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HIGHLIGHTS

« Utilization of raw biogas as a low cost feed originated from anaerobic digestion is evaluated.
« The regulation of gas composition significantly improves methanol yield from raw biogas.

» Supplementation of H: into raw biogas increases methanol production up to 3.5-fold.

« Whole cell immobilization of Methylosinus sporium results in higher methanol preduction.
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Raw biogas can be an alternative feedstock to pure methane (CH;) for methanol production. In this inves-
tigation, we evaluated the methanol production potential of Methylosinus sporium from raw biogas orig-
inated from an anaerobic digester. Furthermore, the roles of different gases in methanol production were
investigated using synthetic gas mixtures of CH,, carbon dioxide (CO;), and hydrogen (H,). Maximum
methanol production was 5.13, 4.35, 6.28, 7.16, 0.38, and 0.36 mM from raw biogas, CH4:COs, CH,4:Ha,
CH4:C04:Hs, CO2, and CO4:Hs, respectively. Supplementation of Hz into raw biogas increased methanol

frf:::{fw digester biogas production up to 3.5-fold. Additionally, covalent immobilization of M. sporium on chitosan resulted in
Methane higher methanol production from raw biogas. This study provides a suitable approach to improve metha-
Methanol nol production using low cost raw biogas as a feed containing high concentrations of HsS (0.13%). To our

Methylosinus sporium knowledge, this is the first report on methanol production from raw biogas, using immobilized cells of

Whole cell immobilization methanotrophs.

1. Introduction

Primary dependence on the fossil fuels as energy sources has
received major environmental concern over the past few decades
in addition to their limited natural reserves. Therefore, the feasibil-
ity of various alternative energy sources including hydrogen (H;),
methane (CH4), and methanol is widely evaluated (Fei et al,
2014; Hwang et al, 2014; Patel et al, 2014a, 2015, 2016a,b;
Pierie et al., 2015). Additionally, CH4 and carbon dioxide (CO3) also
play a key role in the environmental impact, as potential green-
house gases (GHGs). However, transformation of these gases into
useful energy products is urgently needed to overcome the prob-
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lems associated with both alternative fuels and GHGs for sustain-
able development (Shamsul et al,, 2014; Strong et al,, 2015; Patel
et al., 2016b). Methanol production as an alternative energy source
from GHGs seems a feasible process (Ganesh, 2014; Ce et al,
2014). Nevertheless, conversion of CH, into useful chemicals is
challenging (Lunsford, 2000). Different approaches include studies
on methanol production, but an environmental friendly process
seems more attractive and has received considerable attention
(Hwang et al, 2014; Shamsul et al, 2014; Trop et al, 2014;
Strong et al, 2015). Biological production of methanol is recog-
nized as a cost effective process, which can be efficiently carried
out at ambient conditions as compared to the chemical processes
(Duan et al, 2011; Andersson et al, 2014; Yoo et al, 2015;
Mardina et al., 2016; Patel et al., 2016b). Methanotrophs are
known for the utilization of both CH, and CO; as carbon sources
for the production of methanol through a complex metabolic
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pathway involving different enzymes such as methane monooxy-
genases (MMOs), methanol dehydrogenase (MDH), and formalde-
hyde and formate dehydrogenases (Xin et al, 2004a; Fei et al,
2014; Kalyuzhnaya et al., 2015; Sigdel et al., 2015). Methanotrophs
are mostly aerobic in nature and classified as Gram negative
(Proteobacteria). They are abundant in naturally diverse environ-
mental habitats (Murrell, 1992; Op den Camp et al., 2009). MMOs
are broadly classified into three groups: i) type [ [particulate MMO
(pPMMO)], ii) type Il [pMMO and soluble MMO (sMMO)], and iii)
type X (possess common properties, to some extent, of both type
| and II}. Expression of MMOs is highly influenced by concentra-
tions of metals in the growth medium, including copper and iron
(Mardina et al., 2016; Patel et al., 2016a,b). MMOs are the primary
enzymes involved in the conversion of CH4 to methanol, whereas
MDH and formaldehyde- and formate dehydrogenases are
required for the conversion of CO; to methanol (Xin et al., 2007).
However, methanol production using methanotrophs is still chal-
lenging because of difficulty of accumulating methanol in the pres-
ence of the remainder of the CH, oxidation pathway, and the need
of reducing equivalents for MMO activity (Yoo et al, 2015; Patel
et al., 2016b).

