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ARTICLE INFO ABSTRACT

Editor: P. Fernandez—Ibdnez Hydrogen and liquid fuel production from biopolymer waste, such as cellulose dissolved in phenol, was inves-

tigated using in-situ pyrolysis-catalytic steam reforming conditions. Developing a sustainable method for the

- thermal cracking of such biopolymers still faces difficulties due to the catalyst stability primarily impacted by
Keywords: h 1 ki f such biopol; ill fe difficulties d h 1§ bili imarily i d b,

C?IIUIOSE coke deposition. The key to the proposed method is improving a highly active and stable catalytic reforming
?l?'pc;lyl';‘er process in which trimetallic Ni-La-Pd supported on TiCa acts as a primary reforming catalyst. Catalysts were
Nr;r]le_: d i prepared by hydrothermal, and impregnation techniques, and the physicochemical characteristics of the fresh
Hydrogen and spent materials were examined. The results showed that the NLP/TiCa catalysts performed effectively due to

their comparatively high surface area, strong basicity, evenly distributed Pd particles, and appropriate redox and
desorption characteristics. The addition of Pd retards the reducibility of the NL/TiCa; therefore, a Pd*La, La*Ni,
La*Ti, and Ca*Ti interaction exist. Almost complete conversion of phenol (98.7%) and maximum Hj yield
(99.6%) were achieved at 800 °C for the NLP/TiCa. These findings give an insight into industrial-scale devel-
opment. They have significant potential for enhancing the generation of hydrogen and liquid products from
phenol and cellulose waste, such as propanol, ethanol, toluene, etc.

1. Introduction

Biopolymers are gaining traction in plastics because of their inherent
biodegradability and unique characteristics for particular applications.
Biopolymers may be taken from nature, biosynthesized by live organ-
isms, or chemically synthesized from biological components.
Biopolymer waste disposal is now one of the most significant worldwide
issues confronting humankind and ecological balance. As the world’s
population continues to rise, so does the need for the polymer to meet
the rising consumption levels, resulting in a severe environmental
problem caused by the buildup of biopolymer waste. Biopolymer py-
rolysis, a well-known technique for producing usable liquid fuels from
low-value polymeric wastes, has fewer greenhouse gas emissions than
other technologies, such as incineration and gasification. Bio-based
polymers may be made from a variety of renewable sources. Plant-

* Corresponding authors.

based precursors have made bio-based polymers, including lignocellu-
lose fibers, cellulose esters, polylactic acid, and polyhydroxyalkanoates
[1]. One of the abundant biopolymers is cellulose, produced from many
living organisms, including plants, animals, bacteria, and certain
amoebas. Organic materials/precursors with high amounts of cellulose
and other fibers are chosen because they improve their mechanical in-
tensity [2]. Food and agriculture waste are an appealing source of cel-
lulose for industrial applications since it does not endanger the food
supply and boosts the local economy [3,4].

An interesting alternative to the direct treatment of cellulose is the
cracking of solutions where the cellulose is dissolved in a solvent. The
influence of the solvent during the thermal degradation of polymers is
significant. A proper solvent medium must be used to break the plastic
waste into low molecular-weight products. Solvents that may donate
hydrogen, in particular, participate in the thermal breakdown of
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polymers, which impacts the generation and dispersion of hydrocarbons
[5]. One of The polar functional groups allows plastics to be solvated by
polar solvents like carbolic acid (phenol). The phenol molecule com-
prises two hydroxyl (—OH) groups attached to a phenyl group (—CgHs),
making it an aromatic organic chemical that is volatile. Although most
microorganisms are poisonous to phenol, it is often found in many in-
dustrial effluents and is frequently utilized as broad-spectrum disinfec-
tion [6,7]. Therefore, the presence of phenolic compounds in aquatic
environments is unpleasant and unwanted and dangerous to animal and
human health [8]. Phenolic constituents often result from the produc-
tion of petrochemical by-products [9] and makeup around 38% of the
unwanted pyrolysis oil ingredient [10]. Phenolic compounds can be
extracted from bio-oil by a method such as the liquid-liquid extraction
technique because its presence reduces the bio-oil quality and causes
high viscosity, high acidity, corrosiveness, low heating value, and faulty
product that harms machinery [11]. Thus, it is environmentally favor-
able to utilize the phenolic compounds as a cellulose solvent using an
appropriate method not only for liquid fuel generation but also for
carbon-free gas fuel (hydrogen) production due to hydrogen bonds.

Polymer pyrolysis is a well-known process for producing valuable
liquid fuels and has fewer greenhouse gas net emissions than other
contemporary technologies like incineration and gasification and is a
valuable method for chemical recycling, which lowers the carbon foot-
print of polymers. It can mitigate the adverse environmental effects of
current management practices via landfilling and incineration and
partially reduce carbon emissions while manufacturing virgin polymers.
As we used a hydrocarbon solvent with six hydrogen atoms, hydrogen
can also be produced, which significantly enhances the yield of gener-
ated Hy gas during the reaction. A few technologies have also been
employed for Hy generation from bio-oil derivatives, such as dry refor-
mation, partial oxidation, and auto-thermal reformation. Steam
reforming is the most efficient and practical technique for producing
hydrogen from hydrocarbons [12,13]. Compared to traditional reform-
ing processes, the steam reforming reaction might well be conducted at
significantly lower reaction temperatures, lowering the risk of catalyst
carbonization and sintering and capital and operating costs. Addition-
ally, most of the heat needed for the endothermic reforming processes is
provided by the heat emitted by the exothermic carbonation reaction.
Therefore, we conducted the in-situ catalytic steam reforming of phenol
coupled with cellulose thermal cracking (or pyrolysis). Phenol has been
used in many of previous research as a source for hydrogen production
[9,14,15]. However, a significant obstacle to phenol steam reforming is
the endothermic nature of the process, which has a complex of
numerous side reactions, including phenol breakdown, which produces
carbon dioxide, carbon monoxide, and most significantly and nega-
tively, coke [16]. This issue can be solved by developing suitable, active,
and stable nano-sized catalytic materials for the pyrolysis-catalytic
steam reforming reaction.

A catalyst is any chemical compound that reduces the activation
energy to speed up chemical reactions like steam reforming and thermal
cracking without being wasted during the reaction. Various transition
metals such as nickel [17], cobalt [18], lanthanum [19], molybdenum
[20] and tungsten [21] and noble metals like rhodium [22], platinum
[23], ruthenium [24], palladium [25] and supports such as alumina
[26], titanium [27], calcium [28] and etc have been studied to produce
hydrogen from reforming reaction of various feedstock. The availability,
affordability, chemical safety, and stability of a reducible metal oxide
like titanium dioxide (TiO3) make it exceptional support [29,30].
However, it experiences coke formation, which has a negative impact on
its long-term Hy generation sustainability [14]. The CaO may be put on
the appropriate support to get around this restriction and improve sta-
bility [31]. Additionally, the CaO alone suffers from cyclic instability
and severe attrition loss in the reaction due to its weak mechanical
strength. The mechanical strength and cyclic stability of CaO materials
can also be improved by introducing TiO2 to ensure the sustainability of
Hy production. Due to their superior physicochemical characteristics,
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we discovered in our earlier study [31] that equal ratios of Ti and Ca
showed bifunctional capabilities, had both basic and acid phases, and
had a variety of impacts on the catalyst activity in the transesterification
process. The carrying capabilities of both heterogeneous and homoge-
neous catalysts allow transition metal catalysts to be employed as hybrid
catalysts [32]. Because of their low price especially in comparison to
catalysts like Rh, Ru, or Pt, as well as their effectiveness for C-O, C-H,
and C-C bond breakage and water gas shift reaction, which was caused
by the high Lewis acidity intensity of nickel metal, nickel-based catalysts
have been explored more in-depth for the removal of tar [33,34].
However, the supported mono-metallic nickel (Ni) catalyst often expe-
riences quick deactivations brought on by the sintering of Ni nano-
particles (NPs) and the accumulation of coke [35]. Adding a second
active metal to a bimetallic catalyst uses the synergy between the active
metals, often transition metals, to increase coke resistance and active
phase dispersion. We have illustrated that this issue of nickel can be
solved by introducing another transition metal in the catalyst with great
resistance to carbon [16,36]. The enhanced coking resistance of the
bimetallic and trimetallic catalysts may be attributed to changing the
electronic structure of the catalyst. The advantages of lanthanum
(Laz03) as promoters were determined by steam reforming of the
bio-aqueous oil’s component [18]. LayOs is intended to increase the
distribution of active metal particles on the support and decrease the
agglomeration of such materials throughout reforming. Additionally,
because of the increased mobility of lattice oxygen anions, it may reduce
the formation of coke [19]. LapO3 enhances the catalyst’s thermal sta-
bility and modifies the acidic and basic characteristics of compounds
[37]. Ni and La are examples of transition bimetallic NPs with large
surface area and energy, making them effective catalysts. In a bimetallic
Ni-La catalyst, the strong oxygen affinity of La promotes carbon oxida-
tion and minimizes coking, while hydrogen overflow from Ni to La limits
its oxidation. Despite the encouraging results for bimetallic catalysts
[10,25,27,35], the catalyst’s stability for extended periods of time in the
stream during cellulose cracking at high temperatures has to be clarified.
Additionally, the overall surface area and activity of these catalysts are
significantly impacted by the coking and sintering of relatively large
metal particles [38], particularly when it comes to the heat breaking of
polymer bonds. Therefore, it is thought to be desirable to promote the
bimetallic active transition metals by a little quantity of noble metal in
order to profit from their higher coking resistance and stability while
reducing the problem of their high cost and scarcity [39]. The hydrogen
spillover mechanism, which accounts for the lowering of the reduction
temperature by noble metal promotion, states that as hydrogen adsorbs
and dissociates on noble metals, the adsorbed hydrogen atoms disperse
on the support surface to reach non-noble metal species, boosting their
reduction. Additionally, morphology and composition of the noble
metals catalysts are crucial factors that affect their catalytic activity and
stability. Since they have the capacity to dramatically alter the cata-
lytical structure and effect performance, their partial application is
economically feasible even at low concentrations (~1 wt%) [40]. When
Pd NPs had rough surfaces, dendritic topologies, or porous architectures,
for instance, they outperformed their compact counterparts in terms of
catalytic efficacy [41]. To improve the catalytic performance, the porous
structure may provide a significant specific area, many exposed active
sites, and an effective diffusion channel for molecules and electrons. As
Pd promoters have attracted great interest, we also targeted the in situ
hydrogen production reaction by employing a small amount of Pd in our
previous work with remarkable increase in the catalytic activity [25,42].
Pd promoters are good substrate components for customized multime-
tallic catalysts for hydrogen generation provided the control mecha-
nisms learned, and their increased thermal stability is boosted by a
strong metal-support interactions.

