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Abstract: This study investigates the role of coated/Fe® in improving the anaerobic digestion process for the purpose of
increasing methane gas production rate as one of the renewable sources of energy. Up until now, the anaerobic digestion
of methane production by utilizing different environmental wastes is facing many challenges including the low conversion
of biomass into energy. Therefore, in this work, we used the coated/Fe® with magnesium hydroxide as an additive during
the anaerobic digestion of waste sludge. Two semi-continuous bioreactors were operated with and without adding the
coated/Fe’ over 70 days. The result showed that the addition of coated/Fe’ enhanced methane production by 120%
compared with the control reactor. The experimental and predicted methane values have proved the great potential of
coated/Fe’ towards the practical applications of AD process.
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1. INTRODUCTION

Anaerobic digestion (AD) of environmental wastes for
biogas generation has gained substantial research interest
over the past decades. This research direction has
emerged due to the role of the AD process in reducing
environmental pollution and recovering potential energy
sources from different types of environmental wastes.
Waste sludge is one of the very suitable feedstocks for
practicing the AD process because of its abundant
organics [1]. Moreover, in most wastewater treatment
plants, a total of 38 orders of microbes are existed in the
waste  sludge, indicating its richness  with
microorganisms needed for fermentation process [2, 3].
In addition, waste sludge with its huge production
amount can be served as a renewable and dependable
source of energy.

However, AD has several drawbacks which limit the
energy output of the process. The main challenge of the
AD is the low conversation rate of the available total
organics in the digester into biogas/methane [4].
Therefore, many attempts have been conducted in order
to improve the utilization of organics during the AD
process. These methods include the pre-treatment of
waste sludge (this method might include pH treatment or
an ultra-sonication process to break down the large
organic fragments into small pieces to accelerate the
hydrolysis process which is remarked as the first stage of
the AD), adding two feedstocks together which is termed
co-digestion, and introducing trace elements in the
digesters to enhance the process [5]. The enhancement of
biogas/methane production by adding trace elements
relies on the working mechanisms of used elements.
Based on our literature survey, zero valent elements were
the most used elements for the enhancement of AD
process [6-8]. For instance, zero valent iron, copper and
silver were investigated to demonstrate their effect on
biogas/methane production during the fermentation
process. Also, metal oxides have been extensively used
for the promotion of biogas/methane generation such as
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Fe20s, CuO, Zn0O, Al,O3, etc [9-11]. Most of the used
metal oxides have slightly improved biogas/methane, in
some cases negatively affect gas production, except iron
oxides which largely improved biogas methane
production when used in the AD process. Based on many
reviews, the utilization of zero valent iron remains the
most suitable additive for the enhancement of
biogas/methane production during the AD process. The
reasons behind the remarkable advantage of using zero
valent iron in the digestion process are 1) the addition of
zero-valent iron serves as buffering substance in the
digesters, maintaining the pH value within the optimum
range required for the AD process (6.6 — 7.8). 2) the
released iron irons of ferric and ferrous by the corrosion
reaction of zero valent iron are utilized directly for the
promotion of bacterial growth, leading to enhance
digestion process. 3) the produced H: by the corrosion
reaction of zero valent iron promotes hydrogenotrophic
methanogenesis and homoacetogenesis bacteria. 4) the
released electrons by the corrosion reaction of zero valent
iron contribute for the conversion of CO; to CHoy,
increasing CH. generation ratio within the produced
gases [12-14]. This happens when protons in the digester
are reduced by the electrons of zero valent iron and then
utilized for the conversion of CO, into CH4 as described
by equation 1 [15].

4Fe® + 8H* + CO, — 4Fe*? + CH, + 2H,0 (1)
However, the fast corrosion reaction of zero valent iron
leads to increase the released amount and rate of electrons,
hydrogen, iron ions and reactive oxygen specious. The
accumulation of the corrosion products specially in the
early stage of AD results in disrupting the digestion
process and bacterial growth. Therefore, reducing or
controlling the corrosion reaction of zero valent iron is
necessary to be suitable additive for the enhancement of
AD process. Therefore, the objective of this study was to
investigate the role of coating process of nano scale zero
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valent iron on its performance when used in the anaerobic
digesters. Hence, nano scale zero valent iron was coated
with magnesium hydroxide through the controlled
thermal deposition on the surface.

