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Spent coffee ground-derived biochar with trimodal
porosity: green biochar supported highly dispersed
TiO, and Nb,Os nanoparticles as an efficient novel
catalyst for lactic acid synthesis
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Lactic acid obtained from cellulose over heterogeneous acid catalysts is one of the key areas in
bioeconomy. Herein, we develop a series of biochar-supported nano-titanium—niobium oxides (with
10% Ti and 0.25 to 15% Nb) prepared via wet impregnation and evaluate their performances in cellulose
conversion to lactic acid. We report for the first time a biochar which displays trimodal (micro-, meso-,
and macro-) porosity and high surface area due to the synergistic effect between lanthanum and zinc
during the carbonization of spent coffee grounds. The successful impregnation of Nb and Ti species on
the surface of the biochar was confirmed by XRD, TGA, XPS, AFM, SEM-EDS, and STEM-EDS. The
presence of niobia and titania generated a significant increase in the catalyst's acidity as noticed by NHsz-
TPD and, subsequently, improved the lactic acid yield from 1.6% (for 10% Ti/AC) to 14% (for 10% Ti—0.5%
Nb/AC). Furthermore, the high-water tolerance of niobium and titanium species allowed the biochar-
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DOI 10.1039/d55u00687b supported nano-titanium-niobium oxides to be recycled three times without a significant loss in their

rsc.li/rscsus catalytic activity.

Sustainability spotlight

This study focuses on the valorisation of spent coffee grounds into a green biochar, with trimodal porosity, which supports highly dispersed TiO, and Nb,O5
nanoparticles and is used for the conversion of cellulose to value-added compounds such as lactic acid. Both the synthesis of these new materials and lactic
production from cellulose were carried out in agreement with the principles of green chemistry. Therefore, this work aligns with the United Nations Sustainable
Development Goals mainly with responsible consumption and production (SDG 12) and climate action (SDG 13).

Cellulose aligns with the principle of the circular economy,
being the most abundant natural polymer on the planet and an
inedible renewable resource.?

1 Introduction

The negative environmental impact of using fossil resources

encouraged the transition to renewable resources and the
implementation of the circular economy strategy by producing
value-added compounds to address the climate change issues."?
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The linear structure of cellulose, which involves glucose
units connected through B-1,4-glycosidic bonds, becomes an
important target for industry in view of its transformation into
value-added products such as ethylene glycol,* 5-hydroxy-
methylfurfural (HMF),® levulinic acid (LevA),® lactic acid (2-
hydroxypropanoic acid, LacA),”® or glycolic acid (GlycA).®
Among them, LacA is one of the most important platform
molecules due to its wide applications in food processing and
preservation, the pharmaceutical and cosmetic industries,"
and the production of other bio-based chemicals (e.g., acrylic
acid, 2,3-pentanedione, and acetaldehyde).” The -catalytic
system involved in the reaction, whether a base, a Lewis acid, or
a redox perovskite, is one of the key challenges for the efficient
conversion of cellulose and cellulose-derived carbohydrates to
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LacA. Compared to alkali (producing mainly lactates) or
perovskites (LacA yield < 50%), the LacA yields (7paca) from
carbohydrates obtained on Lewis acid catalysts are higher than
50%." The transformation of cellulose into LacA involves both
Brgnsted and Lewis acid sites and is carried out in several steps
(Scheme 1): Breonsted acid sites catalyse the hydrolysis of
cellulose to glucose, which then isomerises to fructose. Fructose
undergoes a retro-aldol reaction over Lewis acid sites and is
converted to 1,3-dihydroxyacetone and glyceraldehyde, with the
latter then being converted to LacA.*>*?