Despite the evidence disclosed in previous research regarding tri-
metallic catalysts, there is still a lack of investigations on developing
trimetallic nanosized catalysts to crack and reform the cellulose bonds
and phenol compound to liquid fuels and hydrogen gas in the scientific
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literature. To increase the feasibility of this study and increase the ratio
of the cellulose to solvent to 2:8, which is much higher compared to our
previous works [43-45], we modified the experimental setup and con-
nected a Parr Benchtop Reactor (PBR) (see Fig. 1). This modification
allows the easily liquefying and increasing of the amount of polymer and
plastic waste in the reaction without causing line blockage. The novelty
of the work also lies in developing an understanding of the role of the
trimetallic Ni-La-Pd catalyst supported on TiCa for hydrogen production
and liquid fuel generation from cellulose dissolved in phenol in the
unique process conditions of the in-situ pyrolysis-catalytic steam
reforming. Four catalysts were synthesized by hydrothermal treatment
methods followed by conventional impregnations method and named as
TiCa (ratio 1:1), N/TiCa (Ni to TiCa ratio is 1:9), NL/TiCa (Ni:0.7,
La:0.3, TiCa:9), and NLP/TiCa (Ni:0.6, La:0.25, Pd:0.15, TiCa:9) nano-
catalysts. The physicochemical characteristics of the fresh catalyst were
examined XRD, BET, Ny adsorption-desorption isotherm, NHs3-TPD,
IR-Pyridine, IR-Pyrrole, Hy-TPR, CO,-TPD, FTIR-KBr, TEM, EDX,
HRTEM, SAED, Elemental mapping analysis, and ICP test. Catalysts were
screened at 600 °C, the optimum catalyst was tested at 500-800 °C, and
stability was studied for 72 h on stream. GC-TCD characterized gaseous
products, and liquid fuels were also examined by GC/MS, GC-FID, and
FTIR. The catalysts were analyzed by TGA-DTG, BET, Ny
adsorption-desorption isotherm, TEM, FTIR-KBr, and CHNS.

2. Materials and methods
2.1. Preparation of NiLaPd/Ti-Ca nano-catalysts

The nanosized TiCa support hydrothermal followed by impregnation
route and followed our published works [31,44]. A particular amount of
CaO and TiO, were combined with 100 mL of deionized water for
dilution purposes and with the 1:10 mass ratio and agitated for a couple
of hours, separately in two separate beakers, after 5 M of sodium hy-
droxide (NaOH) had been dissolved and mixed for an hour. The NaOH
was employed to improve the nucleation and growth rates of the NPs
[46]. A 100 mL Teflon container was used to contain the fluid. Then, an
autoclave made of stainless steel was firmly sealed and housed two
Teflon bottles filled with these solutions. The autoclave was put into a
temperature-controlled electric oven and hydrothermally treated for
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48 h at 160 °C. The treated sample was filtered and washed with
distilled water several times and dried at 110 °C overnight. The pre-
pared TiCa sample was calcined in an oven (Model Ney Vulcan D-130) at
800 °C for 3 h. The synthesis steps for each catalyst are depicted in
Fig. S1.

The monometallic N/TiCa nanocatalyst was prepared in the same
steps as the TiCa nanocatalyst. Firstly, a specific amount of nickel nitrate
hexahydrate and then 5 M NaOH were dissolved in 100 mL deionized
water at room temperature for an hour until a homogenous and clear
solution appeared. Subsequently, the solution was transferred into an
autoclave reactor equipped with a 100-mL Teflon cylinder and kept in
the oven for 48 h at 160 °C. The powder containing Ni NPs was then
washed via filter paper on a Buchner funnel that was sealed with a
rubber bung on the top of a side arm conical flask. The side arm of the
flask was connected with a vacuum pump to speed the filtration and
washing process of the samples, followed by drying at 110 °C overnight
and then calcination for three hours at 800 °C. The Ni NPs supported on
TiCa nanosized support with a volume ratio of 1-9 were prepared via
impregnation. Briefly, after gently adding the prepared TiCa material
into 150 mL of a beaker filled with deionized water, the Ni powder was
introduced to the solution and kept stirring on a hot plate stirrer at 90 °C
until water vaporized. The slurry was dried at 110 °C overnight and then
calcination for three hours at 800 °C. The same procedure was employed
for synthesizing La NPs by hydrothermal treatment method and then
impregnating La into N/TiCa to produce a bimetallic NL/TiCa nano
catalyst. Trimetallic NLP/TiCa nanocatalyst (Ni:La:Pd:TiCa ratio is
0.6:0.25:0.15:9) was prepared in the same way as the monometallic and
bimetallic ones, replacing the TiCa support by a bimetallic NL/TiCa
nanocatalyst.

2.2. Characterization of the nanocatalysts

The crystalline structure of the catalysts was characterized by X-ray
diffraction (XRD) conducted on a D8 ADVANCE Bruker diffractometer
equipped with Cu Ko radiation (A = 0.154 nm, Philip), 40 kV and
30 mA. The Fourier-transform infrared (FTIR) spectra (from 4000 to
400 cm™!) were collected on a Shimadzu IR-Prestige-21 spectrometer to
examine functional groups in the synthesized and used catalysts. Before
measurement, the samples were diluted with potassium bromide (KBr)
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and pressed into pellets. The KBr pellet was prepared by mixing KBr and
catalyst (1 (mg):100 (mg)), and the excellently designed combination
was pressed to procedure a 13 mm diameter pellet. Ny adsorption-
desorption isotherms of the fresh and used samples were obtained at
— 196.1 °C over the whole range of relative pressures using a Beckman
Coulter SA3100™ instrument. Before Ny adsorption-desorption mea-
surements, samples were degassed at 180 °C in a vacuum for 12 h.
Specific surface areas (Sggr) of the fresh and used samples were calcu-
lated by the Brunauer-Emmet-Teller (BET) equation, considering the
range of relative pressures 0.1 < P/P, < 0.3. Barrett-Jouner-Halenda
(BJH) technique was used to compute pore size and volume from the
desorption branch of the isotherm, and the BET method was used to
estimate surface area. The elemental composition of the catalysts was
detected using inductively coupled plasma (ICP-test) on the Agilent
ICPOES720. A JEOL JEM-ARM200F apparatus operating at 200 kV was
used to capture the samples’ transmission electron microscope (TEM)
and high-resolution transmission electron microscopy (HRTEM) micro-
graphs. The same instrument was employed for the Energy Dispersive X-
Ray (EDX) elemental analysis and crystallographic experimental anal-
ysis by the selected area diffraction (SEAD) technique. Temperature-
programmed reduction (TPR) scans were performed to study the cata-
lyst’s reducibility in a Micromeritics Chemisorb 2720 apparatus.
Approximately 100 mg of the precursor material and a flow of 20 mL/
min of pure hydrogen, with a 20 °C/min heating rate, were used for the
tests. Using the Micromeritics Chemisorb 2720 apparatus, temperature-
programmed desorption of ammonia (NH3-TPD) was carried out to
investigate acidity. The material was pre-treated in He flow at 200 °C for
30 min before being admitted with ammonia. Following cooling to room
temperature, the sample was exposed to a stream of pure NH3z (20 mL/
min) for 30 min. The sample was purged in flowing He (20 mL/min),
and the temperature of the catalytic sample was then raised to 900 °C
(T =20 °C/min), removing the physically adsorbed ammonia. The
surface acidity and the evaluation of the catalysts’ protonic and Lewis
acid sites and the supports were also investigated by means of an FTIR
spectroscopic study of adsorbed pyridine as a probe molecule. Pyridine
(2 Torr) was first adsorbed for 30 min at 423 K, then released for the
same amount of time at 500 °C. The analysis was done using a Cary 640
FTIR spectrometer (Agilent, Selangor, Malaysia) with CaF, windows and
a stainless steel cell that can withstand heat. The pelletized material was
activated for one hour at 400 °C before pyridine adsorption. After that,
the sample was heated to 150 °C while being exposed to pyridine
(4 Torr), and the spectra were then gathered at room temperature. To
investigate catalysts’ basicity, temperature-programmed desorption of
carbon monoxide (CO,-TPD) experiments were conducted using the
same apparatus and procedures of NH3-TPD analysis except with the
replacement of NH3 by CO; flow. The fundamental characteristics of the
catalyst were further characterized using pyrrole-probed IR spectros-
copy. On an Agilent Cary 640 FTIR spectrometer with a high-
temperature stainless steel cell and CaF; windows, in situ FTIR was
used to accomplish the experiments. All samples underwent a 1-hour
activation period at 500 °C before the measurements. The activated
catalyst was then outgassed at room temperature for 15 min after being
exposed to 4 Torr of pyrrole for 15 min. Three scans were used to cap-
ture each spectrum at ambient temperature with an aspect ratio of
8 cm™L.

The amount and type of coke formation on the catalysts after being
used in the in-situ pyrolysis-catalytic steam reforming conditions were
determined by thermogravimetric analysis (TGA) and derivative ther-
mogravimetry (DTG), TEM, and CHNS (carbon, hydrogen, nitrogen, and
sulfur) elemental analyzer. The TEM images of the used catalyst were
conducted with a JEOL JEM-1011 microscope that functioned at 80 kV.
TEM specimens were equipped by dispersing the catalyst powder in
acetone with sonication and dropping it onto an ultrathin carbon-coated
copper grid. The TGA analysis was performed using the Shimadzu TG-50
instrument in a nitrogen flow at a heating rate of 20 °C/min.

