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The ammonia synthesis from nitrogen and hydrogen derived from water vapor in the photocatalytic process
performed under mild conditions is presented. A new solution of a gas-phase photocatalytic reactor with the bed
in the form of a UV transparent glass fiber cloth coated with AEROXIDE® P25 TiO was applied. The bed in the
reactor is located just above the water surface. The gases circulate from above towards the water surface, where

the produced ammonia is easily absorbed and continuously separated from the gas phase, shifting the ammonia
synthesis equilibrium towards the product. The highest amount of ammonia (about 1.3 mmol NHZ /g TiO- after
6 h) was obtained at 20 °C, and with the use of the gaseous mixture containing CO2 (15%), N3 (85%), and water
vapour derived from water located at the bottom of the reactor. Carbon dioxide in the reaction environment is
simultaneously reduced to carbon monoxide and methane.

1. Introduction

Producing ammonia from nitrogen and hydrogen gas by the Haber-
Bosch method at an industrial scale is an expensive process. Due to ki-
netic reasons, it requires high pressure of 15-30 MPa [1] and high
temperatures at 400-600 °C [2]. This, in turn, translates into COy
emissions to the atmosphere. An additional carbon dioxide emission
source is the hydrogen preparation stage for ammonia synthesis, where
methane-steam conversion is used, followed by the separation of COy
from post-conversion gases. Therefore, the Haber-Bosch method is
associated with high energy consumption at the level of 1-2% of total
world energy consumption and accounts for 1.44% of CO, global
emissions [3].

For several decades, work on an attractive attempt to convert ni-
trogen to ammonia using the photocatalytic method has been underway.
This procedure assumes the application of photoactive semiconductors,
mainly titanium dioxide and water. In this method, under atmospheric
pressure and ambient temperature, water is a source of hydrogen for the
synthesis of so-called green ammonia from nitrogen.
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The reaction of synthesizing an ammonia molecule is exothermic, so
running the process at low temperatures favorably shifts the equilibrium
towards product formation. An ongoing challenge is finding photo-
catalytic solutions that result in higher kinetics under mild conditions.

Contrary to the energy-demanding Haber-Bosch process, the photo-
catalytic reduction is an environmentally friendly solution for ammonia
production, which can be performed under mild conditions. Another
advantage of this solution is that light energy can be applied, and water
can be used as a reducing agent. The photocatalytic reduction mecha-
nism using semiconductors consists of water oxidation by photoenergy-
formed valence band holes and reduction of Ny by conduction band
electrons. Consequently, ammonia is produced from water and N3 under
mild conditions [4].

Among all the well-known photocatalysts, TiO; is the most promi-
nent material and has been applied in photocatalytic applications
because of its abundance, efficient charge separation and stability [5,6].
Moreover, a recently strong effort has been applied to enhance the
photocatalytic activity of TiO5 even more through doping with nitrogen
[7]1, carbon [8] or noble metals [9].
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The first publication concerning the reduction of nitrogen in water to
ammonia using TiOy was described by Schrauzer and Guth [10]. The
authors obtained the highest amounts of produced ammonia using
rutile/anatase photocatalyst (95/5) modified with 0.2% Fey0O3 during 4
h of irradiation with a 360 W Hg-Arc lamp. In a process performed at
40 °C, using 0.2 g of the photocatalyst, 6.6 pmol of ammonia (NH3) and
0.14 pmol of hydrazine (NyHy4) were obtained. Other facts observed by
the authors were the effects of nitrogen adsorption and temperature on
performance. It was shown that increasing the Ny pressure from 0.3 atm
to 1.5 atm increases the yield of ammonia from 1.53 pmol to 6.95 pmol.
On the other hand, an increase in temperature from 30 to 50 °C increases
the efficiency, respectively, from 4.8 pmol to 6.0 pmol after 3 h of
irradiation. Above 50 °C, a significant reduction in the yield of the re-
action was observed. In summarizing these results, presented later by
Schrauzer [11], the photocatalytic nitrogen reduction mechanism was
suggested, which showed that hydrazine was an intermediate product in
the formation of ammonia.