The utilization of pure methane to produce methanol is widely
studied and considered a costly process (Mehta et al, 1991; Kim
et al, 2010; Pen et al, 2014; Hwang et al, 2015; Yoo et al,
2015). Very few reports are available on the combined utilization
of CH, and CO, gases for methanol production (Fei et al., 2014;
Xin et al, 2004a; Yoo et al., 2015; Sheets et al., 2016). Thus, low
cost feed such as biogas can be utilized for better economic and
environmental benefits. In biogas, CH, exists in the mixture with
C0; and Hz in addition to traces of NH; and H;S5 originating from
the methanogenic anaerobic digester (Yoo et al, 2015). CH4 and
C0; in biogas may compete with each other during the metabolism
for methanol production (Xin et al., 2004a). In addition, a signifi-
cant influence of H; can be expected on methanol production
(Mountfort et al., 1990; Patel et al., 2016b). The effective role of
these gas mixtures is not evaluated extensively during the biosyn-
thesis of methanol compared to that of pure CH, (Mehta et al,
1991; Duan et al,, 2011; Hwang et al., 2015). Therefore, the feasi-
bility of utilizing the synthetic gas mixture or biogases as low cost
feed will be a suitable approach. Nevertheless, no report is avail-
able on the role of the actual anaerobic mixture of gases in metha-
nol production. Previously, a mixed response of CO; and Hz was
observed during methanol production as well as of CH, in separate
studies (Mountfort et al., 1990; Xin et al., 2004a,b; Yoo et al., 2015).
In this study, we evaluated the potential use of raw biogas
obtained from the methanogenic anaerobic digester as a low cost
feed for methanol production by Methylosinus sporium. Further-
more, the role of different gas combinations as synthetic gas
mixtures, including CHa, CO3, and Ha, was determined, to improve
methanol production and efficient utilization of raw biogas. These
results demonstrate a suitable approach for the efficient utilization
of raw biogas originated from the waste treatment plant. Finally,
indirect utilization of biowaste materials for methanol production
led to improved process economy and waste management, which
acts as an advantage by significantly reducing GHGs.

2. Materials and methods
2.1. Organism and growth conditions

M. sporium DSMZ 17706 (German Collection of Microorganisms
and Cell Cultures) was grown on nitrate mineral salt (NMS) med-
ium containing (g/L) KH,PO, (0.26), Na,HPO,12H,0 (0.7186),
KNO; (1.0), CaCl; (0.20), MgS04-7H,0 (1.0), Fe-EDTA (0.38), and
MNazMO4-2H,0 (0.026). A trace element solution (1 mL) was added,

containing (g/L) ZnS0,-7H,0 (0.40), H;BO; (0.015), CoCl,-6H,0
(0.050), Naz-EDTA (0.250), MnCl,-4H,0 (0.020), and NiCl,-6H,0
(0.010). Medium pH was adjusted to 7.0 using 1 M Ha504 or 1 M
MNaOH. The strain was maintained by sub-culturing, and the possi-
bility of contaminants was checked on an R2 agar plate as
described previously (Patel et al., 2016a). Cultivation of cells was
performed in a 1L flask (Duran-Schott, Germany) with an air tight
screw cap (Suba seal) containing 200 ml of NMS under an atmo-
sphere of CH, (30%) and incubated at 30°C on a rotary shaker
(Lab Companion [S-971R, USA) at 200 rpm for 7 days. During this
cultivation, 30% of CH4 was added on each alternate day of incuba-
tion. Cell growth was measured by determination of optical den-
sity (0.D.) at 600 nm using a UV|Vis spectrophotometer (Patel
et al., 2016c). Full grown cells were harvested by centrifugation
(Gyrozen 1580 MGR, South Korea) at 10,000 rpm for 15 min at
4 °C and washed twice with phosphate buffer (20 mM, pH 7.0).
These cells were stored at 4°C for further use. Dry cell mass
(DCM) was calculated after incubation for 48 h at 70 °C. Millipore
water (18 MQcm) was used in all of the reagent preparations
and measurements. All chemicals used were of analytical grade
and purchased from commercial sources. All pure gases used in
this study were obtained from NK Co. Ltd., Busan, South Korea.
Raw biogas was obtained from an anaerobic digester (Seoul, South
Korea).

2.2, Methanol production

Batch culture experiments were performed in a 120-mL serum
bottle (Sigma-Aldrich, USA). A total of 20 mL reaction volume was
carried out for the production of methanol in phosphate buffer
(100 mM) containing 20 mM of MgCly, 10 uM of Fe(ll), 5 uM of
Cu(II), and free cells (3 mg of DCM-mL~") as an inoculum. The dif-
ferent percentage of pure, synthetic, or raw biogas was filled with
replacement of head space air and incubated at 30 °C with shaking
at 150 rpm for up to 96 h. The conversion yield (%) of raw biogas or
synthetic gas mixture to methanol was determined by dividing the
moles of methanol produced by the moles of CH, consumed in the
feed.

2.2.1. Raw biogas

Araw mixed biogas originated from the municipal waste treat-
ment anaerobic digester plant was obtained (Seoul, South Korea).
Different dilutions of the raw biogas mixture were performed to
maintain the CH4 concentration in the range of 10-50% as a feed
for methanol production over a 96 h period of incubation.

2.2 2. Synthetic gas mixture

To evaluate the specific effect of different gases on methanol
production, different combinations of synthetic mixed gases were
prepared from the pure gases including: (i) CH, and COy; (ii) CH,
and Hj; and (iii) CH, CO,, and H,. A fixed concentration of CH,
(20%) in different ratios was used as a feed. In these mixed gases,
C0; and Hz concentrations were 5-30 and 1-15%, respectively.