Journal of Environmental Chemical Engineering 11 (2023) 109311
2.3. Catalyst screening

The experimental setup for the in-situ pyrolysis-catalytic steam
reforming reactions is mainly comprised of two reactors, and the setup is
shown schematically in Fig. 1. The first is a Parr Benchtop Reactor (PBR)
equipped with a stir-shaft, a pressure gauge, an autoclave body, a
sampling tube, a safety valve, a heating jacket, and a thermocouple
thermometer. The PBR is installed to homogenize the liquid phase of the
high volume of cellulose in the phenol (2:8) at 70 °C and pressurize the
solution with the Ny gas into the fixed bed reactor. The exit line of the
PBR is swathed with glass fiber heating tape to vaporize the liquid before
entering into the second reactor that is responsible for catalytic testing.
The water line before the reactor was also preheated to 200 °C so that
the water could first vaporize before being mixed with the gas phase of
the cellulose and phenol. A vertical tube reactor with an inner diameter
of 8 mm and a length of 300 mm was used for the catalytic testing, and it
was situated within a furnace with a heating zone. Before the reaction,
0.2 g of catalyst powder was in-situ reduced at 600 °C for 1 h in pure
hydrogen 30 mL/min flow after being fixed in the reactor’s center using
layers of quartz cotton at atmospheric pressure. After reduction, the
reactor was purge-gassed with pure nitrogen for a time to clear out any
excess reducing gas. A mass-flow controller system was used in each test
to regulate the feeding stream. The thermocouples were positioned in
the middle of the inflow area of the fixed bed reactor and were used to
monitor the pressure, flow rates, and temperature continually. After the
reaction, condensable molecules were liquefied by a glass coil heat
exchanger equipped with a chiller at 10 °C. The gas reactor effluent was
analyzed online employing a GC-TCD (Agilent 6890 N), and the liquid
product was analyzed using a GC-FID (HP 5890 Series II) equipped with
a 0.53mm x 30 m CP-Wax capillary column and GC/MS (Agilent
7890B). Each run was repeated at least six times to ensure accuracy and
reproducibility. The result analyses, such as phenol conversion (based
on a calibration curve from GC-FID results), and produced gas compo-
sition in yield, were calculated following our previous research [25] and
as shown in Egs. (1), (2), (3), and (4).

[Phenol],, — [Phenol]

Phenolconversion(%) = Phenol], out s 100 (€D)

. molesof Hyobtained
H,yield = 100 2
2yield(%) molesof Hystoichiometric 2

. molesof COobtained
COyield(%) = 3
vield(%) molesof COstoichiometric 3
l CO,obtained

COyield(%) = molesof CO,obtaine @

molesof CO,stoichiometric

The quantity of each chemical that must react for the reaction to be
fully catalyzed is known as the stoichiometric moles. So, for example, we
have Eq. 5’s representation of the balancing steam reforming equation.

C¢HsOH + 11H,0 < 6CO, + 14H, AH’ = 463.65kJ /mol (5)
C¢HsOH + 5H,0—6CO + 8H,AH’ = 710.91kJ /mol (6)
CO + H,0 < CO, + H,AH’ = —41.15kJ /mol (7
3. Results

3.1. Catalyst characterization

The structural properties of calcined catalysts determined from ni-
trogen adsorption isotherms at — 196.1 °C are shown in Table 1, while
the adsorption-desorption isotherms curves of nitrogen at — 196.1 °C
and pore size distribution profiles of the fresh samples are presented in
Fig. 2. Table 1 shows the textural properties of fresh catalysts, which
were specific surface area, total pore volume, and average pore
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Table 1
Metal contents (ICP test), crystal size, BET surface area, pore volume, average pore diameter, basicity, reducibility, acidity, and data of the fresh nano-catalysts.
Catalysts Ni (wt La (wt Pd (wt Crystal size Sper (m?%/ Vp (cm®/ D, H,-Consumption CO,, uptake NH; uptake
%) %)° %) (nm) g’ 8" (nm)* (mmol/g) (pmol/g) (pmol/g)
TiCa 0.0 0.0 0.0 120.1 6.26 0.0374 23.89 12.09 3.57 8.51
N/TiCa 9.7 0.0 0.0 91.5 11.89 0.0803 27.02 9.53 5.64 6.75
NL/TiCa 6.2 2.9 0.0 70.1 18.01 0.0685 15.22 16.79 5.50 6.84
NLP/ 5.8 2.4 1.3 68.1 28.17 0.0995 14.13 19.38 4.76 2.48
TiCa

# The metal content was measured by the ICP test
b Sprr, BET surface area

¢ Vp, total pore volume

d D,, average pore diameter

(a)

—e— TiCa (Adsorption)
—o— TiCa (Desorption)

25

Pore Size Distribution

dVAD (em’fig.nm))

Adsorped volume cm3lg (STP)

(c)

Pore Size Distribution

dVidD (cm/(g.nm))

Adsorped volume cmalg (STP)

0.8 1.0

—e—N/TiCa (Adsorption) {
—o— NI/TiCa (Desorption)x

“{ib)

Pore Size Distribution

dV/dD (cm*i(g.nm))

Adsorped volume cmslg (STP)
w
o
1

—e— NLP/TiCa (Adsorption)
—o— NLP/TiCa (Desorption).
Pore Size Distribution

dVidD (cm’/(g.nm))

25 50 75 100
Average Diameter (nm)

Adsorped volume cmalg (STP)

0.4 0.6 0.8 1.0
PIP°

Fig. 2. Nitrogen adsorption-desorption isotherm and pore size distribution of the fresh (a) TiCa, (b) N/TiCa, (c) NL/TiCa, and (d) NLP/TiCa nano-catalysts.

diameters. The BET surface area of the TiCa catalyst is 6.26 m?/g. After
the nickel material, the surface area increased to 11.89 m?/g, the pore
volume also rose from 0.0374 to 0.0803 cm®g~?, and the average pore
size reduced from 23.89 to 27.02 nm. After introducing lanthanum, the
surface area increased to 18.01 m?/g, and pore volume and average pore
diameters were reduced to 0.0685 cm>/g and 15.22 nm. The addition of
transition metals significantly increased the surface areas, most prob-
ably due to the increasing metal and support interactions. When palla-
dium was added, the surface area increased significantly (to 28.17 m?%/
g), and the pore volume rose (to 0.0995 cm®/ g). It is important to note
that the textural characteristics of the catalysts enhanced somewhat
with the addition of the noble metals, but just a modest improvement
was seen for the transition materials. The increase in the surface area
and the total pore volume could also be obtained through these ways.
The deposition of metal nanoparticles on the external surface leads to

new adsorptive sites, which increase the adsorption of N on the surface.
TiCa mixed with metal nanoparticles could form a porous coordinated
complex composition wherein metal NPs could be inserted between TiCa
large particles ( in the form of a sandwich structure). The low surface
area of bare TiCa calcined at the same temperature confirmed this
statement. The larger pore volume and surface area of the NLP/TiCa
nanocatalyst compare to TiCa, N/TiCa, and NL/TiCa are beneficial for
mass transfer, which often results in the high catalytic activity of the
catalysts.

Various pore morphologies have often been linked to the geometries
of hysteresis loops. As presented in Fig. 2, the Ny adsorption-desorption
isotherms of TiCa support belong to Type III (without a hysteresis loop),
while the type of hysteresis loops for N/TiCa, NL/TiCa, and NLP/TiCa
catalysts are Type H4 (with a significant increase in the adsorbed
amount at P/P,>0.7) according to IUPAC classification [47,48]. This
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shows that it has a micro/mesoporous structure with a variety and
abundance of mesopores. Adsorption was somewhat constrained at high
P/P,, which may have been brought on by the presence of non-rigid
aggregates of plate-like particles or collections of slit-shaped pores
[49]. According to the adsorption isotherms, monolayer adsorption
forms primarily at low relative pressure, but at high relative pressure,
mesopore adsorption causes the production of many layers up to capil-
lary condensation, which results in a significant rise in adsorption vol-
ume. Finally, the isotherm reaches a plateau, and the adsorption
terminates in the mesopores. Only the TiCa and N/TiCa catalysts
(approximately 11 nm and 30 nm, respectively) exhibit big pores, ac-
cording to Fig. 2 of the BJH pore size distribution, but the pore diameters
of the NL/TiCa and NLP/TiCa catalysts are between 5 and 9 nm.

Fig. 2 shows that the bottom portion of the hysteresis loop area for
this isotherm (up to 25 cmg.g’1 (STP)) overlaps the same region of the
isotherm obtained for the TiCa nanocatalyst when the acquired isotherm
is modified upward by ~2.5 cm®.g! (STP). In contrast, the top portion
of the hysteresis loop area (above 60 crn3.g’1 (STP) for this isotherm)
overlaps the same region of the isotherm for the N/TiCa catalyst when
the isotherm obtained following the introduction of nickel is modified
higher by 3.3 cm®.g~! (STP). Also, the amount of adsorbed nitrogen at
higher relative pressures (P/P,) decreased with La doping, indicating a
decrease in the mesoporous and improved in the specific surface area for
the NL/TiCa nanocatalyst. This result shows that La has filled pores
where capillary condensation occurs at intermediate relative pressures
and that La has not interfered with the capillary condensation processes
happening inside pores filling in either the higher or lower parts of the
hysteresis loop. Such effects can also be attributed to the partial loading
of pores and the formation of La crystallites on the external surface of N/
TiCa particles. Compared to other samples, the NLP/Ti sample had the
most Ny uptake in the 0.6-0.9 (P/P,) range, which suggests a larger
mesopore volume. Increasing Pd and La modifiers loading seems to
narrow the pore size distribution. The existence of Pd causes to block the
pores of the catalysts, which leads to a decrease in the internal surface
area. The deposition of Pd NPs on the external surface of the catalyst
results in the generation of new adsorptive sites. Based on these results,
we can tentatively presume that the catalyst surface area increased after
loading Pd metal, which is considered beneficial for the in-situ pyrolysis-
catalytic steam reforming conditions of cellulose dissolved in phenol.