In recent years, there has been a significant increase in interest in
photocatalytic methods of nitrogen fixation on TiO3 photocatalysts. One
of the methods of increasing the efficiency of nitrogen binding to
ammonia was an attempt to produce titanium dioxide nanotubes with
gold depositing on them [12]. The best photocatalyst with 3 wt% of Au
produced about 5.5 pmol/l of ammonia during 5 h of the reaction.
Additionally, the activity slightly decreased with subsequent repetition
cycles. Au anchoring on TiO; generally improves nitrogen adsorption
capacity, promotes the formation of oxygen vacancies, and enhances
charge separation, resulting in higher ammonia formation using the
photocatalyst. Li et al. [13] synthesized N-doping TiO5 hollow micro-
spheres with oxygen vacancies that are crucial for improving photo-
activity because of light absorption and photocarriers’ separation. The
ammonia yield formation achieves 80.09 pmol/g/h under a 300 W
Xenon lamp, synergizing effects between the oxygen vacancies and the
hollow microspheres. Increased efficiency of ammonia formation to
183.02 pmol/g/h was achieved on samples in which molybdenum was
introduced into mesoporous TiOy [14]. The use of computational
methods has shown that a single Fe atom loaded on anatase TiO5 (001)
can promote electron-hole separation and enhance the nitrogen fixation
to ammonia. Also, nitrogen photofixation on Fe-doped TiO with highly
exposed (101) facets was experimentally confirmed [15]. Theoretical
calculations also show that on the rutile form of TiO2 (11 0), it is possible
to fixate nitrogen in water to ammonia [16,17]. The rutile form of TiOy
with oxygen vacations for the production of ammonia has been shown in
the paper [18]. Using the Xe lamp for irradiation, the efficiency of 116
pmol/g/h was achieved. The work results in which ruthenium was used
as a TiO, admixture showed that the highest activity was 56.3 pmol/g/h
[19,20].

Some publications for photocatalytic fixation of nitrogen are shown
in Table 1.

The photocatalytic method has several additional disadvantages
concerning fixing nitrogen to ammonia. These include still low reaction
yields and the need to separate TiOy from the aqueous suspension.
Recently, there has been experimental evidence that the ammonia syn-
thesis reaction on TiO is inhibited by secondary ammonia oxidation
[11].

This paper presents a novel and groundbreaking method of avoiding
the mentioned disadvantages, e.g. separating the photocatalyst from the
water suspension by immobilizing TiOy on a UV-transparent quartz
cloth and placing it just above the water surface, which prevents the
secondary oxidation of the produced ammonia through its rapid ab-
sorption in water. Unexpectedly, it turned out that such a solution led to
the production of ammonia with yields many times higher than the data
in the previously cited literature related to the photocatalytic fixation of
nitrogen to ammonia. Placing the quartz fabric with immobilized TiOy
just above the water surface is crucial, as it enables higher nitrogen
adsorption from the gas phase, which is decisive for the ammonia syn-
thesis reaction [11,12,28,29], and rapid absorption of gaseous ammonia
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Table 1
Details of papers concerning photocatalytic nitrogen fixation.
Photocatalysts Mass  Liquid Light Yield Reference
phase source
PAN/BiOBr-Cl - deionized 300 W 234.4 [21]
microfibers water Xe lamp pmol/
g/h
La/MoO3 20 deionized 300 W 209 [22]
mg water Xelamp  pmol/
g/h
TiO,/BiOBr 2D- 25 10 vol% 300 W 1.43 [23]
2D mg MeOH Xelamp  mmol/
aqueous g/h
solution
Microcystis@TiO, 20 10 vol% 300 W 0.97 [24]
mg MeOH Xelamp  mmol/
aqueous g/h
solution
TPA@CoFe204 30 NaySOs3 500 W 215 [25]
mg aqueous solar pmol/1/
solution lamp h
g-C3N4/CeFeO3 - - UV-A 573.1 [26]
LED pmol/1/
8
N-doped TiO, 20 deionized 300 W 80.1 [13]
mg water Xelamp  pmol/
g/h
Mo-doped TiO, 100 deionized 300 W 183 [14]
mg water Xelamp  pmol/
g/h
Ru-decorated TiO, 40 20 vol% 300 W 56.3 [19]
mg EtOH Xelamp  pg/g/h
aqueous
solution
Ru/TiO5(P25) 50 ultrapure 300 W 419 [20]
mg water Xelamp  pmol/l/
8
AgPt/TiO, 5mg ultrapure 300 W 38.4 [27]
water Xelamp  pmol/
g/h

in water to NHj ions, which shifts the reaction equilibrium towards the
product. The major limitations of gas-liquid processes with suspended
photocatalyst nanoparticles in solution could be defined as low stability
in gaseous nitrogen in water (it is more efficient to conduct the Ny fix-
ation process in a gas phase), competitiveness of hydrogen evolution
reaction, and above-mentioned secondary ammonia oxidation mainly
by photogenerated holes, as well as other reactive oxygen species [30].
By conducting the ammonia photoreduction process in the gas phase, we
limit the negative effects of certain phenomena occurring when con-
ducting the process in the aqueous phase.

