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Abstract: Anaerobic digestion (AD) of sewage sludge can be optimised by adding trade wastes (TWs)
because of their nutrient content and boost in biogas formation if non-inhibitory. However, some
components in TWs might have an inhibitory impact, such as nitrogen compounds, sulphate, heavy
metals, metalloids, halogens and organic pollutants (e.g., phenol). This study aimed to understand the
impact of TWs on the co-digestion with sewage sludge to identify appropriate TW loads for sustain-
able AD operation. The composition of 160 TWs was evaluated and the constituents with potential
to cause inhibition or toxicity were tested in bio-methane potential (BMP) tests. The compounds
studied in BMP tests included ammonia, zinc, copper, aluminium, mercury, arsenic, chloride, sulphate
and nitrate. An improvement was observed at concentrations 2–746 mg Zn/L, 1066–2821 mg Cl/L
as zinc sulphate and sodium chloride in biogas production, and 2–746 mg Zn/L, 162 mg SO4/L,
25 mg Hg/L as zinc sulphate, sodium chloride and mercury sulphate in methane production, respec-
tively. Considering the TWs characterised and the results of the BMP tests, a volumetric ratio of
10/90 of TWs and sewage sludge is proposed as a suitable feedstock for co-digestion.

Keywords: inhibition; salts; counter-ions; biogas; kinetics; methane

1. Introduction

Sewage sludge is widely recognised as a valuable resource because of its potential
to generate renewable energy and organic fertiliser when treated by anaerobic digestion
(AD), with additional benefits of reducing its pathogen content, odour nuisance and
volumes [1,2]. Despite these benefits, only 30 to 50% of dry organic solids from sewage
sludge are converted to methane during AD, which affects the efficiency of the process and
its economic profitability [3]. Optimum biogas production from sewage sludge digestion
is also frequently limited by the organic loading rate (OLR) at which sludge digesters are
operated (1.6 to 4.8 kg VSS/m3/d), with OLR generally limited by the risk of accumulating
inhibitors such as free ammonia or fatty acids [4]. Furthermore, the carbon-to-nitrogen
ratio associated with sewage sludge digestion is typically low, between 6 to 16, compared
to the optimum values of 20 to 30 [5], and there is frequently a deficiency of heavy metals
that act as micronutrients [6]. Anaerobic co-digestion (Aco-D) can be used to solve these
bottlenecks and increase process efficiency.

Aco-D consists of treating several substrates in the same digester to achieve a syner-
gistic benefit that balances their disadvantages and maximises process yield. A range of
substrates has been used to increase the performance of sewage sludge AD; for example,
organic fraction of municipal solid waste (OFMSW) [7], grass [2], fats, oils and greases
(FOG) [5], food waste [6], manure [8] and trade wastes (TWs). TWs typically contain nutri-
ents favourable for the AD process, but also high levels of toxic constituents and insufficient
buffer capacity to be digested as single substrates [3]. Co-digestion of sewage sludge and
TWs has often been considered to digest organic wastes that could not be treated alone.
To illustrate, Hagelqvist [9] co-digested 50% volatile solids (VS) of paper-mill sludge, a
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substrate with low biodegradability, and 50% VS of sewage sludge. This resulted in an
enhancement of the methane yield from 53 mL/g VS for paper-mill sludge mono-digestion
up to 84 mL/g VS and an improvement of VS degradation from 5 to more than 10% [9].

Previous studies have highlighted the benefit of biogas production of sewage sludge
Aco-D with industrial wastewaters. Berenjkar et al. recorded that the use of 10% volume of
landfill leachate as co-digestate with sewage sludge increased methane production from
0.75 to 1.01 CH4 m3/kg VS [1]. The addition of 50% weight of petrochemical effluent to
sludge improved bio-methane production by 18–32% [10]. In another study, 5% v/v of olive
mill wastewater, cheese whey and glycerol addition to sewage sludge increased biogas
production by up to 220%, 350% and 86%, respectively [3].

Although the performance benefits of co-digesting TWs with sewage sludge have been
widely reported, careful consideration of TW loads is paramount as the AD process can
be inhibited by the high concentrations of inhibitors expected in TWs (see Supplementary
Materials Table S1). To illustrate, TWs from food processing industries can contain up
to 3800 mg/L of total Kjeldahl nitrogen (TKN), which could degrade to total ammonia
nitrogen (TAN) in the digester [11]. Other TWs, such as coal-gasification wastewater,
can contain 3000 to 9000 mg/L of TAN, resulting in potential AD inhibition [12]. Free
ammonia nitrogen (FAN) in crab industry wastewater was 50% inhibitory to methane
production when it reached values of 85 mg/L in a toxicity test [13]. Other nitrogen
compounds that could affect AD stability are nitrate (NO3) and cyanide (CN), which
have been found at levels potentially inhibitory for AD in TWs from pectin factories,
cellophane and explosives production, metal finishing, fertiliser and distilleries [14,15]
and from the casava industry [16], among others. Sulphate (SO4) can also be found in
TWs from the chemical and saline food industries and it has been reported to generate
competition between the sulphate reducing microorganisms and methanogens [17,18].
Moreover, these sulphate reducing organisms transform sulphate to sulphide, which in the
form of hydrogen sulphide gas is known to inhibit AD processes [17]. Heavy metals, which
are commonly found in TWs, have a positive effect as nutrients for the microorganisms and
a negative effect over a certain level [4]. Some examples of metals in TWs are iron (Fe), zinc
(Zn), cadmium (Cd), nickel (Ni), chromium (Cr), copper (Cu), mercury (Hg), aluminium
(Al), lead (Pb), arsenic (As) and selenium (Se). Halogens can also be inhibitory to AD, such
as fluorine (F) and chloride (Cl); organic pollutants common in chemical industries, such as
phenol, could also pose a risk of inhibition (see Supplementary Materials Table S1).

Previous studies on Aco-D of TWs and sludge only covered one specific type of TWs
at a time. This is useful for the producer industry, but not for waste collection companies
such as water utilities receiving hundreds of types of TWs daily. In the UK, water utilities
are currently only allowed to treat these wastes with the municipal wastewater in the main
treatment train, but there is potential to use some of the TWs received by direct addition
into the AD process, potentially increasing renewable energy generation. There is then
a necessity for a more systematic and holistic approach to control the addition of those
TWs and avoid any inhibitory events; therefore, it is critical to understand the impact that
TWs’ characteristics have on the AD of sewage sludge. A significant number of studies are
available in the literature on inhibitory constituents for AD that are commonly found in
TWs (see Supplementary Materials Table S1). However, these studies use different reactor
types and experimental conditions, including inoculum, feed and temperature, making it
difficult to compare the results obtained and draw general conclusions.

