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Abstract: The effect of modification of J-FeOOH with niobium, applied to
dehydration reaction of xylose, was evaluated by experimental and theoretical
methods. The experimental data confirmed, namely the characteristic peaks in
the X-ray diffractometer analysis, that the materials were obtained. Inductively
coupled plasma mass spectrometry analysis defined the percentage of Nb as 0
for pure 6-FeOOH and 9.5 wt. % (J-FeOOH/Nb) for doped. In relation to
obtaining furfural, the doped material presents a conversion improvement of
290 % when compared to pure catalyst. Theoretical calculations were useful in
understanding the preferential route of the mechanisms proposed by the
obtained potential energy values. To understand the preferred routes, the most
favorable position of xylose in relation to J-FeOOH was initially calculated.
From this, the conditions favoring furfural formation were calculated based on
the routes of the proposed mechanisms and the energy values indicated that the
furfural formation is more likely to happen on the doped material.
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INTRODUCTION

The fossil raw materials dependency can be problematic in the long term,
because of scarcity perspective.l In this context, the study of renewable raw
materials may solve the scarcity issues, also decreases the environmental impacts
as the emission of greenhouse gases and the contamination of effluents.2-3

Herewith, the vegetable residues generated from agriculture are considered
as a renewable material; however, they are used as energy source, through com-
bustion. Nowadays, new forms to increase the added values of these products are
being studied using lignin, pentoses and hexoses in the material. %> For example,
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396 BANNAI CAMPOS et al.

furfural is produced from pentoses processing, to be more specific, from xylose.
This compound owns numerous applications, as a fungicide, an extracting agent
of aromatic compounds for lubricating oils and as diesel.® Besides that, furfural
would be the basis to produce important compounds as furfuryl alcohol, furan,
furoic acid, levulinic acid and tetrahydrofuran.”

Currently, homogeneous catalysts are mostly used for the furfural production
since these materials own corrosive and dangerous characteristics that damage
the production reactors. Associate with this, there is a difficulty of reuse and need
for extra steps to catalyst separation, making the process more expensive.$?

Herewith, the study and research of heterogeneous catalysts to the reaction
are encouraged. The iron oxides and oxyhydroxides are of great interest since
they have natural abundance, chemical stability, corrosion resistance, own attract-
ive physicochemical properties, are easy to obtain and low cost. !0

Among the iron oxides and oxyhydroxides, feroxyhyte (0-FeOOH) stands
out due to important catalyst characteristics as: ease of obtaining, high surface
area, large amount of hydroxyl groups on its surface, and bifunctional catalytic
activity. In fact, the superficial groups Fe—OH and its conjugated base Fe—O- act
as Bronsted acid and base, respectively,!! however, the 5-FeOOH has low acid
character. Thus, the catalyst modification with other metals may be an alternative
to improve these properties.

The modifications of ferric catalyst with niobium are substantially present in
the literature, evidencing the modification effectiveness and thus, the study of
J-FeOOH modified with Nb becomes relevant.12-14 The catalyst modification
may increase the catalytic efficiency and material stability. Understanding behavior
of these materials as a catalyst is crucial to keep the reaction yield to desirable
levels.

The purpose of this work was to evaluate pure and Nb modified J-FeOOH,
as a catalyst, applied to xylose dehydration reaction to furfural employing theo-
retical and experimental methods.

EXPERIMENTAL

General procedure for synthesis of pure and doped material. -FeOOH nanoparticles
were obtained according to the modified procedure described in the literature.!>1® The method
consists mainly of precipitation of an alcoholic solution of Fe** with NaOH followed by an
oxidation with H,O,, leading directly to the product. The sample was set as Nb 0 wt. %. The
Nb doped J-FeOOH nanoparticles were similarly obtained, however an alcoholic solution of
NbCls was added before the precipitation step with NaOH, so the final material would have
10 % in Nb mass. The sample was set as Nb 10 wt. %.