2.2.3. Pure COz and gas mixture (COz and Hz)

The biotransformation potential of M. sporium from pure CO; to
methanol was evaluated in the concentration range of 5-40%
under optimum conditions and up to 60 h of incubation. In addi-
tion, the influence of MDH inhibitors on phosphate buffer and
MgCl, were analyzed during methanol production from pure CO,
(10%). Furthermore, the effect of H, (1-10%) supplementation dur-
ing methanol production from CO; (10%) was evaluated in different
ratios.
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2.24. Effect of the inoculum

To increase methanol production from raw biogas (20% of CH,)
or a synthetic gas mixture (20:10:10 of CH4:C0O3:Hz), the DCM in
the range of 1.5-18 mg-mL~" of reaction mixture was evaluated
under optimum conditions.

2.25. Effect of the H, supplementation into raw biogas

An influence of H; (10%) supplementation in raw biogas was
evaluated to improve the methanol at inoculums of 3 mg of
DCM-mL~! over a period up to 96 h of incubation.

2.3. Methanol production by immobilized whole cells

M. sporium whole cells immobilized on Amberlites (XAD-2,
XAD-4, and XAD-7HP) and Duolite A-7 were used for methanol
production from raw biogas containing 20% of CH, as a feed for
incubation up to 120h as described previously (Patel et al,
2014b, 2016b,c).

2.4. Analytical methods

Methanol concentration was analyzed via enzymatic oxidation
of methanol by alcohol oxidase (Sigma-Aldrich), as described pre-
viously (Patel et al., 2016a,b). In addition, methanol concentration
was analyzed using a gas chromatography (GC) system (Agilent
7890A) equipped with an HP-5 column (Agilent 19091]-413) con-
nected with an FID detector. Helium was used as a carrier gas along
with Hz at a makeup flow of 25 mL/min and air (300 mL/min). The
oven temperature was initially maintained at 35 °C for 5 min, and
then raised at the rate of 5 °C{min to 150 °C, and subsequently at a
rate of 20°C/min to 250 °C. Injector and detector temperatures
were set at 220 and 250 °C, respectively. The residual gas compo-
sition (CH,, CO,, and H,) was analyzed using a GC system (Agilent
7890A) equipped with a Carboxen 1010 Plot fused silica capillary
column (Supelco, Bellefonte, PA) connected with thermal conduc-
tivity detector. N, was used as a carrier gas. The temperatures of
oven, injector, and detector were maintained at 65, 200, and
200 °C, respectively. Each value represents the mean of three sets
of experiments and varies from the mean by not more than 15%.
Scanning elecron microscopy (SEM) images of M. sporium cells
immobilized on Chitosan were analyzed using Field Emission
SEM (JEOL, Japan) as described previously (Patel et al., 2016b).

3. Results and discussion
3.1. Methanol production

3.1.1. From raw biogas

The raw biogas obtained from the anaerobic digester (Phygen
Co. Ltd.) was composed of CH4 (62.3%), COz (36.7%), and HaS
(0.13%). It was used as feed in different concentrations of CH4 in
the range of 10-50% (dilution with air). The methanol production
was observed in the range of 0.51-4.62 mM (Fig. 1). Initially, an
increase in methanol production (4.62 mM) with a conversion
yield of 28.9% was observed up to 20% of CH, as raw biogas; there-
after, the methanol production significantly decreased to 1.38 mM
at a CHy4 concentration of 50%. Here, higher concentration of raw
biogas may have inhibitory effects on methanol production. The
maximum methanol production occurred at 48 h of incubation.
Compared to pure CHa, raw biogas resulted in a shift in maximum
methanol production at 24-48 h(Patel et al., 2016b). This might be
due to the differential response of M. sporium towards pure CH,
and mixed feed. Furthermore, a decrease in methanol production
was observed up to 96 h of incubation. The observed results sug-
gest that the association of CO; and inhibitory gas H.S plays a
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Fig. 1. Methanol production potential of M. sporium from raw biogas (CH4%).

key role in the methanol yields. The direct use of raw biogas will
be a cheap alternative to pure CH, as primary feed. The yield of
methanol production from raw biogas is significantly higher than
the previous report of methanol production by M. sporium (KCTC
22312) from a synthetic simulation gas mixture of CH4 and CO;
with maximum methanol concentration of 0.71 mM (Yoo et al,
2015). Previously, methanol production by M. sporium was not
reported from raw biogas. In addition, low concentration (0.05%)
of H,5 significantly inhibited the oxidation of CHs by
Methylomicrobium album ATCC 33003 (type ), Methylocaldum sp.
14B (type 1), and Methylocystis sp. ATCC 49242 (type IlI) methan-
otrophs (Caceres et al., 2014; Sheets et al., 2016). Here, the fact that
raw biogas containing a high concentration of H2S (0.13%) was suc-
cessfully used for methanol production suggests that raw biogas
can be directly used as a feed instead of purified biogas.

