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a b s t r a c t

Bioethanol is an eco-friendly biofuel due to its merit that makes it a top-tier fuel. The

present study emphasized on bioethanol production from hydrogen-rich syngas through

fermentation using Sacharomyces cerevisiea. Syngas fermentation was performed in a tar

free fermenter using a syngas mixture of 13.05% H2, 22.92% CO, 7.9% CO2, and 1.13% CH4, by

volume. In the fermentation process, effects of various parameters including syngas im-

purity, temperature, pH, colony forming unit, total organic carbon and syngas composition

were investigated. The yield of bioethanol was identified by Gas chromatography-Mass

spectrometry analysis and further, it was confirmed by Nuclear magnetic resonance (1H)

analysis. From GC-MS results, it is revealed that the concentration of bioethanol using

Saccharomyces cerevisiae was 30.56 mmol from 1 L of syngas. Thus, hydrogen-rich syngas is

suited for bioethanol production through syngas fermentation using Saccharomyces cer-
ing Technology, Universiti Malaysia Pahang, 26300 Gambang, Malaysia.
(A. Abd Aziz).

ons LLC. Published by Elsevier Ltd. All rights reserved.
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TFF
Sacharomyces cerevisiea
evisiae. This research may contribute to affordable and environment-friendly bioethanol-

based energy to decrease the dependency on fossil fuels.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
in comparison with other fermenting agents that are pro-

Introduction

Worldwide energy demand is increasing due to rapid indus-

trialization and urbanization [1e4]. Moreover, augmented

consumptions of liquid fuels make the global energy demand

critical and it will increase from 200 quadrillion Btu in 2020 to

229 quadrillion Btu in 2040 [5]. Biomass-based energy is an

alternative energy source for the production of bioethanol

owing to future fuel insecurity and environmental issues

[4,6,7]. Gaurav, Sivasankari [8] reported that biomass is the

fourth largest available renewable energy resource that can

mitigate global warming. It contains a minor amount of sulfur

(S) and emits the least amount of GHGs to the environment

[2,9]. Woody biomass has higher lignin than non-woody

biomass [10]. This lignin is difficult to degrade completely

through the conventional fermentation process [11,12]. As a

result, the conversion of hydrogen-rich syngas into other fuels

like bioethanol is receiving increasing attention. Moreover,

hydrogen-rich syngas is produced from biomass through

some thermochemical conversion processes like pyrolysis,

combustion, and gasification through various type of gasifiers

[7,13]. The previous study revealed that the concentration of

hydrogen and carbon monoxide increased by increasing

charcoal ratio with forest residue, empty fruit bunch of palm

oil and coconut shell [2,14e16]. The by-product (charcoal) and

co-product (tar) are usually produced during gasification [2]. In

the literature, it is also found that biochar provided nutrients

to microorganisms for the enhancement of ethanol produc-

tion during syngas fermentation [17]. Recently, Liakakou,

Vreugdenhil [18] studied on syngas fermentation for second-

generation bioethanol production from lignin-rich residues.

Most of the organisms are grown better on CO than H2 [18,19].

They also reported that syngas impurities (particles and tar

compounds) can reduce the fermentability of syngas (hydro-

carbons, HCl, HCN, COS, NH3, and organic S-compounds).

Furthermore, due to the presence of tar compounds in syngas,

it is difficult to use directly as a power generation or trans-

portation fuel purposes [20]. In addition, while biomass-based

syngas is used as alternative fuels in internal combustion

engines, co-product tar compounds are still great concerns

because of the requirement to protect the environment aswell

as concern about safety and health hazards [21].

Syngas fermentation is amicrobial processwhere syngas is

used as carbon and energy sources, and finally, it is converted

into valuable biofuels [22e26]. This syngas is usually produced

from biomass gasification [12,25]. The biocatalyst of yeast and

bacteria is used for the production of bioethanol [27,28]. The

model microorganisms which are commonly used for bio-

ethanol production include Clostridium sp., Escherichia coli,

Bacillus sp., Saccharomyces cerevisiae and Trichoderma reesei,

Fusarium oxysporum [29]. Saccharomyces cerevisiae is one of the

most important biocatalysts because of its cost-effectiveness
duced zero chemical wastes [30]. Moreover, bioethanol pro-

duction by Saccharomyces cerevisiae has been playing a key role

in fermentation industry [31]. This is an ideal biocatalyst for

bioethanol production in a sugar-containing nutrient me-

dium. However, biomass-based syngas is needed for purifi-

cation because of impurities in syngas.