LacA production from biomass at industrial scale is not
feasible without lowering the costs and increasing the efficiency
of catalysts. The use of alkaline catalysts such as Ca(OH), in the
conversion of cellulose led to a high 7.4 (~27%) in a short
time (90 s),** but further developments were limited by the poor
recyclability of the catalyst and the undesired reaction between
the catalyst and LacA, resulting in calcium lactate. In the search
for cheap and efficient catalysts, a particular interest has been
paid to developing heterogeneous catalysts, due to their facile
recovery and improved recyclability. Alumina-supported cata-
lysts with various amounts of erbium oxide showed good cata-
Iytic activity in the one-pot conversion of cellulose to LacA in
aqueous solution under an inert atmosphere and the highest
NMraca (45.8% in 3 h) was obtained at 240 °C.** Zhang et al.*®
studied the influence of Zn, Ni, and activated carbon in the
presence of NaOH on the hydrothermal conversion of glucose to
LacA. The large surface area of activated carbon, which
increased the contact area of the reactants, and the presence of
Zn and Ni improved the production of LacA, reaching 7p.ca up
to 55%. The importance of Lewis acid sites of Sn-beta zeolites
was also highlighted by Holm et al.” in the production of LacA
or its derivatives from carbohydrates. The addition of Mg
besides Sn in beta zeolites led to a higher 7;,.4 from biomass-
derived carbohydrates due to the synergistic effects of
bimetals and the hierarchical structures in Mg-Sn-beta-H
zeolites."® Np.ca above 50% was also reported by Cui et al.™ in
the conversion of glucose over hierarchical Zr-BEA zeolites.
Moreover, the cooccurrence of Lewis and mild Brgnsted acidity
of ZrO,-TiO, (ref. 20) or porous titanosilicates** allowed the
production of lactates from trioses. On the other hand, the
poisoning of acid sites by water narrowed down the applicability
of solid acids in the aqueous medium.** Alternative approaches
investigated the use of Nb-based catalysts in various biomass-
derivative conversions, due to the high stability of their acid
sites in aqueous media. Both Lewis and Brensted acid sites
coexist at the surface of Nb,Os, but the incorporation of Sn
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enhanced the Lewis acidity and consequently the 7y,ca (up to
83%).> Thus, the catalytic performances of Nb-based materials
(Nb@CaF,Nb@ALIF;) in the conversion of cellulose to LacA were
previously studied and it was found that np,.s is directly
correlated with the niobium content in niobium-modified
aluminium  hydroxyfluorides  (Nb@AI(OH),F;_,), while
Nb@Ca(OH),F,_, catalysts displayed improved hydrothermal
stability and led to similar yields (15.4% over Nb@Ca(OH),F,_,
versus 17.0% over Nb@Al(OH),F;_,).>**

Herein we report the synthesis of nano-Ti- and Nb-based
catalysts with high stability and surface area after deposition
on a new mesoporous activated biochar (AC) prepared from spent
coffee grounds (SCGs). AC offers enhanced dispersion, improved
durability and reusability of the catalysts, and provides a stable
framework that minimises catalyst leaching.”® In this study, we
converted SCGs to a biochar by carbonising them together with
appropriate amounts of zinc and lanthanum chloride. For the
first time, we obtained a biochar with both micro- and mesopores
and a high surface area. These characteristics are particularly
interesting since the activation with FeCl;,*” ZnCl,,*® or KOH* led
to biochars with high surface area, but much smaller pores
compared to those reported in this work. Moreover, the ability to
create catalytically-active metal sites with precise dimensions,
distribution, and positioning in micro-, meso-, and macroporous
materials also caught the attention of researchers from industry
and academia. One application of these new materials was their
catalytic performance in the conversion of cellulose to LacA,
where the titania-based catalyst shows low catalytic perfor-
mances.* Different parameters of the catalyst were investigated,
including niobium content, textural properties, and the reaction
conditions, especially the temperature as a critical parameter for
kinetics and stability.

2 Experimental section

2.1. Materials

The National University of Science and Technology Politehnica
Bucharest cafeteria provided the SCGs. Lanthanum(ur) chloride
(LaCl;-7H,0) and zinc(u) chloride (ZnCl,) were purchased from
VWR Chemicals. Hydrochloric acid (HCl 35%) and nitric acid
(HNO; 65%) were purchased from Supelco. a-Cellulose,
ammonium niobate(v) oxalate hydrate and titanium(wv) bi-
s(ammonium lactato)dihydroxide (solution 50%) were
purchased from Sigma-Aldrich.

