Predicting the effects of integrating mineral wastes in anaerobic
digestion of OFMSW using first-order and Gompertz models
from biomethane potential assays

Abstract
Previous studies found mineral wastes (MW; incineration bottom ash (IBA), cement based
waste (CBW), Fly ash (FA) and boiler ash (BA) are a promising resource for the macro/micronutrients necessary for anaerobic digestion (AD) processes. The current study used
first-order and modified Gompertz models from BMP assays to investigate the effects of
integrating MW on the AD of OFMSW at 37oC. Results from the first-order model
showed a 45% increase in the specific growth rate of microorganisms (μ) in the MWsupplemented BMP compared to the control. Gompertz model results indicated that the
IBA, CBW, FA and BA BMP amended assays obtained the highest K values (45 – 54 mL
CH4 g VS-1 d-1) than the control (K ~ 31 mL CH4 g VS-1 d-1), with no significant adverse
effects of co-digestion of OFMSW with MW on the length of the lag phase (λ) in BMP
assays (λ = 1.89 ± 0.07 days for IBA, CBW and BA amended assays compared to 1.5 ±
0.01 days for the control). However, FA amended assays had a greater λ value (3.66 ± 0.1
days). The MW provided both alkalinity and released several trace elements at
concentrations within the optimal ranges for methanogenic archaea.
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1. Introduction
Worldwide annual production of municipal solid wastes (MSW) was 2.01 billion tonnes in
2016 [1], and growing economic activity and urbanisation is expected to increase MSW
generation to 3.4 billion tonnes in 2050 [1]. The organic fraction of municipal solid waste
(OFMSW) represents a significant part of MSW. In developing countries OFMSW is
predominantly derived (~ 70 – 80%) from food waste [2].
OFMSW comprises both dry and wet components. The dry fraction is environmentally
‘managed’ via incineration converting it to energy as an effective alternative to landfill
disposal. The wet or putrefied fraction of OFMSW can be used for the production of
renewable energy via AD [3]. Generally, solid residues from municipal solid waste
incineration (MSWI) plants represent at least one fifteenth of the volume of the MSW [4].
The residues from an MSWI plant can be subdivided into incineration bottom ash (IBA)
and air pollution control (APC) solid residues. The latter comprise fly ash (FA) and boiler
ash (BA). Similarly, the construction and demolition industry also generate a substantial
solid waste stream, mainly composed of hydrated cement waste containing a high level of
calcium and other minerals. Cement- based waste (CBW), which accounts for about 35.5 –
67% of construction demolition waste (CDW) also has a notional CaO content of about 10
– 20% [5] and contains calcium silicate and hydroxide minerals.
The residues from MSWI plants and CDW are often recycled to be used for the production
of aggregates for construction, or they are used as a daily cover layer for landfills [6]. A
major concern for these wastes is the leaching of heavy and alkali metals after disposal. A
study by Hjelmar [7] investigated different management scenarios prior to disposal of
mineral wastes (MW) into landfills, which included enhancing leaching rates prior to
disposal to reduce the duration of the active care period.
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MW are enriched with minerals and heavy metals [8-12] and as such, have a reasonable
acid neutralising capacity. This property makes MW promising for applications related to
AD processes, and potentially, MW could be amended directly to anaerobic digesters to
stabilise pH [10, 13].
If adopted, such use of MW for anaerobic co-digestion of OFMSW would generate an
economic value to MSWI and CDW wastes, and decrease the amount of MW need to be
disposed in landfills. Additionally, anaerobic co-digestion of MSWI and CBW wastes with
OFMSW would bring about a controlled release (stripping) of metal contaminants from
those wastes prior their ultimate disposal.
The aim of the current study was to evaluate the stability and productivity of co-digesting
organic and mineral wastes in laboratory-scale experiments in order to predict the outcome
of this application in full-scale digesters. Experimental methane production data obtained
from BMP experiments (BMPs co-digested mineral and organic wastes) were modelled
with first-order and Gompertz models to investigate the effects of integrating MW with
OFMSW. This include the kinetics of methane production and microbial growth rates of
OFMSW at 37oC, and the maximum methane potential values obtained from BMP assays.
These were compared with 1) the theoretical maximum values obtained from
compositional analysis of the organic waste, 2) the published values in the literature.

2.

Materials and methods
Feedstock and seed inoculum

In order to minimise the effect of heterogeneity in the feeding substrate composition [14],
the substrate used for BMP assays was a synthetic organic waste (SOW). It was composed
of 79% cooked food leftovers (such as rice 13.6%, meat 1.5%, beans 5.6% and fat 1.4%),
20% uncooked fruit and vegetable wastes (such as apple 1.3%, orange 1.7%, banana 2%,
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lemon 1.2% and pomegranate 1.4% and herbs ~ 6%), and 1% packaging cardboard, and
simulated a typical OFMSW going to landfill [13]. The substrate components were
blended together to particle sizes less than 5 mm using a food blender. The SOW total
solids (TS) concentration was adjusted within the optimal TS value of 10 – 20% by wet
weight [15] using distilled water; normally about 30% dilution by volume of the blended
organic waste was required. After adjustment, the substrate was stored at -20oC until use
(minimum one-week storage).
The inoculum used for the BMP assays was obtained from a mesophilic (37oC) AD plant
treating cattle slurry and farm silage (Cockle Park Farm, Newcastle University, UK). The
inoculum was passed through a 6 mm sieve to remove larger particles of undigested
organic matter, then stored anaerobically at 4oC until use. Prior to use, the inoculum was
activated for 7 days according to the VDI method [16] at 37oC, then acclimated to the
feeding substrate (SOW; 1 g SOWVS /L of inoculum) and reactor environments for a period
of 20 days. During the acclimation period, methane content of the biogas produced from
the inoculum was measured for day 20, and the inoculum used only if the methane content
was > 50%, indicating that the inoculum was suitable for co-digestion experiments.
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Table 1. Characteristics of inoculum used in the BMP assays *
Parameter

Characteristics of inoculum

Standard deviation

pH (1:2) **

8.2

± 0.31

Total solids % (W/W)

1.28

± 0.005

Volatile solids % (W/W)

0.65

± 0.03

Volatile solids (%TS)

51.7

-

Total Kjeldahl nitrogen (mg/L)

2848

± 170.8

Total ammonium nitrogen (mg/L)

2654

± 6.3

Free ammonium nitrogen (mg/L)

449

±1

Total alkalinity (mg CaCO3/L)

9792

± 157

Total VFA (mg acetate/L)

3700

± 518

Total soluble COD (mg/L)

