively studied as substrates. Suitable AD feedstock
should have: almost neutral pH, at least 75%-wt volatile solids and 20-30:1 carbon to nitrogen ratio

(Dihoa, 2003).



This study investigated the management of waste materials from cosmetics production through
anaerobic digestion and particularly the feasibility of pre-treatments aimed at increasing biogas
yields. We considered the waste (303.3 t in 2015) produced by a plant belonging to L’Oréal group
located in NW Italy. Four materials, combined in a mixture according to their relative abundances,
were studied: sludge from internal wastewater treatment plant (SWWTP), residues of shampoo and
conditioner (RSC), sludge from mascara production (MS) and food waste (FW) from the canteen. In
2015 RSC and MS (corresponding to 44%-wt of total waste) were destined to incineration as
hazardous waste because of their high organic carbon content.

Waste materials deriving from cosmetics production are usually characterized by high COD
(624+1436 mg/gvs), suspended solids, fats, oils and detergents contents, mostly non-readily
biodegradable compounds which make harder the application of conventional biological processes
(Puyol et al., 2011). Thus, the focus of this study was to increase the available organic matter of the
considered substrates through physic-chemical pre-treatments. It is important to underline that pre-
treatments here investigated on cosmetic waste materials are based on studies referred to
conventional AD substrates, such as wastewater sludge (Kim et al., 2013; Carrere et al., 2010),
crops (Bondesson et al., 2013), rice (Bak et al., 2010) and macro-algae (Karray et al., 2015).

All pre-treatment configurations were designed considering temperature as key parameter. Thermal
treatment is one of the most studied pre-treatments and it is implemented at industrial scale (Carrere
H., et al., 2010). A crucial factor of thermal pretreatment is the capability to reduce or completely
remove pathogenic substances, present in personal care and cosmetic waste as antimicrobial and
anti-mildew. Other positive effects of thermal pre-treatments are related to AD process, as the
reduction of digestate viscosity, with subsequent enhancement of digestate handling (Carrere H. , et
al., 2010).

Thermo-sonication pre-treatments are considered able to process recalcitrant components and
heterogeneous substrates (Karray et al., 2015; Hernoux et al., 2013). Generally sonication

treatments are more effective for substrates mixed with water (Rodriguez et al., 2017) and the



optimal frequency range for cavitation and disruptions of cell structures is 20-40 kHz (Benabdallah
El-Hadj et al., 2007). Possible drawback of sonication pre-treatment is the loss of volatile organic
materials during cell disruption by ultrasounds (Tsapekos et al., 2015). Thus, proper combination of
temperature, chemicals and sonic power has to be found.

The aim of this work was to design a pre-treatment procedure to allow the effective management of
cosmetic waste though anaerobic digestion. Our approach was based on three pillars: technical,
energetic and economic. Technical analysis investigated the possibility of treating cosmetic waste
through a biological process and it consisted of three main steps: 1) chemical and physical
characterisation to define the amount and availability of organic matter; 2) assessment of the
performance of pre-treatments about the increase of available organic matter; 3) evaluation of the
biodegradability of the pre-treated substrates through AD, with the double goal of biogas production
and reduction of the amount of the waste. Energy analysis evaluated the energy consumption of pre-
treatments and consequent anaerobic digestion. Economic analysis considered investment and
operational cost and revenues deriving from biogas exploitation. Finally, a
technical/energetic/economic combined analysis evaluated the profitability and sustainability of the
implementation of pre-treatments on cosmetic waste at industrial scale. To complete the economic
investigation, a comparison between the new proposed process (pre-treatments + anaerobic

digestion) and the current cosmetic waste management, was made.

2. Materials and methods

2.1. Substrates origin and characterization

The waste materials analysed in the research were produced in 2016 at L’Oréal Saipo Industriale
plant, located near Turin (Italy) and belonging to L’Oréal Group. The plant produces shampoo and
conditioner, mascara and make-up powders for the mass-market segment in 34 countries. Waste

production in 2015 was equal to 303.3 t: sludge from internal biological wastewater treatment plant



(SWWTP) (54%-wt), residues of shampoo and conditioner production (RSC) (31%-wt), sludge
from mascara production (MS) (13%-wt) and food waste from the canteen (FW) (2%-wt).