Various types of fermenters are used for syngas fermen-

tation. The most common fermenters are Continuous Stirred

Tank Reactor (CSTR), Bubble Column Reactor (BCR), Mono-

lithic Biofilm Reactor (MBR), Trickle Bed Reactor (TBR),

Microbubble Dispersion Stirred-tank Reactor (MDSR) and

Membrane-based System Reactor (MSR) [25,27]. The ethanol

production can be increased by the proper fermenter designs,

which allow proper mass transfer rates, choice of biocatalysts

with optimizing yields and efficient recovery methods [32].

Shen, Brown [33] stated that horizontal rotating packed bed

(h-RPB) reactor is also more effective compared to CSTR for

bioethanol production. Besides ethanol, there are some other

products that are also produced during the fermentation

process like methanol, acetic acid, higher alcohols (butanol)

and acids [25].

In the literature, insufficient work has been attempted

through syngas fermentation with Saccharomyces cerevisiae for

biomass-based syngas containing a nutrient medium. Syngas

fermentation has appeared as a promising fermentation

technique for the conversion of biomass. However, bottleneck

work has been done for the production of bioethanol using

forest residue with charcoal co-gasification-based syngas

along with tar purification system. Moreover, untreated syn-

gas is difficult to use directly for power generation or trans-

porting fuels purposes and it exists in a gaseous phase, and

existing engines are needed for additional modification which

is very expensive. Therefore, the aim of this study is to pro-

duce bioethanol through syngas fermentation using Saccha-

romyces cerevisiae.
Material and methods

Sample collection

Hydrogen-rich syngas was collected from the previous co-

gasification process which was performed with the mixture

of forest residue and charcoal at the blending ratio of 70:30.

Collected syngas composition were hydrogen (13.05, % Mole),

carbon monoxide (22.92, % Mole), carbon dioxide (7.9, % Mole)

and methane (1.13, % Mole). The carbon, mineral and trace

element containing by-product charcoal was also collected

from a previous study [14]. Saccharomyces cerevisiae was ob-

tained from the laboratory of Biochemical Engineering, In-

ternational Islamic University Malaysia (IIUM), Malaysia and

stored at 4 �C to prevent any type of contamination.

https://doi.org/10.1016/j.ijhydene.2019.07.246
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Cell culture and inoculum preparation

Saccharomyces cerevisiae was freshly cultured in 10 mL agar

slants containing glucose (10 g/L), yeast extract (10 g/L),

peptone (10 g/L) and agar (2%, w/v) as a growth medium to

maintain stock culture [34]. Subsequently, the medium was

sterilized by autoclaving at 121 �C for 20 min. It was sub-

cultured in the petri plate and slant to grow up the new

cells. The inoculum was prepared by dissolving 10 loops of

Saccharomyces cerevisiae from sub-cultured cells in 10 mL of

deionized (DI) water. The inoculum process was performed

under the biosafety hood to protect contamination by indig-

enousmicrobial activities. After that, these were placed inside

the incubator to maintain its temperature. The incubator

temperature was set at 37 �C for new cells growth of Saccha-

romyces cerevisiae for 24 h and stored at 4 �C for further uses of

syngas fermentation experiments.

Experimental setup and fermentation medium

The syngas fermentationwas performed in a tar free fermenter

(TFF) in the continuous recycling fed system (Fig. 1). Stored

syngas was used as a carbon nutrient for Saccharomyces cer-

evisiae. By-product charcoal was also used as a nutrient of

Saccharomyces cerevisiae. A peristaltic pumpwas used to control

the flow of syngas to the TFF throughout the process. Prior to

run the experiment, syngas was pass through (flow rate of

100 mL/min) acetone and methanol for the filtration of tar

compounds. Fine particles were filtered using three series of

the cotton filter. The effect of temperature and pH were

observed by Eutech™ pH 700 m, colony forming unit (CFU) was

observed by Stuart™ colony counter, total organic carbon (TOC)

was observed by MERCK Spectroquant® Pharo 300 analyzer

and syngas composition was investigated by Gas

chromatography-mass spectrometer (GC-MS). Samples were

collected every 24 h to observe themicrobial cell growth profile.