8100

± 225

Al ***

973

± 21

B

51

± 2.5

Ba

28

± 0.5

Ca

19465

± 183

Cd

0.29

± 0.1

Co

1.2

± 0.2

Cr

6

± 0.8

Cu

103

± 1.5

Fe

1818

± 9.8

K

6304

±19.0

Mg

2181

± 5.4

Mn

163

± 3.0

Mo

10

± 0.5

Na

637

±11.0

Ni

12.5

± 0.5

Pb

29.6

± 0.7

Si

304

± 3.0

Ti

38.8

± 0.4

V

8

± 0.1

Zn

389

± 2.7

* All values in this table represent mean value of triplicate samples measured.
** One volume of each sample dissolved in two volume of distilled water mixed with magnetic stirrer for one hour then
measured for pH.
*** All concentrations of trace elements are in mg/kg TS.
% (W/W) = percentage of the dry weight of total or volatile solids per wet weight of the substrate.
TS = Total solids
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Table 2. Characteristics of substrate (SOW) used in the BMP assays *
Parameters

Synthetic organic waste

Standard deviation

pH (1:2) **

4.27

± 0.1

Total solids % (W/W)

18.6

± 0.035

Volatile solids % (W/W)

17.11

± 0.057

Volatile solids (%TS)

92

-

C (%) ***

46.47

± 0.3

H (%)

6.76

± 0.035

N (%)

2.21

± 0.02

O (%)

37.52

± 0.42

S (%)

0.16

± 0.01

C/N

22.4

± 0.05

Al ****

45

± 23

As

0.61

± 0.3

B

4.2

± 1.2

Ba

3.5

± 0.9

Ca

4958

± 245

Cd

0.02

± 0.001

Co

0.03

± 0.001

Cr

0.85

± 0.23

Cu

4.3

± 0.67

Fe

62.5

± 3.6

K

7523

± 1220

Mg

657

± 143

Mn

11.8

± 2.1

Mo

0.48

± 0.21

Na

323

± 82

Ni

0.73

± 0.17

Pb

0.28

± 0.05

Se

0.85

± 0.2

Si

69

± 3.3

Ti

0.4

± 0.1

V

1.1

± 0.07

Zn

13.8

± 2.5

* All values in this table represent mean value of triplicate samples measured.
** One volume of each sample dissolved in two volume of distilled water mixed with magnetic stirrer for one hour then
measured for pH.
*** Percentage of elements in total VS of SOW.
**** All concentrations of trace elements are in mg/kg total solids (TS).
% (W/W) = percentage of the dry weight of total or volatile solids per wet weight of the substrate.
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Sources and preparation of mineral wastes
Three of the MW (Table S1) were incineration bottom ash (IBA), fly ash (FA) and boiler
ash (BA) obtained from a domestic Waste-to-Energy incineration power plant, Teesside,
UK. In this plant, household food and garden wastes are dried and burned at ≈ 1000oC;
steam turbines then convert the produced heat to energy. For the homogenisation of the
production output, daily samples of the MSWI solid residues (particle size of IBA was 14 –
40 mm) were collected from two production lines at the incineration plant over a period of
3 weeks. The fourth MW was from CDW produced from two CBW samples (with nominal
particle sizes of 10 mm and 1 mm) collected from a CDW recycling site in Newcastle upon
Tyne, UK. All the MW samples (IBA, FA, BA, and CBW) were dried overnight (104oC)
and visible metals, glass and plastic materials removed. Prior to being used in the
experiments, all MW were ground by a mill (Vibratory Disc Mills, SIEBTECHNIK-TS,
Germany), sieved to less than 212 µm (BS410 standard sieves 212 µm diameter) and
stored at room temperature in airtight containers until required.
Determination of total and soluble metal concentrations
Total metal concentrations (Table S2) were measured by an aqua regia method. A
representative mass (2 g) of dried (at 50 – 70°C) and crushed samples was measured then
transferred to long glass digestion tubes prior to acidic digestion with concentrated HNO3
(2.5 mL/2 g TS) and HCl (7.5 mL/ 2 g TS) at room temperature for 16 hours, and then
boiled on a heating block for a further one hour at 100°C. After cooling, the acid digested
samples were filtered through acid resistant filter papers (Whatman ash-less filter papers)
then diluted using 0.5 M HNO3. The diluted samples were analysed for total metal
concentrations using ICP- OES (Vista MPX simultaneous ICP-OES, USA) as described by
[12].
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The concentrations of water-leached (soluble) metals (Table S2) from MW under the
neutral pH ranges (6.4 – 7.5) of AD were measured according to the EPA method 3010A
[17]. This was carried out on aqueous solutions obtained after dispersing 10 g of each MW
in 500 mL distilled water, and incubating these samples in a reciprocating shaker at 150
rpm for 100 h at 37oC. After that, the samples were filtered (Whatman ash-less filter
papers), acidified (1 – 2 drops of concentrated HNO3 per sample) and metal content
measured by ICP-OES [12].
Similarly, soluble (dissolved) metal concentrations were measured in the inoculum (Table
1) and anaerobic digestate samples using supernatant solutions obtained from digestate
samples centrifuged for 30 min at 3392 x g (Sigma centrifuge, UK). The samples were
acidified with concentrated HNO3 (1 – 2 drops per sample) then diluted with 0.5 M HNO3
and stored at 5oC until analysed by ICP-OES [12].
BMP assays
The co-digestion experiments with biomethane potential (BMP) assays were conducted to
evaluate the effect of MW addition on methane yield from the SOW. BMP tests were
prepared in triplicate, using 0.5 L glass bottles (Duran® laboratory bottles), incubated at
37oC, in accordance with German standard method [16]. The working volume of each
BMP assay was 400 mL, and contained a substrate to inoculum ratio of 0.5 (VS
substrate/VS inoculum), and the remainder was distilled water. Blank BMP assays with the
inoculum only and inoculum plus MW were prepared to correct the rates from the
interference of the methane formed from the natural organics of the inoculum, and the
effect of the methane generated from the MW when in contact the inoculum only.
Moreover, the capacity and the performance of the inoculum was checked in BMP assays
(reference assay) containing inoculum and pure cellulose.
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Biogas production from BMP assays were measured daily from the volume of biogas
collected in gasbags (0.6-litre; Tedlar, VWR). Methane and carbon dioxide compositions
were measured by gas chromatography (GC) (Carlo Erba HRGC S160 GC with MFC 500
detector), the carrier gas of the GC was hydrogen (250 mL/min) with an oven temperature
held isothermally at 35°C. Prior to analysis, the GC was calibrated with a standard gas of ~
80.2% methane. Injection of gas (biogas/standard gas) was by a 100 µL lock tight gas
syringe (SGE, Australia) in triplicate sets (50 µL gas in each injection), so that methane
percentage of biogas from each BMP assay was always determined in triplicate. Volumes
of biogas and methane were reported according to conditions of saturated gas under
standard pressure and temperature (STP; 0oC and 1bar). The BMP assays were ended after
30 days when daily methane production was less than 1% of the accumulated methane [14,
16].
First-order and Gompertz models
Methane production of the BMP assays was modelled by fitting the experimental methane
production data with first-order (Eq.1) and Gompertz (GM) (Eq.2) models [14], using
MATLAB software [18] (with 95% confidence bounds).
𝑌 = 𝑌𝑚[1 − exp(−µ𝑡)]
𝐾×𝑒

