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Abstract

Microorganisms create metal nanoparticles (MNPs) after being exposed to toxic metal ions. Nevertheless, the catalytic
performance of biosynthesized MNPs has not been investigated in spite of the possibility of utilizing these biological
processes in the stable improvement of vital metals (e.g. zinc oxide). This strategy has excellent advantages like high
economic efficiency and tolerance of functional groups. DaZznO NPs characteristics were recognized by numerous
techniques, including FT-IR, SEM, TEM, XRD, and EDS analyses. In this study, biogenic zinc oxide nanoparticles were
produced by the Desulfovibrio alaskensis to reduce carbon dioxide for the preparation of formate salts in an aqueous

medium.
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1.INTRODUCTION

Newly, diverse industrial techniques have arisen
from non-renewable carbon resources, and carbon
dioxide has replaced carbon raw materials. CO- is
a affordable, profuse, and secure material that
stabilizes processes. The transfiguration of CO;
into advanced commodities is one of the notable
concerns in areas where catalysis plays a
significant role, like industry and academia [1, 2].
A homogeneous transition metal catalyst helps
hydrogenation of CO, to formic acid or methanol,
cyclic carbonates, or polycarbonates through
COs/epoxide reaction [3]; fabrication of carboxylic
acids with carboxylation of organometallic
derivatives [4]; and the generation of amines
through reductive methylation. One of the broadest
areas of study for the employment of carbon
dioxide is the investigation of epoxide reactions [5,
6], where effortlessly-prepared cobalt catalysts are
active.

The generation of green synthesis nanoparticles by
fungi, bacteria, algae lead, and plants to the large-
scale creation of pure metal oxide particles [7].
Various chemical and physical steps are broadly
employed to synthesize metal oxide NPs and allow
the acquisition of particles with desired properties.
Nanoparticle synthesis techniques employing
microbes provide stronger dimension control

* Corresponding author:
A.Motavalizadeh; E mail: amotavalizadeh@yahoo.com

through segmentation in the periplasmic space and
vesicles. The rate of intracellular particle
generation and thus, the nanoparticle dimension
can be partially changed by monitoring factors like
temperature, pH, substrate concentration, and
exposure time of the substrate [8]. In addition,
nanoparticles synthesized by microorganisms are
fixed by peptides like phytochelatins, which
prevents their accumulation [9]. These peptides are
synthesized due to the stress of heavy metals and
are a universal mechanism for the separation of
metal ions in fungi, plants, and bacteria [10-12].

Zinc oxide nanoparticles have received a lot of
attention [13,14]. From an electronic perspective,
zinc oxide is a semiconductor with a broad direct
slot crystallized in wurtzite [15]. For their
attractive characteristics, zinc oxide nanoparticles
are applicable in various fields, including the
semiconductor-based industry, paint industry [16],
water splitting [17], water disinfection [18], and
cosmetic industry [19]. To date, various zinc
oxide-based nanoparticles have been used in
biomedical areas, ranging from cancer treatment to
antimicrobial products. The biocompatibility of
ZnO is a significant element in bio-related usages
[20]. Several studies have shown the dependence
of the cytotoxicity of zinc oxide nanoparticles on
the morphology and dimension of NPs. Achuth
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Padmanabhan et al. explored the influence of zinc
oxide nanoparticles on ovarian cancer through
human ovarian cancer cells and discovered that the
cellular toxicity of zinc oxide NPs enhances
through dimension depletion [21]. Therefore,
controlling the form and dimension of zinc oxide
NPs cangenerate the most useful product. Doping
is another method to improve zinc oxide
nanoparticles. So far, different factors like
magnesium, indium [22], and aluminum [23] have
been doped to ZnO. Production of zinc oxide
nanoparticles with excellent characteristics is
another way for the amelioration of ZnO
nanostructures. To date, diverse zinc oxide
nanoparticles have been created and used in bio-
related utilizations.

