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Abstract

The activities of modified hydrotalcite with Ni and Zn catalysts supported on treated
activated carbon (Ni-HT/TAC and Zn-HT/TAC) were investigated for their potential
enhancement of fermentative hydrogen production. The experiments were performed under
batch tests using sucrose-fed anaerobic mixed culture at 37 °C. The hybrid catalysts of
Ni-HT/TAC and Zn-HT/TAC were synthesized by incipient impregnation methods. The
X-ray powder diffraction patterns exhibit the characteristic diffractions of HT, indicating that
the HTs were successfully coated onto TAC. The difference in dose of Ni-HT/TAC and
Zn-HT/TAC showed a significant difference in hydrogen production over the studied range
of 0.00-16.67 g/L. The maximum hydrogen yields obtained at 8.33 g/L of Ni-HT/TAC and
Zn-HT/TAC were 2.66 and 3.08 mol Hz/mol sucrose with 9.29% and 26.62% increment as
compared to the control, respectively. In addition, the effect of modified hydrotalcite with Ni
and Zn catalysts loading on TAC for fermentative hydrogen production were studied. The
hydrogen production profiles showed that the initial activity of the Ni-HT/TAC catalyst at
24 h was more active than Zn-HT/TAC catalyst. On the contrary, after 120 h, the activity of
the Zn-HT/TAC catalyst was more stable than Ni-HT/TAC catalyst. The maximum
cumulative hydrogen production was obtained from Zn-HT/TAC with a 7.53% increment as
compared to TAC. On the other hand, Ni-HT/TAC showed a decrease in the maximum
cumulative hydrogen production with 7.18% as compared to TAC. Therefore, TAC showed
the potential as modified HT catalyst supports, especially Zn metal for fermentative hydrogen
production. However, an improvement in surface area of TAC was required for enhancing the
activity of TAC as catalyst support material.
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1. Introduction

Hydrogen is one of the most promising energy sources as a clean fuel for the future and
can be expected to also reduce emissions of greenhouse gases. Biological processes served as
alternative routes for hydrogen production due to its environmental benefits from both waste
substrate utilization and simple operation. However, hydrogen yields reported in the
literatures were lower than the maximum theoretical hydrogen yield of 4 mol Hz/mol glucose,
when acetic acid is the end-product [1-2]. In practice, the mixture of the end products such as
acetic acid, butyric acid, and lactic acid are produced that cause low hydrogen yields. In
addition, the accumulation of soluble acid metabolites in fermentation broth inhibits the
process of hydrogen production with a sharp drop in the system pH. Improvements in the
bioactivity of hydrogen producing bacteria as well as the avoidance of end-product inhibition
are needed to achieve a high yield of hydrogen production. Recently, there has been some
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interest in improving biohydrogen production by catalytic applications, particularly metal
catalyst [3-5] and hydrotalcite (HT) [6]. Depended on their unique properties, hydrogen yield
increased from 2.30-4.48 mol Hi/mol sucrose. The role of nanocatalysts displayed in
distinguished performances. The 5-nm-gold particles were found as electron sinks for
hydrogen formation. In addition, activated carbon (AC) can be used to avoid VFA
accumulation, particularly butyric acid [7]. Another function is electron transfer by Fe/SiO,
and Mg-Al HT nanoparticles resulting increase in hydrogen production from 38-64% as
compared to the control. However, a single function of nanomaterial is still limited to the yield
of hydrogen and application. Thus, improving catalysts activity, selectivity, and stability is
essential for progress in the field of fermentative hydrogen production. AC and metal catalysts
provide the possibility to modify as multi-functional catalysts. AC can act as simultaneously
as an adsorbent and as a support for catalyst [8-9]. It is well known from the literature that
highly porous structure and surface chemistry of AC support highly affect the activity of the
catalyst [10]. More important, AC as a support material facilitates the reuse of metal catalysts.
Besides the function of metal catalyst mentioned above, the base metal catalyst of HT can
slow down a decrease of pH and towards favorable metabolic pathways. AC can use to
maintain the levels of butyric acid which was below the inhibitory level. Thus, with the unique
properties and the combined effect of carbon and metal catalysts, it can be defined as the
limiting control pathway in the metabolic resulting in more hydrogen production. The main
focus of this study is the development of multi-functional hybrid materials for catalytic
applications, particularly for the fermentative hydrogen production process. The morphology
properties, the composition of catalysts, and metal active catalysts were studied for the
enhancement of fermentative hydrogen production.