In addition, the use of a glass fiber carrier should be advantageous, as
it has been described in the literature that silica in various crystallinity
and morphology forms -foams, spherical [31-34]- increases the photo-
catalytic activity by interacting with the functional groups of TiO,,
including Ti-O-Si chemical bond formation [34].

In this work, we took up a new challenge to carry out the photo-
fixation reaction of gaseous nitrogen with water vapor saturated with
carbon dioxide.

2. Experimental
2.1. Photocatalyst-coated glass fiber preparation and characterization

In the experiments, photocatalysts consisting of AEROXIDE® TiO3
P25 type manufactured by Evonik Industries AG (previously Degussa,
Germany) were tested in various gaseous reactions and temperatures.
The pure TiO; (Sggr = 54 m?/ g; 89% of anatase with crystallite size of
27 nm, and 11% of rutile with crystallite size of 43 nm was applied on
the glass fiber cloth with the density of 40 g/m?, supplied by Fiberglass
Fabrics (Poland). A detailed characterization of the P25 used in the
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study can be found elsewhere [35,36]. In order to put the photocatalyst
on the support, four strips of the glass fiber fabric with dimensions of 4
x 8 x 0.25 cm were weighed. Then, 0.5 g of TiO, was weighed out and
mixed with 4 em® of 96% ethanol and 3 em® of distilled water. Finally,
the mixture was applied by spraying the strips of glass fiber cloth. The
prepared material was dried in an oven at 110 °C for 30 min. The cloth
was weighed after drying to determine the weight of the deposited
photocatalyst.

The surface morphology of the samples was investigated with a
scanning electron microscope (SEM Hitachi SU 8020, Japan). The
analysis parameters were: acceleration voltage of 5 kV for SEM, 20 kV
for EDX, current of 10 pA for both techniques.

The samples for investigation with SEM were firstly evaporated with
a 5 nm of chromium, which thin layer prevented samples from electric
charging.

AFM pictures were taken with an AFM NanoScope V Multimode 8
microscope (Bruker Corporation, United States). Measurements were
made with a ScanAsyst-Air silicon nitride probe in ScanAsyst, using
contact mode. The scan area was 5x5 pm.

TG-DTG analysis was conducted using NETZSCH STA 449 F3 Jupiter
(Erich NETZSCH GmbH & Co. Holding KG, Germany) equipped with a
silicon carbide SiC oven and S-type TG/DTA thermocouple. The mea-
surements were carried out at a temperature of 30 — 1000 °C and sam-
ples mass of about 10 mg. Samples were heated in an open Aly,O3
crucible with a corresponding empty referent pan at a heating rate of
10 °C/min, using argon as a chemically inert gas (70 ml/min). Addi-
tionally, the measurements were also carried out in the oxidative at-
mosphere using air (60 ml/min) and protective argon (10 ml/min)
mixture.

2.2. Reactor system

The experiments were carried out in a cylindrical quartz reactor with
a working capacity of 392 em?, located in a thermostatic chamber. A
diagram illustrating the operation is shown in Fig. 1a. Moreover, Fig. 1b
shows a picture of a quartz glass reactor prepared for the gas-phase
process. The beds consisting of quartz fibers covered with TiOy can be
seen inside the reactor. Four Actinic BL TL-E Philips lamps with a total
power of 88 W were used for irradiation, emitting UV-A radiation in the

(a)

2
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Chemical Engineering Journal 446 (2022) 137030

wavelength range of 350-400 nm. The radiation spectrum of lamps was
presented in Fig. 2 [37]. The lamps were placed outside the reactor,
forming a set of four rings. The reactor was closed in a thermostatic
chamber to cut off other light sources and ensure a stable process tem-
perature. Next, 3 cm® of distilled water was poured into the reactor.
Next, a photocatalyst, previously immobilized on glass fiber (0.63 g
glass fiber cloth and 0.26 g TiO3), was inserted into the reactor. Then, a
whole system was rinsed with pure nitrogen (99.999%); or the mixture
of nitrogen (85%) with CO5 (15%); or the mixture of CO5 (97%) with air
(2.5%-1.975% N> and 0.525% O5), supplied by (Messer, Poland) for 30
min. After this time, the system was tightly closed, and the lamps were
turned on. During the rinsing gas was stirred using the pump with a flow
rate equal to 1.6 dm3/h. The process was carried out for 6 h. Three
experiments were performed at 20 °C, and one activity measurement
was conducted at 50 °C. For the temperature of 20 °C, the pressure of
water steam saturation was 2.3 kPa, and for the temperature of 50 °C,
this pressure was 12.3 kPa.