The current study reports that biogenic ZnO
nanoparticles created by Desulfovibrio alaskensis
are active catalysts for catalytic depletion of CO,
for the synthesis of formate salt under
environmental situations. The reaction has a wide
range, can accelerate dramatically in membrane
related to TPGS micelles, and act better than other
heterogeneous NP catalysts created microbially or
by chemical synthesis. Overall, this represents a
unique character of the metal depletion path in
Desulfovibrio spp. That is particularly suitable for
the production of highly active MNP catalysts (for
utilization in organic synthesis).

2.EXPERIMENTAL

2.1. Synthesis of DaZnO NPs through microwave
technique

Freshly made Zn(CH3COO),-2H,0 stock solution
(0.04 M in H,O) was released in the cell
suspension to D. alaskensis cells of 0.002 M. The
centrifuge tubes were incubated in an anaerobic
chamber at 45 °C for 20 hours. The biogenic
nanoparticles (DaZnO NPs) were centrifuged for
15 min and cleansed with 40% acetone in H,O.
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2.2. Catalytic hydrogenation of CO;

1M KOH solution (15 mL) and DaZnO NPs (5 mg)
were added to a 100 mL high-pressure stainless
steel reactor vessel. Next, the reactor vessel was
pressurized with CO, and H, gases (10:10,
CO,/Hy). The reactor vessel was warmed up to 60
°C and stirred at 400 rpm for eight hours. Upon the
completion of the reaction, the reactor was cooled
at environment temperature. Finally, the reactor
was depressurized, the reaction mass was collected
in a sample vial, and centrifuged to eliminate
DaznO NPs.

3.RESULTS AND DISCUSSION

In this study, we explored whether bacteriogenic
ZnO NPs from Desulfovibrio alaskensis G20
(DaznO NPs) can catalyze the hydrogenation of
CO, to formate. Following Wallace et al. [24], the
depletion of carbon dioxide was explored. For this
purpose, DazZnO NPs were prepared from
anaerobic cultures of Desulfovibrio alaskensis G20
in the attendance of Zn(CH3CQO0),-2H,0.

To explore the surface functional group of
products, FTIR analysis was used (Figure 1) and
the FT-IR spectrum of DaZnO had a climax at
543.9 cm-1. [25] EDX analysis was done to
evaluate the purity of the products. The presence of
Zn, and O confirmed that the DaZnO sample could
be properly fabricated (Figure 2). Figure 3 shows
the XRD patterns for DaZnO catalysts at high and
low angles. The analysis of XRD, which can be
beneficial to identify mean crystallite size and
crystalline anatomy was employed to check
DazZnO nanostructures. As can be seen, they were
properly matched with pure fluorite DaznO.
Furthermore, there were no impurities. The
mentioned patterns were in accordance with the
Hexagonal Phase of DaznO (JCPDS card No. 01-
089-0510).
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Fig 1. FT-IR spectrum of as-prepared DaZnO NPs.
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Fig 2. EDX analysis of prepared DaZnO nanocomposites.
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Fig 3. XRD pattern of as-prepared DaZnO NPs.

Fig 4. TEM images of DaZnO NPs.
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To investigate the reasons, Transmission Electron
Microscopy (TEM) was employed. Results
revealed that the addition of TPGS-1000 prepared
very regular micelles at the cell outer level. Figure
4 shows the DaZnO NPs had a dimension of about
150 nm. The prepared catalyst and several larger
structures were well dispersed, showing the
coalescence/aggregation of each NPs.

Figure 7a exhibits the impression of heat on the
yield and selectivity of the ultimate good. Taking
into account the sensitivity of the catalytic activity
to the heat of the reaction, the potency of the
ultimate product escalated with risinghe at from 50
oC to 60 oC. Nevertheless, temperatures above 80
oC didn't changed performance. The sensitivity of
the potency to the reactiontime at 60 oC is depicted
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in Figure 7b. As can be seen, increasing the
reaction time enhanced the potency, and 98 % CO;
was converted within 8 h. Therefore, DaZnO NPs
were considered suitable nanocatalysts for the
hydrogenation of carbon dioxide to formate.
Figure 7c depicts the impression of volumes of
water on the potency of the ultimate product in the
partnership of DaZnO NPs. The potency of the
ultimate product enhanced to 98% in 10 mL of
water. In addition, the impression of the mass of
DaznO NPs as a catalyst on the reaction was
probed under several situations. The potency
escalated to 69% upon the addition of 4.0 mg
DaznO NPs (Figure 7d). When the mass of DaZznO
NPs elevated to 5.0 mg, the potency of the product
enhanced to 98%.
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Fig 5. The effect of (a) temperature; (b) time; (c) volumes of water; and (d) catalyst amount on the depletion of CO..