𝑌 = 𝑌𝑚 × exp {− exp [

𝑌𝑚

(1)
(𝜆 − 𝑡) + 1]}

(2)

Where “Y” is the cumulative methane production at time (t), “Ym” is the maximum
methane potential (mL CH4 g VS-1) at an infinite digestion time (t), “μ” is the
microorganisms specific growth rate of (d−1). “K” is the maximum methane production
rate (mL CH4 g VS-1 d-1), “e” is a mathematical constant (2.718) and λ is the lag phase time
constant (d). To describe “goodness of fit” between the experimental methane yield and the
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model predicted methane yield, the adjusted coefficient of determination (correlation
coefficient) (R2) and root mean square error (RMSE) were calculated using Eq.3 [19, 20]:

𝑅𝑀𝑆𝐸 =

𝑑𝑗
( ∑𝑚
( )
𝑚 𝑗=1 𝑌
1

𝑗

2 1/2

)

(3)

Where m = number of data pairs; j = jth values; Y = measured methane yield (mL/g VS
added); d = deviations between experimental and predicted methane yield.
Non-metallic elemental composition analysis
The homogenised MW samples were dried at 50 – 70oC then analysed for elemental
compositions to determine the percentage of C, N, and S in these samples (Table S1).
Elemental composition analysis was performed using an organic element analyser
(Elementar Vario MAX CNS, Germany) according to the manufacturer’s instructions and
the standard method [21].Another elemental composition analysis was carried out
commercially by Elemental Microanalysis Ltd, (UK) to measure the C, N, S, H and O
elements of the SOW substrate (Table 2). The molecular formula of the substrate (SOW)
was estimated via C, H, N, O, S microanalysis, and the stoichiometric equation (Eq.5)
based on the values obtained from this compositional analysis was used to calculate the
theoretical biomethane potential (Ym Theoretical (mL CH4 g VS-1)) of the SOW substrate as
per [14, 22]. In this study as the S content of the SOW was very low (0.16%, Table 2),
therefore the presence of H2S in the biogas was not considered in the stoichiometric
equation (Eq.5).
Estimation of theoretical methane potential
Using the elemental composition (C, H, N, O, and S) analysis of the substrate ((SOW),
Table 2), the estimated molecular formula of the substrate was C3.87 H6.76 O2.35 N0.16 S0.005.
Theoretical methane potential from the SOW based on VS conversion can be calculated
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using the stoichiometric equation (Eq. 4) [14] as shown in Table 3 (A). Similarly,
theoretical methane potential of the substrate based on COD conversion was calculated
from the stoichiometric equation of the oxidation of the substrate as shown in Table 3 (B).
𝑎

𝑏

3𝑐

4

2

4

Cn Ha Ob Nc + (𝑛 − − +

𝑛

𝑎

𝑏

3𝑐

2

8

4

8

) H2O → ( + − −

𝑛

𝑎

𝑏

3𝑐

2

8

4

8

) CH4 + ( − + +

11

) CO2 + 𝑐NH3

(4)

Table 3. Theoretical methane potential from the substrate (SOW)
A- Theoretical biomethane potential based on the compositional analysis (Buswell equation)
C3.87 H6.76 O2.35 N0.16 + 1.125 H2O

2.1325 CH4 + 1.7375 CO2 + 0.16 NH3

93.04 + 20.25

34.12 + 76.45 + 2.72

113.29

113.29

1.12 g TS + 0.237 g H2O

0.41 g CH4 + 0.92 g CO2 + 0.032 g NH3

1.03 g VS + 0.218 g H2O

0.3773 g CH4 + 0.846 g CO2 + 0.0294 g NH3
0.528 L CH4 + 0.43 L CO2 + 0.0387 L NH3

1 g VS + 0.211 g H2O

0.5126 L CH4 + 0.417 L CO2 + 0.0375 L NH3
53% CH4 + 43.11%CO2 + 3.8% NH3

Theoretical methane potential ~

513 mL/ g VS

Density of CH4 at STP * =

0.77 g/L

Density of CO2 at STP =

2.14 g/L

Density of NH3 at STP =

0.83 g/L

B- Theoretical biomethane potential based on the on COD conversion
C3.87 H6.76 O2.35 N0.16 + 4.195 O2

3.8 CO2 + 3.14 H2O + 0.16 NH3

COD/VS

4.195 * 32/93.04
1.443 g COD/g VS of the substrate

1 g COD is converted to 350 mL of CH4 [23]
Theoretical methane potential ~

1.443 * 350
504 mL/ g VS

*STP = standard temperature and pressure (0oC and 1 bar)
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Mass balance and biodegradability of substrates
The mass balances of the substrate in BMP assays based on volatile solids (VS) and
chemical oxygen demand (COD) were calculated using Eqs.5 and 6 [24] and Eqs.7 and 8
[25], respectively:
TVS in = VS out + VS methane + VS other
𝑉𝑆 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =

(𝑇𝑉𝑆 𝑖𝑛 − VS out)
𝑇𝑉𝑆 𝑖𝑛

(5)
× 100

(6)

Where TVS in (g) is the total mass of VS (from inoculum and substrate) in the BMP assays
at the start of experiment, VS out (g) is the mass of VS in the BMP assays after a certain
time of digestion, VS methane (g) is the mass of VS converted to CH4 and VS other (g) is the
mass of VS converted to CO2 and other volatile mass losses.
TCOD in = COD out + COD methane + sCOD out + COD other
𝐶𝑂𝐷 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑛 (%) =

(𝑇𝐶𝑂𝐷 𝑖𝑛−(COD out+sCOD out) )
𝑇𝐶𝑂𝐷 𝑖𝑛

× 100

(7)
(8)

Where TCOD in (g) is the mass of total COD (from inoculum and substrate) in the BMP
assays at the start of experiment, COD out (g) is the mass of COD (calculated from VS
assuming 1.44 g COD/ g VS) in the BMP assays after a certain time of digestion, COD
methane

(g) is the mass of COD converted to CH4, sCOD out (g) is the mass of soluble COD

in the BMP assays after a certain time of digestion, and COD other (g) is the mass of COD
converted to CO2 and other volatile mass losses (expressed as COD).
In addition, the biodegradability (%) of the SOW (Eq. 9) due to co-digestion with MW was
calculated as the percentage of experimental biomethane potential (Ym Experimental) to the
theoretical methane potential (Ym Theoretical) based on VS conversion Table 3 (A).
𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =

𝑌𝑚 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑎𝑙
𝑌𝑚 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

∗ 100

(9)
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Alkalinity of mineral wastes
The alkaline capacity of MWs were determined using 1N HNO3 according to the method
described by Banks and Lo [4, 10]. The alkaline capacity tests were conducted in 250 mL
laboratory glass beakers. For these tests, sixty samples of MW solutions (2.5 g of a MW +
100 mL distilled water) were prepared, then each of the beakers were acidified with a
volume (ranged between 0 – 20 mL) of 1N HNO3 solution. The acidified MW solutions
were then stirred for 1h using magnetic stirrers at room temperature (25oC) prior to
measuring pH. Alkalinity at each pH value was calculated using Eq.10, then acid titration
curves were produced for each MW solution as a function of measured pH values and
amounts of acid added; calculated as mM H+/g MW. Partial alkalinity (PA) and total
alkalinity (TA) at pH 7.5 and pH 4.4 respectively were also calculated using Eq.10 (see
Table S1).
𝐴𝑙𝑘 =

𝑉pH ∗𝑁∗𝐸w

(10)

𝑉𝑠

Where Alk = alkalinity of a solution (mg CaCO3/L), VpH = amount of acid amended (mL)
to reach a pH value, N = normality of acid amended (eq/L), Ew = 50,000 (mg CaCO3/eq),
and Vs = solution volume (mL).
Analytical methods
The digestate (the liquid and the solids remained in the BMP assays after AD) in the BMP
assays were analysed for physicochemical characteristics on the final day of experiments
(day 30). The hydrogen ion potential (pH) was measured according to the APHA standard
method 4500-H [26] using a pH meter (Jenway- 3310, UK). The total solids (TS) and
volatile solids (VS) of the SOW, inoculum and digestate were measured according to the
APHA standard methods 2540D and 2500E, respectively. Total soluble COD (Total
sCOD) was measured according to the APHA standard method 5220C. TKN and total
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NH3-N (TAN) concentrations of inoculum and digestate were calculated by Semi-Micro
Kjeldahl (APHA 4500-Norg C) and Titrimetric (APHA 4500- NH3 C) standard methods,
respectively [27], by using a Vapodest instrument (Gerhardt, Vapodest 30 S, UK) for
distillation, then titration with 0.02N H2SO4 to pale lavender end point of boric acid
indicator. Free ammonia concentration was calculated by using an equation (Eq. 11)
suggested previously by [28]:
𝐹𝐴𝑁 =

17 ∗10𝑝𝐻
14 ∗𝑒𝑥𝑝(

6334
)+ 10𝑝𝐻
273+𝑇 (℃)

∗ 𝑇𝐴𝑁

(11)

Where FAN stands for free ammonia nitrogen concentration (mg/L), pH the hydrogen ion
potential; T the temperature in oC and TAN is the total ammonium nitrogen concentration
(mg/L). Total volatile fatty acids (TVFA) and total alkalinity (TALK) of centrifuged
digestate samples (3392 g, 30 min) were measured by titration according to the Lossie and
Pütz [29] method.

3. Results and discussion
Substrate and inoculum analyses
The macro-parameters including total and volatile solids (TS and VS) showed the TS of
the substrate (SOW) was 18.6% (W/W), and the VS accounted for 92% of TS (Table 2),
which is similar to the typical food waste composition of OFMSW (18% to 23% (W/W)
and VS accounted for 91 – 95% of TS, [30]). The C:N ratio of the SOW (Table 2) was
22.4:1, and therefore slightly below the optimal C:N ratio of 25 – 30 suggested for
mesophilic AD at 37oC [31]. The molecular formula of the substrate (SOW) was estimated
to be C3.87 H6.76 O2.35 N0.16 S0.005, from the C, H, N, O, S microanalysis (Table 2), which
produced a theoretical methane yield (Ym Theoretical) of ~ 513 mL CH4 g VS-1 (based on VS
conversion). This value was representative for this type of waste containing high fractions
of carbohydrates, proteins and lipids [22]. However, despite the wide range of food waste
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components, the concentrations of Ni, Co, Mo, Se and Fe in the SOW (Table 2) were
below the adequate TE concentrations quoted in the literature for the metabolism of
methanogenic archaea [32, 33].
The total NH3-N (TAN) concentration and pH of the inoculum were 2654 mg/L and 8.2,
respectively (Table 1), high TAN originating from the cattle slurry present in the inoculum
(sourced from a farm digester, Cockle Park Farm, Newcastle University, UK). The
inoculum showed lower levels of TS and VS (1.28 % TS (W/W) with VS accounts for
51.7% of TS, Table 1) compared to the SOW (18.6% TS (W/W) with VS accounts for 92%
of TS; Table 2). The inoculum contained a relatively high concentration of TE (Table 1).
Therefore, the final mixture of the inoculum-substrate employed for the BMP provided
sufficient alkalinity to neutralise pH and some macro and micronutrients for microbial
growth. However, a previous study [32] suggested that the nutrients and TE concentrations
necessary for archaea depends on the operating time of AD reactors, and the substrate
composition and type.
The raw MW samples were found to be rich in metal concentrations (Table S2) that could
potentially offset possible metal deficiency (Table 2) in the SOW. Table 4 shows the
required concentrations of trace elements by archaea based on [32, 33] in comparison to
the concentration of trace elements measured in the SOW and MW. The values shown in
Table 4 indicate that the MW metals were always at higher concentrations than the TE
requirements of archaea, but the surplus differed for different MW. Clearly, the CBW, IBA
and BA showed lower metal content than FA (the solid residues from air pollution control
(APC)) process. Excessive supplementation of TE and/or metals has been shown to limit
methane production [34]. However, in anaerobic processes, it is the free form of these
metals that are the most bioavailable [10]. Moreover, the actual bioavailability of TE or
metals as nutrients or toxicants in the BMP assays would also be affected by other
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environmental conditions such as pH, redox potential, the kinetics of precipitation, and
complexation [34, 35].
Titration curves (Figure 1) of MW samples with 1N HNO3 showed that the partial
alkalinity (PA; Table S1) of mineral wastes was in the order BA>CBW>IBA>FA; with
values of 2.56 ± 0.09, 1.24 ± 0.14, 1.12 ± 0.03 and 0.8 ± 0.12 meq CaCO3/g MW,
respectively. Therefore, it can be concluded that MW additives (specifically IBA, CBW
and BA) could provide digesters with moderate levels of alkalinity to maintain a
favourable pH and support methanogen growth.
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Table 4. Trace element requirement for archaea in comparison to measured trace elements in the organic waste (SOW) and mineral wastes (MW)
TE in MW (mg/kg TS)
*TE in archaea

TE in substrate (SOW)

Incineration bottom ash

Cement based waste

Fly ash

Boiler ash

(mg/kg TS)