2.3. Photocatalysis products analysis
After the process, the reactor was opened, and water was collected to
determine the value of pH and the content of ammonia (NHZ ions). The

sensitive and economical Nessler method used the UV-Vis spectropho-
tometer V-650 (JASCO International Co., Japan) for the analysis, which
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Fig. 2. The light spectrum of used Actinic BL TL-E Philips lamps [37].

Fig. 1. The scheme of the reactor (a): 1 - gas circulation loop; 2 — pump; 3 — photocatalyst on a glass fiber cloth; 4 — water; quartz reactor with a bed made out of
photocatalyst applied on glass fiber cloth (b).



A.W. Morawski et al.

can also be applied for this purpose [38].

The gas-phase composition was analyzed using the SRI 310C gas
chromatograph (SRI Instruments, USA), equipped with a 5A molecular
sieve column and an HID detector (Helium Ionization Detector). The
carrier gas was helium. The analyzes were carried out under isothermal
conditions at 60 °C. The gas flow through the column was 60 ¢cm®/min,
while the volume of the tested gas sample was 1 cm3. The content of
individual components in the gas phase in subsequent measurements
was calculated based on the calibration curve.

3. Results and discussion
3.1. Photocatalyst-coated glass fibers characterization

SEM images and the surface composition determined by the EDX
method of a pure silica cloth were presented in an earlier publication
[39]. The surface morphology of pure glass fiber fabric and coated with
P25 TiO; are presented in Fig. 3a and 3b, respectively. It can be seen that
a single fiber diameter varies in the range from 15 to 30 um. Fibers can
also form multi-fiber structures, shown in Fig. 3c. Titanium dioxide
forms clusters of various sizes which totally cover the fibers surface and
create agregates in spaces between glass fibers what is typical for the
used method of active phase deposition [40]. Measurements in the form
of a map of the distribution of elements made using the EDX technique
are shown in Fig. 3d. Standard EDX spectrum obtained for P25-coated
glass fibres is shown in Fig. 4, based on which the chemical surface
composition was calculated and shown in Table 2. Silicon, aluminum,
calcium, and some oxygen come from the glass fibers, while titanium
and oxygen come from the deposited titanium dioxide. The titanium
content on the surface is close to 17 wt% (ca. 10 at%), as shown in

ZUT_SU8000 5.0k

(c)

Chemical Engineering Journal 446 (2022) 137030

40000

A Si
35000

30000
25000

20000 Ca

Counts number

15000

10 000
Ti
Cr

5000

Energy [keV]

Fig. 4. EDX spectrum of P25-coated glass fibres.

Table 2. Chromium seen in the EDX spectrum comes from the stage of
sample preparation stage for SEM imaging — thin layer of chromium
prevents electron charging of sample during the SEM analysis. Chro-
mium was excluded for calculation of sample chemical surface
composition.

The scan images taken with the AFM technique are presented in
Fig. 5. Fig. 5a shows the surface of clean glass fibers with a visible
curvature of the fiber surface before being covered with a photocatalyst.
On the other hand, Fig. 5b confirms the deposition of TiO2 on the oval

Fig. 3. SEM images of pure glass fibres (a) and P25-coated glass fibres (b, ¢) and EDX chemical elements mapping (d) of area shown in (c).
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Table 2

Chemical surface composition of glass fiber fabric coated with P25 TiO,,
Element line Intensity [cps/nA] wt% at%
OK 151.709 15.3 27.7
AlK 697.067 5.4 5.8
SiK 4687.61 34.9 36.2
KK 41.563 0.4 0.3
CaK 2843.15 27.2 19.8
Ti K 1149.52 16.8 10.2
Total 100.00 100.00

surface of a single non-woven fabric. It can be observed that TiOz occurs
in the form of very small, single particles or clusters. The surface of the
fiber is well covered by the photocatalyst.