Pressure alteration was examined by converting
the minor pressure of both carbon dioxide and Ha.
The pressure of 10 bar of H, (5 bar) and CO; (5
bar) led to the yield of 55%. The pressure increase
to 25% by employing 11 bar resulted in a 77%
efficiency. Doubling the pressure using the total
partial pressure to 36 bar increased the efficiency
to 97%. In the cases of different pressure ratios of
hydrogen and carbon dioxide, the efficiency was
reduced. The constant pressure of H, and reduced
pressure of CO; resulted in the depletion of CO;
conversion and efficiency (58%). This was
because one mole of CO, form one mole of
formate. Correspondingly, the depletion of H; gas
pressure led to the depletion of efficiency. This
could be due to the insufficient partial pressure of
the H, gas to create the hydride and enhance the
CO; hydrogenation (Figure 6).
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Fig 6. Influence of pressure (Reaction circumstances:
catalyst (5 mg) and KOH solution (1M, 15 mL), 60 °C,
8 h).
Moreover, formates were generated with a yield of
3% when employing chemically synthesized
heterogeneous ZnO catalysts under similar

DOI: 10.30473/ijac.2023.68189.1270



https://doi.org/10.30473/ijac.2023.68189.1270

Iranian Journal of Analytical Chemistry 10 (2023) 80-88 | 18

reaction  situations. For instance, ZnO
nanoparticles produced by chemical vapor
deposition (cZnO NP) and Zn on activated carbon
(Zn0O/C) both formed formate at 19 % efficiency,
which increased to 26 % for cZnO NP. This
fascinating finding demonstrated a unique
characteristic of nanoparticle biosynthesis in D.
alaskensis that is suitable for the production of
highly active heterogeneous ZnO catalysts.

Table 1. The catalytic activities of ZnO/C, cZnO NP and
DaZnO NP.a

Reaction  Yield (%)

Entry time cZnO  DaZnO
houy  2"9C Np NP

1 2 4 10 14

2 4 10 16 32

3 6 14 19 59

4 8 19 26 98

a. Reaction condition: catalyst (5 mg) and KOH
solution (1M, 15 mL), 60 °C, 8 h.

b. Isolated yields.

Besides, the heterogeneous nature of the catalyst
was specified in a comprehensive investigation.
First, the hot filtration test for the hydrogenation of
CO; to formate showed that the catalyst was
removed after 4 hours with 32% efficiency. After
8 hours, the yield reached up to 34%. The results
of the reaction proved the heterogeneous nature of
the catalyst and there was only an insignificant
drain in the reaction. Second, to guarantee the
heterogeneity of the catalyst, Mercury toxicity was
tested. Mercury (0) severely deactivated the metal
catalyst and declined the catalyst activity.

The results of these tests proved the heterogeneity
of the catalyst. After four hours of reaction, around
300 molar mercury was conveyed to the reaction
composite. The reaction environment was stirred
for 8 hours and no further conversion was
observed. Figure 7 portraits the kinetics form of the
reaction in the presence of Hg (0). Negative
findings of heterogeneity tests demonstrated the
heterogeneity of the catalyst and the hydrogenation
of CO; to formate did not lead to leaching of Zn.
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Fig 7. Reaction kinetics, Hg (0) poisoning, and hot
filtration tests for the hydrogenation of CO2 to formate.