Quialitative characterisation of the waste materials estimated: Total Solids (TS) and Volatile Solids
(VS) according to a reference procedure (EPA, 2001); pH through a pH 340 WTM pH-meter; total
chemical oxygen demand (COD) and soluble chemical oxygen demand (sCOD) according to a
reference method (Raposo, 2008). Characterization analyses involved 3 replicates for each

substrate.

2.2. Pre-treatments

The operative conditions of the pre-treatments investigated at laboratory scale are outlined in Table
1. Two series of pre-treatments were performed: the first on a limited amount of substrate (0.5-1 g
depending on VS content) to pre-screen the most promising pre-treatment; the second series was
tested on the same amount of waste (7-65 g of sample depending on VS content) employed for AD
tests feeding 5% TS in a 500 mL batch reactor, to achieve consistency. Pre-treatment analyses were
performed only on SWWTP, RSC and MS, since FW was considered easily biodegradable. Alkali
and acid pre-treatments were carried out at 25 °C for 24 h with NaOH (Carrere et al, 2010) and HCI
(Navarotto, 2012). Physical pre-treatment consisted in thermo-sonication at 40 kHz through a VWR
Ultrasonic cleaner USC 300TH at 50-90 °C with reaction times of 15, 30 and 120 min. Hybrid pre-

treatments were thermo-chemical (in a Julabo Corio-C thermostatic bath) and thermo-chemical-

sonication.
Table 1. Pre-treatments configuration
Pre-treatment conditions Time [min] Temperature [°C]
. 0.08 g NaOH /grs
chemical 0.5 % TS HC 120 25
physical Thermal-Sonication 15, 30, 120 50, 70, 90
Thermo-chemical:
. 0.08 g NaOH/grs
combined 0.5 % TS HCI 15, 30, 120 50, 70, 90
Thermo-chemical-




sonication:
0.08 g NaOH/qg Ts
05% TS HCI

The performance of pre-treatments was evaluated in terms of COD solubilisation (see Eq. 1) and

disintegration rate (DR) (Li et al., 2012) (see Eq. 2):

solubilisation [%] = 222 preztreat 10 1
COD solubil 0 oD
DR [%] — sCOD pre—treat™ sCOD . 100 (2)

COD- sCOD

where, COD, COD ,re—trear: SCOD  and sCOD p,._treqr Mean total and soluble COD respectively

before and after pre-treatments.

2.3 Anaerobic digestion tests

AD tests were carried out in 0.5 L Pyrex glass bottles (Duran, Germany) connected by 6 mm Teflon
tubes (PTFE, Germany) to 2.5 L Tedlar gas-bags. Methane was measured inserting a 2L bottle
(Duran, Germany) filled up with 1.8 L water, 50 mL ethanol, 20 g NaOH and 0.5 g phenolphthalein
between the reactor and the gas-bag to remove carbon dioxide and hydrogen sulfide. Methane was
measured through water displacement. AD tests were performed in batch mode feeding 5% TS and
adopting 1:2 inoculum to substrate ratio (Parra-Orobio et al., 2018). Incubation was carried out in a
Julabo Corio-C water bath at 35 °C. AD batch reactors were manually shaken every 2 hours during
working hours. Three replicates for methane measurements from the samples plus two replicates for
the control (inoculum), were carried out for each test. Digestion process was declared concluded

when marginal methane production was below 1%.

2.4 Energy requirements



After the technical evaluation, the performances of pre-treatments and AD were investigated in

terms of energy consumption (EC) (see Eq. 3)
EC [KWhikg 1] = — *100 3
[ g1s]= TS 3

where P [W] is the absorbed power input, t [s] is the process time and TS [kg] is the feed. The

energy demand of thermostatic and ultrasounds baths were respectively 32 W/L and 226.7 W/L.

2.5 Economic assessment

Economic analysis evaluated AD scale up to treat all the wastes produced in L’Oréal plant, in
comparison with costs and revenues of present waste management operations. The economic
analysis didn’t account the cost of substrates production. AD process considered investment
(construction of digester and gasometer) and operational (energy, water, labors and waste disposal)
costs and revenues as thermal and electric energy produced through biogas (see Table 2). For the
investment cost was assumed amortization, calculated through 5 years with an interest of 1.5 % (see
Eq. 4).