In this study, the fermentation medium was prepared for

performing syngas fermentation using Saccharomyces cer-

evisiae. A 500 mL impinger bottle was taken which was filled

with 80% of fermentation broth and remaining 20% was

considered as working volume. The medium was prepared

and included: (1) yeast extract (0.2 gm) (2) peptone (0.8 gm), (3)

KH2PO4 (0.4 gm), (4) MnSO4.7H2O (0.2 gm), (5) (NH4)2SO4
Fig. 1 e Experimental setup for bioethanol production throu
(0.8 gm), (6) by-product charcoal (0.7 gm) and (6) DI water

(400 mL). Then, tar-free syngas was pass through the TFF,

Saccharomyces cerevisiae was inoculated and connected with

the biomass-based syngas bag. The pH was controlled within

the ranges of 4.0e6.5. After that, the experiment was run in-

side the shaking incubator. The temperature and rotational

speed were controlled at 37 �C and 200 rpm, respectively. The

experiment was run for 16 days for the production of bio-

ethanol. The syngas was recycled throughout the process to

get the maximum production efficiency.

Product extraction and analysis

The yield of bioethanol from syngas fermentation was

extracted from fermentation broth at the end of the process.

In this study, the organic compounds were separated from the

fermentation broth for further bioethanol detection using GC-

MS and NMR (1H) analysis.

Liquid-liquid extraction (LLE) using solvent
The organic compounds were separated from the fermenta-

tion broth using liquid-liquid extraction. Two solvents namely

n-hexane (chromatogram pure grade, Sigma Chemicals, USA)

and deuterochloroform, CDCl3 (Sigma-Aldrich) were used to

extract bioethanol in an aqueous solution; 5ml of n-hexane or

CDCl3 were mixed with 40 ml sample (fermentation broth),

and then vortexed vigorously using a vortex mixer (Vortex-

Genie 2, Scientific Industries Inc., USA) for 10 min. After phase

separation, the solvent phase was transferred to a new tube

for further analysis.

Bioethanol detection and analysis
In this product analysis, 1 mL of extracted samples were used

for both GC-MS and NMR (1H) analysis. The bioethanol con-

centration was analyzed by GC-MS analyzer (Brand: Agilent,

Model: 7890A). The used carrier gas was helium (He) with a

flow rate of 1.0 mL/min. The initial and final temperatures

were set as 70 �C and 325 �C, respectively. The oven temper-

ature was set as 325 �C and oven programwas set as 100 �C for

2 min, then 5 �C/min to 120 �C for 0 min and 5 min (post run).

The total run time 6 min and MS was operated in the scan

mode mass ranges from 40 amu to 1000 amu. For the quan-

titative analysis, standard ethanol (99.99%) was also prepared
gh syngas fermentation using Saccharomyces cerevisiae.
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to 1%, 2% and 3% (10 mL, 20 mL and 30 mL in 1 mL n-hexane

solution). Correspondingly, the MS fraction of extracted

samples were matched with the standard ethanol (99.99%)

and ultimate bioethanol concentration was calculated. The

concentration of bioethanol using 50 mL, 100 mL, 250 mL,

500 mL and 1000 mL syngas capacity bag was evaluated.

Moreover, for final confirmation of bioethanol, NMR (1H)

analysis was also performed. In this analysis, 1H NMR

(500 MHz) spectra were recorded using BRUKER-500 spec-

trometer (Model: Bruker Ultra Shield Plus 500 MHz) and

chemical shifts were stated relative to CDCl3 (TMS, 0.00 ppm).
Results and discussions