The present iron and niobium in the material were determined by the inductively coupled
plasma mass spectrometry technique (ICP-MS) monitoring the 37Fe and *Nb isotopes. An
ELAN DRC 1II (Perkin Elmer Life and Analytical Sciences, USA) equipment was used. The
spectrometry was conducted using platinum sampled and Skimmer cones, both from Perkin
Elmer, and argon 99.999 % (White Martins, Sao Paulo, Brazil). The surface areas were deter-
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NIOBIUM DOPED 6-FeOOH AS CATALYST 3 97

mined by Brunauer, Emmett and Taller (BET) technique by N, adsorption/desorption proce-
dure of 22 points in a gas sorption analyzer AUTOSORB Quantachrome. Crystalline phases
were got using a X-ray diffractometer (XRD), Rigaku Geigerflex model, equipped with a gra-
phite diffracted bean monochromator. Silicon was used as external standard; the scan was
made in the interval 10-80° (26) with CuKa [radiation (a = 0.154056 nm).

The xylose dehydration reaction to furfural was investigated using a stainless-steel tub-
ular reactor of 15 mL keeping the temperature controlled at 140 °C in a glycerol bath thermo-
stat (Marconi model MA159/30Glic). 10 mg of catalyst and 10 mL of xylose 20 g L"! solution
were added to the reactor. After the pre-stipulated reaction intervals of 15, 30 and 60 min, the
process was immediately interrupted by cooling the reactor in an ice bath. Then, the reaction
medium was subjected to centrifugation (FANEM excels II model) by 15 min (250 rpm) and
the catalyst was recovered by the supernatant collection.

The quantification of xylose and furfural in the liquid phase, after the reaction was
carried out, was performed by HPLC (Agilent, model 1260 infinity II). The chromatography
system was equipped with an Aminex HPX-87H column (300x7.8 mm?, Bio-Rad) maintained
at 55 °C by an oven with forced air circulation, a refractive index detector for detection of
xylose, and an ultraviolet—visible (UV—Vis) detector set at 274 nm for detection of 2-furfural-
dehyde. An aqueous sulfuric acid (5 mmol L) solution was used as the eluent at a constant
flow rate of 0.6 mL min!.

The conversion and formation of products from xylose were quantified, using an external
calibration curve acquired by the injection of the pure product with known concentrations.
Xylose conversion (X,) was calculated as:

Final xylose content, mol

X = - (M
Initial xylose content, mol

In order to better understand the role of J-FeOOH pure and Nb doped applied to the
xylose conversion, a theorical study was made, evaluating the adsorption sites of xylose and
the different mechanism reactions.

All calculations are made in Gaussian09 software.!” The system total energy was calcul-
ated using the hybrid method of our own n-layered integrated molecular orbital and molecular
mechanics (ONIOM).!8:19 The region treated as high level was calculated by the density func-
tional theory (DFT) using 6-31G basis set for carbon, oxygen and hydrogen atoms2%-23 and for
iron?* and niobium atoms,?’ the LanL2DZ basis set was chosen. Generalized gradient approx-
imation Perdew—Burke—Ernzerhof (GGA-PBE)?® was chosen to describe the exchange and
correlation term as a function of spin density. The region treated as low level was calculated
by molecular mechanical using universal force field (UFF).

For our calculations, we have used a cluster model based on structure previously built
and optimized by Lacerda ef al.,2” in which, the Nb 0 wt. % was done as described by Drits et
al.,28 using DFT under periodic boundary conditions, the functional for the exchange and cor-
relation term was the GGA-PBE,2¢ and the projector augmented-wave method, PAW?°, was
used with a cutting energy equal to 500 eV. The Nb 10 wt. % structure was made at the same
conditions, but due to the similarity in the size of the Fe and Nb atoms, the doping was per-
formed by substitute Fe atoms by Nb atoms of the upper layer of the surface, to produce the
material with approximately 10 wt. % (6-FeOOH/Nb). The substitutions were made in order
to leave the dopants equally distributed in surface.

The surface model for both catalysts was generated using a 3x3x2 super cell on the (001)
plane, totalizing 288 atoms, in which 72 are iron atoms (6 atoms of Fe were replaced by Nb
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3 9 8 BANNAI CAMPOS et al.

atoms in Nb 10 wt. %). The size of surfaces cluster models is sufficient to see the interactions
between xylose and 6-FeOOH in QM/MM methods.30-31

The xylose has three reaction sites that possibly lead to furfural3 (marked red in Fig. 1),
and, considering these sites, three arbitrary positions for each reaction site were elaborated,
totalizing nine different spatial positions. For the input files, VESTA software was used, as it
is presented in the Supplementary material to this paper.