(mg/kg TS)

(IBA)

(CBW)

(FA)

(BA)

Ca

456

4958

71199

136465

222346

197962

Cu

1

4.36

2579

534

534

283

Ni

11

0.73

114

12.5

86

133

Co

9

0.03

40.4

5.2

10.8

21.2

Mo

7

0.48

6.7

1.4

14

20

Se

1.5

0.85

12.2

5.4

16.4

24.7

Mn

2

11.8

1177

349

389

1176

K

1140

7523

3161

1491

38024

21506

Fe

205

62.5

83655

19328

6858

12920

Mg

342

657

6716

10813

5758

13272

Zn

7

13.8

3290

51

11114

8699

Element

*[32, 33], TE = trace elements.
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14
12
10

pH

8
6
4
2
0
0

5

10

Nitric acid added (mmol

15
g-1

20

25

mineral waste)

Incineration bottom ash (IBA)

Cement based waste (CBW)

Fly ash (FA)

Boiler ash (BA)

Figure 1. Titration curves of MW solutions (2.5 g MW/100 mL distilled water) with nitric acid at
room temperature 20oC. The values are mean values of triplicate samples with standard deviation
(not shown).
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Assessing biomethane potential and methane production rates of BMP assays
The main objective of the BMP assays was to determine a) the biomass activity and
degradability of the substrate (SOW) in the presence or absence of MW supplementation,
and to b) ascertain the potential of MW as an alternative to commercial TE or nutrients that
could offset potential deficiency from the SOW without causing inhibition.
The mathematical models which have been developed from mechanistic studies are
considered a simple method [36, 37] to validate the results of empirical methods, and to
enhance the design and optimisation of AD processes, in particular, the biodegradation
patterns of the substrate (SOW) due to co-digestion with MW. Figure 2b shows that the
Gompertz model using the experimental BMP (Figure 2a) showed a very good fit (R2 =
0.99 and RMSE = 13.4 ± 2) to BMP prediction from the BMP assays, and deviations
between measured and the Gompertz model predicted BMPs were less than 3.0%. By the
end of the BMP tests (day 30), approximately similar biomethane potential (Ym) values for
the SOW (394.0 ± 12.0 mL CH4 g VS-1) were obtained from all the BMP experiments.
The BMP obtained from the IBA, CBW, FA, BA and control tests were 411.0 ± 5.2, 403.0
± 5.6, 389.0 ± 4.8, 384.0 ± 3.3 and 384.0 ± 2.5 mL CH4 g VS-1, respectively. These values
represent 75 – 80% of the theoretical BMP (~ 513 mL CH4 g VS-1) calculated from the
elemental composition analysis method (Table 3 A) [14, 22]. The difference between the
theoretical and experimental value is due to the fact that the theoretical BMP does not
account for substrate biodegradability, and the fraction of organic matter that can be used
for energy and synthesis of cellular material [38], for example the more refractory lignin
content.
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Figure 2. Experimental methane yield (a) and predicted methane yield from Gompertz model (b)
of a control BMP assay (SOW only), mineral-amended (incineration bottom ash (IBA), cement
based waste (CBW), fly ash (FA) and boiler ash (BA)) BMP assays at mesophilic temperature
37oC. The values are mean values of triplicate BMP assays with standard deviation (not shown).
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The maximum methane production rates (K) for each BMP condition (Figure 3) calculated
from the Gompertz model applied to the assay data for each BMP condition were
different. The MW-amended BMP assays showed higher K values than the control. The
IBA, CBW, FA and BA BMP conditions produced the highest K values (45 – 54 mL CH4
g VS-1 d-1) which is 44 – 73% higher than the control (SOW only, ~ 31 mL CH4 g VS-1 d1

). As a result of high methane production rates (K), by day 11, the MW-amended assays

have produced 81 – 96% of the maximum BMP from the SOW on day 30, while during the
same period (days 0 –11) the control BMP assay has produced 66% of the maximum BMP
from the SOW on day 30 (Figure 2).
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Figure 3. Bar-plot of maximum methane production rates (K) of the BMP assays calculated from
Gompertz model. Control BMP assay fed with SOW only, and mineral-amended (Incineration
bottom ash (IBA), cement based waste (CBW), fly ash (FA) and boiler ash (BA)) BMP assays at
mesophilic temperature 37oC. The values are mean values of triplicate BMP assays with error bars
of standard deviation.
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These results show that MW can improve biogas production rates, and that the MW
amended to the BMP assays contained beneficial levels of trace elements (Table 4, Table 6
and Table S2) that were bioavailable. Microorganisms need trace elements for production
of metalloenzymes (see Section 3.5) necessary for metabolic pathways in AD [39].
Hydrolysis of protein-rich substrates increases ammonia concentration, which may then
inhibit methanogenesis [40, 41]. This issue is relevant to the BMP tests in the current study
because the inoculum was rich in ammonia (Table 1. ). However, Selenium (Se) and
Cobalt (Co) are known as the key TE elements essential for the biodegradation of organic
matter under high ammonia concentrations [33, 42, 43]. These authors have shown that for
organic loading rates of digesters below 3 g VS L-1 d-1, minimum concentrations of Se and
Co of 0.16 and 0.22 mg/kg food waste (wet weight), respectively, are required to achieve
VFA removal under high ammonia concentrations. Although the relationship between
ammonia inhibition and MW amendment could not be confirmed directly in the current
BMP study, it is evident that the SOW methanogenesis as well as the metabolic capability
of the methanogens were considerably higher in the MW-amended assays than in the
control despite the potentially inhibitory levels of FAN (Table 6). This putatively results
from the positive effects of the TE released by the MW.
Kinetics of microbial growth rate and lag phase time
In addition to the kinetics of methane production rates (Section 3.2), the kinetic parameters
of microbial growth rates and lag phase time determined from the first-order and Gompertz
models, respectively provided further insight into the results of the BMP assays, in
particular the biodegradation patterns of the substrate (SOW) during co-digestion with the
MW.
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Table 5 shows that the specific growth rate of microorganisms (μ) was ~ 0.22 d-1 in the
IBA, CBW and BA amended BMP assays, about 57% higher than the control, while for the
FA assay the μ value (0.15 d-1) was approximately equal to that of the control (0.14 d-1).
This high μ value obtained from the MW-amended assays coincided with the high K
values of these reactors (44 – 73% higher than the control; Section 3.2). These results
indicate the positive effect that MW had on methanogenesis, by increasing the specific
growth rate of microorganisms. Future studies will need to be conducted to determine
whether the higher methanogenesis activity observed in the MW supplemented reactors
was due to population growth only, or due to specific methanogenic activity (the capacity
of methanogen cells to produce methane), or both.
The lag phase time (λ) of the control reactor was ~ 1.27 ± 0.1 days; while λ was 1.92 ± 0.2,
2.1 ± 0.3, 3.66 ± 0.3 and 1.94 ± 0.1 days for BMP assays amended with the IBA, CBW,
and FA and BA, respectively (i.e. λ was ~ 34%, 40%, 65% and 35% longer, respectively,
than the control reactor) (Table 5). Therefore, the lag times observed in the current study
were only slightly increased for MW-amended reactors. Possibly, additional time was
required by the microorganisms for acclimation in the altered environment of the MWamended reactors. After the lag phase, acclimation and bioavailability of beneficial trace
elements took place, and the positive effects of the MW addition on the biogas production
was clearly evident in MW-amended reactors (Figure 2 and Figure 3). In summary, it can
be concluded that the preliminary lag phase that occurred in the MW-amended assays was
indicative of a classic inhibition followed by adaptation. Therefore, this inhibition would
not be an issue in a continuous reactor system because microorganisms would become
adapted after a short period of operation following start up, and this adaptation would be
maintained under continuous operation. Moreover, in full scale digesters, the
microorganisms adapted to MW should be more resistant to these toxicants, because the
25