_ . EaE)®
4= Co (1+i)n-1 @

where A is the amortization cost, C, is the initial capital cost, i is the interest and n is the number of
years on which amortization is extended.
The costs of the actual waste management operations are as follows: SWWTP 0.15 €/kg, RSC and

MS 0.31 €/kg, FW 0.11 €/kg. These values are strictly linked to northwest Italian context.

Table 2. Investment and operational costs considered for economic assessment

item unit cost Reference
. reactor construction [€/ m®] 550 (Arno et al, 2017)
investment -

interest [v] 5
costs -

tax of interest [%] 1.5




thermal energy [€/kWh] |0.20 (Eurostat, 2017)
electric energy [€/KWh] | 0.22 (Eurostat, 2017)
operational diesel [€] 1.10 (Eurostat, 2017)
costs digestate treatment [€/kg] 0.01 (EcoPiemonte, 2017)
labours [€/y] 45000 | (ISTAT, 2017)
NaOH [€/kq] 0.27
water [€/m?] 1.37 (SMAT, 2017)
feVenues thermal energy from biogas [€/kWh] |0.20 (Eurostat, 2017)
thermal energy from biogas [€/kWh] |0.20 (Eurostat, 2017)
3. Results

3.1 Substrates characterization

The four substrates had pH values between 5.08 and 6.9, VS/TS values above 75% and COD higher
than 624.25 mg/gvs (see Table 3). Further investigation was performed through the evaluation of
sCOD, which represents the readily available organic matter. The ratio SCOD/COD ranged between
5 and 51%, witnessing a low biodegradability of the considered materials, leading to the necessity

to explore pre-treatments.

Table 3. Characterization of the considered waste materials

SWWTP RSC MS FW
pH 6.5410.49 6.30 +0.17 6.69+0.79 5.08+0.34
TS [%] 2.43+0.74 24.98+0.45 34.70+2.18 25.06 +3.31
VSITS [%] 86.24+3.20 81.65+ 1.51 75.46+1.28 97.1740.95
COD [mg Ou/gvs] | 1174.06 +94.80 1436+23.10 | 1148.52+17.56 | 624.25+48.4
sCOD [mg O2/gvs] |  65.55+13.49 739.68+24.3 71.08+3.24 145.34+18.75

3.2 Pre-treatments

Two series of pre-treatments were carried out. The first was performed with two main folds: 1)

evaluation of the enhancement of organic matter availability in the substrates through COD




solubilization values and 2) investigation of the most promising pre-treatment through

disintegration rate (DR) values.

3.2.1 Pre-screening of pre-treatments: COD solubilisation

The first series of pre-treatments were: chemical, physical (thermal-sonication) and combined
(thermo-chemical and thermo-chemical-sonication). COD solubilisation values witnessed the
increase of available organic matter in the substrates after pre-treatments (see Table 4). The
sCOD/COD ratio of untreated substrates was about 6% for SWWTP and MS, and around 50% for
RSC. COD represents the indirect measure of organic matter and it is composed of biodegradable
and non-biodegradable fractions; biodegradable COD is divided into fast and slowly biodegradable
COD (Metcalf and et al., 2013). sCOD is made of all the above-mentioned components. COD
solubilization value of RSC was the highest because of its high amount of surfactants. Due to their
different composition, the three substrates reacted differently to the various pre-treatments, however
all exhibited an increment of SCOD/COD after all pre-treatments. The percent increase of COD
solubilization values of treated and untreated substrates (see Table 5) ranged between:
e for SWWTP: 51.49 (50 °C, 40 kHz, 15 min ) and 91.46% (0.08 gNaOH/grs, 90 °C, 120
min),
e for RSC: 44.75 (0.05 %TS HCI, 90°C, 120 min) and 44.77% (0.08 gNaOH/grs, 50°C, 40
kHz, 15 min)
e for MS 1.61 (0.08 gNaOH/grs, 70 °C, 120 min) and 81.20% (0.05 %ts HCI, 80 °C, 40 kHz,
min)
The lowest increase of COD solubilisation was achieved by RSC, since the sCOD/COD ratio of un-

treated RSC was already around 50%.