3.1.2. From synthetic gas mixture

A concentration of CH,4 greater than 20% in raw biogas is inhibi-
tory for methanol production. Thus, to evaluate the effective uti-
lization of raw biogas (high CH4 concentration), we checked the
individual and combined effects of CH4 and CO; on methanol pro-
duction along with H; using pure CH, as a control. For this purpose,
we prepared different compositions of synthetic gases containing a
mixture of CH,, CO,, and H; at the fixed concentration of CH, (20%).

3.1.2.1. Mixture of CH; and CO,. The effective ratio of 2:1 was
reported for the CH, to CO, in the methanogenic anaerobic digester
(Yoo et al,, 2015). The different combinations of CH,4 and CO; in the
ratios of 4:1, 2:1, 4:3, 1:1, and 2:3 were evaluated. In all cases,
methanol production increased up to 48 h, then decreased at
96 h of incubation. Methanol production was observed in the range
of 2.97-4.35 mM (Fig. Za). Here, optimum incubation was observed
at 48 h compared with 24 h for pure CH,4. Maximum methanol pro-
duction of 4.35 mM was observed at a ratio of 4:1 with a conver-
sion yield of 53.6%. This yield was substantially higher than the
yield with pure CH, (20%) as a control (3.86 mM), and a consider-
ably more stable methanol production was observed over a period
of 92 h. However, a further increase in the ratio of CH4:CO, (up to
2:3) in the mixed gas, resulted in lower methanol production.
These results suggest that a higher ratio (CH,4:C03) is required to
increase methanol production. Thus, a suitable ratio of 4:1 (CHs:
C0;) is necessary to improve methanol production. At a higher
ratio of 2:1 (CH4:C0O3), methanol yield (4.11 mM) was comparable
to that of pure CHs (4.09 mM). In contrast, CH4 concentration
above 20% in raw biogas at the ratio of 2:1 (CH,:CO;) resulted in
significantly lower methanol production of 1.82, 1.67, and
1.38 mM at 30, 40, and 50% of CH,, respectively (Fig. 1). Here, lower
methanol production might be associated with increasing inhibi-
tory gases H,S and NH; present in the raw biogas. The maximum
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Fig. 2. Methanol production from synthetic gas mixtures of CH,:C0O; (a) and CHy:Ha
(b).

methanol production from synthetic gas mixture of CH, and CO,
(4:1) is about 6-fold higher than 0.71 mM previously reported for
CH, and CO; (1:1) by M. sporium KCTC 22312 (Yoo et al.,, 2015).
However, Methylosinus trichosporium IMV 3011 resulted in signifi-
cantly lower methanol yields of 0.02 mM at a ratio of 3:4 (Xin et al.,
2004a). In contrast, M. trichosporium IMV 3011 did not produce
methanol from pure CH4 (30%) under similar conditions.

3.1.2.2. Mixture of CH; and H,. As the content of H; in methano-
genic anaerobic biogas is significantly low, the effect of Ha concen-
tration in the range of 1-15% was evaluated on methanol
production along with fixed 20% of CHy4 (Fig. 2b). A gas mixture
in a ratio (CH4:Hz) of 20:1, 8:1, 4:1, 2:1, and 4:3 resulted in signif-
icant improvement in methanol production, compared to that of
pure CH,. Methanol production in the range of 4.55-6.28 mM
was observed. Here, the presence of H, resulted in 1.7-fold higher
methanol at 12 h of incubation compared to that of pure CH,
(410 mM). The maximum methanol production of 6.28 mM was
observed at a ratio of 4:1 (CH4:Hz) with a conversion yield of
60.4%. Further increase in the CH4:H; ratio in synthetic gas mixture
did not result in higher methanol yields. Methanol production of
6.04 mM was obtained at a ratio of 4:3 (CH4:Hz) in the synthetic
gas mixture. Here, we observed a 53.2% increase in methanol pro-
duction at the ratio of 4:1 (CH4:Hz). A positive influence of H; on
methanol production might be due to its role as an electron source
to a pyridine nucleotide-linked hydrogenase reaction or depletion
of reducing power, as described previously during the different
alkanes oxidation by M. trichosporium OB3b (Mountfort et al,
1990).

3.1.2.3. Mixture of CH,, CO, and H,. We observed that the high con-
centration of CO, in the raw biogas is not suitable for methanol
production. Thus, we evaluated the influence of both CO; and H;
concentration in the synthetic gas mixture (CH4:CO2:Hz) on
methanol production (Fig. 3). A suitable combination of H; and

a

N W A G @

Methanol (mM)

0 20 40 60 80
Incubation (h)

Methanol (mM)

Incubation (h)

Fig. 3. Methanol production from synthetic gas mixture {CH4:C05:Ha) at different
ratios of CO; {a) and H; (b).