Fig. 3(a) and Table 1 show the XRD pattern and quantitative data of
total crystal sizes, which were obtained through the analysis of the
structure of crystalline materials and the identification of the crystalline
phases present in a material to reveal chemical composition information
based on their diffraction pattern. Diffraction data and JCPDS (Joint
Committee on Powder Diffraction Standards) were analyzed using the
X'pert Highscore software. The XRD curves of all catalysts showed
characteristics peaks at 20 angles of 23.05°, 34.33°, 37.32°, 47.45°,
53.82°, 59.28°, 69.84°, and 79.45° that were signed by red hearts cor-
responding to 101, 210, 102, 202, 103, 042, 242, and 161 diffractions of
orthorhombic phase, which are in parallel with the standard JCPDS card
number 96-231-0619 for Ca(TiO3) alloy and 92.8 nm of crystal size.
The XRD pattern obtained for the TiCa catalyst shows individual peak
characteristics of crystallized Ca(TiO3) and equals 93.4 nm of crystal
size at 20 angles of 68.84° and corresponding to 402 crystal structure.
The two diffraction peaks at 50.81° and 72.34° for the TiCa catalyst
(marked with green trefoil shapes) are ascribed to 211 and 123 mono-
clinic structural phase of Baddeleyite (Ti4Og; JCPDS 96-901-5356). The
intensity of the characteristic peak of the N/TiCa catalyst is weaker than
TiCa; probably, it may be due to the entry of Ni into the lattice of TiCa,
which could cause a formation of a new solid solution structure. The
prepared samples all displayed the characteristic diffraction peaks of
TigO11 and were marked with blue diamonds (JCPDS 96-152-1096)
with four prominent diffraction peaks (133.3 nm of crystal size)
appeared at 30.29°, 32.17°, 64.09° and 67.34°, which could be ascribed
to the 114, 206, 423, and 609 crystal planes of monoclinic TigO11,
respectively. The diffraction peak with 26° values of 39.86 and marked
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Fig. 3. (a) XRD outline for the fresh nano-catalysts, and (b) temperature pro-
grammed reduction of hydrogen (H,-TPR) of the fresh catalysts.

with a purple triangle corresponding to LagNi»Og g4 crystal plane of 312
and 43.6 nm of crystal size, confirming LagNizOggs4 orthorhombic
structure (JCPDS 96-153-2218). After introducing La and Pd materials,
multiple peaks were detected at 23.2°, 25.28°, 31.07°, 40.71°, 55.06°,
and 75.04°. Clearly visible LaPds alloy (marked by blue circles with
26.6 nm of crystal size) was confirmed by the diffraction peaks of hex-
agonal at 40.71°, with the corresponding 002 crystal facets (JCPDS
96-152-2598). Similar to NL/TiCa catalyst, peaks were again observed
at 75.04° with green circles, which is attributed to the metallic LaNig
alloy with hexagonal phase structure of 211 and 259.6 nm of crystal
structure (JCPDS 96-153-7852). The additional peak observed at 23.2°
and marked with blue stars with a crystal size of 73.2 nm represents the
101 crystalline planes of Lag 32012Ti4 orthorhombic structure (JCPDS
96-412-4542). The anatase phase structure of TiO, was seen at 25.258°
(101) and ascribed by a red star with 89.3 nm crystal size and a JCPDS of
96-900-8215. The (102) La plane diffraction peak (with green star)
observed for NLP/TiCa appeared at 31.07° with 58.9 nm (JCPDS
96-900-8526). Peaks for TigO11 crystal (marked with blue hearts) were
detected at 55.06° and 62.75°, ascribed to the 514 and 517 crystal
planes of monoclinic structures (175.8 nm, JCPDS 96-152-1096),
respectively. For the NLP/TiCa and NL/TiCa samples, the diffraction
peak intensity of the Ca(TiO3) alloy crystal phase is enhanced. When
calcination at high temperatures, the spinel NLP/TiCa and NL/TiCa
might completely decompose into Ca and Ti alloy. The excellent
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crystallinity and the largest surface area of NLP/TiCa nanocatalyst could excellent catalytic activity that can be directly associated with the cat-
be exhibited in the presents of LaPds, LaNis, Lag 30012Ti4, and Ca(TiO3) alyst’s physical characteristics, such as crystallinity and surface area.
alloys resulting from high reducibility and metal support interaction as The catalytic characteristics of transition and noble metal NPs

depicted in Fig. 3(b). It is expected that the NLP/TiCa can perform an deposited on TiCa may sometimes also be described in terms of the

7)oy

NLP/TiCa

Fig. 4. TEM observations (a) TiCa, (b, ¢) N/TiCa, (e, f) NLP/TiCa, high-resolution TEM (HRTEM) images of (d) N/TiCa, (g, h) NLP/TiCa, SAED images of (i) N/TiCa,
and (j) NLP/TiCa.
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chemical contact, even though this impact of chemical interaction on
catalytic activity is more often seen in Ni [25] and TiCa [31]. As in the
case of the catalysts created by the deposition of Ni, La, and Pd on TiCa,
strong bonding of deposited metals with the TiCa may promote efficient
active center formation. In this regard, we conducted the H,-TPR anal-
ysis to study the redox properties of as-prepared catalysts, and the
quantitative and profile results are depicted in Table 1 and Fig. 3(b),
respectively. Ho-TPR profiles of TiCa reveal that all the titanium-based
oxides possess three reduction peaks at 268 °C, 411 °C, and 556 °C.
These results differ from the H,-TPR profiles of our previous research
[31], most probably because we used organic ash as the source of

S-ZII:H
.

Ni

250 nm

TiLal
CaLlal

2K

NiLal

TiKa

5 CaKa

2350 fm

0.00 9999
— .
Ti

TiKp1

Journal of Environmental Chemical Engineering 11 (2023) 109311

calcium material. The low-temperature peak at about 268 °C was
assigned to the reduction of surface oxygen species. TPR profile at
411 °C correlated with a partial reduction of TiO,. The TPR curves for
each sample show peaks over 500 °C, which are attributed to CaO
reduction with significant TiO5 interaction, leading to the creation of Ca
(TiO3) alloy, as demonstrated by XRD analysis. For the Ca sample, the
peak seen at around 556 °C was connected to the process of CaCOs,
which is created by CaO carbonation, and decomposing. The peak at
556 °C for a mixed TiCa support might be due to a decrease in the ox-
ygen covering the surface of CaO. With a wide shoulder up to 654 °C, the
N/TiCa catalyst begins to reduce into Ni° species at 390 °C, showing a
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Fig. 5. EDX and Elemental mapping analysis of (a) N/TiCa, (b) NLP/TiCa nano catalysts.
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low degree of reducibility and strong metal-support interaction with the
TiCa. The reduction shoulder at 390 °C is associated with the reduction
of nickel oxide (NiO + Hy — Ni° 4+ H,0), which has poor interaction
with the TiCa. This might be the reason for the Hy consumption
decreasing from 12.09 mmol/g to 9.53 mmol/g when Ni is introduced to
the TiCa support. The second peak at 654 °C belongs to the reduction of
the nickel aluminate (Ni** — Ni°) due to the significant interaction
between the nickel and the TiCa. The two identified reduction processes
have been labeled H,y (weakly adsorbed hydrogen) and H; since they are
characteristics of transition metals (strongly adsorbed hydrogen). For
particles between 0.9 and 2.2 nm, Sayari et al. [50] ’s correlation of a
greater quantity of Hy, is in excellent accord with the current results for
N/TiCa, NL/TiCa, and NLP/TiCa samples. This can be due to the
non-dissociative nature of the H; adsorption/desorption. N/TiCa,
NL/TiCa, and NLP/TiCa samples, in contrast, have a high concentration
of H; species and metallic particles larger than 2.2 nm. This implies that
Pd and La may facilitate Hy’s dissociative adsorption. The former peak
(418 °C) is ascribed to the reduction of La%" to metallic Lanthanum
(La°®), and the latter peak at 677 °C is accredited to the reduction of Ni%*
to metallic nickel (Ni°), and the 677 °C peak consumes more H; than the
418 °C peak. Briefly, the low Hy consumption peaks at 176 °C and
314 °C for the NLP/TiCa curve, corresponding to the total reduction of
Pd%* to Pd°. The addition of Pd retards the reducibility of the NL/TiCa,
as it is demonstrated by the move of the maximum of the peak from
677 °C to 705 °C, therefore, that a Pd*La, La*Ni, La*Ti and Ca*Ti
interaction exist as proven by XRD result for LaPds, LaNis, Lag 32012Ti4,
and Ca(TiOg3) alloys, repectively.

The study of form, which includes shape, size, and structure, is
known as morphology. Morphology is significant for studying nano-
structured materials because, in this context, the form determines the
physical and chemical characteristics. The morphologies of fresh cata-
lyst were analyzed by TEM, HRTEM, and SEAD, as shown in Fig. 4, and
the elemental composition of materials was identified by EDX and
elemental mapping analysis, as shown in Fig. 5. The Gatan microscopy
suite software version 2.11 was employed to analyze the materials’ TEM
and HRTEM images and lattice p-spacing. The morphology of the pre-
pared samples is verified by TEM analysis. As revealed in Fig. 4(a), the
precursor TiCa nanoparticles synthesized by the hydrothermal method
are interconnected and overlapped, nano-sized irregular structures, and
exhibit two different shapes of particles. The overlapping and inter-
connection of Ti and Ca elements might be because of the formation of
TiCa alloys as confirmed by XRD analysis (Ca(TiO3) alloy) and discussed
in the reducibility study. Ti is illustrated mainly in spherical nano-
particles with approximate sizes of 70 nm, while Ca particles are in
irregular cubic and rectangular shapes with an average diameter of
300 nm with a lattice p-spacing of 0.195 and 0.242 nm, respectively.
The HRTEM images also show lattice edges with a spacing of about
0.195 nm, matching the 101 crystal plane of anatase-type TiO in the
catalyst. As shown in the representative TEM images in Fig. 4(b) and (c),
mesoporous nickel spheres with almost similar sizes and uniform
spherical morphology were successfully synthesized. In the HRTEM
image of Fig. 4(g) and (h), La has noticeable lattice spaces of 0.279 nm
belonging to the (312) plane of LagNiyOg g4 orthorhombic structure, as
confirmed by XRD. The lattice edges with spacing at 0.211 nm can be
assigned to the (002) plane of LaPds alloy, and the lattice edges value of
0.157 nm corresponds with the (211) plane of LaNis alloy. The SEAD
pattern further confirms this structure (Fig. 4(i) and Fig. 4(j)).

The elemental composition and the presence of Ni in N/TiCa (Fig. 5
(a)) and Ni, La, and Pd in NLP/TiCa (Fig. 5(b)) were confirmed from the
EDX spectrum, which shows the presence of all the expected elements
without having any external impurities. As seen in Fig. 5(a), metallic Ni
particles are in close proximity to an amorphous TiCa phase. The EDX
mapping of NLP/TiCa nanocatalysts (Fig. 5(b)) indicates despite its
complexities with the existence of trace elements such as Pd, La, and Ni,
it is not difficult to note that the dispersion effect of Ni, La, and Pd el-
ements on the NLP/TiCa catalyst is better and more uniform. Pd metal
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particles have small particle sizes, do not aggregate and are typically
evenly scattered. Compared with the N/TiCa monometallic catalyst,
areas in which the colors of trimetallic catalyst mixed indicate the
interface of the active metal due to their overlapping EDX signals. The
elemental line scanning analysis of the NLP/TiCa further verified the
strong interaction of metal support and the formation of alloys, which
agrees with the XRD, TPR, and TEM analysis.