Table 4. Evaluation of pre-treatments through COD solubilisation



sCOD/COD

Pre-treatment SWWTP [%] | RSC [%] MS [%]
none 5.58 51.51 6.19
Chemical 0.08 gNaOH/grs, 25°C, 24h 18.90 95.66 19.47
0.05 %ts HCI, 25°C, 24h 32.76 94.57 27.51
) 50°C at 40 kHz, 15 min 11.51 93.73 20.00
Physical -
— 50°C at 40 kHz, 30 min 24.10 95.29 7.62
thermo-sonication -
80°C at 40 kHz, 30 min 65.37 95.29 8.63
Combined
thermo-alkaline 70°C, 120 min 35.86 97.03 6.29
90°C, 120 min 47.57 97.03 8.73
thermo-acidic 70°C, 120 min 45.15 93.62 21.55
90°C, 120 min 41.60 93.24 18.71
thermo-alkali 50°C 40 kHz, 15 min 15.92 98.62 15.85
. 50°C 40 kHz, 30 min 28.20 97.49 11.39
sonication -
80°C 40 kHz, 15 min 28.39 97.49 11.39
thermo-acidic 50°C 40 kHz, 15 min 41.82 93.35 16.15
o 50°C 40 kHz, 30 min 35.49 94.11 20.04
sonication i
80°C 40 kHz, 15 min 35.58 94.20 32.91




Table 5. Percent increase of COD solubilization of SWWTP, RSC and MS according to the type of

pre-treatment

Pre-treatment

SWWTP RSC MS

[%] [%]  [%]
none 5.6 515 | 6.2
. 0.08 gNaOH/gTS, 25°C, 24h 70.5 46.2 | 68.2
Chemical
0.05 %TS HCI, 25°C, 24h 8.0 455 | 775
_ T=50°C, 40 kHz, 15 min 515 450 | 69.1
Physical — -
thermossonication | 1=29°C: 40 kHz, 30 min 76.8 459 | 18.7
T=80°C, 40 kHz, 30 min 91.5 459 | 283
Combined
. 70°C, 120 min 84.4 469 | 1.6
thermo-alkaline _
90°C. 120 min 88.3 46.9 | 29.1
hermo-acidic 70°C. 120 min 87.6 450 | 713
90°C. 120 min 86.6 448 | 66.9
" i 50°C, 40 kHz, 15 min 64.9 478 | 61.0
ermo-alkall- 50°C. 40 kHz, 30 min 80.2 472 | 457
sonication :
80°C. 40 kHz, 15 min 80.3 472 | 457
" . 50°C, 40 kHz, 15 min 86.6 448 | 61.7
ermo-acidic- 50°C, 40 kHz, 30 min 84.3 453 | 69.1
sonication "
80°C. 40 kHz, 15 min 843 453 | 81.2

3.2.2 Pre-screening of pre-treatments: disintegration rate

Considering RSC, DR value for alkali pre-treatment (38.76%) was higher than from acid one

(22.00%); for sWWTP and MS acid pre-treatment were more promising than alkali ones (see Figure

1 A, B). MS persisted in an insoluble form after all chemical pre-treatments. SWWTP after an alkali

pre-treatment for 24 h at 25 °C achieved DR 13.13%; DR equal to 20% was reported for a civil

wastewater sludge (Carrere et al, 2010).

Thermo-chemical pre-treatments were carried out at 70 ° and 90 °C. After thermo-alkali

pretreatments (see Figure 1C) sSWWTP and MS exhibited the same trends: highest DR values were

reached at 90 °C, with respectively 43.92% and 2.7%, while RSC reached the highest DR at 70 °C

(89.36%). Still, temperatures of 70 °-90 °C were not able to solubilize MS. After thermo-acidic

pretreatments (see Figure 1D), all substrates achieved the highest DR at 70 °C. To sum up thermo-