2. Experimental details

2.1 Catalyst preparation

Commercial activated carbon (CAC) and treated activated carbon (TAC) were used as
metal catalyst supports. TAC obtained from the National Nanotechnology Center, Thailand
was chemically treated to obtain a highly porous structure. Prior to use, the CAC and TAC
were sieved to a particle size of 1,180 um. The modified hydrotalcite (HT) with Ni (Ni-HT)
and Zn (Zn-HT) catalysts loading on activated carbon support were prepared by the incipient
impregnation method. The amount of granular AC at 6 g was impregnated with 6 mL of an
aqueous solution containing an appropriate amount of Mg(NO3)2:6H,0, Al(NO3)3-9H:0,
Ni(NO3)2:6H.0 and Zn(NOs),:6H20. The impregnated support was dried in static air at room
temperature for 1 h, followed by drying and at 60 °C for 1 h and at 105°C for 3 h. Then, the
material was impregnated with 3 ml of an aqueous solution containing both (2.25 M) NaOH
and (0.45 M) Na2COs. The impregnated support was placed in an autoclave. The sample was
heated to the desired temperature of 60 °C for 24 h in a water-saturated atmosphere and dried
afterward at 60 °C in static air for 4 h. The catalyst precursor was thoroughly washed with
demineralized water and dried at 105 °C for 24 h.

2.2 Catalysts characterization

The functional groups of samples were analyzed by Fourier transform infrared (FT-IR)
spectra. FT-IR spectra were recorded on a spectrophotometer at ambient temperature using
a potassium bromide (KBr) disk method. The spectra were recorded at 2 cm™ resolution with
a total of 32 scans with wave numbers ranging from 400 to 4000 cm™. In addition, the
characteristics of carbon - metal active catalysts were examined BET and SEM analysis at the
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National Nanotechnology Center, Thailand. The samples were dried in an oven at 60 °C for
2 h before their SEM analysis. The structures of HTs on AC support were analyzed by X-ray
powder diffraction (XRD). XRD technique using a Bruker D8 instrument equipped with a Cu
target at the National Nanotechnology Center, Thailand. XRD patterns were recorded at
40 kV and 40 mA by using Cu K radiation (A=0.15406 nm) at a rate of 5°/min from
26=5° to 80°.

2.3 Catalyst activity

Batch tests were carried out in a dark fermentation process to investigate the enhancement
of fermentative hydrogen production by using carbon - metal active catalysts. AC and metal
catalysts were used separately to estimate the promoting effect of carbon - metal active
catalysts on hydrogen production. The catalytic experiments were conducted in a dark
fermentation batch. The amounts of catalysts, in the range of 5.00-16.67 g/L, were added into
10 mL of heat-treated sludge and enriched with 45 mL of synthetic medium, together with
5 mL of nutrients solution. These experiments were conducted using the procedure as
described in previous studies [6]. The initial pH of 5.5 will be adjusted using 1N NaOH or 1N
HCI. The bottles were capped with a butyl rubber stopper, sealed with an aluminum crimp.
Anaerobic conditions were created by sparging with nitrogen gas for 3 min. To inhibit the
activity of photosynthetic bacteria, the serum bottles were wrapped with aluminum foil. The
serum bottles were cultivated in an incubator shaker under the mesophilic condition at 37°C
and shake at 90 rpm. The heat-treated sludge enriched with 60 mL of synthetic medium
without any addition of catalysts was used as the control. The amount of evolved gas was
measured at room temperature by syringes. The gas compositions were determined by gas
chromatograph (GC).