The aim of this study was then to understand the beneficial and inhibitory effect
of key components of TWs on the AD process during co-digestion with sewage sludge.
The associated objectives were to identify the key constituents of TWs that might affect
AD, determine their impact in Aco-D with sewage sludge, and establish the loads of
each constituent that can be added to sludge digesters without hindering methane and
biogas production. Through characterisation of 160 real TWs commonly sent to wastewater
treatment sites and evaluation of the impact that typical TWs constituents have on bio-
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methane potential (BMP) tests, this work addresses the gaps in knowledge identified above
and provides insights into selection of TWs for Aco-D with sludge.

2. Materials and Methods
2.1. Feedstock and Inoculum

The sewage sludge used as a substrate for the AD trials consisted of a mixture of
primary sludge and secondary waste activated sludge from two wastewater treatment
plants in the West Midlands, England. The inoculum was the digestate from the same sites.
The substrate and inoculum were stored at 4 ◦C on the day of sampling and were allowed
to reach room temperature for 24 h before the start of the experiments. The average organic
content in the feed was about 50 g COD/L with 34% being soluble (Table 1). Storage
at 4 ◦C was chosen to temporarily suppress biological activity and hence avoid organic
matter degradation until AD trials were started, as it has previously been reported to keep
methanogenic activity close to that of fresh inoculums [19].

Table 1. Characteristics of the feed and inoculum used for the BMP experiments.

Feed Inoculum

pH 6.9 ± 0.7 7.5 ± 0.4
COD total (mg COD/L) 49,657 ± 16,717 17,125 ± 6029

COD soluble (mg COD/L) 6346 ± 4438 480 ± 266
TAN (mg-N/L) 1376 ± 1216 825 ± 415
FAN (mg-N/L) 17 ± 36 44 ± 50

Total alkalinity (mg CaCO3/L) 2785 ± 989 5389 ± 1699
Partial alkalinity (mg CaCO3/L) 199 ± 165 3611 ± 754

Intermediate alkalinity (mg CaCO3/L) 2105 ± 814 1504 ± 949
Total solids (TS) (% over sample) 4.4 ± 1.3 2.4 ± 0.7

TS (g/kg over sample) 44 ± 13 24 ± 7
VS (% over TS) 77.5 ± 2.4 64.89 ± 2.2

VS (g/kg over TS) 775 ± 24 648.9 ± 22
Cl (mg/L) 441 ± 375 179 ± 229

NO3 (mg/L) 134 ± 230 4 ± 6
SO4 (mg/L) 49 ± 47 4 ± 8
Na (mg/L) 2337 ± 3415 1119 ± 1345
Al (mg/L) 9 ± 16 3 ± 4
Cu (mg/L) 2 ± 5 4 ± 5
Zn (mg/L) 31 ± 60 8 ± 6
As (mg/L) 0.3 ± 0.6 0.1 ± 0.1
Hg (mg/L) 1.1 ± 1.7 0.3 ± 0.5

2.2. Trade Wastes Data Analysis

A dataset containing the characterisation of TWs that were requested to be treated
in a treatment plant between 2010 and 2017 was obtained from a water utility. A total
of 1122 TWs were included, with a highly variable composition observed for individual
TWs. In order to account for variability in their composition, only those with a minimum
of 5 samples characterised in the dataset were selected for this study to provide some
insight on it. This resulted in a total of 160 TWs characterised for 25 parameters: pH,
chemical oxygen demand (COD), suspended solids, ammonia, chromium, copper, lead,
nickel, zinc, sulphate, phenol, cyanide, fluoride, sulphide, chloride, silver, arsenic, mercury,
iron, aluminium, cadmium, antimony, bromide, nitrate and nitrite. These parameters were
selected based on previous experience to represent the typical pollutants found on the type
of TWs analysed. The average values for each parameter of each TW were used to evaluate
and categorise TWs.

2.3. Batch Tests

BMP tests were used to understand the impact of TW addition in sewage sludge
AD. To elucidate the impact of individual constituents of TWs, reactors were spiked with
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targeted chemicals informed by the dataset characterisation, as opposed to real TWs where
multiple inhibitory components can be present simultaneously. The BMP tests were carried
out in 125 mL serum glass bottles consisting of a blank with only inoculum, a control
with inoculum and sewage sludge as feed; and test reactors containing inoculum and
a feedstock mixture of 90% sewage sludge on mass basis and 10% of a solution spiked
with a compound of interest. All the control and test digesters were operated with an
inoculum to feedstock VS ratio of 1:1, assuming the compound of interest added no VS.
The constituents studied included ammonia, zinc, copper, aluminium, mercury, arsenic,
chloride, sulphate and nitrate, which were added using salts (Table 2). Ammonia, zinc,
copper and aluminium were studied using both chloride and sulphate salts to understand
the effect of the counter-ion dosed. The pH change resulting from aluminium salts dosing
was further studied by controlling the pH with sodium hydroxide (NaOH) and through the
evaluation of the impact of pH alone by reducing it with hydrochloric acid (HCl). Arsenic,
chloride, sulphate and nitrate were all used with sodium as counter-ions, assumed to be
inert (Table 2). The impact of each constituent was assessed by testing for at least 5 different
concentrations and each reactor was operated in triplicates. The total concentration of
each studied constituent is reported as the background concentration in the control of the
experiment plus the concentration added with the salt. The temperature of the reactors was
kept at 38 ◦C using water baths and incubators with continuous shaking. The tests were
ended when the daily biogas production variation was less than 1% [7,20], with the tests
lasting between 32 and 92 days.

Table 2. Salts added to the biological methane potential tests.

Parameter Studied Chemical Added

Ammonia
Ammonium chloride
Ammonium sulphate

Zinc
Zinc chloride
Zinc sulphate

Copper Copper chloride
Copper sulphate

Aluminium
Aluminium chloride
Aluminium sulphate

Aluminium sulphate + NaOH

pH HCl

Mercury Mercury sulphate

Arsenic Sodium arsenate

Chloride Sodium chloride

Sulphate Sodium sulphate

Nitrate Sodium nitrate

The BMP experiments were carried out over a year; therefore, some seasonality was
observed in the characteristics of the sewage sludge used as feedstock and inoculum
(Table 1). Performance of all test reactors was normalised to their respective blanks to
compensate for those variations and allow relevant comparison of the results obtained.

Biogas (YBg, mL/g) and methane (YM, mL/g) yields were calculated from their accu-
mulated production in mL (AccVS) subtracted by the accumulated biogas production from
the blank in mL (AccVB) and normalising over the mass of VS from sewage sludge fed to
the reactor (g VSf). Yield ratio (Yi/Yc) was calculated dividing the sample yield over the
control (Equations (1) and (2)).

YiBg/YcBg =
AccVS − AccVB

g VSf
/YC (1)
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YiM/YcM =
AccVS − AccVB

g VSf
/YC (2)

Biogas production kinetics were estimated using first-order kinetics and Gompertz
modified models [7], as represented by Equations (3) and (4), respectively.