The catalytic activity of the catalyst surface and its resistance to
carbon deposition in reforming and cracking processes are significantly
influenced by its acid-base characteristics. The distribution of weak,
intermediate, and strong basic sites and the total basicity of materials
significantly impact the adsorption and dissociation capacity of the
phenol and polymer molecules. This could speed up the removal of
carbonaceous deposition from the catalyst surface, improving the cata-
lytic performance and stability. Thus, CO,-TPD and pyrrole probed IR
spectroscopy was carried out on fresh catalysts to understand the in-
fluence of transition and noble metals NPs content on the basicity of
TiCa catalyst. The results of CO2 adsorption capacity and accessibility
data of COy uptake for the fresh catalysts are shown in Fig. 6. By
measuring and fitting the CO» desorption peak, as shown in Table 1, it is
possible to determine the catalyst’s COy desorption quantity. Fig. 6(a)
shows that all catalysts display a broad desorption peak at various
temperatures, demonstrating the presence of several types of basic sites
in the catalysts, including weak basic sites (100-230 °C), moderate basic
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sites (230-500 °C), and strong basic sites (above 500 °C) [51]. While the
C atom in CO4 is the electron-deficient core and the CO; molecules have
vacant orbitals at low energy levels, TiCa may readily shed its outside
electrons due to its relatively low initial ionization energy [52]. Many
basic sites and adsorbed O2 on the surface were attributed to the
diminished catalysts’ capacity to absorb CO. The medium desorption
peak at 260°C for the N/TiCa nanocatalyst is because of the
under-coordinated O?~. The NL/TiCa, and NLP/TiCa nanocatalysts
detected small shoulders at around 169, 206, and 219 °C are assigned to
surface -OH [53] indicating the presence of small weak basic sites
resulting in less desorption and activation of CO; in their structure.
Those desorption peaks corresponded to the interaction of COy with
weakly basic hydroxyl groups on NL/TiCa, and NLP/TiCa nanocatalysts.
Furthermore, adding La and Pd materials produced higher peaks in re-
gions 637 °C and 850 °C; thus, it is indicated that adding La and Pd
materials leads to the higher CO5 adsorption capacity of the catalysts.
The peak position given to the strong basic increased further after Pd
loading, indicating its strongest binding affinity to CO, that enhanced
the catalyst’s basicity. This inference was made because Pd and La in-
teractions with the N/TiCa nanocatalysts are compatible with the
observed increase in the quantity of CO, desorbed. Since CO2 molecules
may be converted into reactive CO3 species as a result of the transition
and noble metals utilized in this study, it is possible to efficiently boost
CO; molecule absorption by the N/TiCa, NL/TiCa, and NLP/TiCa
nanocatalysts. As increased basicity may decrease the production of
coke [54] during the reaction, it is anticipated that the change of basicity
with La and Pd concentration in the catalysts may have some impact on
the catalytic activity. The Hy-TPD, in which NLP/TiCa exhibits sub-
stantial Hy adsorption, and the CO,-TPD exhibit strong correlations.

The catalyst’s basic sites engage with the pyrrole’s N — H group via
the development of an H—bond interaction, which the stretching can see
in the N — H group. Fig. 6(b) shows the measurement of adsorbed pyr-
role on the calcined catalysts using N — H stretching and the wide peak
in the range of 3200-3700 cm~'. Additionally, it has been shown that
pyrrole chemisorbs dissociatively over powerful basic metal oxides and
that deprotonation of pyrrole on the most powerful basic oxygens results
in the generation of pyrrolate anions that are stabilized by surface cat-
ions [55]. In N/TiCa and NLP/TiCa nanocatalysts, a strong peak was
found at ~3544 cm™}, indicative of stretching vibrations between the H
atom of pyrrole and the (=Ni—O~ and =Pd—0O") group of basic oxygen
present in the catalysts’ framework. Interestingly, the NLP/TiCa catalyst
had a larger peak intensity than the other catalysts, indicating that the
catalyst was constructed with many basic sites. The development of
intra- and inter-particle porosity was one potential factor that increased
the basicity of the NLP/TiCa catalyst [56]. The peak above 3544 cm
also represented the N — H group of pyrrole molecules in the environ-
ment, and the N — H band (physisorbed pyrrole in a liquid-like state)
interacts with the z-system of nearby pyrrole molecules.

Metal-acid bifunctional compositions are often used in industrial
catalysts for cracking and reforming processes, where metallic sites
catalyze hydrogenation/dehydrogenation reactions, and acidic sites
catalyze cracking. One of the crucial variables affecting the catalytic
performance in the n-situ pyrolysis-catalytic steam reforming processes
is the catalyst’s acidity. The findings of NH3-TPD’s analysis of surface
acidity in terms of the quantity and strength of acid sites are shown in
Fig. 7(a) and Table 1. All samples have strong acid sites because they
showed the presence of peaks above 400 °C. The highest quantity and
strength of acid sites for the TiCa sample proposes that the superior
acidity of the TiCa nano-catalyst may be due to the Brgnsted acid sites on
the catalyst [31]. A higher acidity may cause to produce better activities,
as it is known to break C—C and CO- binding, but it may also favor
higher coke formation during the reforming reactions. Therefore, the
bare TiCa might face catalytic deactivation by coke deposition. As can be
seen in the quantitative data, N/TiCa and NL/TiCa had basically similar
desorption of NHg, indicating that each sample’s total acid site density
was the same. Ni and La were added to the TiCa structure, which
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Fig. 7. (a) Temperature-programmed desorption of ammonia (NH3-TPD) and
(b) Pyridine-FTIR spectra of the fresh catalysts.

reduced the number of acid sites while simultaneously shifting the
high-temperature peak to lower temperatures. With Ni and La in porous
TiCa support, Ni and La and support atoms are bonded to form Lewis
acid sites due to the different electronegativity between the transition
metals and the TiCa atoms. Thus, the acidic sites in N/TiCa and NL/TiCa
may be formed by the sites containing electron holes in porous TiCa.
These two catalysts had mild acid and basic properties compared to the
bare TiCa with the strongest acidity and NLP/TiCa with the strongest
basicity. The low acido-basicity properties of N/TiCa and NL/TiCa might
also be attributed to the low amount of alkali, which was insufficient to
form strong interactions between the alkali and the TiCa support during
the preparation of catalysts. Since the —-OH groups were lost when Pd?*
ions interacted with the support surface after the addition of Pd metal, it
is possible that the catalyst’s acidic quantity was dramatically reduced
with the insertion of Pd atoms [57]. Consistent with the results of
Pd-modified NL/TiCa, the introduction of Pd leads to catalysts of higher
basicity and lower acid site having bifunctional properties, which are
significant in the in-situ catalytic steam reforming of phenol coupled
with thermal cracking (or pyrolysis) of cellulose.

The distribution and nature of acidic sites and their effect on selec-
tivity must also be considered. As a consequence, the acidity of the
catalysts was further investigated using FTIR spectroscopy with adsor-
bed pyridine as a probe molecule, and the results are shown in Fig. 7(b).
For coordinatively bound (Lewis acid sites, "L") and protonated bonded
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(Brgnsted acid sites, "B") pyridines, the bands at 1540 and 1440 cm!
were used as measures, respectively [58]. Higher wavenumbers also
demonstrated better surface adhesion, increasing Brgnsted acid’s
strength. It is noteworthy that the TiCa has many Brgnsted and Lewis
acid sites compared to other catalysts with transition and noble metals.
All samples had bands at around 1540 cm™! caused by pyridine adsor-
bed on Brgnsted acid sites; however, the N/TiCa and NL/TiCa catalysts
did not show any bands at 1440 cm™! that were caused by the pyr-
idinium ion (PyH™"), which is responsible for Lewis acid sites. This does
not imply that there are no Lewis acid sites; it only indicates that the
Lewis acid sites were insufficiently powerful to create the pyridinium
ion. However, it is simple to induce carbon deposition and deactivate the
catalyst at the Brgnsted acid and strong acid sites [59]. The Pd NPs
inserted into an NL/TiCa have jointly disturbed the catalyst’s Brgnsted
and Lewis acid phases. As Pd addition increases, the catalysts’ pyridine
adsorption peaks become less intense, indicating a weaker acid. To
conclude, reducing the strength of Brgnsted and Lewis acid phases is
vital to prevent the undesired reaction, especially for the reactions that
deal with polymer molecule thermal cracking. Therefore, it is expected
that NLP/TiCa will show high catalytic activity and selectivity in the
in-situ catalytic steam reforming of phenol coupled with the pyrolysis of
cellulose.

The spectroscopic method known as FTIR is highly effective and
widely used for identifying functional groups in compounds and com-
plex substances. In this work, KBr pellets are utilized as a carrier for the
sample in the IR spectrum since they are optically transparent to light in
the IR measurement range. We choose the KBr pellet approach for FTIR
spectroscopy because it is straightforward and enables us to run the
whole mid-IR region down to 400 wavenumbers without running split
mulls [60]. All catalysts were subjected to FTIR-KBr spectroscopy, and
the spectra in the 4000-400 cm™ region are shown in Fig. 8. The TiCa
sample exhibited an absorption peak at 957 cm™, ascribed to C-O
symmetrical structure ether groups. These lines are connected to chro-
mophore vibrations (C=C stretches and hydrogen out-of-plane vibra-
tions, respectively), so it is more likely that exchangeable protons will
influence them in the chromophore than exchangeable protons in other
regions of the molecules. This peak shifted to 833 cm™! after adding Ni,
La, and Pd metals. The stretching vibrations of metal oxide in octahedral
group complex Ni(III)—Oz’, La(III)—OZ” and PA(IID-0%" tetrahedral
group complex formation is proved by the bands at 594 cm™. The FTIR
spectra at 1165 cm ™! and 1774 cm™! for the N/TiCa, NL/TiCa, and
NLP/TiCa nanocatalysts correspond to the stretching and bending vi-
bration of C—H, C—O—H, C—0—C bonds and -C=O0 absorption vibra-
tion, respectively. There is a highly characteristic weak band at
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Fig. 8. Fourier transform infrared (FTIR-KBr) profiles of the fresh catalysts.
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2376 cm ! for all samples that correspond to vibrations of the v(C—H)
mode related to CHy —CO groups; while the peak at 2932 cm ! indicates
the existence of C—H vibrations in methyl (-CH3) and methylene (—CH,
—) group. The v(OH) band around 3642 cm’l, which is assigned to
non-hydrogen-bonded water molecules coadsorbed with CO, exhibits a
gradual decrease by adding Ni, La, and Pd metals. Besides, FTIR bands
observed in the hydroxyl region at 3765 cm™! are ascribed to the vi-
bration of OH- groups adsorbed along the support surface and corre-
spond to terminal hydroxyl groups. The biggest bands centered at
1443 cm™! can be attributed to the surface complex of ~CH, bending
(methylene group), while the 1463 cm™! peak can correspond to the
presence of metal carbonates (stretching vibration of C=C). Notably,
the intensity of FTIR peaks ascribed to the methylene groups and metal
carbonates of the NLP/TiCa, NL/TiCa, and N/TiCa catalysts were more
intense than the TiCa catalyst. This suggests that the differences in the
surface methylene groups are caused by the Ni, La, and Pd crystal
structure.