Fig. 6a,b and 7a,b show the results of the TG/DTG analysis of the
investigated samples. The TG-DTG curves consist of four steps for the
thermal decomposition process and exhibit a very similar character. The
first one starts at the temperature range of 30- C, corresponding to the
differential thermogravimetric (DTG) profile, with the maximum tem-
perature at 80 °C corresponding to the elimination of physically retained
water. At the temperature range above 250 °C, we observed a second
step between 180 and 360 °C, reaching a weight loss of 12.4 %, 4.4 %
and 7.2 % in an inert atmosphere and 11.5 %, 8.8 %, 7.3 % in an
oxidative atmosphere for pure glass fiber, glass fiber coated with P25
and glass fiber coated with P25 after of the photocatalytic reaction,
reaching a maximum rate of decomposition (DTG profile) at 287 °C,
285 °C and 263 °C, respectively which corresponds to the dehydration of
calcium silicate hydrates [41]. Finally, the third peak at the temperature
range of 360-450 °C, reaching the maximum rate of decomposition at
390 °C (DTG curves) and comprising roughly 4.1 %, 1.5 % and 2.2 % of
the total mass loss (TG curves) for pure glass fiber and glass fiber coated
with P25 before and after photocatalytic reaction (Fig. 6a,b), correspond
to the formation aluminium oxyhydroxide compound [42]. In the case of
the samples clothed with TiO5 P25, we observe four steps at the tem-
perature range of 650-880 °C, reaching the maximum at 820 °C and
characterized by a negligible mass loss (of 1.6 % and 1.1 %) for the glass
fiber coated with P25 before and after photocatalytic reaction which can
be correlated with the transforms of anatase-to-rutile [42].

In the case of the DTG measured in an oxidizing atmosphere (Fig. 7a,
b), we can observe the difference in the weight losses and also different
maximum rates of decomposition compared with the DTG curves
measured in an inert atmosphere in the case of the third step at the
temperature range 360-450 °C (Fig. 6a,b). The maximum decomposi-
tion rate is shifted towards lower values, reaching the maximum value at
350 °C, comprising roughly 4.4 %, 3.2 %, and 2.7 % of the total mass loss
(TG curves). Moreover, in the air atmosphere, we can observe additional
weight loss in the temperature range of 400-630 °C and reach the mass
loss of ca. 2.5 % for all the materials, accompanied by the complete
decomposition of aluminum oxyhydroxide compound to aluminum
oxide [43].

(a)

400,.0 nm
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3.2. Performance of the photocatalytic process

Table 3 presents the results of measurements of the nitrogen fixation
activity towards the formation of ammonia, which was absorbed in the
water under the photocatalytic bed according to the following 6-elec-
tron overall reaction (1) [44]:

2N, + 6H,0—4NH; + 30, (@)

The reaction products were determined as NHJ ions. It can be seen
that with the formation of ammonia, the pH of the water increased
depending on the composition of the starting gas used. For the sample
P25 (CO; + air), highly saturated with CO; (97.5%), the pH increased
from approx. 5 to 7. For the samples with lower CO5 content, an increase
from 6-7 to about 8-9 was observed. However, in the case of the P25
(N3) sample with pure nitrogen, the pH increased from neutral to
approx. 8.

In the beginning, preliminary experiments were carried out due to
eliminating the effect of photolysis or the photoactivity of the material
used as a matrix for applied photocatalyst. Results concerning those tests
are presented in Table 3. Photolysis 1 and Photolysis 2 were conducted
without any photocatalyst or silica cloth, only with water, and with two
different gases (CO; + air, and the mixture of CO3 and Ny, respectively).
The experiment marked as Blank (pure silica cloth) was carried out in a
mixture of CO; and Nj. In this case, except water, the pure glass fiber
was also placed in the reactor. No measurable amounts of photoreduc-
tion products were observed in these processes, both in the liquid and
gas phases.

As shown in Table 3, 0.6 mmol NHJ was produced per 1 g of TiO,
after 6 h with a low nitrogen content (1.975%), oxygen, and CO in the
reaction gases for the sample P25 (CO; + air). Removal of oxygen and
increasing the amount of nitrogen in the mixture to 85% with CO,
(sample P25 (CO, + N3)) resulted in a twofold increase in the concen-
tration of NHJ ions in water to 1.28 mmol NHZ/ g TiO; after 6 h. The
temperature has little influence on nitrogen fixation. However, raising
the temperature from 20 to 50 °C increased the ammonium ion con-
centration to 1.34 mmol NHJ /g TiO2 (sample P25 (CO2 + N3 50 °C)).
Moreover, the introduction of very pure nitrogen to the photoreactor
(99.999% N, for the (P25 N3) sample) did not cause a significant in-
crease, but even a decrease in the amount of NHJ ion produced was
observed (1.1 mmol NHj /g TiO5).