1st order kinetics P(t) = Pmax·
(

1 − e(−kh·t)
)

(3)

Gompertz modified model P(t) = Pmax·e
(−e

(
Rm ·(λ − t)

Pmax
+1)

) (4)

where P(t) is the production of biogas at time t (d); Pmax is the maximum biogas production
or biogas yield (mL biogas/g VS); kh is the hydrolysis constant (d−1); Rm is the specific rate
constant (mL biogas/g VS/d); λ is the lag phase time constant (d).

The differences between both models and the real data were calculated using nor-
malised root mean square error (RMSEn) and r2 (Equations (5) and (6)) [21].

RMSEn =

(
1
n

n

∑
i=1

(
Xi − Yi

Yi

)2
)1/2

(5)

r2 =

 m(∑n
i=1 XiYi) − (∑n

i=1 Xi)(∑n
i=1 Yi)([

m(∑n
i=1 Xi

2)− (∑n
i=1 Xi)

2
][

m(∑n
i=1 Yi

2)− (∑n
i=1 Yi)

2
])1/2


2

(6)

where Xi is the predicted value of biogas (mL biogas/g VS), and Yi is the measured value
of biogas (mL biogas/g VS).

The impact of each salt and its concentration tested on biogas and methane yield
and formation kinetics was classified as beneficial, non-effect, inhibitory and/or toxic.
Beneficial was defined as the samples that had a biogas or methane yield above the value of
the control sample [22]. Non-effect samples had values close to the control [23]. Inhibition
was divided into two types, which were yield inhibition if there was a reduction on the
maximum yield of biogas or methane [24] and kinetic inhibition if a condition resulted in a
lag phase [25]. Toxic refers to samples that had less biogas production than the blank and
hence resulted in negative yields achieving complete inhibition [23].

2.4. Analytical Methods

Sludge samples were analysed before and after the BMP tests. Alkalinity, TS and
VS were measured using standard methods [20,26]. The measurement of pH was carried
out with a Mettler Toledo MA235 pH/ion analyser and a portable Hanna HI 991003 pH
meter. Total and soluble COD, TAN and total nitrogen (TN) were analysed using cell test
kits from Millipore (VWR, UK) and a spectrometer Spectroquant NOVA 60 from the same
company. Samples for analyses of soluble COD, TAN, volatile fatty acid (VFA), ions and
metals were obtained after centrifuging at 5000 rpm for 8 h and filtering the supernatant
through 0.45 µm Millipore syringe filters. FAN was calculated from the TAN concentration
and pH value using Equation (7) [27].

[FAN] =
[TAN]

1+ 10−pH

Ka

(7)

where [FAN] is the FAN concentration (mg/L), [TAN] is TAN concentration (mg/L) and
Ka is the dissociation constant with a value of 1.29 × 10−9 for 37 ◦C [27].

A Shimadzu prominence high-performance liquid chromatographer (HPLC) was used
to analyse VFA with a similar methodology as [26]. A Dionex ICS-1600 ion chromatographer
(IC) was used for the determination of nitrate, nitrite, sulphate, phosphate, fluoride, chloride
and bromide with a mobile phase of 9 mM sodium carbonate and an AS 9HC column.
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Finally, a NexION 350D inductively coupled plasma (ICP) mass spectrometer was used
to measure cations (calcium, magnesium, potassium, sodium, manganese, zinc, cobalt,
molybdenum, nickel, copper, iron, selenium, chromium and tungsten, lithium, aluminium,
silica, titanium, arsenic, cadmium, lead, mercury and antinomy). ICP samples were
acidified with 100 µL of >68% nitric acid in 10 mL of diluted soluble sample.

Gas samples were characterised for biogas and methane. Biogas was measured using
a 1 M hydrochloric acid trap with an inverted cylinder to measure liquid displacement.
The biogas was collected in a 10 mL syringe from the measuring cylinder after filtering it
through a 0.45 µm Millipore syringe filter to avoid humidity intrusion for methane analysis
with a Servomex 1440 gas analyser (Surrey, UK).

2.5. Trade Wastes Load Calculation

The last part of the study aimed to establish the loads of each TW that could be
positively co-digested in sewage sludge ADs. To estimate the impact that TWs could have
on the Aco-D process, the characterisation data of TWs previously analysed was compared
against the different effect ranges for individual constituents found in the BMP tests. For
some of the ions of interest, two counter-ions (salts) were studied. The range selected
when two ranges were obtained in BMP tests was the one that showed higher inhibition,
to account for the worst-case scenario. Scenarios corresponding to TWs/sewage sludge
volume ratios of 0/100, 10/90, 30/70, 50/50, 70/30, 90/10 and 100/0 were considered
to calculate the total concentration of the ions of interest in the digester. The percentage
of the 160 TWs investigated that constituted an inhibitory risk for those scenarios was
then calculated.

2.6. Statistics

ANOVA analysis was applied to determine if observed differences were statistically
significant. ANOVA uses the F-test to analyse the similarity between groups by comparing
the variances between the groups. The similarity between control and test reactors occurred
when the F-value (F) was below the F-critical value (Fcrit). In contrast, when F was above
Fcrit, the control and test had statistically different yields (see Supplementary Materials
Table S2).