2. MATERIALS AND METHODS

2.1 Sample collection

The waste sludge sample was collected from the pre-
stage of the AD at wastewater treatment plant in Fukuoka
city, Japan. The sludge sample was characterized for its
pH, Oxidation Reduction Potential (ORP), Chemical
Oxygen Demand (COD), Total Solid (TS), and Total
Volatile Solid (TVS). The used sample contains 2975 mg
of COD, 2.5 g/L of TS, and 2 g/L of TVS. The ORP and
pH values were -24 mV and 6.9, respectively.

2.2 Synthesis of bare and coated iron particles
The bare zero valent iron and its coated form with
magnesium hydroxide were carried out to be used as
additives in the anaerobic digesters. The preparation of
nano scale zero valent iron was performed according to
the following chemical reduction reaction [16-18]:

4Fe3* + 3BH; + 9H,0 —

4Fe® + 3H,BO; + 12H* + 6H, (2)
For 1.0 g preparation of nano scale zero valent iron, 0.58
M of sodium borohydride (BH,) were prepared in 100
mL and drop wisely added to 0.093 M of ferric chloride
(Fe3*) which was dissolved in 200 mL. The above
solutions were prepared using deionized water which was
deoxygenated by purging it with N gas for 10 min. The
synthesis of nano scale zero valent iron was performed in
a free oxygen flask through the continuous purging of N2
gas in the reaction flask. After the complete addition of
sodium borohydride solution, 5 min of aging time were
given to ensure the full nucleation of the synthesized
nano scale zero valent iron particles. During the synthesis
process, a continues mixing was provided with a mixing
speed of 400 rpm to avoid forming any aggregates of iron
particles. Finally, the formed particles were collected
using vacuum filtration apparatus and then washed with
deionized water and dried before being used in the
experiment or in coating process with magnesium
hydroxide. To prepare the coated nano scale zero valent
iron, 1 g of nano scale zero valent iron was added in 1 L
ethanol and then ultrasonicated for 30 min to ensure the
full dispersion of iron particles. Next, Mg?* and OH™
solutions which were dissolved in ethanol were injected
sequentially into nano scale zero valent iron solution at a
flow rate of 3 rpm. The ions concentrations were
governed to coat nano scale zero valent iron particles
with a coating ration of 0.5 (Mg/Fe% 0.5). The coating
process were performed at 50+1.0°C to ensure the
thermal deposition of Mg(OH), on the surface of nano
scale zero valent iron. Also, N2 gas was provided during
the deposition of Mg(OH): on the surface nano scale zero
valent iron to ensure the free oxygen medium. After the
complete addition of Mg?* and OH~solution into zero
valent iron solution, an aging time of one hour was given
to ensure the full precipitation of Mg(OH), on the surface
of zero valent iron particles. Finally, the coated iron
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particles were collected using vacuum filtration
apparatus, washed, and dried before being used in the
experiment. The morphological structure of the nano
scale zero valent iron before and after the coating with
Mg(OH), was investigated using transmission electron
microscopy (TEM).

2.3 Biogas/methane production experiment

The production of biogas/methane was conducted using
a semi-continuous system which was operated for 70
days. The main reason of using the semi-continuous was
to investigate the long-term  production of
biogas/methane under the addition of the coated iron
particles to ensure the stability and reproducibility of
biogas/methane under the new conditions. In detail, we
operated two reactors as described in Fig. 1. The first
reactor was operated as a control reactor to investigate
natural generation of biogas/methane from waste sludge.
Whereas the second reactor was operated by adding the
coated iron particles by dosing 25 mg of coated iron
particles per gram volatile solid. This dosage was
determined based on the optimized dosage obtained from
our previous report [19]. The reactors were operated with
a size of 1 L of sludge. The waste sludge was acclimated
under anaerobic conditions for 24 days. The acclimation
time was conducted at150 rpm of mixing and 38 °C.
Thereafter, the semi-continuous was running at the same
operation conditions on day 24, the addition was adding
and withdrawing 70 mL of sludge every day (Organic
loading ratio (OLR) = 0.1425 gTVS/L/d). The produced
biogas was regularly measured using the water
displacement method, and analyzed by gas
chromatography, GL Sciences Inc., Japan), in order to
determine the ratio of CH, in produced gas.