All reagents were used as received, without further
purification.
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Scheme 1 Suggested mechanism for the formation of LacA from cellulose.
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2.2. Catalyst preparation

2.2.1. Activated biochar synthesis. The mesoporous acti-
vated biochar (AC) was prepared as described by Verziu et al.*
with slight modifications. For a detailed description of the
synthesis, see Note S1.

For comparison, two other biochars were synthesised, but
they were activated with either only ZnCl, (ACpicro) Or LaCls
(ACLaCIS)-

2.2.2. Preparation of activated biochar supported titanium
and niobium. The anchoring of titanium and niobium on the
surface of AC by wet impregnation was carried out as follows: 1 g
AC was suspended in 15 mL water and then titanium(wv) bi-
s(ammonium lactato)dihydroxide solution and ammonium
niobate(v) oxalate hydrate were added under stirring at room
temperature for 6 h with adjusted amounts in order to obtain
10% Ti/AC, 10% Ti-0.25% Nb/AC, 10% Ti-0.5% Nb/AC, 10% Ti-
1% Nb/AC, 10% Ti-3% Nb/AC, 10% Ti-10% Nb/AC, and 10% Ti-
15% NDb/AC. The resulting materials were dried at 100 °C and
calcined at 500 °C for 1 h under nitrogen flow. The calcination
temperature was not increased any further to avoid the phase
transformation of anatase into rutile (between 500 and 600 °C
(ref. 32)), since anatase shows a higher catalytic activity
compared to rutile in catalytic glucose conversion.*

For comparison, the ACro Was further impregnated with
titanium and niobium in order to obtain 10% Ti-10% Nb/ACicro-

2.3. Characterisation techniques

The textural properties were characterised using nitrogen
adsorption/desorption isotherms. The acidity was determined
by ammonia temperature-programmed desorption (NH;-TPD).
The structural properties were investigated by powder X-ray
diffraction (PXRD), X-ray photoelectron spectroscopy (XPS),
atomic force microscopy (AFM), scanning electron microscopy-
energy dispersive X-ray spectroscopy (SEM-EDS) and high-
resolution scanning transmission electron microscopy (HR-
STEM). Thermal decomposition was investigated through
thermogravimetric analysis. For more information on the
characterisation techniques, refer to Note S1.

2.4. Catalytic testing

Cellulose conversion to LacA was performed under autoclave
conditions at 180 °C or 210 °C for 24 h under vigorous stirring
according to the following protocol: a solution of 0.5 g cellulose
in 20 mL water was added over 0.1 or 0.2 g of catalyst. After the
reaction, the catalyst was recovered by centrifugation.

For the catalytic stability tests, the recovered mixture (cata-
lyst and unreacted cellulose) was washed with water, dried, and
weighed. Then a fresh amount of cellulose equal to the amount
of reacted cellulose was added in order to evaluate the catalytic
activity using the same experimental conditions that were used
in the first catalytic cycle. The reaction products (Fig. S1) were
analysed by GC-FID using an 8890GC System Agilent, HP-5MS
inert column (30 m x 0.25 mm ID X 0.25 pm film). The
carrier gas used is helium with a flow of 1 mL min™", the
injector was operated at 280 °C with a split ratio of 100: 1 and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the oven temperature was programmed as follows: 60 °C for
1 min and then gradually increased to 280 °C at 10 °C min™".
The identification of the silylated derivatives of water-soluble
products was made using an 8890 GC System Agilent gas
chromatograph equipped with a 5977C GC/MSD mass spec-
trometer using the aforementioned conditions. The procedure
used in chromatographic analysis was similar to that reported