CO; with CH4 results in higher methanol production in comparison
with that of either pure CH4 or a mixture of CH4 and CO,. Here,
maximum methanol production was 517 mM at a CH,:CO;:H;
ratio of 4:2:1 (Fig. 3a). Furthermore, an increase in CO, up to a ratio
of 4:5:1 resulted in 3.79 mM of methanol production. In contrast,
an increase in the ratio of CH4:CO02:H; from 4:2:1 to 2:1:1 signifi-
cantly improved methanol production from 5.17 to 638 mM
(Fig. 3b). Thereafter the yield was reduced to 523 mM at a ratio
0f2:1:2 ((H4:C032:H3). These results for methanol production using
a synthetic mixture (CH4:C0.:Hs) suggest that the appropriate
ratio of these gases is crucial for high methanol production from
the biogas. Here, a maximum methanol production of 638 mM
from synthetic gas mixture (CH,:CO,:H,) was observed at a ratio
of 2:1:1 with a conversion yield of 63.7% Methanol production
by M. sporium has not been reported from raw biogas obtained
from a methanogenic anaerobic digester.

3.1.3. From COz and gas mixture (CO2:Hz)

To check the methanol production abilities of M. sporium from
pure COg, its concentration in the range of 5-40% was used as a
feed. As CO; concentration was increased in the feed, methanol
production increased during incubation up to 24 h (Fig. 4a).
Maximum methanol production was in the range of 0.15-
033 mM at an incubation of 48 h; thereafter, it significantly
declined up to 60h. The maximum methanol production of
0.33 mM was observed at 30% COz. In comparison with methanol
production by M. trichosporium IMV 3011 from pure CO;, M. spo-
rium exhibited 16.5-fold higher methanol yields at a similar inocu-
lum of 3 mg DCM-mL™" (Xin et al.,, 2004a). These results suggest
that CO; also contributes to methanol production from either a
synthetic gas mixture or raw biogas mixture. However, 0.33 mM
of maximum methanol yield is significantly lower than that from
pure CH,4 (4.10 mM). This can be directly co-related to the role of
the MDH inhibitor during methanol production from mixed gas
containing both CH4 and CO3. Thus, we evaluated the role of buffer
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and MgCl; on methanol production from 10% of pure CO; as a feed
(Table A.1). In the absence of MgCl,, an increase in methanol pro-
duction was observed with a yield of 0.31 mM, compared to
0.23 mM at 20 mM MgCl; and 100 mM phosphate buffer. Further-
more, lowering of the buffer concentration from 100 to 20 mM
resulted in an increase in methanol production from 023 to
0.38 mM. These results suggest that the presence of MDH inhibi-
tors lowers methanol production by 65.2%. Overall, methanol pro-
duction from CO, is significantly lower than that from CH,. This
result confirms that supplementation of H; is required for the
improvement in methanol production from the mixed gas. To eval-
uate the influence of H, during the reduction of CO; into methanol,
different concentrations of Hz in the range of 1-10% were supple-
mented with 10% CO; as a primary feed (Fig. 4b). Methanol produc-
tion increased significantly from 0.23 to 0.36 mM as the ratio was
increased up to 2:1 (COs:Hz). Thereafter, it slightly declined to
0.34 mM at a higher ratio of 1:1 (CO2:Hz). Therefore, supplementa-
tion with Hz is necessary for the higher methanol production from
the synthetic or raw biogas to maintain the concentration of CO,
and H; in the suitable ratios.

3.2, Effect of the inoculum on methanol production

The cell mass concentration of the methanotrophs as a biocata-
lyst has quite a variable influence on methanol production (Senko
etal, 2007; Duan et al., 2011). Thus, to improve methanol produc-
tion from the raw biogas, different inoculums in the range of 1.5-
18 mg of DCM-mL~" of reaction mixture were evaluated (Fig. 5a).
Here, an increase in methanol production was observed from
3.87 to 5.13 mM by increasing cell biomass from 1.5 to 18 mg of
DCM-mL™". In contrast, much higher cell inoculum (105 mg of
DCM-mL™") of M. sporium B21 resulted in significantly lower
methanol production of 0.35 mM (Razumovsky et al, 2008). In
addition, higher inoculums (12 and 18 mg of DCM-mL™') of M.
sporim resulted in faster methanol production, compared to lower
inoculums (3 mg of DCM-mL~") up to 32 h of incubation. A similar

Methanol (mM)
L] w - (4] [-:]

-

(=]

0 20 40 60 80

Methanol (mM)

0 20 40 60 80
Incubation (h)

Fig. 5. Effect of inoculum on methanol production from raw biogas containing 20%
of CH,4 (a) and a synthetic gas mixture of CH4:CO;:H; (b) as a feed.

effect of inoculums was observed using synthetic gas mixture
(CH,4:C05:H;) in a ratio of 4:1:1 (Fig. 5b). Here, the maximum
methanol production of 7.16 mM was higher than that from the
raw biogas with a yield of 5.13 mM under similar CH4 concentra-
tion (20%) in the feed.