3. Results and Discussion
3.1. Trade Wastes Characterisation

The most common categorisation of TWs is by their source [28]. In the current research,
data were divided into landfill leachates, glycol/alcohol/beverage industry, food industry,
chemical industry, oil-containing waste, soap-containing wastes, sludge and other (Figure 1).
Landfill leachates and sludges are not actual industrial wastewaters but, as they are often
tankered to water utilities for treatment in the same way as TWs, they were considered as
TWs in this work. There was a great variation of COD in the glycol, beverage and alcohol,
food and chemical groups with values as high as 700 g/L of COD down to 1 g/L of COD
(Figure 1). These three groups were the most predominant ones after landfill leachate with
20 to 30 different TWs from a total of 160 TWs evaluated. Oily and soapy wastewaters
that did not fit in the other sections showed a lower variation from 400 to 1 g/L of COD
(Figure 1). The lowest variation and the lowest maximum COD level were observed in
the groups of landfill leachate, sludge and other TWs that were below 100 g/L of COD
(Figure 1). Only landfill leachates could be distinguished with a direct correlation when
plotting COD and TAN concentrations against each other (Figure 2). Hence, grouping the
TWs by source type did not show any correlation with the characteristics of those TWs,
due to the variability in their characteristics within each group. It was therefore decided to
evaluate the TWs based on their composition.
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According to previous practice on the full-scale site where the TWs dataset was
obtained, the TWs were first divided based on their COD content. Low-strength TWs
with a COD below 50 g/L were typically fed at the head of wastewater treatment plants,
undertaking full treatment and serving as an additional carbon source in biological nutrient
removal (BNR) processes [14]. TWs with a COD between 50 and 250 g/L could go directly
to the AD, and high-strength wastes with COD above 250 g/L would go to a high-strength
tank (HST) from where they were dosed slowly into the AD. The TWs divided into those
groups were then further categorised according to concentrations of all parameters available
and compared to inhibitory values reported in the literature (Figure 3). TWs showed high
variability in all the compounds and elements considered. The group that was most
constant in its composition was the TWs that would go to the HST, for which COD ranged
between 600 and 750 g/L (Figure 3). This type of TWs was found to have lower chloride,
ammonia, phenol and aluminium levels than the lowest inhibitory values to AD reported
in the literature (see Supplementary Materials Table S1). For the wastes that would be
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directly dosed into the AD, several were found to be above the lowest inhibitory value
for all constituents evaluated, demonstrating a risk for the digestion process. The highest
concentrations observed for chloride, ammonia, phenol, aluminium, nitrate, zinc, sulphate,
copper and arsenic were all above the lowest inhibitory value for AD reported in previous
literature (see Supplementary Materials Table S1 and red line Figure 3). Therefore, there
was a clear risk that those TWs would negatively affect the sludge digestion if their loads
to the reactor were not carefully selected. The TWs going to BNR were low in phenol,
aluminium and nitrate, although several constituents of concern were observed, such as
chloride, ammonia, zinc, sulphate, copper and arsenic.
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Figure 3. Box and whiskers plot values representing TWs’ composition depending on the treatment
route generally chosen by water utilities. BNR represents TWs with COD below 50 g/L that are
typically fed at the head of wastewater treatment plants, AD represents TWs with a COD between
50 and 250 g/L that go directly to the AD, and HST represents TWs with COD above 250 g/L that
normally go to high-strength tanks. The lowest inhibitory value for AD reported in the literature is
represented by the red lines (Supplementary Materials Table S1). The lowest point in the whisker
represents the minimum value of the data, the highest point on the whisker represents the maximum
value, the bottom of the box is the 25 percentile, the top of the box is the 75 percentile and the line
dividing the box is the median.
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3.2. Biological Methane Potential Tests
3.2.1. Yield
Ammonia

Similar trends and values in biogas and methane formation were observed when
dosing ammonium chloride and ammonium sulphate in the digesters (Figure 4a). The
biogas and methane yields decreased from 631 to 521 mL/g VS with a 0.8 yield ratio in
relation to the control and 415 to 354 mL/g VS with a 0.8 yield ratio over the control,
respectively, when the TAN concentration was increased between 635 and 3405 mg/L
with ammonium sulphate (Figure 4a). Furthermore, addition of TAN between 586 and
5162 mg/L with ammonium chloride decreased biogas and methane yields from 624 to
431 mL/g VS with a 0.7 yield ratio in relation to the control and 377 to 257 mL/g VS with
a 0.7 yield ratio over the control, respectively (Figure 4a). This demonstrates increased
inhibition as the TAN concentration increased and suggests that the chloride and sulphate
counter-ions had similar or no effects on the results. Nevertheless, the statistical analysis
suggested that the yields of test ADs dosed with ammonium chloride were not statistically
different from the control reactors except for that of 5162 mg TAN/L, but the performance
of ammonium sulphate dosed units was statistically different from that of the control for all
the concentrations tested (see Supplementary Materials Table S2). A similar concentration
of TAN, 5000 mg/L, was reported as 25% inhibitory for methane yield by Borja et al. in
cattle manure digesters [29].

As it has been previously reported, FAN is the ammonia form most toxic to the AD
process as it permeates through the cell membrane more easily than ammonium, inhibiting
enzymes or leading to proton imbalance [23]. In the current study, there was an increase
from 7 to 255 mg/L of FAN using ammonium chloride that decreased the methane yield by
32% (Figure 4b). Additionally, a decrease of 15% in methane formation was observed at
691 mg/L of FAN using ammonium sulphate (Figure 4b). Ammonium chloride addition
led to a similar reduction of the methane yield against the control (11%) to the level reported
by Bujoczek et al. [30] with a FAN concentration of 173 mg/L when food waste and sewage
sludge were co-digested in a ratio 40%/60%. There have been other studies that showed
inhibition of methanogens at similar FAN ranges to those tested. Angelidaki and Ahring
reported a reduced growth rate of methanogens by 50% at FAN concentrations of 200 and
500 mg N/L [31] and a negative effect in a continuous AD operated at 55 ◦C when FAN
reached 600 and 800 mg N/L [32]. An even lower range of 280 and 520 mg N/L of FAN
was found to reduce by 50% the growth in acetate consumers and hydrogen consumer
methanogens, respectively, by Borja et al. [29].
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Figure 4. Biogas (B) and methane (M) yield ratios over the control when TAN (a) and FAN (b) were
added using ammonium sulphate and ammonium chloride, zinc was added as zinc sulphate and zinc
chloride (c), copper was added as copper sulphate and copper chloride (d), aluminium (e) was added
and pH (f) was changed using aluminium sulphate, aluminium chloride, aluminium sulphate plus
sodium hydroxide and hydrochloric acid, and sodium (g), sulphate and chloride (h) were added as
sodium sulphate and sodium chloride, nitrate was added as sodium nitrate (i), mercury was added
as mercury sulphate (j), and arsenic was added as sodium arsenate (k).

Zinc

An increment of Zn from 0.2 mg to 2 mg Zn/L improved the biogas and methane
yields, reaching a ratio of 4 and a ratio of 3.7 over the control yield, respectively, for the
experiments using zinc sulphate (Figure 4c). This could be associated with zinc stimulating
the growth of methanogens as it is needed in RNA polymerase and other biosynthetic
enzymes [33]. From 2 to 760 mg Zn/L there was a steady decrease of approximately 40% in
both biogas (42%) and methane (37%) yields (Figure 4c). Zinc sulphate in a range between 7
and 112 mg Zn/L still showed an increase of performance over the control, similarly to the
increase in yield observed with a zinc concentration of 8 mg/L in the study by Altaş [22]. At
1676 mg Zn/L, there was a toxic effect in the reactors as the biogas and methane productions
recorded were lower than the ones of the blank units (i.e., negative yield value) (Figure 4c).
Using zinc chloride, the biogas and methane yields were statistically similar to that of the
control for the concentrations between 2.8 and 87 mg Zn/L, indicating stable conditions
as the biogas production only varied between 630 and 664 mL/g VS. Complete inhibition
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of biogas and methane production was reached at a concentration of zinc of 592 mg/L
using zinc chloride (Figure 4c). A concentration of 760 mg Zn/L increased iso-butyric
concentration up to 147 mg/L, compared with the control concentration of 55 mg/L. A
further increase up to 1676 mg Zn/L led to an increase in concentrations of all VFAs except
valeric and iso-valeric above those of the control. The VFA concentrations at 1676 mg Zn/L
were 1085 mg/L of acetic, 2109 mg/L of propionate, 160 mg/L of iso-butyric, and 301 mg/L
of butyric, while levels in the control were under the detection limit except for iso-butyric
previously mentioned. Zinc has been shown to have an inhibitory effect interfering with
enzymes required for methanogenesis [33]. The accumulation of VFA in the current study
at 760 and 1676 mg Zn/L agrees with an effect of zinc in the methanogenesis phase of the
digestion process. Further trials on continuously operated ADs would be recommended to
link dynamics of VFA accumulation to specific pathways of inhibition, which could inform
developing a control strategy for TW dosed reactors.