chemical pretreatments performances: thermo-acidic pre-treatment at 90 °C was the most efficient
for MS, since hydrochloric acid addition enhanced the solubilisation of the substrate; thermo-alkali
at 70 °C was the most promising pre-treatment for RSC (DR=89.36%), because RSC, high in
surfactants, saponified with NaOH addition. Thermo-alkali pre-treatment at 90°C and thermo-acidic
pre-treatment at 70 °C for SWWTP reached the same DR, around 40%. After thermo-alkali-
sonication pre-treatments (see Figure 1E), all substrates achieved the same DR in the two
configurations: 30 min at 50 °C and 15 min at 80 °C: 23.32% for SWWTP, 66.87% for RSC and
5.55 % for MS. RSC and MS reached the highest DR in themo-alkali-sonication configuration at 15
min at 50°C, respectively 84.00% and 10.29%, while SWWTP reached the highest DR at 50 °C for
30 min. After thermo-acidic sonication pre-treatments (see Figure 1F), RSC and MS achieved the
best DR in the configuration of 15 min at 80 °C, respectively 16.43% and 22.00%, while SWWTP
reached the highest DR at 50 °C for 15min: 37.80%. Comparing thermo-chemical-sonication pre-
treatments, it is possible to observe that SWWTP reached the highest DR with thermal acid
sonication for 15 min at 50 °C, RSC achieved the highest DR for thermal alkali sonication for 15
min at 50°C (84.00%) and MS reached the best DR for thermal acid sonication pre-treatment for 15
min at 80°C (22.00%). Thermal-sonication pre-treatments (see Figure 1G) were performed at 40
kHz and 50 °C for 15 and 30 min and at 80 °C for 15 min. The most promising configuration for
SWWTP was at 80 °C for 15 min, with DR equal 62.86%, for RSC were at 50 °C for 30 min and at
80 °C for 15 min, respectively achieving 33.00% and 33.13%. DR accomplished by RSC with
thermo-sonication pre-treatment were in agreement with 30% DR reached with pharmaceutical
waste (Pei, et al., 2015).
From the pre-screening of pre-treatments, the most promising were the following:

e for SWWTP: thermal-sonication at 80 °C for 15 min (DR 62.86%) and thermo-alkaline pre-

treatment at 90°C for 120 min (DR 43.92%);
e for RSC: thermo-alkaline pre-treatment at 70 °C for 120 min (DR 89.36%) and thermo-

alkaline-sonication at 50 °C for 15 min (DR 84.00%)



e for MS: acidic pre-treatment (DR 22.63%) and thermo-acidic-ultrasonic pre-treatment at

80°C for 15 min (DR 22%).

3.2.3 Pre-treatments scale up

Afterwards the pre-screening of pre-treatments, a deeper investigation was carried out only on the
most abundant substrates: SWWTP and RSC. To gain consistency, SWWTP and RSC pre-treatment
tests were performed on the same amount of waste employed for 5% TS fed AD process (see
section 2.2).

Even if the pre-treatments in the bullet list of section 3.2.2 were the most promising for SWWTP
and RSC, to compare the different pre-treatments we chose 50° and 80° C with reaction times of 15,
30 and 120 min. For SWWTP, the evaluated pre-treatments were: thermal, thermo-alkaline, thermo-
sonication and thermo-alkaline-sonication, while for RSC were thermo-alkaline and thermo-
alkaline-sonication. For a complete assessment of pre-treatments, a comparison between first and
second series of pre-treatments is provided in Table 6.

SWWTP exhibited a consistent scale effect, while RSC reached in both series of pre-treatments DR
values of the same magnitude order. Specifically, increasing the amount of SWWTP, after thermo-
sonication (80 °C for 15 min) DR decreased of 66.17%, while after thermo-alkaline-sonication
(50°C for 15 min) DR increased of 74.63% (see Table 6). For RSC, after thermo-alkaline (50 ° C
for 120 min) and thermo-alkaline-sonication pre-treatments (50 C for 15 min) scale effects

respectively of 11.29% and 8.04 % were detected.



Figure 1. Pre-screening of pre-treatments in terms of disintegration rate (DR)
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Table 6. Evaluation of the pre-treatments performed on SWWTP and RSC (*first set of tests;
**second set of tests).