Convenient recovering and isolation are two
crucial attributes of a heterogeneous catalyst. The
catalyst recoverability was probed for the
fabrication of the product. The DaZnO NPs was
eliminated from the amalgam after each run. The
DazZnO NPs were eluted with H,O and EtOH, and
vacuum-dried. As Figure 8 depicts, the catalyst
preserved its potency after ten continual runs.
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Fig 8. Reproducibility and recyclability of the
catalytic system.

CONCLUSIONS

To sum up, we showed that ZnO nanoparticles
synthesized by Desulfovibrio alaskensis are very
active  heterogeneous  catalysts for  the
hydrogenation of carbon dioxide to formate. These
biological catalysts can be easily generated from
bacterial cell culture employing high-efficiency Zn
salts which work better compared to available
chemically or biologically-made heterogeneous Zn
catalysts.

We demonstrated that the reactions catalyzed by
these nanoparticles could be improved by
employing designer micelles to co-localize
substrates at the cell membrane. The focus of
future studies will be on the genetic engineering of
D. alaskensis to generate “designer NPs” by
increasing reactivity and extending the process to
use industrial waste streams as a metal source.

REFERENCES

[1]A. Dibenedetto, A. Angelini, and P. Stufano, Use of

carbon dioxide as feedstock for chemicals and
fuels: homogeneous and heterogeneous catalysis,
J. Chem. Technol. Biot. 89 (2014) 334-353.

[2)J. X. Low, B. Cheng, and J. G. Yu, Surface

modification and enhanced photocatalytic CO2
reduction performance of TiO2: a review, Appl.
Surf. Sci. 392 (2017) 658-686.

[3]M. E. Boot-Handford, J. C. Abanades, E. J.

Anthony, M. J. Blunt, S. Brandani, N. Mac Dowell,
J. R. Fernandez, M. C. Ferrari, R. Gross, J. P.
Hallett, R. S. Haszeldine, P. Heptonstall, A.
Lyngfelt, Z. Makuch, E. Mangano, R. T. J. Porter,

DOI: 10.30473/ijac.2023.68189.1270



https://doi.org/10.30473/ijac.2023.68189.1270

F. Shamsa, et al/ Hydrogenation of carbon dioxide using a new...| 19

M. Pourkashanian, G. T. Rochelle, N. Shah, J. G.
Yao, and P. S. Fennell, Carbon capture and storage
update, Energy Environ. Sci. 7 (2014) 130-189.

[4]S. Sato, T. Morikawa, S. Saeki, T. Kajino, and T.
Motohiro, Visible-Light-Induced Selective CO2
Reduction Utilizing a Ruthenium Complex
Electrocatalyst Linked to a p-Type Nitrogen-
Doped Ta205 Semiconductor, Angew. Chem. Int.
Ed. 122 (2010) 5227-5231.

[5]R. Zhiani, S. M. Saadati, M. Zahedifar, and S. M.
Sadeghzadeh, Synthesis of New Class of
Copper(Il) Complex-Based FeNi3/KCC-1 for the
N-Formylation of Amines Using Dihydrogen and
Carbon Dioxide, Catal. Lett. 148 (2018) 2487-
2500.

[6]S. M. Sadeghzadeh, A heteropolyacid-based ionic
liquid immobilized onto Fez04/SiO./Salen/Mn as
an environmentally friendly catalyst for synthesis
of cyclic carbonate, Res. Chem. Intermed. 42
(2016) 2317-2328.

[7]IR. Yuvakkumar, J. Suresh, A. J. Nathanael, M.
Sundrarajan, and S. I. Hong, Novel green synthetic
strategy to prepare ZnO nanocrystals using
rambutan (Nephelium lappaceum L.) peel extract
and its antibacterial applications, Mater. Sci. Eng.
C 41 (2014) 17-27.

[8]M. Gericke, and A. Pinches, Biological synthesis of
metal nanoparticles, Hydrometallurgy 83 (2006)
132-140.

[9]S. Kang, K. N. Bozhilov, N. V. Myung, A.
Mulchandani, and W. Chen, Microbial Synthesis
of CdS Nanocrystals in Genetically Engineered E.
coli, Angew, Chem. Int. Ed. 47 (2008) 5186-5189.