(0}

HO OH

HO OH Fig. 1. Xylose reaction sites to furfural.

To evaluate the materials as catalysts, initially we made an adsorption study, combining
the different xylose spatial positions and surfaces of Nb 0 and 10 wt. %. For this, the distances
between xylose and surfaces ranged from 0.17 to 0.35 nm, with intervals of 0.01 nm, and then
we evaluated the most stable combinations of xylose/surfaces. For thermodynamic study the
positions and distances, with the minimum energy for each reaction site, were considered.

The xylose dehydration reaction to furfural was thermodynamically studied, optimizing
the reaction intermediaries in the presence of Nb 0 and 10 wt. %. The reaction mechanisms
used have been proposed in the previous experimental work.32 The adsorbed/released energy
of each step was obtained by applying the equation.

AE 1) = (EoNiOM/intermediary(n) — M EONIOM/H20) — EoNIOM/xylose 2

In which AE(,) is the relative energy to the intermediary formation, n is the identification

of the associated intermediary, m is the number of free water molecules present in the system,

Eoniomm,o 18 the energy of free water molecule and Egniomxylose 18 the Xylose potential
energy on the catalyst.

RESULTS AND DISCUSSION

ICP-MS technique was used to quantify niobium as the catalyst. Thus, it
was determined that the materials Nb 0 and 10 wt. % have 0.00 and 9.50 wt. % of
Nb, respectively. On the other hand, the amount of iron present decreased from
63.4 in Nb 0 to 55.1 % in Nb 10 wt. %, respectively. The adsorption N»
isotherms for both catalysts are IV type, showing interparticle mesoporosity. The
total pore volume of Nb 0 and 10 wt. % was 0.27 and 0.16 cm3 g1, respectively.
The estimated specific surface area of Nb 0 and 10 wt. % were 99 and 73 m2 g1,
respectively, according to the literature (20-300 m2 g1).33

The X-ray patterns of synthesized compounds are presented in Fig. 2. In
both diffractograms feroxyhyte were identified, based on its own characteristics
reflection planes, according to the Joint Committee on Powder Diffraction Stan-
dards — JCPDS card 13-87. The planes are (100), (101), (102) and (110). In the
interval from 26 25 to 35°, some shoulders can be observed, and they are
assigned to ultrafine iron oxides present in all 6-FeOOH phases.34 The amor-
phous contribution rises the Nb incorporation to the material, as seen on Nb 10
wt. % diffractogram.
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[

26/° Fig. 2. XRD diffratograms for Nb 0 and 10 wt. %.

To the reflection plane (001), the ratio of relative area from amorphous/
/reflection contribution of J-FeOOH was estimated at 0.93 and 1.81 for Nb 0 and
10 wt. %, respectively. This fact suggests that the increase from amorphous
contribution might be related to a small amount of Nb>" oxyhydroxides formed
during the synthesis (JCPDS No 31-928). Both catalysts had particles formed in
size 15 nm.

The pure and Nb doped feroxyhyte performances as catalysts were evaluated
using the xylose dehydration reaction to furfural as most likely reaction. After
one hour of reaction conversion results were obtained as presented in Fig. 3. For
Nb 0 wt. % catalyst the conversion rate was about 2.0 %, while for Nb 10 wt. %
the conversion was about 7.8 %. Although the conversion rates were relatively
low, the catalyst Nb modification presents a conversion improvement of 290 %
when compared to pure catalyst. Niobium and its oxides possess Brensted and
Lewis acidity so their higher acidity, when compared to iron oxides, favor hetero-
geneous catalytic reactions.!3 However, for a superior investigation of the stu-
died material as a catalyst to this reaction, a theoretical approach may contribute
to its comprehension.

—{J— Without catalyst A
—O—Nb 0 wt.%
6 ——A—Nb 10 wt.%
X
<
=
2 4
14
% o
] / /
0 A} a ]
T T T T T ) ) o
0 15 30 45 60 Fig. 3. Xylose conversion kinetic at 140
Time, min °C using water as solvent.