Substrate Pre-treatment T[°C] t[min] DR[%]* DR [%]**
15 9.36
Thermal 80 30 33.76
120 13.85
15 36.90
80 30 53.45
Thermo-alkaline 120 25.26
50 15 39.03
SWWTP 120 57.10
15 62.86 21.26
Thermo-sonication 80 30 42.75
120 32.32
15 50.45
. - 80 30 46.81
Thermo-alkaline-sonication 120 4125
50 15 10.25 40.41
15 5.82
Thermo-alkaline 50 30 21.09
120 84 74.51
RSC 15 89.36 82.13
Thermo-alkaline-sonication 50 30 32.53
120 17.27




After the evaluation of scale effect, our attention was focused on the pre-treatments performed on
the amount of SWWTP and RSC employed for AD at 5% TS. For SWWTP, thermal and thermo-
sonication pre-treatments at 80 °C provided the highest DR for a reaction time of 30 min,
respectively 33.76% and 42.75%; although 15 and 120 min were respectively insufficient and
excessive reaction times. Comparing thermo-alkaline and thermo-alkaline-sonication pre-treatments
with physical pre-treatment, the addition of NaOH provided an increase of DR (see Table 6). In
accordance with literature (Bahera et al., 2014), during alkaline pre-treatment saponification
reactions took place causing the decrease of polymerization and cristallinity degrees. From thermal
to thermo-alkaline pre-treatments at 80°C for 30 min, DR increased of 19.69%, while from thermo-
sonication to thermo-alkaline-sonication pre-treatments at 80 °C for 15 min, DR increase of
29.19%. Thermo-alkaline pre-treatments at 80 °C were effective in terms of DR for 30 min reaction
time, while thermo-alkaline pre-treatments carried out at 50 °C were promising for working time of
120 min. Thus, higher solubilisation can be achieved with lower temperatures but longer treatment
times. This trend is in agreement with the kinetics laws, since kinetics rate is faster with the increase
of temperature and consequently the reaction time decreases. However, the combination of high
temperature and long reaction times does not necessarily provide a synergistic effect, as physical
pretreatment of the present study demonstrated, because possible toxic or inhibitory secondary
products may occur. After thermo-alkaline pre-treatments, decreasing the temperature from 80 to 50
°C and increasing the reaction time from 30 to 120 min, DR increased of 6.40%.

High temperature had a drawback: loss of volatile organic compounds, which resulted in the
reduction of DR and potentially in methane production (Ariunbaatar et al., 2014). Nevertheless, the
difference between the two proposed thermo-alkali pre-treatment configurations (80°C for 30 min
and 50 °C for 120 min) was less than 6.40%. Thus, the evaluation of the two configurations
considered not only DR values but also the cost of thermal energy to support the process and the
reaction time. Decreasing temperature from 80 to 50 °C implied two main advantages: reduction of

energy and of equipment requirement in industrial scale-up perspective. Thermo-alkaline-sonication



pre-treatment at 80 °C was more effective for a reaction time of 15 minutes than for 30 and 120
min. This trend was due to a higher availability of organic matter after sonication than after thermal
pre-treatment. Consequently sonication required shorter reaction time. Sonication didn’t change
chemical mechanisms of the pre-treated substrates, but the reaction kinetics was boosted up (Lou et
al., 2014).

For RSC, thermo-alkaline pre-treatment achieved the highest DR by increasing reaction time from
15 to 120 min at 50 °C, DR increased from 5.82 to 74.51%. Opposite trend was depicted with
thermo-alkaline-sonication pre-treatment (see Table 6), which reached the highest DR by
decreasing the reaction time from 15 to 120 min at 80 °C; DR value decreased from 82.13 to
17.27%. Long thermal chemical treatments combined with other pre-treatments could produce
inhibiting substances, reducing the benefit of the pre-treatments (Talebnia et al., 2008). Thus, the
most effective pre-treatments for the RSC were: thermo-alkaline treatment (at 50 °C for 120 min)

and thermo-alkaline-sonication pre-treatment (at 50 °C for 15 min).

3.2.4 Pre-treatments investigation on waste mixture

Thermo-alkaline and thermo-alkaline-sonication pre-treatments were the most promising pre-
treatments for SWWTP and RSC. Since SWWTP and RSC were the most abundant substrates, the
above-mentioned pre-treatments were performed on a mixture made up according to relative
abundances of waste materials (54% sWWTP, 31% RSC, 13% MS and 2% FW), in the following
named “Mix”. The amount of Mix employed for pre-treatment test was the same used for AD
process at 5% TS. Thermo-alkaline (TA) and thermo-alkaline-sonication (TAS) pre-treatments were
performed on the Mix and compared with the pre-treatments carried out on SWWTP and RSC (see
Figure 2).