Cell growth and characterization

The freshly cultured Saccharomyces cerevisiae was prepared for

syngas fermentation is shown in Fig. 2. In this figure, it is

observed that the new microbial cell was cultured in slant

(Fig. 2a) and petri plate (Fig. 2b). This type of microorganism

has the ability to maintain some limiting conditions for the

production of bioethanol. The obtained Saccharomyces cer-

evisiae was used in the previous recent works for bioethanol

production [35,36] and it was found that high yield of second-

generation bioethanol generated by using this strain of

Saccharomyces cerevisiae. The freshly cultured Saccharomyces

cerevisiae was also characterized by FESEM analysis for its

confirmation (Fig. 2c and d). From thismorphological analysis,

it is shown that the surface of the cell body is smooth, and the
Fig. 2 e Cell Growth Culture of Saccharomyces cerevisiae: (a) in p

cerevisiae group colony (b) FESEM image of Saccharomyces cerevi
shape of the body was spherical. The FESEM images of

Saccharomyces cerevisiae colony is consistent with the literature

reported by Zhao, Lin [37]. Therefore, this freshly cultured

Saccharomyces cerevisiae was capable for syngas fermentation

and suited of the production of bioethanol.

Effect of syngas fermentation

Effect of syngas impurity on microbial cell growth
In this study, the effect of syngas impurity on the growth of

Saccharomyces cerevisiae was observed in comparison with

treated and untreated syngas (Fig. 3). Both fermentation pro-

cesses were run until the 16th day, and the effect of impurity

was observed through microbial colony counting. From this

study, it is shown that Saccharomyces cerevisiae cells entered

the stationary growth phase (2nd day) after the inoculation in

fermentation broth. After the 2nd day, it was observed that

the trend of cell growth decreased rapidly when untreated

syngas was used. Subsequently, growth of the cell was grad-

ually decreased, and microbial cell concentration remained

constant until the 11th day. After that, there were no micro-

bial cells were observed. On the contrary, due to the used of

treated syngas significant lag phase was observed (Fig. 3)

which is responsible for bioethanol production [38]. The

maximumgrowth of Saccharomyces cerevisiaewas found on the

2nd day (Fig. 3). However, the cell growth rate was abruptly

increased at 1st and 2nd day during syngas fermentation.

From this study, it was found that the maximum microbial

cell mass concentration on fermentation broth was 500 times

higher when treated syngas was used instead of untreated
etri plate (b) in slant (c) FESEM image of Saccharomyces

siae single colony.

https://doi.org/10.1016/j.ijhydene.2019.07.246
https://doi.org/10.1016/j.ijhydene.2019.07.246


Fig. 3 e Effect of syngas impurity on syngas fermentation. Fig. 4 e Temperature effect on syngas fermentation.

Fig. 5 e Effect of pH on syngas fermentation.

Fig. 6 e Effect of TOC on syngas fermentation.
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syngas. The outcome of this observation revealed the strong

robustness that affected the yield of bioethanol production. A

similar effect was found in the literature where potential in-

hibitors of tar and nitric oxide (NO) affected the product for-

mation for microbial cell growth during syngas fermentation

[39,40]. Therefore, high molecular weighted tar compounds

and particles were purified from raw syngas before inoculated

to the fermentation broth using TFF.

Effect of temperature on microbial cell growth
The temperature effect was investigated on the microbial cell

growth during syngas fermentation as shown in Fig. 4. From

this analysis, it was shown that maximum microbial growth

was at a temperature of 37 �C. Therefore, based on the opti-

mum temperature, the whole syngas fermentation process

was performed at 37 �C for achieving the maximum yield of

bioethanol.

Effect of pH on microbial cell growth
The effect of pH on the whole syngas fermentation process

using Saccharomyces cerevisiae was observed. This parameter

has a significant effect on the growth of Saccharomyces cer-

evisiae. In the case of bioethanol production, the pH ranges

from 6.60 to 4.31 until the 16th day (Fig. 5). In this study,

starting incubation pH of 6.60 was observed to negatively

impact Saccharomyces cerevisiae metabolism. The pH level was

6.24 in the 5th day and 5.95 in the 15th day. The pH was

changed quickly from 6.60 to 6.24 which followed 1st day to

3rd day. After the 10th day, the pH level was gradually

decreased until the 16th day. As a result, the pH level reduced

to 4.31 at the end of the process (16th day). Thus, the changes

of pH from initial to final stage was occurred by stimulating

the production of bioethanol which resulted in phase sepa-

ration. According to the Wood-Ljungdahl pathway, there is a

fast growth of microbial cells and the production of organic

acids was followed in the initial phase. Therefore, the accu-

mulation of organic acids, the pH drops, which causes phase

transitions [41]. Richter, Martin [42] also usedmicroorganisms

for the conversion of syngas to ethanol through the

https://doi.org/10.1016/j.ijhydene.2019.07.246
https://doi.org/10.1016/j.ijhydene.2019.07.246


Fig. 7 e Effect of syngas composition before and after

syngas fermentation.