2.4 Kinetic investigation

In this study five models were tested to investigate their
fitting  with  the  experimental  accumulative
biogas/methane profiles. The models help in predicting
methane yield, determining methane production potential,
showing the daily maximum methane production, and
presenting the required lag phase to initiate the
generation of methane gas. Non-linear excel solver used
to solve all models by considering minimizing sum of
squared errors (SSE). The models were applied and used
as follows:

Richards model: y = A. (1 + d.exp (1 + d). exp [umA (1
+d) (1 +1d) (1 + 1d) (A-1)]) (1d)

Gompertz model: Y = Aexp-exp[(umeA) (A-t) +1]
Logistic model: y = A/(1 + exp[4umA(A-1)+2])
Firstorder model: y = A. (1-exp[-kt])

Conemodel : y = A[1 + (kt)-n

3. RESULTS

The effect of bare and coated/Fe® on methane production
was investigated first in batch experiments. The addition
of bare/Fe® was slightly improved methane production by
4.6%. On the other hand, the addition of the coated/Fe°
was highly improved methane production by 46.6% over
55 days of fermentation.
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Fig. 1. Schematic diagram of anaerobic digestion semi-continuous system Where y: cumulative methane vyield
(MLCHgVS™), A: methane production potential (IMLCH4gVS™), d: the shape coefficient of the curve, pm: daily maximum
methane production (MLCHgVSd?), A: lag phase (day), t: time (day), : exp (1) =2,7182, and k: first order rate constant.

These results were clearly showed the slight
improvement in methane production by the addition of
bare/Fe®. This slight improvement could be attributed to
the rapid corrosion reaction of bare /Fe®. The rapid
corrosion of bare/Fe® leads to the accumulation of
corrosion reaction products in the anaerobic digesters,
especially in the early stage of AD process. The
accumulation of the corrosion reaction products,
including electrons, Fe?*, Fe3*, Hy, and ROS, disrupts the
promotion of bacterial growth. On the other hand, the
slow/moderate release of the corrosion reaction products
in the anaerobic digesters enhances the growth of bacteria
which enhances the AD process and gas production.
Therefore, in order to control the corrosion reaction of
bare/Fe®, we coated the bare/Fe® with a layer of
magnesium hydroxide. Magnesium hydroxide was
chosen for the coating of bare/Fe® due to the following
reasons: 1) Magnesium is well known as one of the trace
elements that could be unitized by microorganisms,
implying that the coated layer on the surface of FeO will
not possess any destructive effect on microorganisms in
the anaerobic digesters. 2) Magnesium hydroxide has
several features such as its low preparation cost, high
surface area, non-magnetization, and low solubility
constant [20, 21]. These special characteristics make it as
a perfect coating substance for the bare/Fe® compared
with the other coating substances. Coating of bare/Fe°
with magnesium hydroxide results in slowing