3.2. Catalytic performance test

The catalyst’s performance on hydrogen generation and its stability
in the system have been investigated using catalytic activity parameters
regarding phenol conversion, product yield, temperature (for the best
catalyst), and time on stream performance. The screening of reduced
catalysts was performed at 600 °C. The activity was investigated and
repeated for six cycles with an experimental duration lasting 60 min for
each run; the results are illustrated in Fig. 9. Analysis of produced gas
composition shows that the most significant changes in concentration
occur for Hy yield, COs yield, and phenol conversion. It was confirmed
that the addition of transmission and noble metals did not significantly
affect CO yield but slightly decreased. At TiCa nanocatalyst, the phenol
conversion and H» yields were 34.3% and 40.5%, respectively. Phenol
conversion was increased to 49.3% and 70.2%, and H; yield enhanced to
45% and 57.2% for the N/TiCa and NL/TiCa, respectively. The highest
conversions of phenol at 82.6% and Hy yield at 82.2% were achieved
with NLP/TiCa catalyst. The increased catalytic activity under the NLP/
TiCa nanocatalyst can be attributed to the increased surface area, metal
support interaction, basicity, and active metal distribution of the syn-
thesized catalyst as characterized by BET surface area, CO2-TPD, H-
TPR, and EDX. A reactant’s contact with a higher surface area affects the
number of collisions and the reaction rate. The NLP/TiCa nano catalyst
has more porosity and is more active than those other samples because it
has more surface area to form the active sites, leading to greater
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Fig. 9. Catalytic evaluation of different nanocatalysts in flow reactors. Reaction
conditions: (catalyst: 0.25 g, pressure: 1 atm, reaction temperature: 600 °C,
feed (cellulose-phenol mixture) to water volume ratio of 1:9).
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activities in this work. As a result of the large dispersion of active sites
and the accessibility of reactants to active sites, we can assert that the
high BET surface area and pore volume of Pd-containing catalysts in-
crease the selectivity to hydrogen. Furthermore, the maximum hydrogen
consumption of the NLP/TiCa nanocatalyst in the Hy-TPR process also
proves the total reduction of Pd?* to Pd°. The addition of Pd in the NL/
TiCa increased the reducibility properties of the catalyst; therefore, a
Ca*Ti, Pd*La, La*Ti, and La*Ni interaction exist as proven by XRD result
for LaPds, LaNis, Lag 32012Tis, and Ca(TiO3) alloys. From the particle
size distribution of the active metal in the EDX images, it can also be
found that the NLP/TiCa nanocatalyst has a smaller particle size and a
more uniform distribution. Therefore, it shows the most excellent cat-
alytic activity in the reaction. According to the CO2-TPD and Pyrrole
adsorption FTIR spectra findings in Fig. 6, the NLP/TiCa nanocatalyst’s
more excellent catalytic activity may be caused by the nature of Pd and
the existence of a significant number of basic sites in the structure [61].
These findings suggest that the catalyst’s basicity facilitates the
considerable adsorption of CO3 molecules and increases Hy production.
For instance, Pizzolitto et al. [62] observed that the NiLa/ZrO catalyst’s
basicity increase significantly reduced the dehydration of ethanol. We
also found the same positive effect of basic catalyst sites on the catalytic
pyrolysis steam reforming reaction PET-phenol for Hy generation [25,
27,35,45]. Less crystal size of NLP/TiCa nanocatalyst (as seen in XRD
analysis) plays a substantial part in minimizing the coke production and
deposition and enhancing the catalyst lifetime throughout the in-situ
pyrolysis-catalytic steam reforming reaction process. Given its good
catalytic performance for phenol steam reforming (in terms of phenol
conversion and Hj selectivity), the NLP/TiCa nanocatalyst was selected
for further evaluation based on temperature effect and deactivation
check studies.

The reforming temperature significantly influences the concentra-
tion of reforming products; the results are shown in Fig. 10. Conversely,
using only 500 °C resulted in 67.6% of phenol conversion and 59.2% of
Hy yield. Due to the accelerated phenol steam reforming reaction
(CeHsOH + 11H,0 < 6CO4 + 14H,) and water gas shift reaction (CO +
H,0 < CO3 + Hy), an increase in temperature regulates the enhance-
ment of phenol conversion into gaseous products and H; yield. Higher
gas yields compared to 500 °C were seen along with the high conversion
at the maximum temperature, which is anticipated given that the gas-
forming cracking processes are thermally regulated. Almost complete
conversion of phenol (98.7%) and maximum Hj yield (99.6%) were
achieved at 800 °C. At the same time, the CO, yield is enhanced from
16.7% at 500 °C to 27.4% at 800 °C, while the CO yield decreases from
18.9% to 8.8% due to improving reaction conditions for water gas shift
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Fig. 10. Effect of reaction temperature on gaseous product yield and phenol
conversion. Reaction conditions: NLP/TiCa catalyst: 0.25 g, pressure: 1 atm,
feed (cellulose -phenol mixture) to water volume ratio of 1:9.
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reaction. In addition, it was also observed that the increase in acid sites,
decrease of the surface area, and metal dispersion of the TiCa nano-
catalyst were sufficient to justify the low phenol conversion and Hj
yield. This made it feasible to conclude that the major pathway for the
deactivation of the TiCa catalyst and likely has an impact on how well
the TiCa catalyst performs in terms of producing Hj is the development
of amorphous coke. This statement is verified in the characterization of
used catalysts.

The phenol conversion and Hy production over the NLP/TiCa nano
catalyst were evaluated at 600 °C for 72 h of time-on-steam, and the
stability results are displayed in Fig. 11. With a slight decrease (~4%
loss in yield), the Hy yield was maintained constantly at approximately
all reaction times. During the reaction, the CO yield decreased from
14.9% to 8.6%, while the CO; yield fraction increased from 19.7% to
23.7%. After 32 h, it was noticeable that phenol conversion was about
74% and remained almost stable (with a negligible decrease) for the rest
of the time (72.3% at 72 h). This is almost in agreement with the total
basic sites, Pd and La dispersion, high metal-support interactions, and
different alloys determined by CO,-TPD, H,-TPR, and XRD, respectively.