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.
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In order to understand the reaction mechanism, the ONIOM approach
(DFT/UFF) was chosen. With this is possible to see the local structure and better
evaluate the regions of interest at low computational demand. Similar structures
have shown satisfactory results with this approach.12.35

Regarding the computational analysis, Nb 0 and 10 wt. % models were built
for a more detailed investigation of xylose dehydration reaction to furfural. To
inquire J-FeOOH catalytic properties the plane (001) was chosen, Fig. 4, corres-
ponding to the one of the most stable catalyst geometry, according to Lacerda.2’

Fig. 4. Nb 0 wt. % system model. The Fe, O and H atoms are pointed out.

The Nb isomorphic substitution in feroxyhyte crystal is due to the similarity
in the size of the Fe and Nb atoms. Furthermore, Silva et al.,36 evidenced that the
presence of Nb stabilizes the iron oxides structure. There is also the remote pos-
sibility of niobium oxide formation on the catalyst surface,!4 but for comput-
ational studies only the atoms substitution was considered in super cell building,
as shown in Fig. 5.

a) b)

‘ c ) -
0 ..o‘ o .’
-0: .0 '0‘ .0. -

'.o-ﬁ

Nb

‘ .
0.

L.,

Fig. 5. Nb 10 wt. % system model. The Fe, Nb, O and H atoms are pomted out and Nb atoms
are marked black.

The first step to a better understanding dehydration reaction is to know how
the catalyst surface interacts with xylose by adsorption tests. Xylose has 3 pos-
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NIOBIUM DOPED 6-FeOOH AS CATALYST 40 1

sible reaction sites that lead to furfural conversion, Fig. 6, each site leads to a
different route reaction, namely routes 1, 2 and 3.

O - pyranose protonation

» Rouel T 1-OH protonation
.
H o) /’\\
Routc 2
H
oH ol
oH
on

Route 3} 2-OH protonation

.

Fig. 6. Possible xylose reaction sites for dehydration reaction to furfural.

Three arbitrary positions for each reaction site were elaborated for adsorp-
tion tests (as seen in supplementary material), namely position I, II or III for
routes 1, 2 or 3. Combining the possibilities, in total there are 9 different systems
for each catalyst.

Fig. 7 shows the best positions and distances chosen after the study of differ-
ent spatial positions and distances between the catalyst and the sugar. For a sup-
erior presentation of the results, potential energy values for distances less than
0.25 nm were omitted, once they were too high. Comparing the results among
pure and doped catalyst the resemblance on preference of xylose above feroxy-
hyte is remarkable. Besides that, the distances are the same or minimally distinct.
Fig. 8 shows the most stable positions of xylose on the catalyst for routes 1; 2
and 3, respectively. Table I summarizes all these results.
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% 4 4 —&—Pos. II-P | & —A—Pos. II-P | § —&—Pos.II- P
= —v—Pos.I-D | §, | —v—Pos.I-D | §, | —y—Pos.II-D
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g o a

o o | =
o 2 — ; =
£o] o Tyet — | o BRIEESN—S | 20 —
= T T T T = T T T T T =
ol ~ 2 T T T T T
~ 0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.24 0.26 0.28 030 0.32 0.34 0.36 0.24 0.26 0.28 0.30 0.32 0.34 0.36
Distance, nm Distance, nm Distance, nm

Fig. 7. Calculated potential energy curve for xylose adsorption favoring route: a) 1, b) 2 and
c) 3 at different positions. P and D refer to Nb 0 and 10 wt. %, respectively.

The three mechanisms for xylose dehydration to furfural, supported by exp-
erimental evidence,32 are proposed as an acyclic mechanism by the ring opening
and two cyclic mechanisms. The difference between them is in the oxygen atom
that will be protonated: the ring oxygen (O-pyranose), the hydroxyl oxygen in
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402 BANNAI CAMPOS et al.

position 1 (1-OH) or the hydroxyl oxygen in position 2 (2-OH) respectively to
the routes 1, 2 and 3, Fig. 8.

a) ’ i b) )
E!"L FaYa®
v.\\ . v
¢
DD LD

RO N ANTANT AN INT N
DLIOLIO DL IO 0 D)L
S S S ST

BN
s 0505000050008+
S S A S S A R S S S AP

Fig. 8. a), b) and c) refer to routes 1, 2 and 3, respectively. The pointed atom refers to the
oxygen belonging to the ring.