Inside the photoreactor, there is a carbonate equilibrium between the
gaseous CO, and water (except for the P25 (N2) sample without any
CO2), which can be represented by the following reactions (2)—(5) [45]:

COz(g) = COz(aq) (2)
COxaq) + H20(1y = HzCO3(yq) (carbonic acid at lower pH) 3)
HyCO3(yq) = H(J[,q) + HCOgq) (hydrogen carbonate ions at neutral pH) ~ (4)

HCOggq) = Hf[,q) + CO%;;D (carbonate ions at higher pH) )

(b)

Fig. 5. AFM scan images of pure glass fiber fabric (a) and glass fiber fabrics with P25 TiO; on a single fiber (b).
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Fig. 6. Thermogravimetric weight loss process of reference P25 and tested
hybrid composites: TG (a) and DTG (b) measured in an inert atmosphere.

The equilibrium between CO; in the gas phase and CO, dissolved in
water proposed in the above reactions (2)-(5) at constant pressure de-
pends on the pH and temperature. At the beginning of the photocatalytic
reaction at a temperature of 20 °C for nitrogen fixation, pH equals 5 for
high CO5 concentration (97.5%), through pH equals 6 for lower COy
concentration (15%). Increasing the reaction temperature to 50 °C
increased the pH to 7 due to a higher level of CO, desorption compared
to 20 °C.

As a result of the equilibrium conditions described in reactions (2)-
(5), the produced ammonia reacts immediately in water, and in the pH
range between 7 and 9, it mainly forms ammonium bicarbonate
NH4HCOs. In this range, bicarbonate ions dominate with participation
in carbonate equilibrium from 80% to 95.7% [46]. However, for a pH
above 7.4, carbonate ions appear gradually, and small amounts of
ammonium carbonate (NH4)2CO3 may also be present - up to a
maximum of 4% at pH equals 9.

In the summary of the conditions prevailing during the experiments
in the photocatalytic reactor with the photocatalyst located above the
water surface and at various CO, concentrations, it can be stated that the
produced ammonia is absorbed in water and reacts to ammonium
hydrogen carbonate NH4HCO3 or ammonium carbonate (NH4)2COs,
except for the experiment with the use of P25 (Ny) sample where it
appears as NH4OH.

Additionally, CO5 absorbed in water easily reacts with photo-
generated ammonia dissolved in water according to the following

Chemical Engineering Journal 446 (2022) 137030
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Fig. 7. Thermogravimetric weight loss process of reference P25 and tested
hybrid composites: TG (a) and DTG (b) curves measured in an oxida-
tive atmosphere.

reaction (6) [47]:
CO, + 2NH3 — NH,COO + NH{ (6)

Ammonium carbamate easily hydrolyzes in solution having an irre-
versible reaction (7):

NH,COO™ + NHJ + 2H,0 — NH4HCO; + NH;3-H,0 @

The hydrolysis of ammonium carbamate produces additional
ammonia molecules, hence the higher amount in our experiment when
using a mixture of CO2 and Ny as the feed gas. This is also why we
observe an increase in pH (see Table 3).

At the same time, some other complex reactions (8) - (9) occur in the
solution [48]:

NH4HCO; = NHJ + HCO3; (8)
(NH4),CO;5; = 2NH{ + C0% 9)

By running the reaction in nitrogen as a feed gas, we eliminate the
additional binding agent for the ammonia produced. Therefore, in the
case of a process conducted only in the presence of nitrogen, the amount
of ammonia generated is lower, and only its absorption in water occurs.

During nitrogen fixation to ammonia, the content of hydrogen
(Fig. 8), carbon monoxide (Fig. 9), and methane (Fig. 10) in the gas
phase were analyzed simultaneously.
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Table 3
Results of photocatalytic ammonia production.