2.4 Determination of biogas composition

The accumulated gas in the head space of the serum bottles was collected using syringes.
Before each sampling event, a 60-mL syringe was used to equilibrate the pressure inside the
bottle to the ambient pressure, and the volume in the syringe was recorded. The components
of biogas (hydrogen and carbon dioxide) were analyzed by a gas chromatograph, GC
(PerkinElmer, USA) equipped with a thermal conductivity detector (TCD) and fitted with a
Porapak Q, 50/80 mesh column. Helium gas was used as the carrier gas at a flow rate of
25 mL/min. The operating temperatures of the column, detector, and injector were 45, 100,
and 100 °C, respectively.

2.5 Kinetic modeling

A modified Gompertz model (Equation 1) was widely used to describe the progress of
a batch fermentative hydrogen production process and to establish the relationship among the
substrate degradation rate, the hydrogen-producing growth rate, and product formation rate.
The hydrogen production data will be fitted to the model to estimate values of parameters.

H = Hmax E‘Xp{ - E‘Xp[ H

Bn' (1 —t) + 1]} 1)
max

Where, H and Hmax denote the cumulative hydrogen production (mL) and the maximum

cumulative hydrogen production (mL), respectively. Ri represents the hydrogen production

rate (mL/h), and A, t, and e are the lag-phase time (h), the cultivation time (h), and the Euler's

constant (2.718), respectively.
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3. Results and discussion

3.1 Effect of activated carbon as HT catalyst supports on hydrogen production

In this study, CAC and TAC with the same particle size of 1.00 mm at a dose of 8.33 g/L
were used as catalyst supports of Ni-HT and Zn-HT. The effect of AC on their performance
as HT catalyst supports for fermentative hydrogen production were determined. It can be seen
from Fig. 1 that CAC with and without active metal catalysts of Ni-HT and Zn-HT showed
no significant difference in hydrogen production, while TAC with loading HTs both of
Ni-HT/TAC and Zn-HT/TAC catalysts presented a higher amount of hydrogen production of
19.65% and 52.64%, respectively, compared to TAC without loading HTs catalyst. For active
metal catalysts, Zn-HT/TAC exhibited a hydrogen production much higher than that obtained
from Ni-HT/TAC. The catalytic activity was greatly improved in TAC. This may be due to
its relatively large surface area, compared to CAC. Further, understand the difference in
properties of activated carbon as HT catalyst supports, the characteristics were examined and
reported in the characterization of activated carbon supported modified HT with Ni and Zn
catalysts section.
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Fig. 1. The maximum cumulative hydrogen production obtained from of CAC and TAC with and
without loading Ni-HT (a) and Zn-HT (b)
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3.2 Effect of TAC supported HT doses on hydrogen production

The best activity of TAC as HT catalyst supports were selected for further study. The effect
of TAC supported HT doses in the range of 5.00-16.67 g/L on hydrogen production
was studied. As shown in Fig. 2, Ni-HT/TAC batch was carried out at different doses of
5.00-16.67 g/L and analyzed for their hydrogen production. The addition of Ni-HT/TAC at
8.33 g/L showed a significant difference in hydrogen production over the studied range of
5.00-16.67 g/L during a fermentation time of 360 h (Fig. 2 (a)). The maximum cumulative
hydrogen production was 2.3 folds of the control. However, the addition of Ni-HT/TAC at
11.67 and 16.67 g/L showed a lower increment of hydrogen production after 168 h of
investigation (Fig. 2 (b)). The reason was probably that the high dose of 11.67 and 16.67 g/L
of Ni-HT/TAC showed a strong base property that inhibited the hydrogen production at the
final stage.
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Fig. 2. The maximum cumulative hydrogen production (a) and hydrogen production (b) at different
doses of Ni-HT/TAC.
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In the case of Zn-HT/TAC, the pattern of hydrogen production at different doses was
similar to Ni-HT/TAC batch. A slight increase in hydrogen production was observed over the
studied range of 5.00-11.67 g/L as compared to the control. However, the addition of
Zn-HT/TAC at 16.67 g/L showed a lower hydrogen production than that of the control
(Fig. 3 (a)). The hydrogen production profiles showed that the initial activities of high doses
at 11.67 and 16.67 g/L were more active than Zn-HT/TAC at low doses. On the contrary, the
activity observed at 5.00 and 8.33 g/L were more stable than Zn-HT/TAC at high doses
(Fig. 3 (b)). After 120 h, the high doses tests showed an inhibiting effect with low hydrogen
production. In contrast, the addition of lower doses, the reaction remained active and stable
even after 216 h of fermentation in an acidic environment. When a system was started with
a high rate of hydrogen production, VFAs were produced as by-products, causing a drop in
pH in the system. This resulted in low hydrogen production at high doses of Zn-HT/TAC.
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Fig. 3. The maximum cumulative hydrogen production (a) and hydrogen production (b) at different
doses of Zn-HT/TAC.
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3.3 Comparison of TAC supported modified HT with Ni and Zn catalysts on hydrogen
production