[10]S. M. Sadeghzadeh, Ultrasound-promoted green
approach for the synthesis of thiazoloquinolines
using gold (l11) dipyridine complex immobilized
on SBA-15 as nano catalysts at room temperature,
RSC Adv. 5 (2015) 68947-68952.

[11]S. M. Sadeghzadeh, R. Zhiani, M. Khoobi, and S.
Emrani, Synthesis of 3-Acyloxylindolines under
mild conditions using tripolyphosphate-grafted
KCC-1-NH2, MICROPOR MESOPOR MAT. 257
(2018) 147-153.

[12]S. M. Sadeghzadeh, Quinuclidine Stabilized on
FeNi3 Nanoparticles as Catalysts for Efficient,
Green, and One-Pot Synthesis of Triazolo[1,2-
aJindazole-triones, Chem. Plus. Chem. 79 (2014)
278-283.

[13]M. Kermanioryani, M. I. A. Mutalib, K. A
Kurnia, K. C. Lethesh, S. Krishnan, and J. M.
Leveque, Enhancement of m—m aromatic
interactions between hydrophobic lonic Liquids
and Methylene Blue for an optimum removal
efficiency and assessment of toxicity by
microbiological method, J. Clean. Prod. 137
(2016) 1149-1157.

[14]M. Kermanioryani, M. I. A. Mutalib, G. Gonfa, M.
El-Harbawi, F. A. Mazlan, K. C. Lethesh, J. M.
Leveque, Using tunability of ionic liquids to

remove methylene blue from aqueous solution, J.
Environ. Chem. Eng. 4 (2016) 2327-2332.

[15]M. Kermanioryani, M. I. A. Mutalib, Y. Dong, K.
C. Lethesh, O. Ben Omar Ben Ghanem, K. A.
Kurnia, N. F. Aminuddin, J. M. Leveque,
Physicochemical Properties of New Imidazolium-
Based lonic Liquids Containing Aromatic Group,
J. Chem. Eng. Data 61 (2016) 2020—2026.

[16]Z. Fereshteh, M. R. Loghman-Estarki, R. Shoja
Razavi, and M. Taheran, Template synthesis of
zinc oxide nanoparticles entrapped in the zeolite Y
matrix and applying them for thermal control paint,
Mater. Sci. Semicond. Process 16 (2013) 547-553.

[17]J. Kegel, I. M. Povey, M. E. Pemble, Zinc oxide
for solar water splitting: A brief review of the
material's challenges and associated opportunities,
Nanomater. Energy 54 (2018) 409-428.

[18]J. Rouhi, S. Kakooei, S. M. Sadeghzadeh, O.
Rouhi, and R. Karimzadeh, Highly efficient
photocatalytic performance of dye-sensitized K-
doped ZnO nanotapers synthesized by a facile one-
step electrochemical method for quantitative
hydrogen generation, J. Solid State Electrochem.
24 (2020) 1599-1606.

[19]P. J. Lu, S. C. Huang, Y. P. Chen, L. C. Chiueh,
and D. Y. C. Shih, Analysis of titanium dioxide and
zinc oxide nanoparticles in cosmetics, J. Food
Drug Anal. 23 (2015) 587-594.

[20]M. M. Kiyani, M. A. Butt, H. Rehman, H. Ali, S.
A. Hussain, S. Obaid, M. Arif Hussain, T.
Mahmood, and S. A. I. Bokhari, Antioxidant and
anti-gout effects of orally administered zinc oxide
nanoparticles in gouty mice, J. Trace Elem. Med.
Biol. 56 (2019) 169-177.

[21]A. Padmanabhan, M. Kaushik, R. Niranjan, J. S.
Richards, B. Ebright, and G. D. Venkatasubbu,
Zinc oxide nanoparticles induce oxidative and
proteotoxic stress in ovarian cancer cells and
trigger apoptosis independent of p53-mutation
status, Appl. Surf. Sci. 487 (2019) 807-818.