work of Lin [44] has shown that microorganisms in a seed sludge acclimated to heavy
metals were more resistant to the toxicity of heavy metals than microorganisms in an unacclimated seed sludge. Furthermore, since the kinetics of microbial growth and methane
production rates shown in the BMP assays with MW-amended conditions were much
higher than the control without MW-amendment, a shorter residence time (HRT) (~ 10 d;
Figure 2) could be applied in continuous digesters. Consequently, MW-amended digesters
should maintain the dominance of the methanogens and produce higher methane outputs
compared to standard digesters without MW amendment.
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Table 5. Kinetic parameters of mean CH4 production from BMP assays on day 30 determined from first-order and Gompertz models (with 95% confidence
bounds) and biodegradability stoichiometric equation (i.e. the theoretical methane yield of the substrate (SOW))
Gompertz model
Experimental

First-order model
Modelled

Specific

Maximum methane

Lag

production rate

time

Ym Experimental

K

λ

(mL CH4 g VS-1*)

(mL CH4 g VS-1 d-1)

Control (SOW only)

384 ± 3.1

31.2

1.27

395

0.99

13.12

0.14

0.94

75

Incineration bottom ash (IBA)

411 ± 5.2

54.4

1.92

416

0.99

12.21

0.22

0.96

80

Cement based waste (CBW)

403 ± 5.6

51.7

2.1

409

0.99

12.66

0.21

0.96

78.5

Fly ash (FA)

389 ± 4.8

45.3

3.66

399

0.99

16.84

0.15

0.93

76

Boiler ash (BA)

384 ± 3.3

54.0

1.94

390

0.99

12.15

0.23

0.95

75

BMP

biomethane
potential

biomethane
potential

2

R

RMSE

YGM

microbial growth
rate

2

Biodegradability **

R

µ
(d−1)

(d) ( mL CH4 g VS-1 )

(%)

*VS = volatile solids of the SOW added at start.
** Biodegradability = Ym Experimental divided by theoretical biomethane potential estimated from elemental composition analysis based on VS conversion of the SOW = 513 mL CH4 g VS-1.
RMSE = root mean square error and R2 = adjusted coefficient of determination from MATLAB analysis.
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Mass balance of substrates in BMP assays
Figure 4 shows the effect of MW on conversion of volatile solids in BMP assays. The
mass flow of substrates was calculated for two operating periods: day 0 – 11 and day 0
– 30. The mass of volatile solids which converted (as the percentage of the mass of VS
at start of the experiment) to methane in the MW-amended assays between day 0 – 11
were relatively higher (20.7 – 25.5%) compared to the control (16.8%). While volatile
solids conversion to methane in all BMP assays (the control and MW-amended assays)
during day 0 – 30 were closely equal (25.4% and 25.4 – 27.4% in the control and MWamended assays respectively, (Figure 4)). Moreover, by day 11, the MW-amended and
control assays have produced about 80 – 97% and 66%, respectively, of their methane
yield on day 30 (i.e. the percentage of methane yield on day 11/methane yield on day
30) (Figure 2 and Table 5). These results are further confirming the previous conclusion
(Section 3.2) that the MW have enhanced methane production rate (K (mL CH4 g VS-1
d-1)) while they had a limited effect on final biomethane potential (Ym (mL CH4 g VS-1))
from the substrate (i.e. experimental methane yield on day 30) (Table 5).
After 30 days of digestion in BMP assays, VS conversion in the control assay was
relatively low (50%) as in comparison to the MW-amended assays (55 – 57%) (Table
5). The percentage of VS which converted to CO2 and other volatile mass losses was
between 7.7 – 12% of the mass of VS at start of day 0 – 11, which was in close
agreement with values (10 – 15% of VS) observed in other studies [24]. While the mass
of volatile solids which converted to CO2 and other volatile mass losses increased to
24.8 – 30.4% of the mass of VS at start of day 0 – 30 (Figure 4).
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Figure 4. Mass balance from BMP assays based on the mass of volatile solids digested between
day 0 – 11 (upper panel) and day 0 – 30 (lower panel). The arrow indicate the column headings.
For each BMP condition read across the rows. * Based on theoretical methane yield of the
substrate = 513 mL CH4/g VS added (see Section 2.7). ** Calculated according to Eq.5. The
(%) values are calculated as a percentage of the mass of VS at start (i.e. VS from the substrate +
VS from the inoculum).
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Chemical characteristics of digestates
Table 6 shows the characteristics of digestate (combined solids and liquids in BMP
assays) taken from BMP assays at the end of the experiments. It should be noted that
total soluble COD (sCOD) and total volatile fatty acids (TVFA) in the digestate of the
control assay were 4200 ± 250 and 1028 ± 89 mg/L, respectively. These values were
~39 and ~ 41% higher than the mean total sCOD and TVFA concentrations (3017 ±
189, 731 ± 142 mg/L, respectively) of MW-amended assays. This suggests that
although residual amounts of VFA substrates were potentially available for
methanogenesis in the control reactor, methanogens were unable to convert all of the
accumulated VFA to methane. Therefore, an imbalance in the syntrophic relationship
between fermentation and methanogenic archaea can be hypothesised from the observed
accumulation of VFAs.
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Table 6. Characteristics of the digestate from the BMP assays on day 30
Incineration bottom

Cement based waste

ash (IBA)

(CBW)

7.82 ± 0.01

8.05 ± 0.8

Total soluble COD (mg/L)

4200 ± 250

Total Kjeldahl nitrogen (TKN; (mg/L))

Parameter

Control (SOW only)

Fly ash (FA)

Boiler ash (BA)

pH

8.11 ± 0.12

8.02 ± 0.08

8.06 ± 0.1

3242 ± 51

3000 ± 250

3025 ± 225

2800 ± 50

2217.6 ± 10.5

2226 ± 32

2206 ± 3

2243 ±20

2215 ± 14

Total ammonium nitrogen (TAN; (mg/L))