For all thermo-alkaline pre-treatments (50 °C for 15-120 min and 80 °C for 30 min) the Mix
reached DR higher than 40% in accordance with general DR values of alkaline and combined

alkaline pre-treatments higher than 30% (Carrere et al, 2010). The Mix achieved DR values similar



for thermo-alkaline pre-treatments performed at 50 °C for 120 min and at 80 °C for 30 min,
respectively 64.10% and 66.74%. Since DR values of the two configurations were similar, the
choice was evaluated in terms of environmental, energy and economic perspectives, considering if
it was more convenient a process with low temperature and long reaction time (50 °C and 120 min)
or with high temperature and short reaction time (80 °C and 30 min). In an industrial contest,
treatments at 50 °C are easier to realize and maintain than treatments at 80° C, in terms of energy
and equipment demand (Bahera et al., 2014). Among the three configurations of thermo-alkaline-
sonication pre-treatments, the one performed at 80 °C for 30 minutes was the least advantageous in
terms of DR. Whereas thermo-alkaline-sonication pre-treatments performed at 50 °C for 15 min and
80 °C for 15 min reached similar DR values for Mix and RSC, but for SWWTP the highest DR was
achieved at 80 °C for 15 min with 50.45%. Among the explored pre-treatments the most promising
for the Mix were: 1) thermo-alkaline (50 °C for 120 min) for which a synergistic interaction
between SWWTP and RSC took place, since DR value was an average of DR reached by sSWWTP
and RSC individually and 2) thermo-alkaline-sonication (80 °C for 15 min at 40 kHz).

In details, the pH values achieved after thermo-alkaline (50 °C for 120 min) and thermo-alkaline-

sonication (80 °C for 15 min) pre-treatments on the Mix were respectively 7.20 and 7.43.



Figure 2. Investigation and comparison of pre-treatments on SWWTP, RSC and Mix
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3.3 Anaerobic digestion tests

The biodegradability of the unaltered and pre-treated Mix was tested within anaerobic co-digestion.
Co-digestion was performed for two main reasons: first of all to evaluate and compare the
biodegradability of the unaltered and pre-treated substrates and second to optimise the current
management of the substrates. According to section 3.2.4 the most promising pre-treatments were:
thermo-alkali (TA) performed for 120 min at 50 °C and thermo-alkali-sonication (TAS) for 15 min
at 80 °C and 40 kHz. Thus, anaerobic co-digestion was performed on: Mix, TA Mix (mixture after
TA pre-treatment) and TAS Mix (Mix after thermo-alkali-sonication pre-treatment). AD tests
accomplished net methane yields (see Figure 3) equal to 0.07 Nm®kgys from the Mix, to 0.14
Nm3/kgvs from TA Mix and TAS Mix, witnessing the efficiency of the proposed pre-treatments.

The pH values of the digestate coming out from the anaerobic co-digestion tests performed on Mix,

TA Mix and TAS Mix were respectively: 7.44, 7.60 and 7.65.

Figure 3. Specific net methane production of the untreated waste mixture (Mix) Mix after thermo-
alkali pre-treatment (TA Mix) and Mix after thermo-alkali-sonication pre-treatment (TAS Mix)
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Pre-treatments, in accordance with literature (Bolado-Rodriguez et al., 2016) increased methane
production. Further important benefits of anaerobic co-digestion were: 1) reduction of TS thus
reduction of substrates to dispose and 2) reduction of organic matter in the substrates, thus reduction
of hazardous nature. In details, after anaerobic co-digestion Mix, TA Mix and TAS Mix reached a

TS reduction respectively of 5.25%, 7.28% and 5.68%.

3.4 Energy consumption

A basic energy evaluation considered the consumption of the equipment and time required to
perform AD and pre-treatments processes. The values were provided as kWh/kg of TS treated (see
Table 7). The analysis considered three key parameters: 1) kW consumed by single operation, 2)
process length and 3) amount of treated substrates. TAS and TA pre-treatments enhanced methane
yields of 50% with an increase of energy consumption respectively of 1.1, in accordance with
literature (Ning et al., 2016). AD process represented the highest energy item consumption, since it

lasted 22 days while TA and TAS respectively only 2h and 0.25 h.