Copper

Biogas and methane yields remained in a similar range with 604–559 mL biogas/g VS
and 431–388 mL methane/g VS when the concentration of copper sulphate was increased
from 6 to 167 mg Cu/L (Figure 4d). The consistency in biogas and methane yields for the
range studied differed from that of previous studies that found inhibition between 2.2 and
50 mg Cu/L (see Supplementary Materials Table S1). This difference could be linked to
the zinc concentration in the system, as it has been reported to reduce copper inhibition
by competition to enter the microorganism cell [33]. Nevertheless, the background zinc
concentration in the current study was between 17 and 46 mg Zn/L in comparison to
65 mg Zn/L, for example, in the work reported by Abdel Azim et al. [33]. Therefore, other
mechanisms such as copper polysulphide precipitation, which were reported to be the
most common form in sewage sludge at pH 7–7.5 at 37 ◦C, might be responsible for the
reduction of soluble copper [34]. This decrease of soluble copper would have reduced the
effect of copper on the current experiments. Attachment to the organic matter could also
reduce the available copper concentration for anaerobic microorganisms [35].

Alternatively, the use of copper chloride reduced the biogas and methane yields
by up to 62 and 66%, respectively, with an increase in Cu concentration from 0.15 to
22 mg/L (Figure 4d). This value is similar to that of a study with thermophile methanogen
Methanobacterium thermoautotrophicum that was 50% inhibited at 14 mg Cu/L [36]. The bio-
gas and methane yields further decreased with increasing copper chloride doses, resulting
in 86% inhibition and toxic effect at 501 and 804 mg Cu/L, respectively (Figure 4d). An
accumulation of acetate at concentrations of 613 mg acetate/L was observed at the end of
the BMP test when copper reached 811 mg Cu/L, compared with the control test that had
4 mg acetate/L. Therefore, despite the methanogens being affected by the high concentra-
tion of copper, acetogens were able to grow, which agrees with previous studies on copper
inhibition that have reported methanogens to be more affected than acidogens [37].

Aluminium

With aluminium sulphate, the biogas and methane yields remained constant at 574 mL
biogas/g VS and 454 mL methane/g VS between 3 and 210 mg Al/L, with a small 13%
reduction of methane at 210 mg Al/L. When increasing the aluminium concentration to
771 mg Al/L, the biogas and methane yields were reduced by 30 and 51%, respectively.
The pH at 771 mg Al/L remained at 6.5, which is within the limit for AD operation; hence
suggesting that the impact on process yield was attributable to the aluminium toxicity.
Toxic effects for both biogas and methane productions were reached at 1350 mg/L Al,
although the low pH value of 5.3 recorded (Figure 4e), prevents a clear understanding
of whether inhibition was related to aluminium toxicity, acidification of the reactors or a
combination of both.

In the case of aluminium chloride, there was a 9% increase in biogas yield and a
9% reduction of methane yield with concentrations between 1 and 203 mg Al/L. A toxic
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effect was then observed for both biogas and methane production as the concentration
was further increased to 780 mg Al/L and pH reached 5.8 (Figure 4e,f). For both salts,
aluminium chloride and aluminium sulphate, dosed reactors toxic effects occurred at a
pH of 5.8 or below (Figure 4f). To dissociate the impacts of the pH and aluminium on the
system, an experiment with pH control for ADs dosed with aluminium sulphate between
262 and 608 mg Al/L was performed, and other reactors where pH was reduced from 6.55
to 4.5 without aluminium addition were also operated.

The addition of aluminium even with pH control reduced biogas production by 18, 29
and 42% at concentrations of 262, 464 and 608 mg Al/L, confirming that at least part of the
toxicity observed was due to aluminium. Aluminium can negatively affect microorganisms
by disrupting glucose degradation by attaching to ATP and substitution of divalent ions,
as it forms stronger complexes [38]. Additionally, aluminium cationic form (Al3+) can
compete with the hydrogen cationic form (H+) at low pH [38]. An accumulation of VFA
was also observed with an increase in acetate concentration from 833 mg/L in the control
to 1193 mg/L at 608 mg Al/L addition. VFA accumulation due to aluminium addition
has been previously reported [39]. Nevertheless, the experiment with pH control resulted
in 42% less biogas at 608 mg Al/L than that of the control unit, suggesting a combined
inhibition due to aluminium and acidification in ADs dosed with aluminium sulphate and
without pH correction. This synergistic effect could be confirmed when looking at the 84
and 86% reduction in biogas yield in ADs operated at pH 5 and 4.5 without aluminium
addition, as its impact is lower than what was observed in aluminium dosed units with pH
of 5.3, where toxicity was complete and resulted in negative biogas yields.

Nitrate

Increasing levels of nitrate by dosing sodium nitrate resulted in an initial decrease in
both biogas and methane performance, followed by an increase in yields reaching similar
production to that of the control reactors at the maximum concentration studied of 427 mg
NO3/L (Figure 4i). The 15% methane inhibition observed at 332 mg NO3/L was similar to
the 14% at that concentration reported by Tugtas and Pavlostathis [15]. The lowest point
was at 174 mg NO3/L with 20% inhibition in biogas yield with 606 mL/g VS and 24%
inhibition of methane yield with 411 mL/g VS (Figure 4i). The change of yield performance
with nitrate addition might be related to the accumulation of butyrate at the end of the
experiment: >0.1 mg butyrate/L in the control against 113 mg butyrate/L at 254 mg
NO3/L, 118 mg butyrate/L at 332 mg NO3/L and 135 mg butyrate/L at 427 mg NO3/L.
The accumulation of butyrate might result from the accumulation of hydrogen caused by the
inhibition of hydrogen consumers by nitrate, as hydrogen has been seen to inhibit butyrate
degradation [40,41]. Kluber and Conrad [40] found a 50% inhibition at 186 mg NO3/L
(3 mM) using Methanosarcina barkeri, which is double the inhibition at 174 mg NO3/L
observed in the current study, and at 1550 mg NO3/L (25 mM) using Methanobacterium
bryantii fed by hydrogen.