The catalysts consisting of TAC, Ni-HT/TAC, and Zn-HT/TAC were determined at the
optimum dose of 8.33 g/L. The hydrogen production profiles showed that the initial activity
of Ni-HT/TAC and Zn-HT/TAC at 24 h was more active than a single TAC catalyst (Fig. 4).
On the contrary, after 48 h, the activity of a single TAC catalyst was more active than Ni-
HT/TAC. Under the combination of catalysts condition of TAC supported modified HT with
Ni and Zn catalysts, the activity takes place faster and produces the hydrogen production at
a higher rate. However, a high rate of hydrogen production accompanied by VFAs as
a byproduct that resulted in the accumulation of acetic acid, butyric acid, and lactic acid in the
system. This phenomenon was an undesirable condition and reduced the term of the hydrogen
fermentation process. The addition of the Zn catalyst resulted in a positive increment of
hydrogen production after 120 h as compared to TAC. The pattern of hydrogen production
was similar for all catalysts with decreasing activity after 96 h.

The maximum cumulative hydrogen production and hydrogen production rate were
reported in Fig. 5. All catalyst tests showed an improvement in hydrogen production. The
cumulative hydrogen productions obtained for difference catalysts were fitted with the
modified Gompertz Equation as described in Equation (1). The result showed that the catalysts
of Ni-HT/TAC in fermentation broth resulted in lower hydrogen production than that obtained
from a single catalyst of TAC during a fermentation period of 300 h. With the addition of
TAC, a higher increment of the maximum cumulative hydrogen production of 17.75% was
observed as compared to control. However, an increase in the hydrogen production rate was
obtained from the catalysts of Ni-HT/TAC. The maximum cumulative hydrogen production
was obtained from Zn-HT/TAC and Ni-HT/TAC with 26.62% and 9.29% increment as
compared to the control, respectively. The comparison was carried out in terms of hydrogen
production over two active metal of Ni and Zn catalysts. Ni-HT/TAC was more active than
that obtained from Zn-HT/TAC catalysts during the initial stage of 24 h. This is due to the fact
that the basic sites of on Ni-HT catalyst were related to the rapid decomposition of saccharides
[11]. In addition, It is suspected that the presence of Ni?* and NiO was associated with the
higher activity of hydrogenase caused the shift of metabolic pathways towards more efficient
hydrogen fermentation [12-15]. However, a catalyst of Zn-HT/TAC showed was more stable
than Ni-HT/TAC. This is due to the fact that the addition of HT containing Zn provided the
active sites of hydrogenase enzyme which facilitates area for reaction and then improved
activity [16]. In the case of Zn-HT/TAC, the base property slowly released and slow down
a decrease of pH from 5.5 to 4.17 at the end fermentation. However, the final pH value of
Zn-HT/TAC was higher as compared to Ni-HT/TAC at a pH of 4.04. To further study the
effect of hybrid catalysts, the characterization of HT and activated carbon was explained in
the next section.