3.3. Effect of the Hz supplementation into raw biogas

H. (10%) was supplemented into raw biogas to increase
methanol production at inoculums of 3mg of DCM-mL™'
(Fig. 6a). Interestingly, a significant influence of H, supplementa-
tion on methanol production was observed at different concentra-
tions of CH, (10-50%) in raw biogas at ratios of 1:1, 2:1, 3:1, 4:1,
and 5:1, respectively. Here, maximum methanol production was
4.67, 6.68, 6.43, 521, and 4.12 mM, respectively, which was 1.3,
1.5,3.5, 3.1, and 3.0-fold higher in methanol production. Maximum
methanol conversion yield (42.5%) was observed at 10% CH,4 as a
feed in the raw biogas. These results suggest that the lower metha-
nol production from the raw biogas at high CH4 concentration
might be due to high concentration of either CO, or inhibitory
gas H,S. The ratio of these gases cannot be regulated by simple
dilutions. Thus, for efficient methanol production we need to pro-
vide the suitable ratio of these gases CH,, CO,, and H; through sup-
plementation into the raw biogas.

3.4. Methanol production by immobilized cells

Immobilization of methanotrophs to improve methanol produc-
tion from pure CH4 or synthetic gas mixture (CH4:C02:Hz) has been
previously studied (Mehta et al, 1991; Senko et al, 2007,
Razumovsky et al, 2008; Mardina et al., 2016; Patel et al,
2016b). Nevertheless, no report is available on methanol produc-
tion by immobilized methanotrophs from raw biogas. Here, the
potential of different support materials including Amberlites
(XAD-2, XAD-4, and XAD-7HP), Duolite A-7, and chitosan for
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biogas (a) and methanol production from raw biogas containing 20% of CHy by
immaobilized M. sporium (b).

methanol production from a raw biogas was evaluated. The metha-
nol production efficiency of whole cells through adsorption and
covalent immobilization were in the ranges of 52.7-69.9% and
55.6-87.6% after 48 h of incubation compared to that of free cells
(100%), respectively (Table A.2Z). Among these different supports,
chitosan-immobilized cells resulted in high methanol production
from the raw biogas. Maximum methanol production yields by free
and immobilized cells through adsorption and covalent immobi-
lization were 4.62, 3.46, and 5.37 mM, respectively (Fig. 6b). Here,
methanol production by covalently immobilized M. sporium was
significantly higher than that produced by free cells. SEM images
of the immobilized cells on Chitosan are presented in Fig. A1.
The observed methanol production yield from raw biogas by cova-
lently immobilized M. sporium was approximately 7.6-fold higher
than previously reported from a synthetic simulated biogas mix-
ture (CH4 + CO3z) with a maximum yield of 0.71 mM by M. sporium
KCTC 22312 (Yoo et al, 2015). In addition, a significantly lower
methanol production of 0.02 mM was reported for M. trichosporium
IMV3011 (Xin et al., 2004b). In comparison with previous reports
on methanol production by immobilized M. sporium from pure
CH4 (Table A3), covalently immobilized M. sporium resulted in sig-
nificantly higher methanol production from raw biogas. Whereas,
M. sporium strains (B2119-B2123) immobilized through encapsu-
lation in a polymer matrix resulted in methanol production in
the range of 1.37-2.34 mM (Senko et al., 2007; Razumovsky
et al., 2008).

In summary, M. sporium has the ability to utilize both CH4 and
C0; for methanol production. Compared to methanol production
from pure CHy4 (4.10 mM), raw biogas resulted in higher methanol
production of 4.62 mM at the same concentration of CH4 (20%) as a
feed. These results suggest that additional association of CO, and
H, plays a key role in methanol production from the raw biogas.
Therefore, synthetic gas mixtures (CH,:C0O,, CH4:H;, and CH,:
C03:Hz) were prepared to evaluate their influence on methanol
production. A higher methanol production was observed compared

to that of pure CH, with maximum yields of 4.35, 628, and
6.38 mM at the ratios of 4:1 (CH,4:CO;), 4:1 (CH4:H,), and 2:1:1
(CH4:C02:H3), respectively. Here, H; showed a significant influence
on methanol production from either pure CH4 and CO; or a mixture
of these gases. Furthermore, an increase in methanol production
was observed as the cell inoculum increased with maximum
methanol production of 5.13 and 7.16 mM from raw biogas (20%,
CH,) and synthetic gas mixture CH4:CO,:H; (2:1:1), respectively.
These results recommend that higher methanol can be obtained
through either balancing the suitable ratio of 2:1:1 (CH,4: CO5:H;)
or increasing the inoculums. Furthermore, supplementation of
the Hz in the raw biogas resulted in significant improvement up
to 3.5-fold in methanol production. In addition, whole cell
immobilization of M. sporium resulted in a 1.2-fold higher metha-
nol production from raw biogas in comparison with free cells.
Overall, the M. sporium seems to be a suitable candidate for metha-
nol production from the raw biogas and synthetic gas mixtures.