Arsenic and Mercury

With mercury, the biogas yield was mostly similar to that of the control units except
for an increase of 17 and 13% in biogas yield above the control value of 754 mL/g VS at
239 and 495 mg Hg/L. However, the methane yield was constant at about 570 mL/g VS
between 0.027 and 920 mg Hg/L (Figure 4j). Comparison with previous literature shows
that 500 mg/L of mercury decreased by 90% the biogas production when a continuously
fed system was spiked once with mercury [42]. The lower inhibition observed in the
current research as compared with values reported in the literature could result from the
low solubility of mercury sulphate, which could precipitate in the reactor or adsorb on the
sludge, reducing its bio-availability [43] as its concentration was reduced below 0.1 mg
Hg/L at the end of the current experiment for all the concentrations studied.

Arsenate experiments had similar biogas and methane yields throughout the experi-
ments from 0.02 to 16 mg As/L by adding sodium arsenate (Figure 4k). Field et al. observed
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a competition for the organics between arsenate reducers and methanogens at a concentra-
tion lower than 150 mg As/L of arsenate [44]. A mechanism that might reduce the toxicity
of arsenate is precipitation with sulphur compounds [43,44]. Nonetheless, in previous
experiments, a value of 960 mg SO4/L (10 mM SO4), which is higher than the concentration
in this experiment of 34 mg SO4/L, did not show precipitation with sulphate when pH was
close to neutral [44].

Counter-Ion Effect

As commented in the previous sections, there are differences between the experiments
using chloride or sulphate as counter-ions. The TAN experiments showed a higher methane
inhibition, 32%, using ammonium sulphate at 3405 mg N/L than for ammonium chloride
at 5162 mg N/L, 15%. In contrast, the FAN levels for those experiments showed a similar
inhibition with ammonium sulphate and ammonium chloride at 255 mg N/L, decreasing
methane yield around 12% (Figure 4a,b). Zinc chloride presented a constant production
of biogas and methane between 3 and 87 mg/L, in contrast with the decreasing trend
resulting from zinc sulphate from 2 to 112 mg Zn/L. Nonetheless, the ratios of yields for
biogas and methane were lower in the zinc chloride, close to 1, than the ratio using zinc
sulphate, which decreased from 4 to 2 (Figure 4c). The copper sulphate ratios of biogas
and methane yields were close to 1, exhibiting a better performance than copper chloride
experiments that showed a decrease of performance to less than half that of the control
(Figure 4d). This difference could be because copper sulphate’s solubility, 22.2% in weight,
is lower than copper chloride’s solubility, 44.8% in weight at 40 ◦C [45], precipitating
a portion of copper. Additionally, the higher content of zinc in the experiment using
copper sulphate could have competed with copper for transport into the cells, reducing its
toxicity [33]. Aluminium chloride addition decreased pH more than similar concentrations
using aluminium sulphate because of the formation of hydrochloric acid when aluminium
chloride is mixed in water [46] (Figure 4e,f). At 771 mg Al/L, aluminium sulphate showed
a better performance of biogas and methane yields; 402 mL biogas/g VS with a ratio
of 0.7 over the control and 241 mL methane/g VS with a ratio of 0.5 over the control;
while aluminium chloride at 760 mg Al/L showed a toxic effect (Figure 4e,f). For sodium
salts concentrations ranged between 3360 and 4054 mg Na/L, there was an increase in
biogas yield of 14% and similar methane yield than that of the control at 3915 mg Na/L
using sodium chloride, while sodium sulphate decreased the biogas and methane yields
by 8 and 16%, respectively, at 4054 mg Na/L. In the current study, there was a decrease
of 16% in methane yield at 1466 mg SO4

2−/L. Jeong et al. observed 33% reduction in
methane production at 1500 mg SO4

2−/L [47]. Addition of chloride up to 4535 mg Cl/L
decreased methane yield by only 6%. Vijayaraghavan et al. found a decreasing trend from
the optimum when chloride was added above 5500 mg Cl/L [48].

Therefore, there was an effect of the counter-ion in the experiments. Ammonia and
sodium had a synergistic effect with sulphate, while zinc, copper and aluminium had a
synergistic effect with chloride. Previous studies have found a different effect for chloride
salts than sulphate salts in soil bacteria because of different inhibitory mechanisms of
chloride and sulphate. Chloride can affect some enzymes, such as phosphoenolpyruvate
carboxylase, glutathione reductase and ribulose biphosphate carboxylase, and it can inhibit
protein synthesis by preventing the binding of ribosomes to mRNA [49,50]. Meanwhile,
sulphate can be metabolised by some bacteria, competing with the methanogens for the
substrate [17]. Sulphate addition has an effect on sulphate-reducing bacteria that can be
inhibited by some of the elements studied. Therefore, the negative impact on sulphate
reducing species will have a beneficial effect on methanogens, because they are competitors.
For these reasons, the use of similar counter-ions is important when various cations are
compared, and the concentration of chloride and sulphate might be an important parameter
in the limit set for a cation in AD reactors.
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3.2.2. Kinetics

A standard first-order model and the Gompertz model were utilised to analyse the
kinetic data of biogas formation in the BMPs previously described. The first-order model
gives a good approximation for substrates that contain easily hydrolysable organic content
without inhibition in the form of a lag phase [51]. Instead, Gompertz accounts for any lag
phase, leading to a better fit of the data if samples are inhibitory for the process or present
a delayed degradation [51,52]. In general, the Gompertz model showed a better fit for
the data in this study than first-order kinetics, as confirmed by r2 and RMSEn values (see
Figure 5 and Supplementary Materials Table S3).
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Figure 5. Results from Gompertz model for the biogas formation kinetics on the BMP experiments
where TAN was increased adding ammonium sulphate and ammonium chloride (a), zinc was added
as zinc sulphate and zinc chloride (b), copper was added as copper sulphate and copper chloride (c),
aluminium was added with aluminium sulphate, aluminium chloride, and aluminium sulphate plus
sodium hydroxide (d), pH was modified using hydrochloric acid (e), sodium was added as sodium
sulphate, sodium chloride (f), and sodium nitrate (g), mercury was added as mercury sulphate (h),
and arsenic was added as sodium arsenate (i).

The faster biogas formation kinetics of ammonium sulphate dosed reactors compared
to ammonium chloride dosed units is notable in the Gompertz model results. The lag phase
was found to increase from 2 up to 9 d when TAN was between 2946 and 5162 mg N/L
using ammonium chloride, while ammonium sulphate showed a much smaller lag phase,
0.1 d, at 3405 mg N/L of TAN. A higher maximum Rm was also obtained at 1602 mg N/L
of TAN of ammonium sulphate, 150 mL biogas/g VS/d, than in the ammonium chloride
experiment, 98 mL biogas/g VS/d, at 586 mg/L of TAN (Figure 5). Therefore, despite the
biogas yield being similar to that of the control for most of the concentrations of ammonium
chloride, except for 5162 mg N/L, there was a kinetic inhibition in the shape of a delayed
biogas formation between 2946 and 5162 mg N/L (Figure 5). In contrast, ammonium
sulphate resulted in a decrease in biogas yield from a concentration of 1764 mg N/L,
with kinetic inhibition resulting in a lag phase noticeable only at 3405 mg N/L (Figure 5).
Therefore, the inhibition of kinetic parameters for ammonium starts at values close to
or above 3000 mg N/L for both salts. These data showed that ammonia might not be
important in kinetic inhibition, but it was the counter-ion which was responsible for the
observed lag phase or a synergistic effect between ammonium and chloride.