Fig. 8 e Syngas fermentation using Saccharomyces Cerevisiae: (a) 1H

(s, 1H [OH]), 1.28 (t, J ¼ 3.70 Hz, 3H [CH3]). (b) Saccharomyces cerevis
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fermentation system and they reported the effect of pH shift

(4.31e5.60) on ethanol production. Therefore, bioethanol

production was verified by the change of pH from the initial

stage to the final stage. Similar observations were made in

fermentation with Saccharomyces cerevisiae where the level of

bioethanol needed to switch from acidogenesis to solvento-

genesis depended on the external pH of the fermentation

broth during the syngas fermentation process. In the litera-

ture, it was reported that the ability of acetic acid generation

was reduced when the pH value was around 4.5 and bio-

ethanol concentration was not increased when pH decreased

to 4.5 [43]. The findings of this study revealed the optimized

pH level for bioethanol production by using Saccharomyces

cerevisiae. In the fermentationmediawith pH level higher than

4.5, Saccharomyces cerevisiae cells were activated an adaptive

response and resume cell growth after a long lag phase [43,44].

Thus, pH is one of the most important factors for bioethanol

production.
NMR, 500MHz (CDCl3): d¼ 3.75 (q, J¼ 7.00Hz, 2H [CH2]), 2.19

iae-based bioethanol MS fraction (15.01:29.03:31.02:45.01).

https://doi.org/10.1016/j.ijhydene.2019.07.246
https://doi.org/10.1016/j.ijhydene.2019.07.246


Table 1 e 1H NMR data of bioethanol generated from
Saccharomyces cerevisiae-based syngas fermentation.

Syngas fermentation Peaks 1H NMR (dH ppm)

S. cerevisiae based syngas

fermentation

1 1.28 (t, CH3)

2 3.75 (q, OCH2)

3 2.19 (s, OH)
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Effect of time (day) on total organic carbon (TOC)
In this study, total organic carbon (TOC) in fermentation broth

was also monitored throughout the whole process and results

are shown in Fig. 6. Syngas and charcoal were the main

gaseous carbon sources for Saccharomyces cerevisiae. These

nutrients provided gaseous carbon of CO, CO2, CH4, etc. for the

metabolism of Saccharomyces cerevisiae. From Fig. 6 it is found

that organic carbon content was reduced from 770 gm/L to

52 gm/L from the initial stage to final stage, and Saccharomyces

cerevisiae absorbed carbon slowly throughout the whole pro-

cess. As a result, Saccharomyces cerevisiae was received carbon

content from syngas and charcoal slowly and active until the

16th day. It is also observed that microorganism was slowly

died due to the reduction of carbon sources. Therefore, during

their lifetime bioethanol was producedwhichwas detected by

GC-MS and NMR (1H) analysis (Fig. 8).

Effect of fermentation on syngas composition
Syngas composition was analyzed before and after syngas

fermentation as shown in Fig. 7. Before fermentation, the

composition of syngas were H2-13.05%, CO-22.92%, CO2-7.9%,

CH4 -1.13%, and after fermentation it was changed to 0.00%,

0.00%, 0.08% and 0.00%, respectively (Fig. 7 and S3). In this

analysis, it is clearly shown that syngas composition was

reduced significantly from the initial value, and it was found

that except CO2, the other two carbon-containing gases (CO

and CH4) were dissolved entirely with the fermentation broth.

Therefore, it is evident that carbon-containing gases CO, CO2,

and CH4 were mixed with fermentation broth, and microbes

were taken gaseous carbon enormously. From this analysis, it

can be deduced that Saccharomyces cerevisiaewas taken carbon

nutrient from syngas, and produced bioethanol which was

detected by GC-MS and NMR (1H) analysis (Fig. 8).