Table 1 presents the hydrogen yield obtained from batch tests using different catalyst
materials. Catalyst activities included facilitating high area for reaction, a shift of metabolic
pathways, constructive outcomes of action on the hydrogenases, immobilization carrier
addition, and solid base catalysts toward more efficient hydrogen fermentation. The maximum
hydrogen yield obtained in this study was higher than that of single metal catalysts of Gou et
al., 2015 [17] and Wimonsong et al, 2013 [6]. However, in comparison to other studies, as
indicated in Table 1, the Ni-HT/TAC catalysts used this study has a slight enhancement of
hydrogen production in relation to the control.
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Table 1. Hydrogen yields obtained from batch tests using different catalyst materials

% increment in

Type Activity H2 yield relation to control Ref.

Ni nanoparticles Facilitates high area for 2.54P 23.00 [18]
reaction

Niz+ shift of metabolic pathways 2.052 107.10 [19]

Zn-Mg-Al HT New active sites for enzyme 2.108 31.30 [6]

Fe® and Ni° the fundamentals for the 147.30¢ 200.00 [20]
development of microbes

Zero-valent iron, Constructive outcomes of 429.00¢ 50.20 [21]

activated carbon action on the hydrogenases

Activated carbon Immobilization carrier 1.20° 2.94 (times) [22]
addition

Ni-HT/TAC Basicity property 2.662 9.29 This study

Zn-HT/TAC Basicity property 3.08% 26.62 This study

Note: 2mol Hz/mol sucrose, ®mol Hz/mol glucose, “mL/g glucose, “mL/g-starch
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3.4 Characterization of TAC supported modified HT with Ni and Zn catalysts

To further understand the properties of TAC supported modified HT with Ni and Zn
catalysts, FTIR were examined. For all of the samples, a broad band in the 3460 cm™* was
assigned to the O-H stretching mode band in water (Fig.6). A broad band at 1566 cm™ can be
allocated to C=C aromatic ring stretching vibration enhanced by polar functional groups. The
peak at 1384 cm indicates the presence of the carbonate anion in the interlayer region of
the HT. The bands in the region between 1084.22 cm™ and 800 cm™ were assigned to
C-O stretching in acids, alcohols, phenols, ethers, and esters, usually found in oxidized
carbons. In the TAC supported modified HT sample containing Zn?*, the peaks in the region
400-800 cm* are assigned to the stretching mode of metal oxide.

The structures of Ni-HT and Zn-HT on TAC support were analyzed by XRD. As can be
seen from Fig.7, XRD patterns of the Ni-HT/TAC and Zn-HT/TAC can be attributed to
a typical hydrotalcite structure. The peak at the two theta degree of 23° corresponds to carbon
support [23]. For the Ni-HT/TAC catalyst, the peaks at the two theta degrees of 44° and 77°
are ascribed to (111) and (220) lattice planes of the metal Ni and the peak of 37.2° and 62.5°
are indexed to NiO (111) and NiO (220) [8]. In case of  Zn-HT/TAC, the peaks at the two
theta degrees of 43°, 57°, and 74° are corresponds to Zn and the peaks at the two theta degrees
of 31.7°, 34.4°, and 36.2° corresponding to the diffraction planes of (100), (002), and (101)
respectively, confirm the structure of ZnO particles [24]. The XRD patterns exhibit the
characteristic diffractions of HT, indicating that the modified hydrotalcite with Ni and Zn
were successfully coated onto TAC by the incipient impregnation method.
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Fig. 6. FTIR spectra of CAC, TAC, Ni-HT/TAC and Zn-HT/TAC

|[Page 35



P. Wimonsong et. al. Thai J. Nanosci. Nanotechnol. Volume 4. Issue 2. (2019)

o [Ty
@

e I W Carbon

A NiO

- A Ni

e In0O

® In

:MW’ “\Wwﬂw

| PR

I|II I 0 XML D0 OMOTEN 0RO N0 L N OO
| LIRR R Il IIIlI[III LU AT DT ry e DTy |

Theta (Coupled TwsiTheta Theta) Wie1 54060

Fig. 7. XRD pattern of Ni-HT/TAC (a) and Zn-HT/TAC (b)

Fig. 8. Scanning electron micrograph of CAC (a) and TAC (b) at different magnification of 50 (1) and
10 (2) pum