TABLE I. Summary of selected positions and distances

Route 1 Route 2 Route 3
Parameter Nb content, wt. %
0 10 0 10 0 10
Position 111 III 1I 11 11 111
Distance, nm 0.27 0.27 0.28 0.28 0.32 0.30

Route 1, Fig. 9a, would occur with the xylose carbonic chain opening result-
ing in the intermediates reaction formation.

The process finishes with furfural production and three water molecules loss.
Routes 2 and 3, Fig. 9b and c, respectively, would occur without breaking of the
xylose carbonic chain. The reaction would happen upon three water molecules
loss until the furfural formation.37

To thermodynamic analysis, reactants, reaction intermediaries and products
from xylose dehydration to furfural were optimized, respecting the preferred pos-
itions previously determined, for the respective reaction routes described. Fig.
10a shows the relative results of the reaction mechanism thermodynamic analysis
in the presence of Nb 0 wt. % catalyst.

The theoretical results do not show the favoring of furfural formation using
the pure catalyst, agreeing with experimental results. To xylose protonation in all
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routes, an average energy about 77.82 kJ/mol is necessary. By the reaction mech-
anism to the three routes, is possible to observe that only in the 2C intermediary
formation an expressive decrease on the system energy occurs, equivalent to
AE = -355.14 klJ/mol, but shortly thereafter there is the energy of adsorption in
the other reaction steps.
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Fig. 9. a) Acyclic reaction mechanism from the O-pyranose protonation, route 1; b) cyclic
reaction mechanism from the 1-OH protonation, route 2; ¢) cyclic reaction mechanism from
the 2-OH protonation, route 3.
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Fig. 10. Relative energy values between reaction steps by: a) Nb 0 and b) 10 wt. % catalyst.

Analyzing the furfural formation in the last step of each route, there is no
significant energy difference compared to the other steps, showing that the form-
ation of the product is unlikely. However, the results for Nb 10 wt. % presented
in Fig. 10b demonstrate the favoring of furfural production, especially the route
3. For xylose protonation to occur, a 25.10 kJ/mol energy difference is required.
Considering B formation, all routes correspond to an exothermic reaction and
observing the values to routes 1, 2 and 3 of AE —25.15, —321.46 and —248.32
kJ/mol, respectively, the last two values being high.

Routes 1 and 2 have the furfural production AE of —322.80 kJ/mol, although
route 2 is the least likely to happen since between the intermediaries B and D
there is a difference of 351.92 kJ/mol. In energetic terms, route 3 is the one ther-
modynamically favorable, because after xylose protonation the reaction runs an
exothermic path until a minimal energetic level through a release of 418.40
kJ/mol.

It is important to keep in mind that iron oxyhydroxides exist in equilibrium
with its conjugated basis, but the low acid character of iron compounds limits its
use as a catalyst for dehydration reaction:38

FeOOHs) + HyO(1) S FeOO(a3q) + H+(aq) 3)

The modification of iron oxides with niobium might rise the catalytic act-
ivity and stability as related by Oliveira and collaborators!? using computational
and experimental studies for iron oxide o phase. Studies conducted by Lacerda?’
had shown that the bond distance between hydrogen and oxygen on feroxyhyte
surface to pure and doped systems is slightly distinct. In case of pure catalyst the
distance is of 0.097 nm, but for the doped is 0.098 nm and this favor the H"
release, implying the Bronsted acidity rise.

According to Pholjaroen,3? there is evidence that the xylose dehydration
reaction to furfural, using a heterogeneous catalyst, may be favored by one active
site, especially the cyclic routes. The Lewis acid sites favor the first conversion
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NIOBIUM DOPED 6-FeOOH AS CATALYST 405

step from xylose to xylulose by isomerization, whereas the Bronsted active sites
favor the following dehydration steps.40 Fig. 11 presents a scheme.

8]
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X)’]OSC Nvlulose Furfural

Fig. 11. Xylose Isomerization and dehydratation to furfural.