Bioethanol production and analysis

At the end of syngas fermentation, bioethanol was separated

from fermentation broth and analyzed by NMR (1H) and GC-
Fig. 9 e Bioethanol concentration from syngas

fermentation using Saccharomyces cerevisiae considering

50 mL, 100 mL, 250 mL, 500 mL and 1000 mL containing

syngas.
MS study. The formation of bioethanol was confirmed by

NMR (1H) and yield was calculated by GC-MS analysis (Fig. 8a).

The formation of bioethanol was detected by 1H NMR spec-

trum when syngas was fermented using Saccharomyces cer-

evisiae (see Table 1). From this analysis, it is clearly shown that

bioethanol gives a triplet signal at 1.28 ppm, which referred to

the methyl group (-CH3) along with the neighboring methy-

lene group (eCH2e) (Fig. 8a). A quartet signal indicated the

presence of methylene group (eCH2e) and the position of the

peak of this signal at 3.75 ppm further confirmed the methy-

lene group is connected with an oxygen atom. Additionally, a

singlet peak appeared at 2.19 with one proton integral value

which revealed that the presence of the hydroxyl group in the

ethanol molecule. These results are consistent with the liter-

ature reported by Zuriarrain, Zuriarrain [45].

For the further confirmation of the formation of bioethanol

molecule GC-MS analysis has been performed. From this

analysis, it was observed that the MS fraction of bioethanol

was 15.01:29.03:31.02:45.01 (Fig. 8b) which was similar as the

standard MS fraction of 15:29:31:45 (S1).

The GC-MS results are shown in Fig. 8b. According to the

literature, the MS for ethanol is 45. In this study, the obtained

MS value from GC-MS analysis was 45.01. From the fragmen-

tation data, it is shown that MS 31 is corresponding to [CH2-

eOH]þ. The fragmentation of 31 is indicated that [CH2OH]þ that

changed to the more stable cation of [CH3¼O]. The MS of 15 is

corresponding to [CH3]
þ. In addition, the MS of 29 is corre-

sponding to [CH3CH2]
þ. Therefore, it is concluded that Saccha-

romyces cerevisiae was assisted to generate bioethanol from

hydrogen-containing syngas. Moreover, by-product charcoal

was contributed and assisted to the microbes for syngas

fermentation by supplying carbon nutrient, trace elements and

minerals which was detected by XRF analysis (S2). The con-

centration of bioethanol production using Saccharomyces cer-

evisiae using 50 mL, 100 mL, 250 mL, 500 mL and 1000 mL

containing syngas was 1.53 mmol, 3.07 mmol, 7.64 mmol,

15.28 mmol and 30.56 mmol, respectively (Fig. 9). From the

above analysis, it is confirmed that bioethanol was produced

through syngas fermentation using S. cerevisiae. Therefore,

biomass-based syngas was suited for bioethanol production.
Conclusions

In this study, hydrogen-rich syngas was taken from the co-

gasification of forest residue and charcoal (70% and 30%) and

further, it was fermented for the production of bioethanol

using Saccharomyces cerevisiae. In the meantime, various ef-

fects were investigated throughout the syngas fermentation

process. The results show that forest residue and charcoal-

based hydrogen containing syngas are suitable for
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bioethanol production. The concentration of bioethanol was

relatively low, and therefore further research is required to

determine how bioethanol production can be enhanced. The

major findings of this study are as follows:

(1) The produced bioethanol was detected by NMR (1H)

spectra analysis and corresponding to methyle group

(CH3-),methylenegroup(eCH2e) andhydroxylgroup(OH).

(2) The bioethanol yield concentration was calculated

using Saccharomyces cerevisiae and 50 mL, 100 mL,

250 mL, 500 mL, and 1000 mL of syngas were converted

into 1.53 mmol, 3.07 mmol, 7.64 mmol, 15.28 mmol and

30.56 mmol of bioethanol, respectively.

(3) Therefore, hydrogen-containing syngas and by-product

charcoal are the potential source of bioethanol for the

fulfilment of future energy demand.
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