1750 ± 23

1880 ± 37

1750 ± 28

1848 ± 22

1862 ± 17

Free ammonium nitrogen (mg/L)

187

339

362

311

344

TAN/TKN (%)

79

84

79

82

84

Total solids (g/L)

7.67 ± 0.33

9.22 ± 2.4

8.89 ± 1

10.67 ± 0.1

8.67 ± 1.3

Volatile solids (g/L)

3.67 ± 0.8

3.22 ± 0.7

3.17 ± 0.5

3.33 ± 1.3

3.33 ± 1

FOS/TAC *

0.12

0.09

0.09

0.06

0.10

Total VFA (mg/L) **

1028 ± 89

751 ± 282

779 ± 249

530 ± 27

862 ± 223

Total alkalinity (mg/L CaCO3)

8850 ± 135

8667 ± 125

8800 ± 100

8400 ± 118

8550 ± 156

Volatile solids conversion (%)

50 ±1.2

56 ± 0.9

57 ± 1.1

55 ± 1.8

55 ± 1.3

*FOS/TAC = Total VFA / Total alkalinity.
** Calculated as acetate.
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As described in Section 3.2, the methanogenesis rates in the MW-amended BMP assays
were 44 – 73% higher than the control. Moreover, all the BMP assays (both the control
and MW-amended assays) maintained the mean alkalinity concentration and pH of 8653
± 184 mg/L and 8.0 ± 0.1, respectively (Table 6) (i.e. there was no inhibition in the
BMP assays due to acidification). These results further support the previous observation
(Section 3.3) that a larger microbial population (as can be noted from the determined µ
values in Table 5. ) or higher specific methanogenic activity (as can be noted from
calculated K values in Table 5) or both appeared to be maintained in ME-amended
reactors presumably due to the TE released by the MW.
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Table 7. Dissolved concentration of elements in BMP assay digestates on the final day (day 30)
Element concentration in digestates (mg/L)
Incineration bottom ash

Cement based waste

Fly ash (FA)

Boiler ash (BA)

185.0 ± 2.4

523.8 ± 2.9

205.0 ± 2.7

0.18 ± 0.001

0.081 ± 0.003

0.018 ± 0.006

0.016 ± 0.003

0.007 ± 0

0.04 ± 0.002

0.019 ± 0.002

0.048 ± 0

0.062 ± 0.001

Co

0.001 ± 0.001

0.025 ± 0.001

0.004 ± 0

0.003 ± 0

0.003 ± 0

Mo

0.002 ± 0

0.004 ± 0.003

0.004 ± 0.001

0.005 ± 0.003

0.011 ± 0.002

Se

ND

ND

ND

ND

ND

Mn

0.1 ± 0

0.9 ± 0.008

0.41 ± 0.003

0.154 ± 0

0.22 ± 0

K

467.0 ± 0.9

551.0 ± 0.4

489.0 ±1.0

1098.3 ± 10.0

765.5 ± 7.0

Fe

0.22 ± 0.001

8.7 ± 0.04

1.6 ± 0.006

0.641 ± 0.003

1.1 ± 0.007

Mg

22.7 ± 0.126

48.7 ± 0.14

32.2 ±0.15

81.3 ± 0.96

142.5 ± 2.6

Zn

0.3 ± 0.005

0.4 ± 0.01

0.12 ± 0.003

0.465 ± 0.022

0.26 ± 0.01

Element

Control (SOW only)

(IBA)

(CBW)

Ca

88.0 ± 0.2

187.0 ± 2.4

Cu

0.08 ± 0.006

Ni

ND = not detected i.e. below detection limits of ICP-OES.
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Table 7 shows that the dissolved concentration of key trace elements in the control was
below the concentration in the MW-amended BMP assays. This could have contributed
to lower specific methanogenic activity of the control. The leaching of trace and heavy
metals from MW remained below inhibitory levels to microorganisms [45, 46].
Moreover, the dissolved concentrations of measured elements (Table 7) in the digestate
on the final day of BMP assays were found to be lower than the total concentration of
these elements predicted from the raw MW (Table 4 and Table S2) initially added. For
instance, total Ni and Se concentrations in the IBA were 114.0 and 12.2 mg/kg TS
respectively, giving a predicted concentration in the BMP reactors of 0.285 mg/L and
0.03 mg/L, respectively, while on final day of the BMP assays, Ni concentration was
0.038 mg/L and Se concentration was below the limit of detection 0.01 mg/L. This
suggests that only partial amounts of trace elements from MW was bioavailable (for
instance ~ 13.3% of Ni was bioavailable) in the MW-amended BMP assays and/ or
some amount of soluble trace elements may have precipitated or adsorbed onto the
microorganism/sludge as has been observed by other studies [33].
The role of trace elements, such as those expected to have been released by the mineral
wastes, in the production of metalloenzymes involved in the acetogenesis and
methanogenesis are well reported in the literature [33, 45, 47, 48] and illustrated in
Figure 5. However, limited information is available about these elements required for
the preceding hydrolysis and acidogenesis stages of AD [49]. Acetogens need trace
elements in the production of metalloenzymes (Figure 5) such as Fe, Ni, Co for formate
dehydrogenase (Fdh) and carbon monoxide dehydrogenase (CODH) for CO2, CO,
methanol and formate conversion to acetate [49]. Tungsten enhances propionate
degradation by hydrogenotrophic methanogens and syntrophic oxidising bacteria [50].
Methanogens also need trace elements in the production of metalloenzymes necessary
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for the hydrogenotrophic and acetoclastic pathways [33]. Scherer, Lippert and Wolff
[51] indicated elements such as Fe, Zn, Ni, Cu, Co and Mo are key requirements. More
specifically, all methanogens need nickel for synthesis of cofactor F430 required in
methanogenesis. Furthermore, cobalt-containing corrinoid factor III, needs adequate
cobalt for optimal cell growth. Hydrogenotrophic methanogens are known to dominate
microbial communities in reactors digesting high ammonia substrates [52], therefore, Se
and Co are crucial elements for processes stability of AD at high ammonia
concentration such as found during the digestion of food waste [33, 46, 53-56].
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Figure 5. Proposed trace element contents of metalloenzymes from mineral wastes involved in
the different stages of anaerobic digestion. Modified from [49, 57].
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4. Conclusions
The first- order and Gompertz fitting models predicted biomethane potential and
maximum methane production rates for the AD of OFMSW with and without codigestion with MW. Results showed that MW originating from MSWI and CDW could
be integrated into the digestion of OFMSW to improve microbial growth and activity to
promote biogas production and improve methane yield in continuously operated
digesters. MW can release soluble micronutrients (trace elements) essential for the
growth and activity of methanogenic populations. The addition of MW enhanced
methanogenesis of OFMSW despite potentially inhibitory levels of free ammonia.
During the experiments, leaching of heavy metals from the MW materials to levels
inhibitory to AD microorganisms was not observed. In the presence of the MW
amendments, the pH was also maintained at optimal levels (6.2 – 7.5) suitable for the
anaerobic conversion of mixed organic waste streams to methane.
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1