Niobium and its oxides feature Bronsted and Lewis acidity,!3-14:41 that jus-
tifies the superior conversion rate of xylose to furfural for the experimental
results and a greater thermodynamic stability presented by the calculations.

CONCLUSION

Synthesis and characterization of pure 6-FeOOH (Nb 0 wt. %) and doped
(Nb 10 wt. %) nanoparticles had proved satisfactory. The doping went close to
theoretical value (Nb 9.50 wt. %) and the surface areas are in the literature range.

By conversion rate results, the Nb doped material proved to be more effici-
ent than the pure catalyst, showing a xylose conversion rise of 290 %.

Furthermore, the computational studies indicated that thermodynamic favor
use of Nb doped catalyst, related to the pure, when applied to the xylose dehyd-
ration reaction to furfural. Hence, route 3 is the most likely reaction route.

The Nb atoms incorporation to J-FeOOH raises the -OOH groups Brensted
acidity, because it facilitates the H" release, and the Lewis acid sites formation.
Thus, the use of Nb doped materials 5-FeOOH based may be promising in the
heterogeneous catalysis field. This paper has supplementary material.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11693, or from the corres-
ponding author on request.
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U3BOJ
IOOBUJAILE OYPOYPAJIA JEXUIPATALIMJOM KCHUJIO3E ¥V ITIPUCYCTBY
KATAJIM3ATOPA ¢-FeOOH OJOITMPAHOI HUOBUJYMOM

PAULO TADASHI BANNAI CAMPOS', MARIANA DE REZENDE BONESIO', ANDRE LUIZ DIAS LIMA?,
ADILSON CANDIDO DA SILVA?, DAIANA TEIXEIRA MANCINI' 1 TEODORICO CASTRO RAMALHO'

'Department of Chemistry, Federal University of Lavras 37200-900, Lavras — MG, Brazil u 2Department of
Chemistry, Federal University of Ouro Preto, 35400-000, Ouro Preto — MG, Brazil

Edexat mogudukanuje o-FeOOH HuoOHjyMOM, MpUMemeH Ha peakuujy Jexuiparanuje
KCHJIO3€, UCIIUTHBAH je eKCIepUMEeHTaTHUM U TEeOpHjCKMUM MeTofama. ExcriepyMeHTasHo je
moTBpheHo [a Ccy MarepHjanu HOOHjeHH Ha OCHOBY KapaKTePUCTHYHUX pedreKkcHja MpH-
MeHOM Judpaknyje X-3payerwa Ha paxy. MaceHOM CEKTPOMETPHjOM Ca UHAYKTUBHO CIIPET-
HyTOM IIa3MoM je oppehen cagpxaj Nb u To 0 3a umct 5-FeOOH u 9,5 mac. % (J-FeOOH/
/Nb) 3a nonupaH. Kaza ce npatu fodujame dypdypana, JOMUPaHH MaTepHjal mokasyje Imo-
dommame koHBep3suje ox 290 % y mopehewy ca YUCTUM KaTaiausaTopom. Teopujcku mpopa-
YyyHU cy omoryhunu pasymeBame HajlloBOJbHMjEr pPEaKLMOHOI IyTa 3a MeXaHHW3Me IpeJio-
JKeHe Ha OCHOBY BPeIHOCTH TOTeHIIHjaHe eHepruje. [Ja 61 ce 08jacHUIN HAjTIOBOJBHUjU peak-
LIMOHHU IIyTEeBH, HAjIIpe je U3padyyHaTa HajII0BOJbHUja MO3KIHja KCHIo3e y ogHocy Ha J-FeOOH.
3aTUM je Ha OCHOBY pEaKLHOHUX MyTeBa MpeMIOKEHUX MeXaHW3ama H3pauyyHaTo Kaja je
¢aBopu3zoBaHo popmupame pypdypana u fodujeHe eHepreTcke BpeSHOCTH yKasayjy Ha To Ja
je seha BepoBatHOha dpopmupama Gypdypana Ha JOMHPAaHOM MaTepujaty.

(TTpumsseHo 16. Mapra, peBunMpaHo 22. Hoemdpa, npuxsaheno 9. nenembpa 2022)
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