4. Conclusions

Mostly, pure CH, is used for methanol production by methan-
otrophs. In this study, we evaluated the utilization of the raw bio-
gas as a low cost feed originated from anaerobic digestion. The
observed results suggest that the direct use of raw biogas is not
suitable for methanol production, which is probably due to either
a desired ratio of CH4 and CO; gases or high concentration of HaS
as an inhibitory gas. Thus, low methanol yield could be signifi-
cantly improved through the regulation of gas compositions. This
study provides better support towards efficient utilization of either
raw biogas or synthetic gas mixture.
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the online version, at http://dx.doi.org/10.1016(j.biortech.2016.06.
065.

References

Andersson, ], Lundgren, ), Marklund, M., 2014, Methanol production via
pressurized  entrained flow biomass  gasification techno-economical
comparson of integrated vs. stand-alone production. Biomass Bioenergy 74,
256-268.

M., Gentina, J.C, Aroca, G, 2014, Oxidation of methane by
vlomicrobium album and Methylocystis sp. in the presence of H.S and
MH;. Biotechnol. Lett. 36, 69-74,

Duan, C,, Luo, M., Xing, X., 2011. High-rate conversion of methane to methanol by
Methylosinus trichosporium OB3b. Bioresour, Technol. 102, 7349-7353,

Fei, ., Guarnieri, M.T, Tao, L., Laurens, LM.L, Dowe, M., Pienkos, P.T., 2014,
Bioconversion of natural gas to liquid fuel: opportunities and challenges.
Biotechnol. Adv. 32, 596-614.

Ganesh, 1, 2014, Conversion of carbon dioxide into methanol - a potential liguid
fuel: fundamental challenges and opportunities (a review). Renew. Sustain.
Energy Rev. 31, 221-257.

Ge, X, Yang, L., Sheets, |P., ¥Yu, Z, Li, Y., 2014. Biological conversion of methane to
liguid fuels: status and opportunities. Biotechnol. Adv. 32, 1460-1475,




208 S.K.S. Patel et al fBioresource Technology 218 (2016) 202-208

Hwang, LY., Hur, D.H., Lee, | H., Park, C-H., Chang, LS., Lee, | W, Lee, EY ., 2015. Batch
conversion of methane to methanol using Methylosinus trichosporium OB3b as
biocatalyst. J. Microbiol. Biotechnol. 25, 375-380,

Hwang, LY., Lee, S.H., Choi, Y.5., Park, 5., Na, .G, Chang, LS. Kim, C, Kim, H.C,, Kim,
Y.H. Lee, . W., Lee, E.Y., 2014. Biocatalytic conversion of methane to methanol
as a key step for development of methane-based biorefineries. J. Microbiol
Biotechnol. 24, 1597-1605.

Kalyuzhnaya, M.G., Puri, AW, Lidstrom, M.E, 2015. Metabolic engineering in
methanotrophic bactera. Metab. Eng. 29, 142-152.

Kim, H.C., Han, G.H., Kim, SW. 2010. Optimization of lab scale methanol
production by Methylosinus trichosporium OB3b. Biotechnol. Bioprocess. Eng.
15, 476-480.

Lunsford, |.H., 2000, Catalytic conversion of methane to more useful chemicals and
fuels: a challenge for the 21st century. Catal. Today 63, 165-174.

Mardina, P, Li, )., Patel, 5.K.5., Kim, [-W., Lee, LK., Selvaraj, C., 2016. Potential of
immobilized wholecell Methylocelln tundrae as biocatalyst for methanol
production from methane. |. Microbiol. Biotechnol. http://dxdoiorg/10.4014/
Jmb.1602.02074,

Mehta, PK., Mishra, 5, Ghose, TK., 1991. Methanol biosynthesis by covalently
immobilized cells of Methylosinus trichosporium: batch and continuous studies.
Biotechnol. Bioeng. 37, 551-556,

Mountfort, DO, Pybus, V., Wilson, R., 1990, Metal ion-mediated accumulation of
alcohols during alkane oxidation by whole cells of Methylosinus trichosporium.
Enzyme Microb. Technol. 12, 343-348,

Murrell, J.C., 1992, Cenetics and molecular biology of methanotrophs. FEMS
Microbiol. Lett. 88, 233-348.

Op den Camp, HJ. Islam, T., Stott, M.B., Harhangi, H.R., Hynes, A., Schouten, 5.,
Jetten, M.SM., Birkeland, N.-K, Pol, A, Dunfield, P.F.,, 2009, Environmental,
genomics and taxonomic perspectives on the methanotrophic Verrucomicrobia.
Environ. Microbial. Rep. 1, 293-306.

Patel, S.K.5., Kumar, P., Mehariya, S, Purohit, HJ., Lee, ].-K, Kalia, V.C., 2014a.
Enhapcement in hydrogen production by co-cultures of Bacillus and
Enteg@acter. Int. |. Hydrogen Energy 39, 14663 -14668,

Patel, SKS., Kalia, M€, Choi, JH, Haw, LR, Kim, LW. Lee, LK. 2014b.
Immobilization of laccase on Si0; nanocarriers improves its stability and
reusability. |. Microbiol. Biotechnol. 24, 639-647,

Patel, S.KS. Kumar, P, Singh, M., Lee, J.-K., Kalia, V.C., 2015. Integrative approach to
produce hydrogen and polvhydroxybutyrate from biowaste using defined
bacterial cultures. Bioresour. Technol. 176, 136-141.