Table S1. Main characteristics of the mineral wastes *
Parameter

Cement based waste
(CBW)
11.07

Fly ash (FA)

Boiler ash (BA)

pH (1:2) **

Incineration bottom ash
(IBA)
10.37

10.3

11.84

Total solids (%WW)

99.15

97.1

97.1

99.5

Volatile solids (%WW)

2.86

2.44

2.9

1.2

Volatile solids (%TS)

2.88

3

3

1

C (%) ***

1.84

2.77

2.92

1.37

N (%)

0.04

0.02

0.02

0.01

S (%)

0.41

0.13

1.97

2.32

C/N

46

139

146

137

Partial alkalinity (meq/g CaCO3)

1.2

1.3

0.8

2.6

Total alkalinity (meq/g CaCO3)

2.6

6.7

5.3

6

*All values in this table represent mean value with standard deviation (not shown) of three triplicate samples measured.
**20 g of each mineral waste was dissolved in 40 mL of distilled water and mixed with magnetic stirrer for one hour then measured for pH.
***Percentage of elements per total dry solids (TS).

2

Table S 2. Total (aqua regia) and dissolved (water-leached) metals concentrations of MW samples and the percentage of bioavailable metals before the AD
Element concentration (mg/kg TS) *
Total

Dissolved **

Bioavailability (%) ***

Elements

IBA

CBW

FA

BA

IBA

CBW

FA

BA

IBA

Al

28483±1515

9653±1320

15067±518

35153±2420

4874.13±824

161.75±15

10.00±1.1

2.50±0.24

As

8±0.5

3.7±0.7

58±0.8

49±1.5

0.92±0.56

0.45±0.29

0.30±0.13

B

73.7±3

90±2.1

67±4.3

128±1.6

14.11±7.5

14.07±7.6

Ba

208.15±49.1

122.32±1.6

102.82±48.3

70.61±2.3

5.98±1.27

Ca

71199±9745

136465±2079

222346±7198

197962±1808

Cd

5.66±1.1

0.51±0.1

120.45±2

Co

40.39±4

5.24±0.4

Cr

97±6.8

Cu

FA

BA

17.11 1.68

0.07

0.01

0.90±013

11.38 12.38

0.51

1.85

21.00±1.8

2.80±0.4

19.15 15.64

31.37

2.18

5.61±0.68

22.50±2.3

7.00±0.7

2.87

4.59

21.88

9.91

6333±1074

5586±920

77538±1220

52633±1725

8.89

4.09

34.87

26.59

51.42±5.1

0.01±0.001

0.01±0.002

0.13±0.04

0.13±0.11

0.26

2.50

0.10

0.24

10.78±0.3

21.23±0.2

0.06±0.03

<0.01

0.07±0.01

<0.01

0.14

NC

0.65

NC

31.7±1.7

41±0.6

100±3.9

2.31±0.3

0.53±0.19

2.00±0.11

9.60±1.5

2.38

1.66

4.88

9.60

2579±102.4

17.4±04

534.3±40.7

283±35

4.11±0.7

0.36±0.13

0.73±0.2

0.60±0.2

0.16

2.04

0.14

0.21

Fe

83655±7521

19328±491

6858±111

12920.5±374

16.44±1.2

4.68±0.13

1.25±0.05

1.15±0.21

0.02

0.02

0.02

0.01

K

3161±96

1490±79

38024±725

21506±18.3

757.4±195

404±87

10200±1200

6745±789

23.96 27.13

26.82

31.36

Continue on next page

3

CBW

Table S2. (Continued)
Mg

6716±684

10813±661

5758±492

13272±652

4.15±0.65

1.90±0.4

16±1.8

42±0.95

0.06

0.02

0.28

0.32

Mn

1177±118

348.6±9.5

389±2.9

1176±104

0.25±0.07

0.06±0.01

0.09±0.003

0.04±0.01

0.02

0.02

0.02±

0.00

Mo

6.73±0.3

1.37±0.01

13.85±0.4

19.80±0.7

1.23±0.1

0.28±0.06

6.80±0.87

8.60±1.4

18.33 20.29

49.11

43.43

Na

184±3.2

22.6±6.4

1553±604

311±55

112.3±22

10.00±2

727.50±112

124.00±21

60.90 44.33

46.84

39.86

Ni

114±10

12.52±0.6

85.6±0.7

132.6±4

0.94±0.3

0.09±0.01

0.08±0.01

0.03±0.001

0.83

0.74

0.09

0.02

Pb

1174±120

15±0.6

2109±47

920±54.5

0.55±0.05

<0.25

2.55±023

0.20±0.03

0.05

NC

0.12

0.02

Se

12.15±1.6

5.40±3.3

16.43±0.6

24.68±0.2

<0.02

<0.02

<0.02

<0.02

NC

NC

NC

NC

Si

70.2±1.2

110.2±38.7

180.2±58

85.8±2.9

3.000.1

23.00±1.2

36.00±0.86

21.00±2.17

4.27

20.88

19.98

24.48

Ti

1675.1±147

687.6±82

1594.7±175

213±20.6

0.10±0.01

0.13±0.02

0.370±.12

0.26±0.07

0.01

0.02

0.02

0.12

V

212.8±11

30.5±1.1

472.4±22.6

615.2±34.8

0.84±0.14

0.21±0.03

0.98 ±0.15

3.44±0.23

0.39

0.69

0.21

0.56

Zn

3290±102

51±4.8

11114±235

8699±200

2.01±0.2

1.04±0.16

5.35±1.35

2.40±0.2

0.06

2.05

0.05

0.03

*All the values in this table represent mean value of triplicate samples analysed.
** Water leaching test of MW samples at 37oC (10 g of the MW dissolved in 500 mL of deionised water).
*** Calculated as ratio of dissolved to total metal concentrations.
NC = uncalculated
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Day 0 - 30

Table S3. Mass balance of the substrate in the BMP assays based on the COD conversion
Control

IBA

CBW

FA

BA

Total COD in (g)

4.248

4.248

4.248

4.248

4.248

COD out (g)

0.43392

0.55792

0.62592

0.70808

0.79808

Soluble COD (g)

1.68

1.2968

1.2

1.21

1.12

COD methane (g)

1.10

1.17

1.15

1.11

1.10

COD other (g)
COD reduction d30 (%)

1.04
50

1.22
56

1.27
57

1.22
55

1.23
55
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