The surface morphology of activated carbon is shown in the SEM micrograph (Fig. 8).
CAC showed less surface roughness with larger pore size (Fig.8 (a-1) and (a-2)) as compared
to TAC (Fig.8 (b-1) and (b-2)). The BET surface area and total pore volume of TAC were
reported at 1,129.45 m?/g and 0.48 cm®/g, respectively which was much higher as compared
to CAC (Table 4). TAC was activated to obtain greater active sites and areas which could
beneficial to fermentative hydrogen production.

|[Page 36



P. Wimonsong et. al. Thai J. Nanosci. Nanotechnol. Volume 4. Issue 2. (2019)
|

A highly porous surface area of TAC supported Ni-HT and Zn-HT were evidenced through
the SEM images. As can be seen in Fig. 9, TAC exhibited irregular surfaces with pores of
different shapes and sizes. The SEM images of TAC- supported Ni-HT and Zn-HT revealed
that the Ni-HT and Zn-HT were deposited on the TAC surfaces. In addition, BET analysis
was studied as shown in Table 2. The BET surface area of Ni-HT/TAC and Zn-HT/TAC were
reported at 702.90 m2.g* and 868.10 m?-g** and total pore volume of 0.31 cm®.g? and
0.37 cm3-g* respectively which was lower than that of TAC without HT loading. This is
possible that TAC support generally leads to a decreased surface area after loading metal
catalyst.

MTECS3400 20.0kV 10.4mm x5.00k SE

i
NCTC 5.0kV 4.7mm x5.00k SE(UL) 10.0pm

Fig. 9. Scanning electron micrograph of Ni-HT/TAC (a) and Zn-HT/TAC (b) at magnification of 10 um

Table 2. Physical properties of different material

Catalysts Specific Surface Area (m?/g) Total Pore Volume (cm?®/g)
CAC 761.00 0.37
TAC 1129.45 0.48
Ni-HT/TAC 702.90 0.31
Zn-HT/TAC 868.10 0.37
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As can be seen in Table 2, specific surface area and total pore volume of TAC was higher
than CAC. However, after loading modified HT with Ni and Zn, specific surface area and
total pore volume of hybrid catalysts were lower than that obtained from TAC without loading
metal HT. Therefore, the impregnation of TAC with the HT resulted in changes in specific
surface area and total pore volume with a decrease of 37.76% and 23.14% for Ni-HT and
Zn-HT, respectively. HT was formed leading to blockage of some micropores and mesopores.
The activation process which showed an increase in specific surface area was required for
enhancing the activity of support material.

4. Conclusion

In conclusion, TAC supported modified HT with Ni and Zn catalysts were applied in
fermentative hydrogen production. The characterization of TAC supported exhibit that the
modified hydrotalcite with Ni and Zn were successfully coated onto TAC by the incipient
impregnation method. The results show that the catalytic activity was improved in TAC due
to its relatively large surface area, compared to CAC. However, the decrease in specific
surface area and total pore volume of TAC were observed after loading modified HT with
Ni and Zn. Therefore, the impregnation of TAC with the metal HT resulted in a decrease in
specific surface area and total pore volume, especially Ni-HT/TAC. The comparison was
carried out in terms of hydrogen production over two active metal of Ni and Zn catalysts.
Ni-HT/TAC was more active than that obtained from Zn-HT/TAC catalysts during the initial
stage of 24 h due to the rapid decomposition of Ni-HT catalyst. However, a catalyst of
Zn-HT/TAC showed was more stable than Ni-HT/TAC during the final stage due to a slow
release of the base property. The maximum cumulative hydrogen production was obtained
from Zn-HT/TAC with 26.62% and 7.53% increment as compared to the control and TAC,
respectively. On the other hand, Ni-HT/TAC showed a decrease in the maximum cumulative
hydrogen production with 7.18% as compared to TAC. Therefore, TAC can be used as
alternative support material for Zn-HT catalysts. However, an improvement in surface area of
TAC was proposed to achieve higher efficiency and stability for enhancing the activity of
support material.
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