Patel, S.K.5., Mardina, P., Kim, 5.-Y., Lee, | -K., Kim, [-W., 2016a. Biological methanol
production by a Type Il methanotroph Methylocystis bryophila. ). Microbiol.
Biotechnol. 26, 722-729,

Patel, S K.S., Selvaraj, C, Mardina, P., Jeong, ].-H., Kalia, V.C, Kang, ¥-C, Lee, ]-K,,
2016b. Enhancement of methanol production from synthetic gas mixture by
Methylosinus sporium through covalent immobilization. Appl. Energy 171,
383-301.

Patel, SK.S., Choi, 5.-H., Kang, ¥.-C, Lee, ].-K, 2016c. !rge-scale aerosol-assisted
synthesis of biofriendly Fea0s yolk-shell particles: a promising support for
enzyme immobilization. Nanoscale 8, 6728-6738.

Pen, M., Soussan, L., Belleville, M.-P,, Sanchez, |., Charmette, C,, Paolucci-Jeanjean, D,
2014, An innovative membrane bioreactor for methane biohydroxylation.
Bioresour. Technol. 174, 42-52,

Pierie, F., Van Someren, CE)., Benders, R.M.]., Bekkering, |, Van Gemert, W.].T., Moll,
H.C, 2015. Environmental and energy system analysis of bio-methane
production pathways: a comparison between feedstocks and process
optimizations. Appl. Energy 160, 456-466.

Razumovsky, 5.D., Efremenko, EM., Makhlis, TA., Senko, OV, Bikhovsky, M.Y.,
Podmasterev, V.V, Varfolomeev, 5.0., 2008, Effect of immobilization on the
main dynamic characteristics of the enzymatic oxidation of methane to
methanol by bactera Methylosinus sporium B-2121. Russ. Chem. Bull. Int. Ed.
57, 1633-1636.

Senko, 0., Makhlis, T., Bihovsky, M., Podmasterev, V., Efremenko, E., Razumovsky, 5.,
Varfolomeyev, S, 2007. Methanol production in the flow system with
immobilized cells Methylosinus sporium. In: XV International Workshop on
Bivencapsulation, Vienna, Austria, September 6-8, pp. 2-16, 1-4.

Shamsul, N.S., Kamarudin, S.K, Rahman, N.A., Kofli, N.T., 2014. An overview on the
production of bio-methanol as potential renewable energy. Renew. Sustain.
Energy Rev. 33, 578-588.

Sheets, P, Ge, X, Li, ¥.-F., Yu, Z, Li, Y., 2016. Biological conversion of biogas to
methanol using methanotrophs isolated from solid-state anaerobic digestate.
Bioresour. Technol. 201, 50-57.

Sigdel, 5., Hui, G., Smith, T)., Murrell, J.C., Lee, J-K, 2015 Molecular dynamics
simulation to rationalize regioselective hydroxylation of aromatic substrates by
soluble methane monooxygenase. Bioorg. Med. Chem. Lett. 25, 1611-1615.

Strong, P)., Xie, 5., Clarke, WP, 2015, Methane as a resource: can the
methanotrophs add value? Environ. Sci. Technol. 49, 4001-4018,

Trop, P, Anicic, B., Goricanec, D., 2014, Production of methanol from a mixture of
torrefied biomass and coal. Energy 77, 125-132,

Xin, J-Y., Cui, J-R., Niu, ].-Z., Hua, S-F, Xia, C-G., Li, S.-B., Zhu, L-M., 2004a.
Biosynthesis of methanol from CO; and CH4 by methanotrophic bacteria.
Biotechnology 3, 67-71.

Xin, J-Y., Cui, J-R., Niu, J-Z., Hua, 5-F, Xia, C-GC., Li, S-B., Zhu, L-M., 2004b.
Production of methanol from methane by methanotrophic bacteria. Biocat
Biotransf, 22, 225-229,

Xin, J.-¥., Zhang, ¥ .-X., Zhang, 5., Xia, C.-G., Li, 5.-B., 2007. Methanol production from
CO, by resting cells of the methanotrophic bactedum Methylosinus
trichosporium IMV 3011. |. Basic Microbiol. 47, 426-435,

Yoo, Y.-5., Hana, J.-S., Ahn, C.-M. Kim, C.-G., 2015. Comparative enzyme inhibitive
methanol production by Methylosinus sporium from simulated biogas. Environ.
Technol. 36, 983-991.




Improvement in methanol production by regulating the
composition of synthetic gas mixture and raw biogas

ORIGINALITY REPORT

15, 13: 13« 10«

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

MATCH ALL SOURCES (ONLY SELECTED SOURCE PRINTED)

2%

* pubs.rsc.org

Internet Source

Exclude quotes Off Exclude matches <1%

Exclude bibliography Off