Table 7. Energy consumption of anaerobic digestion of Mix, TA Mix and TAS Mix

Energy consumption percentage weight of the single operation

Process Substrate treated | Pre-treatment AD Energy consumption Pre-treatments AD

[kg TS] [kWh/kg ST] [kWh/kg] [kWh tot/kgST] [%] [%]
AD Mix 0.0175 0 168.9 168.9 0 100.0
AD of TA Mix 0.0175 1.8 168.9 170.8 1.1 98.9
AD of TAS Mix 0.0175 3.1 168.9 172.0 1.8 98.2




3.5 Economic assessment

A preliminary economic assessment completed the research, considering the scale up of AD to treat
all the wastes produced by the plant in 2015. Table 8 depicts the technical conditions while Figure 4
describes the investment and operational costs and revenues coming from AD of unaltered and pre-

treated substrates.

Table 8. Technical evaluation of AD scale up at industrial scale

Mix TA Mix TAS Mix
AD feedstocks | Substrates production [t/y] 303.00 303.00 303.00
HRT [d] 22.00 22.00 22.00
_ H20 [m?] 4.48 4.48 4.48
ﬁ)[r)] d"ifi‘f)rr?s“"e Inoculum(] 339.13 339.13 339.13
Reactor working volume [m?] 38.97 38.97 38.97
Reactor volume [m°] 43.30 43.30 43.30
Digestate [t] 381.17 372.44 379.88
ADout-puts - Fep TNm] 101840 | 2.376.26 2376.26
AD Thermal Energy for AD [MWh] 36.78 36.78 36.78
o u?rneedrgy Sonication power [MWh] / / 98.47
q Thermal treatment [MWh] 0 59.12 0
AD reagents NaOH [t] 0 2.59 2.59

Figure 4. Investment and operational costs and revenues from AD of unaltered (Mix) and pre-
treated (TA Mix and TAS Mix) mixture of substrates.
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The investments costs (construction of AD reactor and gasometer), were the same for all the three
proposed solutions, since the same volume of substrate was treated. AD of TA and TAS Mix
required operational costs higher than Mix (see Figure5), because TA and TAS pre-treatments at the
industrial scale required respectively 62.00% and 73.00% energy and NaOH cost addition. On the
other side, AD of unaltered Mix had 2% higher cost for digestate treatment, since TS reduction was
5.25% compared to 5.68% and 7.28% of pre-treated Mix. However, according to literature (Passos

et al., 2017) from an economic perspective, AD without pre-treatment beats pre-treated AD.

Figure 5. Details of operational costs of AD process at industrial scale (labors costs not considered)
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AD of TA and TAS Mix reached revenues higher than unaltered Mix, because methane content
improved. However, the enhancement of organic matter reduction (5.68-7.84%) and methane
production (3.1-11.4%) after TA and TAS pre-treatments didn’t reach the economic sustainability.
Nevertheless, comparing the current operations with the proposed waste management (see Table 9),
an economic saving of 26.9 %, 20.2% and 14.3% respectively with AD of Mix, TA Mix and TAS
Mix were reached, corresponding to a saving of up to about 18,000 €/year in case of unaltered Mix

and around 14,000 €/y in case of thermo-alkali pre-treatment.



Table 9: Comparison between current waste management and AD process.

New waste management Current waste management
| Mix TAMix | TAS Mix
Management costs=
Operational —Revenues [€] 48560 53002 56957 66450
Decrease waste management
costs [%] 26.9 20.2 14.3 /

4. Conclusions

This research investigated the enhancement of available organic matter in cosmetic waste through
pre-treatments testing the biodegradability through anaerobic digestion. The study concerned a
mixture of cosmetic waste materials, which had high organic content but not ready biodegradable.
The most promising pre-treatments were: thermo-alkaline TA (50 °C for 120 min) with DR=64.4 %
and thermo-alkaline-sonication TAS (80 °C for 15 min at 40 kHz) with DR= 66.1%. TAS and TA
pre-treatments enhanced methane yield of 50-% increasing energy consumption of only 1.1%.
However, process conditions need further optimization to reach economic sustainability at full-

scale.
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