Zinc exerted a different behaviour with different counter-ions that differed from what
was observed with the ammonium salts. The lag phase in the Gompertz model observed
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in the control reactors, 4.5 d, decreased to 1.4 d and 2 d when zinc sulphate was added
between 2 and 112 mg Zn/L, respectively, with a later increase reaching a value of 21.4 d
at a concentration of 760 mg Zn/L (Figure 5). This contrasts with the results reported by
Atlaş [22] that showed an increase of the length of the lag phase when zinc was increased
from 4 to 62 mg Zn/L, while in this study the zinc had to be increased up to 476 mg Zn/L to
observe a longer lag phase than the control value of 7.9 d. The Rm value from the Gompertz
model increased to 80 mL biogas/g VS/d when zinc sulphate was added up to 7 mg Zn/L
(Figure 5). Zinc chloride did not result in any lag phase between 10 and 87 mg Zn/L.
Therefore, zinc kinetic inhibition is enhanced by sulphate. In contrast with the yield results,
kinetics were faster in the experiments using zinc chloride rather than for zinc sulphate.
Moreover, the effect of chloride and sulphate was reversed to what was found for ammonia.
Therefore, the cause of the inhibition might not be one ion or the other, but the synergistic
effect of both ions or other components in the sludge on the kinetic parameters.

Copper sulphate at 32 mg Cu/L improved the substrate degradation rate, as evidenced
by a 38% increase in Rm from the Gompertz model (Figure 5). No lag phase was observed
within the concentrations studied which, combined with the lack of impact on biogas and
methane yields, suggest that copper within 7 and 167 mg Cu/L using sulphate is not
inhibitory for the digestion of sewage sludge and can indeed accelerate gas formation.
The control from the experiment was faster than when copper chloride was dosed as Rm
from the Gompertz model, which produced the highest values in the experiment, 131 mL
biogas/g VS/d (Figure 5). Additionally, copper chloride led to a lag phase equal to 3 d at
198 mg Cu/L, while copper sulphate did not show any lag phase at a similar concentration.
It was hence concluded that any inhibition in copper chloride reactors was attributable to
the chloride counter-ion and not the copper itself.

Aluminium sulphate dosing resulted in a positive impact at a dose of 85 mg Al/L, as
the Gompertz model showed a 23% increase on Rm up to 106 mL biogas/g VS/d (Figure 5).
A further increase of aluminium sulphate, up to 771 mg Al/L, increased the lag phase
to 0.7 d, impacting substrate degradation rate. The aluminium chloride maximum kh
from the first kinetic model was 0.49 d−1 at 82 mg Al/L with an increase of 19% from
the control, and a maximum Rm from Gompertz model at 204 mg Al/L, increasing by
17% from the control (see Figure 5 and Supplementary Materials Table S3). Aluminium
addition using aluminium sulphate with sodium hydroxide increased λ from 0.2 d in the
control to 1.2 d at 607 mg Al/L (Figure 5). A decrease in pH alone increased λ from 0.2 d
to 25.1 d, evidencing the need for the microbial communities to recover from the initial
acidic conditions (Figure 5). Both salts alone triggered a decrease in pH, but aluminium
chloride did not show any λ despite the lag phase observed when decreasing the pH alone,
suggesting that pH alone did not affect the lag phase increase. The similarities between
the lag phase data at 771 mg Al/L in the experiments of aluminium sulphate without
pH control, and 607 mg Al/L in the experiment of aluminium sulphate with adjusted
pH, suggest a higher effect of aluminium in those experiments. It can be concluded
that the difference in synergistic and antagonistic effects between the salt ions and the
pH decreases because the salt addition is the cause of the different behaviour between
aluminium sulphate and aluminium chloride and the reason for the lag phase.

Sodium nitrate impacted process kinetics when dosed, resulting in a λ of 4 d at
1463 mg Na/L and 254 mg NO3/L (Figure 5), which also matched a decrease of 15% in
biogas yield (Figure 4i). In contrast to what was observed in the yield, the lag phase
did not reduce to the values of the control, reaching 3 d at 1527 mg Na/L and 427 mg
NO3/L. Therefore, nitrate concentrations above 92 mg NO3/L require time to acclimatise,
which could be associated with a shift in the microbial population as commented in the
previous section.

Sodium experiments using chloride and sulphate as counter-ions achieved a faster
biogas production at 3915 and 3846 mg Na/L, and 1066 mg Cl/L and 1032 mg SO4/L,
respectively. First-order kinetics for sodium chloride and sodium sulphate showed an
increase of kh of 24% and 48% from the control, respectively (see Supplementary Materials
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Table S3). This suggested better substrate degradation when sulphate was used as a counter-
ion. In contrast, the Gompertz model parameter Rm increased by 30 and 14% respectively
from the control (Figure 5). Sodium sulphate data fitted better on the first-order kinetics
between 3499 and 4054 mg Na/L than in the Gompertz model, suggesting a lack of lag
phase, while sodium chloride fitted better in the Gompertz model. Despite the small
differences, there were no clear differences between the use of chloride and sulphate as
counter-ions and using sodium.

Mercury addition improved the speed of biogas conversion when it was added up to
920 mg/L, increasing Rm from the Gompertz model by 77% from the control. An increase
of λ occurred at 495 mg/L up to 0.8 d, showing a slight inhibition. Sodium arsenate
affected the kinetic parameters more, resulting in a λ of 2 d when arsenic was added
up to 17 mg/L, in contrast to what was observed in the yield, which remained similar
to that of the control for every concentration tested (Figure 5). This could mean that at
the concentration of 17 mg As/L there was a slight inhibition and an acclimation of the
microorganisms, or a competition between the arsenate reducers and the methanogens
for the organic substrate [44]. Therefore, despite no inhibitory effect on the yield, there
might be an inhibitory effect on the kinetics of AD due to the competition between arsenate
reducers and methanogens [43,44].

In general, speed of biogas formation using chloride differed from that using sulphate,
which differs from the results obtained in the previous section for yields. Ammonium
chloride and sodium arsenate exhibited a lag phase despite having similar yields to the
control. Zinc sulphate and sodium nitrate showed a slower biogas formation than the
control for concentrations that resulted in similar or greater yields than the control reactors.
Aluminium sulphate, copper sulphate and ammonium sulphate showed decreasing trends
in the yield and kinetics. There is a difference between the impact on gas formation kinetics
of the ion studied depending on the counter-ion used, as was observed with sulphate and
chloride. The difference in kinetics parameters might be caused by an interaction of the
two ions in the salt rather than the separate effect of one of them.