Chemical Engineering Journal 446 (2022) 137030

Sample name Gas phase composition Temperature, [°C]

Water pH

Production after 6 h

before reaction after reaction [mg NH4/gTiO,] [mmol NHj /gTiO,]
P25 (CO; + air) CO, (97.5%), air (2.5%) 20 5 7 10.58 0.60
P25 (CO; + Ny) CO, (15%), Ny (85%) 20 6 8 23.15 1.28
P25 (CO; + N3 50 °C) CO5 (15%), N (85%) 50 7 9 24.05 1.34
P25 (Np) N (99.999%) 20 7 8 19.71 1.10
Photolysis 1 CO,, (97.5%), air (2.5%) 20 5 5 method error limit
Photolysis 2 CO; (15%), N, (85%) 20 6 6 method error limit
Blank (pure silica cloth) CO, (15%), N (85%) 20 6 6 method error limit
2 . 8
= P25 (CO,+air) = P25 (CO,+air)
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Fig. 8. Hydrogen production in 6 h of the gas process. Fig. 10. Methane production in 6 h of the gas process.
100 [49,50]:
® P25 (CO,+air) n .
90 - P25 (CO?+N7) C02 +2H" + 2¢” - CO + Hzo (10)
® P25 N,50°C . .
o 80 s g\ﬁ; ,50°C) It can be seen that the highest amount of CO was obtained for the
g_ ? experiment P25 (COy + Ny) at the temperature of 20 °C. The carbon
& - 704 monoxide content increased to about 100 pmol/g TiOy/dm? after 6 h. A
2 5 60 - similar course of carbon oxide production is observed for the P25 (CO4
< g y - + air) experiment, with slightly lower production of up to about 60
83 %1 7 . pmol/g TiO,/dmS. Increasing the photoreaction temperature resulted in
ko) § 0 a radical decrease of CO; reduction to CO. Only about 5 pmol/g TiOy/
5 dm?® after 6 h was measured. Obviously, no carbon monoxide was found
I 30 for studies carried out in the pure nitrogen atmosphere (P25 (N2)
8 p g P
= 20 sample).
(e} - . . .
= Fig. 10 shows the formation of methane during the conducted ex-
104 periments. The formation of methane is a reaction (11) that requires 8
Y PYRS—
S . electrons [50,51]:
0 + + + + +
0 1 2 3 4 5 6

Process time [h]

Fig. 9. Carbon monoxide production in 6 h of the gas process.

Fig. 8 shows the changes in hydrogen content as a product of water
decomposition. It can be seen that when testing the P25 (CO3 + Nj)
sample at 20 °C, the hydrogen content increases linearly with time to
about 2 pmol/g TiO/dm?>. On the other hand, for samples P25 (CO; +
N350 °C) and P25 (CO; + air), a level of about 1 was maintained during
the measurement. Contrary to the experiments mentioned above, in the
experiment with very pure nitrogen 99.999% (sample marked as P25
(N3)), no hydrogen was detected for 6 h of the measurement.

Fig. 9 shows the carbon monoxide content during 6 h of measure-
ments for various experiments. Carbon monoxide is the product of the
reduction of carbon dioxide with hydrogen in a two-electron reaction

CO, + 8H" + 8¢ — CHy4 + 2H,0 1n

A reaction presented above is more difficult to carry out under these
conditions. Only in the case of the experiment performed using P25
(CO, + air) a small amount of methane was observed. Its content
gradually and unsystematically increased to about 7 pmol/g TiOs/dm>
after 6 h. In the remaining three experiments, no methane was found in
the gas phase after 6 h of the photocatalytic reaction.

On the homogeneous surface of the photocatalyst, reactions (12) and
(13) are two-electron production of hydrogen that controls the other

reactions:
H,0 + 2 h" > %0, + 2H" 12)

2H" 4+ 2¢ > H, 13)
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where h+ is the positively charged hole, left after excitation of titanium
dioxide. A two-electron reaction (10) of carbon dioxide to carbon
monoxide occurs in the semiconductor conduction band. It could be
considered an intermediate step to the eight-electron reaction (11) to-
wards methane. Also, two-step electron and proton-assisted electron
transfer to Ny (reduction reactions (14) and (15)) occur in the same
conduction band [29]:

N, +e - N3 14)
N, + H" + ¢ - NoH 15)

Other multi-step reactions with lower energy transition values (be-
tween —1.10 and 0.55 V vs. NHE) additionally occurs (reactions (16)-
(21)) [52]:

Ny + 2H" + 2¢” —» NoH, (16)
N, + 4H" + 4e” — NH, 17)
N, + 5H" 4 4¢” — NHZ (18)
2H' + 2¢” - H; 19
N, + 8H" + 6¢” — 2NHJ (20)
N, + 6H' + 6e” — 2NH; @2n

When considering the mechanism and competition in the above
gaseous mixture, the nature of individual gases must be taken into ac-
count. Nitrogen, regardless of the reduction mechanism to ammonia
(dissociative pathway or associative alternating pathway or associative
distal pathway) at the time of adsorption, is an inert gas [29,44]. Then,
after hydrogen bonding, it is transformed into an alkaline compound.
Therefore, it locates on the acidic active sites of the photocatalyst.