3.3. Liquid products composition

To understand the component presented in the produced liquid
during the thermal reaction of cellulose and steam reforming reaction of
phenol, the liquid product at 600 °C was analyzed by GCMS technique,
and the identified compounds are summarized in Table 2. The chemical
components in the liquid product are analyzed in accordance with the
thermal breakdown of the feedstock’s cellulose and phenol. Due to their
volatility and complicated structure, several chemicals were undetected.
The aromatics and alkanes occupied mostly the liquid product, mainly
from cellulose decomposition. The liquid was mainly composed of Co-
Cy2 aliphatic hydrocarbon, Cg-Cy aromatic hydrocarbon, C;3-Cig
aliphatic hydrocarbon, and C;9-Cy5 aromatic hydrocarbon. At a reten-
tion time of ~59 min, the liquid was composed of a Cy( aliphatic hy-
drocarbon for the NL/TiCa nanocatalyst. It is evident that despite the
variable catalytic activity of different catalysts, the relative product
profile remains largely the same, with 1-propanol, ethanol, toluene, and
phenol (incoverted reactant) being the major product for all the catalysts
except 2,4-dimethyl-benzo[h]quinoline, and hexadecane components
for the N/TiCa catalyst. The aromatic byproducts of the cracking pro-
cess, which resulted from breaking the main chain in cellulose and
dehydration of the —OH bond on its alkyl chains, may also be the source
of phenolic compounds. The chemicals contain oxygen such as
CgH190sPW*, CyoHagOs, CaoHosNO, C4H;OH, Cq4Hs207Siz, CieHaz,
C17H3402, C23H39NO2S, C2gHg3NOs, CagHgsNOs, C4oH73NOsSis, and
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Fig. 11. Effect of time-on-stream on H, production and phenol conversion over
NLP/TiCa nanocatalyst at the temperature of 600 °C.
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Table 2
Constitution of liquid products after the reactions at 600 °C.
Compound Molecular TiCa N/ NL/ NLP/
Formula TiCa TiCa TiCa
(E)— 2-bromobutyloxychalcone C19H19BrO, 0 0 0 0.35
.pi.-Pentamethylcyclopentadienyl-trichlorogermyl-ethylisonitril-carbonyl-trimethylphosphan-tungsten CgH100sPW 1.01 0 0 0
.beta.,.epsilon.-Carotene-3,3',8,19-tetrol, 7,8-dihydro- C40Hs602 0 0 0 1.35
1 H-Indole, 1-methyl-2-phenyl- CysHisN 0 0 0.35 0
1,3,5-Cycloheptatriene C,Hg 1.34 0.27 0 0
1,5-benzodiazocin-6(1 H)-one, 8,10-bis(dodecylsulfonyl)— 2,3,4,5-tetrahydro-5-methyl- C35He2N205S, 0 0 0 0.75
1-Propanol C3HgO 0.68 1.26 2.22 0.55
1-Propanol, 2-methyl- C4H100 0 0 0 0.22
2,2'-Bi[1,3,5,2,4,6-triazatriphosphorinyl],2,2'-dibutyl-4,4,6,6,4',4',6',6' -octachloro- C3gH42IN5S, 0 1] 0.41 0
2,3-Epoxybutane C4HgO 0 0 0 0.28
2,4,6-Cycloheptatrien-1-one, 3,5-bis-trimethylsilyl- C13H»,08i, 0 0 0.31 0
2,4,6,8,10,12-Tridecahexaenoic acid, 13-(3-chloro-4-methoxyphenyl)-, 2-decyl-3-methoxy-5-pentylphenyl C4oHs5Cl04 0 0 0 4.72
ester
2,5-Cyclohexadien-1-one, 3,3'-(3,7,11,15-tetramethyl-1,3,5,7,9,11,13,15,17-octadecanonaene-1,18-diyl)bis[6- C40H4g04 0.57 0 0 0
hydroxy-2,4,4-trimethyl-
2-Ethylacridine CysHisN 0 0 0 0.29
4-(3-Fluoro-phenyl)— 9-methyl-2-trifluoromethyl-2 H-pyrido[1,2-a][1,3,5]triazine-2-carboxylic acid methyl C17H13F4N30, 0.76 0 0 0
ester
5,10-Di[4-(1-Acetamidomethyladamantyl-3)— 3-methoxyphenyl]— 15,20-di(4-methoxyphenyl)— 21 H,23 H- Cy4H76NgOg 0 0 0.58 0
porphine
5-(p-Aminophenyl)— 4-(4-biphenylyl)— 2-thiazolamine C16H15N3S 0.53 0 0 0
5-Imino-1,4,4-triphenyl-2-imidazolinethione C21H17N3S 0 0 0.64 0
5-Methyl-2-phenylindolizine Ci5HisN 0.61 0 0 0
Anthracene, 9,10-diethyl-9,10-dihydro- Ci1gHao 0 0 0.46 0
Benzeneethanamine, 5-benzyloxy-3-fluoro-.beta.-hydroxy-N-methyl- CoH12FNO, 0 0 0 1.25
Benzo[h]quinoline, 2,4-dimethyl- CysHisN 0.59 0 1.43 0.39
benzoic acid, 4-fluoro-3-nitro-, 2,4-bis(1,1-dimethylpropyl)phenyl ester CaoHy3NO 0.26 0 0 0
Cyclobutanol C4H,0H 0.84 0 0 0
Cycloheptasiloxane, tetradecamethyl- C14H4205Si; 0.19 0 0 0
Cyclohexadecane Ci6H3a 0.3 0 0 0
Cyclotrisiloxane, hexamethyl- CgH1505Si3 2.27 0.71 0 0
Dasycarpidan-1-one C17H20N0 0.39 0 0 0
Demeclocycline C21H25ClN50Og 1.1 0 0 0
Eicosane CaoHya 0.38 0 0 0
Ethane, 1-trimethylsilyl-2-[bis(trifluoromethyl)boryl] methylmethyleneimine(N-B)- CoH16BFNSi 0.4 0 0 0
Ethanol CH3CH,0H 41.89 78.4 55.63 67.7
Ethyl Acetate CH3COO0C,Hs 0.6 1.44 0 0
Hexadecane Ci6Hzg 1.57 0 0.49 1.12
Hexestrol, 2TMS C24H3g0,8i5 0 0 0.56 0
Lanost-9(11)-en-18-oic acid, 23-(acetyloxy)— 3-[(4-bromobenzoyl)oxy]— 20-hydroxy-,.gamma.-lactone, (3. C39Hs3BrOg 0 0 0 0.56
beta.,20.xi.)-
Phenol CeHsOH 25.96 17.36 23.92 20.31
Picolinyl 12-methyltridecanoate C17H340, 0.79 0 0 0
Picolinyl 2-thia-stearate Co3H39NO,S 0.44 0 0 0
Picolinyl 7,13,16-docosatrienoate CogH43NOo 4.34 0 0 0
Picolinyl 7,13-docosadienoate CogHysNOo 2.38 0 0 0
Pregnan-20-one, 3,11,17,21-tetrakis[(trimethylsilyl)oxy]-, o-(phenylmethyl)oxime, (3.alpha.,5.beta.,11.beta.)- C40H73NOsSiy 2.51 0 0 0
Silane, dimethyl- CoHgSi 0.86 0 0 0
Silane, dimethylisobutoxypentadecyloxy- Co1Hy60,Si 0.43 0 0 0
Toluene C;Hg 5.09 0.56 0.81 0.15
Triethylamine CeHisN 0 0 12.21 0
urea, N,N’-bis(2-mercaptoethyl)- CsH12N,08, 0.91 0 0 0
SUM 100 100 100 100

C21H4605Si produced for the TiCa nanocatalyst could lead to the insta-
bility of catalyst. The oxygen compounds in produced fuel decreased
with the addition of transition and noble metals NPs deposited on TiCa,
indicating that Ni, La, and Pd metals promoted deoxygenation, and more
oxygen compounds were decomposed into low molecular-weight sub-
stances. The occurrence of 2,4-dimethyl-benzo[h]quinoline is the
unique structure of petroleum triaromatic azaarenes that could be more
firmly established after the identification of individual compounds. It
has been possible to radiolabel exosomes, hydrogels, and other biolog-
ical materials since 1982 with the help of the generated hexadecane
chemical. This substance is also helpful for positron emission tomogra-
phy. Catalytic cracking activity of the cellulose and phenol under NLP-
TiCa catalyst produced unique compounds such as (E)— 2-bromobuty-
loxychalcone, beta,epsilon-Carotene-3,3',8,19-tetrol, 7,8-dihydro-, 1,5-
benzodiazocin-6(1 H)-one, 8,10-bis(dodecylsulfonyl)— 2,3,4,5-tetrahy-
dro-5-methyl-, 2,4,6,8,10,12-Tridecahexaenoic acid, 13-(3-chloro-4-

13

methoxyphenyl)-, 2-decyl-3-methoxy-5-pentylphenyl ester and Lanost-9
(11)-en-18-oic acid, 23-(acetyloxy)— 3-[(4-bromobenzoyl)oxy]— 20-
hydroxy-,.gamma.-lactone, (3.beta.,20.xi.). The Pd metal induced
stronger cracking activity than other catalysts by significantly increasing
the proportion of aromatics while significantly decreasing the oxygen-
ated products (including phenols). Furthermore, it has been shown that
the Hy yield and phenol conversion during the catalytic process seem to
have increased in the presence of the NLP/TiCa catalyst (see Fig. 9). The
liquid products were further analyzed using the FTIR technique.

The FTIR method was used to identify the functional groups present
in the liquid fuel, and the FTIR curves with the intensities of each band
are displayed in Fig. 12 (a) and Fig. 12 (b). The absorption band present
in the wave number range 632 cm™! can be linked to the OH- vibration
[63]. At band detection 879 cm™! (HNOsg), the carbonate bending mode
can be assigned to the out-of-plane deformation band [64]. There is a
substantial boost in intensity of the bands at about 1033 cm™!
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Fig. 12. (a) FTIR spectrum of pyrolysis liquid products for all catalysts with (b) the condensation of bands strengths; (c) TGA curves (d) DTG profiles of

used catalysts.

wavelengths, signifying the chemical functional groups of -CHa—
bending vibration of the aliphatic hydrocarbon [65]. Andrea et al. [66]
stated that the bands at 1033 cm™* could also be attributed to the C-H
in-plane deformation vibration of 1,4-disubstituted or 1,2,4-trisubsti-
tuted benzene rings. This peak might also correspond to the C-O
stretching and C-O bending of the C-O-H carbohydrates [67]. The band
at 1404 cm ™! signified carboxylate C=0 stretching weakened, demon-
strating that the non-conjugate C—=O structure in lignin has been
decomposed [68]. This peak may also be ascribed to the aliphatic C—H
deformation of CHy and CH3 bending and C—OH deformation of COOH,
COO™~ symmetric stretch [69]. The characteristic absorption peak at
2345 cm™! corresponds to CO, based on its vibrational occurrence and
reflection as a 1,3,5-triamino-2,4,6-trinitrobenzene thermal decompo-
sition product [70] and the O-C-O anti-symmetric stretching mode
[71]. The vibration peaks of —CHj3 (v45(CH3)) in 2,5-dimethylfuran were
observed at 2962 cm™! [72,73], and symmetric and asymmetric
stretching vibration of N — H (W(NH) bound) [74,75] and the presence of
urethane groups [76,77] were observed at 3333 em™L.

3.4. Post-reaction characterization

Characterization of the spent catalyst is critical for stabilizing stable
catalysts against coke formation and long-term usage. The transient
deactivation of the catalyst caused by the buildup of carbonaceous de-
posits (coke) during catalysis affects throughput, necessitates regener-
ation procedures, and results in a partial permanent loss of catalytic

efficiency. This part analyzed the spent catalysts by TGA-DTG, CHNS,
BET FTIR-KBr, and TEM. By observing the weight change that occurs
while a sample is heated at a consistent rate, the TGA analytical method
may be used to evaluate a material’s thermal stability and the percent-
age of volatile components. The rates at which these volatile compo-
nents are removed in %/min are determined by DTG, and results are
shown in Fig. 12 (c) and Fig. 12 (d) and Table 3. The TGA curves of the
used catalysts may be roughly separated into three sections, as observed.
Weight loss in the first stage, denoted by WL;, is evident in the tem-
perature range of 25-200 °C and results from removing adsorbed water
and unreacted molecules. The chemical adsorbed on the sample’s sur-
face or found in the mesopores is responsible for the WL; [78]. The
second part (WLp), located in the medium temperature range
(200-600 °C) shows an increasing tendency in weight percent and can
be attributed to the burning of deposited coke. Here as “coke,” we
considered the carbon deposited on the catalyst and all the condensed
hydrocarbons determined by the material balance. The inadequate
breakdown of nitrate during the creation of metal oxides should also
contribute to the WLy. The WL, area is ascribed to the overlaps of metal
oxidation and removal of the amorphous carbon, except for the weight
increase of the TiCa catalyst, which may be driven by the oxidation of
the metallic Ti and Ca [10,16]. Amorphous carbon burns at tempera-
tures lower than 400 °C [79-81]. Amorphous carbon may be readily
removed by oxidizing at low temperatures, but it often encircles the
catalyst’s active metal particles and renders it inactive. The third phase
(WLg3) above about 600 °C comprised the decomposition of remaining
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Table 3

Weight losses, carbon substances, and surface area of the spent samples.
Catalysts Weight loss (%) Total weight loss (%) Carbon Content Fresh catalyst Spent catalyst Vp (em®/g)° D, (nm)“ Difference

Wi WL - (Wt%)° Sper (M/g) Ser (m/g)" between
Sger (a-b)