3.3. Potential for Co-Digestion of Trade Wastes

One of the objectives was to establish the loads of each type of TW that can be added
to sludge anaerobic digesters without hindering methane production. A preliminary
understanding of the maximum TW loads that can be co-digested optimally in sewage
sludge ADs can be obtained with results from the inhibition tests in BMPs, summarised in
Table 3, and information on the characterisation of TWs obtained from the database. To
understand the impact of adding TWs in different loads, scenarios considering different
volume ratios of TWs to sewage sludge were evaluated: 0/100, 10/90, 30/70, 50/50,
70/30, 90/10 and 100/0. The concentrations of individual constituents calculated for
those scenarios were then compared with the BMP inhibition and toxicity values to obtain
Figure 6.

Ammonia, aluminium, zinc, copper, chloride, nitrate, sulphate and arsenic showed
a high number of TWs with a potentially negative effect on sewage sludge AD, with
the number of potentially inhibitory TWs increasing when TW loads to the reactor were
increased. In a scenario with only TWs fed to the ADs (TWs/sludge volume ratio of 100/0)
2, 4, 1, 7, 16, 4, 32 and 1% of the TWs studied were regarded as potentially inhibitory
when considering calculated concentrations of ammonia, aluminium, zinc, copper, chloride,
nitrate, sulphate and arsenic, respectively (Figure 6). The only element that did not show
any effect at any volume ratio was mercury (Figure 6).

Sulphate and chloride constituted the largest risk of inhibition, with 7 and 4% of the
TWs resulting in inhibitory calculated concentrations in a 10/90 scenario and 32 and 16% in
a 100/0 scenario for sulphate and chloride, respectively (Figure 6). These two constituents
showed potential to inhibit methane yield by up to 25% at the studied concentrations
(Figure 2). Ammonia, aluminium, zinc and copper all led to a less pronounced increase
in the proportion of TWs with potential to have a negative effect by those constituents



Processes 2023, 11, 519 19 of 23

as the TW/sludge volume ratio was increased (Figure 6). They also showed a higher
methane yield inhibition at the concentrations studied with potential for 32, 39, 100 and
100% methane reduction, respectively (Figure 2).

Table 3. Summary of concentration ranges impacting AD of sewage sludge obtained from BMP tests.

Beneficial Non-Effect Yield Inhibition Kinetic Inhibition Toxic Unknown

Chloride (mg/L) - <3666 3666–4535 - - >4535

Ammonia (mg/L) 635–1460 <635
1460–1602 1602–3405 1602–3405 - >3405

Aluminium (mg/L) - <309 309–607 309–607 - >607

Nitrate (mg/L) - <92
332–427 92–332 92–427 - >427

Zinc (mg/L) - <87 87–498 - >498 -

Sulphate (mg/L) - <162 162–1466 - - >1466

Copper (mg/L) - <7 7–501 91–198 501–804 -

Arsenic (mg/L) - <17 - 17 - >17

Mercury (mg/L) - <25
495–920 25–495 25–495 - >920

Note: As specified in Section 2.3, “beneficial” was defined as the samples with a biogas yield above the control
yield; “non-effect” samples had yields similar to the control; “yield inhibition” showed a reduction in the
maximum yield of biogas in respect to the control one; “kinetic inhibition” showed an increase of lag phase; “toxic”
refers to yield values below the blank production; and, “unknown” refers to conditions above the maximum
concentration studied in the BMP tests, where no toxicity was observed. When two salts were tested for the
same inhibitor, the range presented is the one that showed higher yield inhibition at the smallest concentration
to account for the worst-case scenario, with the exception of chloride and sulphate salts, which had sodium as
a counter-ion.
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Figure 6. Percentage of TWs considered from the database (total of 160) that could result in a negative
effect (inhibition or toxicity) if co-digested with sewage sludge, depending on the TWs/sewage
sludge volume ratio.

Overall, a volume ratio of 10/90 TWs and sewage sludge (calculated as per Section 2.5)
was estimated to be the best volume ratio for co-digestion considering all the ions studied
and typical concentrations encountered in real TWs (Figure 6). Most of the constituents in
TWs remain below the inhibitory levels obtained in BMP tests at this volume ratio, with
only 13.7% of all the TWs studied presenting a potential for inhibition. Chemical TWs
showed inhibition in 7 cases for sulphate, 3 for chloride, 3 for copper and 2 for nitrate.
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Glycerol/beverage/alcohol wastes showed inhibition from sulphate, chloride and nitrate
for 7, 1 and 1 of them, respectively. An oil containing TW showed inhibition for zinc and
sulphate. Chloride inhibition was also found in one of the food TWs. Finally, chloride
and sulphate inhibitory effects were observed in 1 and 2 landfill leachates, respectively.
Moreover, there were constituents such as ammonia, aluminium, arsenic and mercury
that did not show any inhibitory effect at that volume ratio. The average spare capacity
in wastewater treatment plants digesters has been reported as 30%, which could be an
opportunity for Aco-D with TWs up to this volume ratio [53]. An increase in TW in the
feed to ADs from a volume ratio of 10 to 30% can, however, significantly impact the process.
To illustrate, for a scenario with 10% of TWs in the feedstock, 1% of the TWs investigated
constitute a risk of zinc inhibition, but a scenario with 30% of TWs showed 1% of the TWs
considered could be completely toxic for the digestion process (Supplementary Materials
Figure S1a,b). Therefore, further investigation in continuous experiments of the impact of
the preferred TW/sludge volume ratio (10/90) and the volume ratio representing site spare
capacity (30/70) is paramount to understand whether acclimation of microbial communities
not observable in batch ADs could occur.

4. Conclusions

TW characterisation and BMP tests give an insight into the opportunities for Aco-D
of sludge and TWs. Within the 160 TWs studied, the key constituents identified as poten-
tially inhibitory (yield or lag phase) or toxic were ammonia, chloride, nitrate, sulphate,
aluminium, copper, zinc, arsenic and mercury. Co-digestion with TWs as 10% of the feed-
stock volume in sewage sludge digesters can result in significant biogas uplifts, although
inhibition would be expected for 13.7% of the TWs investigated, which requires further
investigation of potential for microbial acclimation in continuous experiments. Those in-
hibitory TWs were 15, 9, 3, 1 and 1 TWs from chemical, glycerol/beverage/alcohol, landfill
leachate, oil-containing, and food groups, respectively. Further work is recommended to
investigate variability in composition of individual TWs and their impact on consistently
sustaining biogas uplifts.
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