On the other hand, carbon dioxide is acidic in nature. Thus, it adsorbs
on alkaline active sites. For this reason, the competition between the
nitrogen reduction reaction and the carbon dioxide reduction reaction
indicates the superiority of the nitrogen fixation reaction. The obtained
results indicate that the introduction of nitrogen to the gaseous reaction
mixture significantly slows down the eight-electron reaction of methane
formation and even blocks it.

Summarizing the mechanism, it can be said that in the system we
deal with two reactants that compete in the reduction mechanism — CO,
and Na.Probably the active sites of the reaction are distant from each
other, because CO,, as a slightly acidic reagent, is adsorbed on reduction
sites of an alkaline nature with higher adsorption potential or neutral
site nature, where from nitrogen and hydrogen ammonia is formed. It
can be said that separate adsorption sites for different reactants cause
the reactions of CO; reduction and N, reduction to run in parallel,
especially since ammonia quickly leaves the reaction environment.

The explanation for diminishing of oxidation of ammonia may come
from the competition between the rapid absorption of ammonia gas in
the water and the oxidation of ammonia by oxygen from water
decomposition. Affinity of ammonia to liquid water is higher than
ammonia to adsorption on oxidation photocatalysts sites and further
oxidation on holes by pathway with oxygen coming from water
decomposition.

4. Conclusions

A new method of obtaining ammonia from nitrogen gas and water
vapor saturated with CO5 at a temperature of 20 °C has been presented.
In this method, an essential element is to keep the photocatalyst P25 bed
just above the water surface, and the direction of gas circulation is to the
water surface. Furthermore, the use of glass fibers as support of titanium
dioxide nanoparticles is also positive, as the transparency of the fibers
for UV radiation are expected.

In water, the produced ammonia was immediately absorbed to form
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NHJ ions — maximum about 1.3 mmol NHj /g TiO, after 6 h of the
process, which causes the ammonia synthesis equilibrium to shift to-
wards the product. In the case of the simultaneous presence of nitrogen
and carbon dioxide, in addition to the ammonium ions in water, specific
amounts of gas-phase reduction of CO5 products was observed after 6 h,
that was carbon monoxide (max. approx. 100 pmol CO/g TiO5/dm>),
small amounts of hydrogen (1-2 pmol Hy/g TiOy/dm®), and also
methane — about 7 pmol CHy4/g TiO/dm®.

Raising the reaction temperature from 20 °C to 50 °C did not
significantly increase the amount of ammonia produced (increased from
1.28 mmol NHj/g TiO; to 1.34 mmol NH4/g TiO, after 6 h), but
eliminated the production of carbon monoxide (reduction from about
100 pmol/gTiO,/dm? to about 5 pmol/g TiOy/dm? after 6 h). In addi-
tion, no methane was observed in the processes with increased nitrogen
content, regardless of the process temperature.

No competition was found between reducing nitrogen to ammonia
and carbon dioxide to carbon monoxide. It can be explained by the
different chemical nature of both gases. Nitrogen is inert, and carbon
dioxide is acidic in nature, so the adsorption determining the activity is
carried out on acidic sites for nitrogen and in alkaline places for carbon
dioxide.

Moreover, the presence of carbon dioxide in a mixture with nitrogen
prefers the six-electron reduction reaction of nitrogen to ammonia and,
at the same time, the two-electron reduction reaction of carbon dioxide
to carbon monoxide. As a result, the eight-electron reduction of carbon
dioxide to methane is entirely restrained. The ammonia produced from a
mixture of Ny and CO, is absorbed in water and reacts to NHj ions
bound to ammonium hydrogen carbonate NH4HCOs3 or ammonium
carbonate (NH4)2COs3, except for the experiment with pure Ny atmo-
sphere where it appears as NH4OH.

The presented new method of obtaining green ammonia using a
unique photoreactor design with quick capture of ammonia in water,
which moves reaction equilibrium to the product, is very effective
because the obtained amounts of ammonia are at the millimolar level. It
exceeds the literature data, which are generally at the micromolar range.
The method of obtaining ammonia described in this article has been
patent-pending [51].
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