releasing rate of the corrosion reaction production. This
was proved by mentoring the released iron ions (Fe?*,
Fe**) in the digesters as they are representative or
indicators for the corrosion rate of bare/Fe®. Results
showed that (not shown) the coated/Fe® had lower release
of iron ions compared with the bare/Fe°. The results were
very interesting where the addition of the coated/Fe°
highly contributed to improve the performance of
anerobic  digesters. A remarkable increase in
biogas/methane production was observed in the batch
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experiments when the coated/Fe® was added. This
improvement is mainly attributed to role of the coating
layer of magnesium hydroxide in reducing the corrosion
rate of the bare/Fe® which resulted in improving methane
production by 46.6 % as shown in Fig.2. Therefore, in
order to investigate the stability of the enhanced methane
production as well as its reproducibility, a semi-
continuous operation of two bioreactors was conducted
as described in Fig. 1. The accumulative methane gas
production was improved by 120% over 70 days of
operation compared with the control reactor as shown in
Fig. 3. We applied different models, including Gompertz,
Logistic, First order, and Cone models, in order to
evaluate the kinetic of methane production potential in
the semi-continuous system. The models were applied in
order to investigate their suitability in describing the
production of methane gas from the degradation of waste
sludge. The models were applied to describe methane
production generated in the
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Fig. 2. Effect of bare and coated/Fe® on methane
production during the anaerobic digestion of waste
sludge using batch experiments setup.
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Fig. 3. Effect of coated/Fe® on methane production over 70 days of digestion in the semi-continuous system.

semi-continuous bioreactors in the presence and absence
of coated/Fe®. The modeled results of biogas and methane
production are shown in Fig.4. Results showed that the
Gompertz model was the fittest model with the
experimental accumulative biogas and methane
production curves, whether in the presence or absence of
the coated/Fe®. AIll Gompertz model parameters
including the daily maximum methane production,
methane production potential, and lag phase were
obtained. The results suggested that the AD of waste
sludge with the addition of coated/Fe® at the optimum
conditions (dosage: 25 mg/gTVS; coating ratio:
Mg/Fe®0.5) experienced higher biogas and methane
production. Based on the model values, the production
potential of methane gas was 693.8 mL/g TVS in the
presence of coated/Fe®, whereas it was only 328.4
mL/gTVS in the control reactor. In addition, the daily
maximum methane production in presence of coated/Fe®
was 11.2 mL/gTVS/d and was only 5.1 mL/gTVS/d in
the control reactor.

4. CONCLUSIONS

This study provided cheap, fast, and straightforward
solution to confront the main challenge of the AD
technology which is representative by the low conversion
efficiency of the total biomass into biogas. This study
added a significant enhancement in biogas and methane

generation rate by adding a novel coated nanomaterial
into the anaerobic digesters, serving as an accelerator for
the generation process. In detail, the bare/Fe0 particles
were coated using magnesium hydroxide and used to
increase the production rate of biogas/methane. In the
preliminary batch experiments, the bare and coated/Fe®
improved methane gas production by 4.6 % and 46.6%,
respectively. This improvement was observed at the
optimum coating ratio of 0.5 (Mg/Fe0: 0.5) and at the
optimum dosage of 25 mg/gTVS. The improved methane
production by the addition of the coated/Fe0 is attributed
to slow corrosion reaction of Fe® after being coated with
magnesium hydroxide. This was further proved by
monitoring the corrosion reaction products of Fe® before
and after the coating process where the results showed
the slow release of iron ions (Fe?* and Fe®*) of Fe after
being coated with magnesium hydroxide. Also, both of
bare/Fe® and magnesium hydroxide were added
separately in the digesters, and both did not contribute
highly in enhancing methane production, indicating that
the enhanced methane production by the addition of
coated/Fe® was due to the synergetic effect of combining
the two materials. In the semi-continuous system, the
optimum ratio (Mg/Fe®:0.5) and the optimum dosage (25
mg/gTVS) were applied in semi-continuous system and
output of biogas and methane were improved by 95 and
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Fig. 4. Experimental accumulative biogas and methane production profiles during the operation of semi-continuous
system and their fitting with models; a) biogas production in the control reactor, b) biogas production in the reactor
operated with the addition of coated/Fe®, c) methane production in the control reactor, and d) methane production in the
reactor operated with the addition of the coated/Fe®.

120%, respectively compared to the control reactor. In [1] H.-Y. Jin, Z.-W. He, Y.-X. Ren, C.-C. Tang, A.-J.
general, the experimental and predicted methane values Zhou, F. Chen, et al., Role and significance of co-
have proved the great potential of coated/Fe® towards the additive of biochar and nano-magnetite on methane

practical applications of AD process.
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