TiCa 3.09 -2.55 71.77 72.31 13.80 6.26 0.131 0.0068 208.43 6.131
N/TiCa 13.46 27.80 20.10 61.36 9.60 11.89 1.390 0.0105 30.22 10.498
NL/TiCa 8.37 16.67 27.94 52.98 4.10 18.01 3.890 0.0205 21.08 14.115
NLP/TiCa 15.48 17.76 18.14 51.38 3.80 28.17 10.600 0.0570 21.51 17.569

2 CHNS analysis

b Sper, BET surface area

¢ V,,, total pore volume

d Dy, average pore diameter

residues and heavy carbonaceous species, most probably by graphitic
coke. The shell structure is composed of graphitic carbon with some
defect sites, as confirmed by TEM analysis (Fig. 15). The weight loss
between 80 and 120 °C is ascribed to the loss of surface hydroxyls and
physically or chemically linked water from all samples, which was
supported by their DTG endothermic peaks [82]. The first derivative of
TGA curves (DTG) in Fig. 12 (c) presented the highest weight reduction
rate for all catalysts with higher intensities for catalysts with metals
occurred at below 100 °C, whereas it was significantly higher for TiCa at
~750 °C min and N/TiCa at ~450 °C. Primary pyrolysis processes occur
on cellulose at low-temperature ranges. In this stage, monomeric phe-
nols undergo side-chain reactions, ether bond cleavage, and evapora-
tion. Methoxy group bonds are broken down, and aromatic rings are
broken down and condensed during the secondary pyrolysis events,
which take place above 400 °C [83,84]. However, DTG curves show that
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the peaks of TiCa and N/TiCa became more considerable than that of Pd
and La, indicating that the introduction of Pd and La into the catalyst can
considerably affect the reforming and pyrolysis reaction behavior of
phenol and cellulose. The catalyst sintering and carbon deposition be-
haviors are low in NLP/TiCa and NL/TiCa, whereas the TiCa catalyst
deactivation is caused by carbon deposition rather than the metal sin-
tering, but N/TiCa displays severe sintering and carbon formation per-
formances. Generally speaking, the total weight losses of TiCa, N/TiCa,
NL/TiCa, and NLP/TiCa were 72.31%, 61.36%, 61.36%, and 51.38%,
respectively; which are in line with the carbon content from CHNS
analysis (13.8%, 9.6%, 4.1%, and 3.8%, respectively). Most of the car-
bon combustion happens at the WLy region, indicating an exothermic
process consistent with oxidation. The breakdown of C=0 groups on the
surface of carbon-based catalysts may also be responsible for the weight
loss over 700 °C [85]. The carbon deposition side reaction of the TiCa

o
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Fig. 13. Nitrogen adsorption isotherm and pore size distribution of the used (a) TiCa, (b) N/TiCa, (c) NL/TiCa, and (d) NLP/TiCa nano-catalysts.
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and N/TiCa catalysts is also related to the higher acidity of those sam-
ples, as described in NH3-TPD and Pyridine-FTIR spectra in Fig. 7.

The spent catalysts were also examined by BET surface area and Ny
adsorption-desorption isotherm, and the results are depicted in Table 3
and Fig. 13. As displayed in Table 3, the surface area of the spent cat-
alysts employed in this work was considerably decreased compared to
that of the fresh samples, most probably because of thermal sintering
and carbon deposition. The Sggr of spent TiCa, N/TiCa, NL/TiCa, and
NLP/TiCa nanocatalysts were 0.131, 1.39, 3.89, and 10.6 mz/g,
respectively. However, the highest surface area remains for the NLP/
TiCa nanocatalyst with more porosity and active sites than those other
samples. This sample with Pd NPs showed the most increased catalytic
activity (Fig. 9) and lowest carbon deposition (). These results also
indicate that the catalysts with Pd NPs are more competitive for
recovering the textural characteristics of the spent samples. The results
revealed that the H4 type isotherms loop remained unchanged for all
catalysts with transition and noble metals NPs with pore size distribu-
tion in the range of 2-25 nm after the reaction, demonstrating the
collapse of the mesoporous framework was not pronounced. These re-
sults indicated that adding Pd is beneficial to keeping the catalyst’s
activity and improving the catalyst’s anti-coking performance.

Furthermore, a qualitative analysis of coke structures on the spent
catalysts was conducted using FTIR spectroscopy. The two key bond
vibration areas in the FTIR spectra of complete coke deposited on TiCa,
N/TiCa, NL/TiCa, and NLP/TiCa nano-catalysts are shown in Fig. 14.
While the vibrations in the area of 1650-1350 cm ! belong to aromatics
and specific bending modes of aliphatics, the vibrations in the
3200-2700 cm ™! essentially correspond to olefins (asymmetric and
symmetric stretching) and monocyclic aromatics (olefins). Specifically,
the IR bands at 586 cm™!, 864 cm™!, and 957 cm™! are designated to
functional groups of amide VI species, =CH bending out of the plane,
and C-O symmetrical structure in aliphatic nature of coke, respectively.
The single shoulder for the N/TiCa nanocatalyst at around 1265 cm™! is
ascribed to the —C-O single bond vibration of —C-OH group. The parent
peaks at 1443 em™!, which can approve the presence of skeleton vi-
bration of the pyrrole ring and C—=C stretching [86] clearly indicating it
is strengthened in this trend TiCa<Ni/TiCa<NL/TiCa<NLP/TiCA. Thus,
pyrrole ring and C—C stretching are assigned to the catalyst with higher
weight loss and lower catalytic performance. These peaks might also
correspond to the asymmetric stretch vibration of CO3” molecules [87].
The characteristic peaks at 1635 cm ™! correspond to the adsorbed H,0
molecules at the spent catalysts, whereas the 1805 cm ™! single bans for
the NLP/TiCa sample are ascribed to the C= O stretching modes. The
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Fig. 14. Fourier transform infrared (FTIR-KBr) profiles of the used catalysts.
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FTIR peaks at 2399 em™ !, 2924 em ™!, and 3449 cm ™! wavenumbers for
the spent catalysts with transition and noble metals were equivalent to
the linearly adsorbed O—C—O0 species [88], asymmetric stretching vi-
bration of C—H [89], at ascribed to the O-H stretching vibration [90,
91], respectively. However, the intensities of those peaks were increased
in the spent catalysts with transition and noble metals, which is evidence
for decreasing monomeric phenols via successive C-O bond cleavage.

TEM images of the spent NLP/TiCa sample after 72 h time on stream
are revealed in Fig. 15. After the in-situ pyrolysis-catalytic steam
reforming reaction, the basic morphologies of the NLP/TiCa catalyst are
retained, agreeing with the preferable performance and stability during
the reaction; along with some smaller microparticles placed on the
surface of the larger cuboid particles. The substances may identify Coke
deposits with non-uniformly shaped particles shown in the photos. The
coke deposits’ disorganized structure matches that of amorphous coke
exactly. The deposited carbon appears as the core-shell structure on the
catalyst particles can be ascribed to the encapsulated graphitic carbon
with a shell of 15 nm. The two factors responsible for this carbon pro-
duction are carbon development on the surface of nickel and lanthanum
catalysts and carbon diffusion via transition metal particle surfaces. This
sort of carbon causes transition metal active sites to have weaker coke
covering, which results in active metallic particles still being in contact
with the gas flow and delaying the catalyst’s deactivation [92].

4. Conclusion

This research revealed the synergistic influence of Pd, Ni, and TiCa
support for hydrogen and valuable liquid generation from cellulose bio-
polymer wastes dissolved in phenol. To increase this study’s feasibility
and the cellulose ratio to solvent ratio, we modified the experimental
setup and added a Parr Benchtop Reactor. This modification allows the
quickly liquefying and rising of the amount of polymer and plastic waste
in the reaction without causing line blockage. Four catalysts were pre-
pared through hydrothermal and impregnation techniques: TiCa, N/
TiCa, NL/TiCa, and NLP/TiCa nanocatalysts. The physicochemical
characteristics of the fresh catalysts were examined by XRD, BET, Ny
adsorption-desorption isotherm, NH3-TPD, IR-Pyridine, IR-Pyrrole, Ho-
TPR, CO,-TPD, FTIR-KBr, TEM, EDX, HRTEM, SAED, EDX, and ICP test
and the used catalysts were characterized by TGA-DTG, BET, TEM, FTIR-
KBr and CHNS. The best catalytic interaction between Pd, Ni, La, and
TiCa was observed for the trimetallic NLP/TiCa nanocatalyst, which
showed the highest catalytic activity at 600 °C compared to mono-
metallic N/TiCa and bimetallic NL/TiCa catalysts, with high stability for
72 h of time on stream, almost complete phenol conversion (98.7%),
and 99.6% of Hy yield at 800 °C. The increased catalytic performance
under the NLP/TiCa nanocatalyst can be ascribed to the increased sur-
face area, metal support interaction, basicity, and active metal distri-
bution of the synthesized catalyst as analyzed by BET surface area, Ha-
TPR, CO,-TPD, and EDX. The addition of Pd in the NL/TiCa increased
the reducibility properties of the catalyst; therefore, a Ca*Ti, Pd*La,
La*Ti, and La*Ni interaction exist as proven by XRD result for LaPds,
LaNis, Lag 32012Tis, and Ca(TiO3) alloys. Carbon deposition was not
considered the only reason for the low performance for TiCa and N/TiCa
nanocatalysts. The catalyst sintering and carbon deposition behaviors
are low in NLP/TiCa and NL/TiCa, whereas the TiCa catalyst deactiva-
tion is caused by carbon deposition rather than the metal sintering, but
N/TiCa displays severe sintering and carbon formation performances.
The carbon deposition side reaction of the TiCa and N/TiCa catalysts is
also related to the higher acidity of those samples, as described in NHs-
TPD and Pyridine-FTIR spectra. The material balance also determined
all the condensed hydrocarbons. The deposited coke appears as either
large amorphous and graphitic with catalyst particles or as a rather
uniform carbon coating that covers the catalyst particles. The liquid
product compounds produced mainly from the thermal cracking of
cellulose in almost all samples were ethanol, toluene, phenol, 2,4-
dimethyl-benzo[h]quinoline, and hexadecane. The current study will
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Amorphous

Fig. 15. TEM images of NLP/TiCa nanocatalysts.

offer an industrial basis for synthesizing effective trimetallic nanosized
catalysts and help in the operative utilization of cellulose biopolymer
waste and phenolic compounds for liquid fuel and hydrogen gas
production.
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