[22]G. Kasi, and K. Viswanathan, Effect of annealing
temperature on the morphology and antibacterial
activity of Mg-doped zinc oxide nanorods, J. Seo,
Ceram. Int. 45 (2019) 3230-3238.

[23]JA. Ozcariz, D. A. Pina-Azamar, C. R.
Zamarre™no, R. Dominguez, and F. J. Arregui,
Aluminum doped zinc oxide (AZO) coated optical
fiboer LMR refractometers—An experimental
demonstration, Sensor. Actuator. B Chem. 281
(2019) 698-704.

[24]Y. Era, J. A. Dennis, S. Wallace, and L. E.
Horsfall, Micellar catalysis of the Suzuki Miyaura
reaction using biogenic Pd nanoparticles from
Desulfovibrio alaskensis, Green Chem., 23 (2021)
8886-8890.

[25]G. Nagaraju, Udayabhanu, Shivaraj, S. A.
Prashanth, M.  Shastri, K. V. Yathish, C.
Anupama, and D. Rangappa, Electrochemical
heavy metal detection, photocatalytic,

DOI: 10.30473/ijac.2023.68189.1270



https://doi.org/10.30473/ijac.2023.68189.1270

Iranian Journal of Analytical Chemistry 10 (2023) 80-88 | 20

photoluminescence, biodiesel production and
antibacterial activities of Ag—ZnO nanomaterial,
Mater. Res. Bull. 94 (2017) 54-63.

COPYRIGHTS
© 2022 by the authors. Lisensee PNU, Tehran, Iran. This article is an open
access article distributed under the terms and conditions of the Creative
BY

Commons Attribution 4.0 International (CC BY4.0)
(http:/creativecommons.org/licenses/by/4.0)

DOI: 10.30473/ijac.2023.68189.1270



https://doi.org/10.30473/ijac.2023.68189.1270

F. Shamsa, et al/ Hydrogenation of carbon dioxide using a new...| 21

(595 w1 O350 5l e o e S 31 03l b (2,5 ST (63 (ygmunrlig s
)

Y s ol el o) e dndien T S5 alsly KT SEIS 605 Jgie Lo e Mo 4l b

ol ccoodsl o] K15 it 15l ¢ sansds 09,5
Oy eeoMasl D151 oKy ¢ygoliis Sty dlgagil 5 souwbgns ¢ oo 41 puiney ligioes 3 10 =Y
U‘)”‘ &)9}‘.“...» J.>|9 &‘ScM.w‘ .)‘)i olKaisly ‘0’9} .)]3,0 ‘5)51).9 9 d)gu ulm.n?u ;)A -y

u‘)al ;ucy.m‘ .)‘)i olKuisly ‘)%U‘.ﬁs ..\>‘9 ‘U‘M"?" 05; -¥

* E-mail: amotavalizadeh@yahoo.com

VFY olaye A s gy g, VY o VY el &6

oS>

3 S35 (695618 3 Sos G0l 4 3529 cnl b ST (oo sl (38 39l cqom (318 sla o o2 pme 3 (58518 ) g o uslS)lg See
b sl ol ol 428,55 )8 gy 2 350 (555 ST 25L) Sl I3 sl g 23 (Se5dme sloata],b (Sl oot ISl g9 b 00 Srhungey
Sl alox 5l (gausie (LSS L (55 28T (s gl Gla Shg ol e sl 095 Lais 9 Vb (g3bal )5 ile gl o3l 568 (sLle
sals ¢l Desulfovibrio alaskensis Lug (sg) 4sT 30 @l 3gl walllas ol a3 olulis EDS g XRD TEM SEM FT-IR
VI NCONE SRR RCHNCPIINIE GCPWS P JUTNI SV L BP

W olg a8’
202 eS| (60 fCandbS gb £gg) oS Gunw o

DOI: 10.30473/ijac.2023.68189.1270



https://doi.org/10.30473/ijac.2023.68189.1270
mailto:amotavalizadeh@yahoo.com