in our previous study.**

3 Results and discussion

3.1. Material characterisation

The XRD patterns of the AC-supported titanium and/or niobium
reflect amorphous materials with broad reflections appearing at
20 = 25.4°, 37.8°, 48.5°, 54°, 55.4°, and 62.9° (Fig. 1a), which are
characteristic of the (101), (004), (200), (105), (211), and (204)
planes of anatase TiO,, respectively.** Typical reflections for
Nb,Os5 expected at 26 = 22.6°, 28.5°, 36.7°, 46.2°, and 56.1° (ref.
36) are weakly detected, as they could be masked by those ob-
tained in the diffractograms of the prepared catalysts (Fig. 1a).
The presence of niobium induced a substitution of Ti*" with
Nb®*, which affected the crystallinity of the material. A niobium
loading of up to 1% w/w led to a decrease in the FWHM of the
25° peak and an increase in crystallinity (Fig. 1b),*”*® while for
higher niobium loadings of up to 15% the amorphous phase
became much more significant due to the collapse of the
anatase structure (Fig. 1a).*

The thermogravimetric curves are similar for all samples, with
the first mass loss occurring between 25 and 140 °C (Fig. 1c) cor-
responding to the elimination of physically adsorbed and chem-
isorbed water molecules.” The second step (140-350 °C)
corresponds to the elimination of the weakly bound OH groups and
the thermal decomposition of the organic part from the titanium
and niobium precursors. The weight loss observed in the 350-700 ©
C range could correspond to the decomposition of the remaining
Ti- and Nb-based compounds.** On the other hand, the formation
of Nb-O-Ti bonds may be caused by the lower weight loss of 10%
Ti-10% Nb/AC (44.4%) compared to 10% Ti/AC (52.55%).

The oxidation states of Ti and Nb and the relative surface
composition were investigated using XPS analysis. The Ti 2p
XPS spectrum of 10% Ti/AC consists of two components due to
spin-orbit splitting, Ti 2p;/, and Ti 2p,,,, which are observed at
458.7 eV and 464.5 eV, respectively (Fig. 1d and Table S1),
confirming the 4+ oxidation state of Ti.** After the addition of
niobium, no significant change was observed in the spectrum,
confirming no change in the oxidation state of Ti and indicating
a strong interaction between Nb and Ti, which was previously
ascribed to Nb-O-Ti bond formation.** The Nb 3d XPS spec-
trum consists of two components due to spin-orbit splitting, Nb
3ds/, and Nb 3dj/,, which are seen at 207.0 eV and 209.7 eV,
respectively and are congruent with the 5+ oxidation state of Nb,
likely as Nb,O5 oxide. No significant changes were seen in the
position and FWHM of the peaks with increasing Nb content
(Fig. 1e and Table S2). The O 1s spectrum was deconvoluted into
three components (Fig. S3 and Table S3): the lowest-energy
component found between 529.7 and 530 eV corresponds to
the lattice oxygen in the metal oxide structure;**** the one at
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(a) PXRD patterns of the catalysts; (b) variation of the peak centre and peak width of the primary peak in (a) (for more information about the

data fitting, see Fig. S2); (c) TG and DTG curves; XPS analysis of the (d) Ti 2p and (e) Nb 3d spectra; (f) adsorption—desorption isotherms. Curves

shown in (f) are shifted along the y-axis for better visibility.

~531 eV corresponds to the acidic bridging hydroxyl groups in
the metal oxides*® or to the adventitious hydroxyls of water,*”
while the last one is attributed to organic oxygen (bound to
carbon atoms).”® In our case, we postulate that the third
component, appearing at higher B.E. values, corresponds to
carbonate species, consistent with the observation of weak
contributions on the C 1s spectrum near 286.0 eV and 288.0 eV,
which are assigned to C-OH and C=O functional groups.
Semiquantitative analysis shows that the gradual increase of the
Nb/Ti ratio is consistent with the evolution of the nominal
composition of niobium, while the surface O/(Ti + Nb) ratio
remains relatively constant (Table S4).

The textural properties of AC changed after the incorpora-
tion of Nb and Ti, showing a decrease in specific surface (from
859 to 450 m” g~ ') and average pore size (from 6.8 to around 4
nm) (Table 1). Moreover, even after titanium and niobium
impregnation, the AC retained the type IV isotherm (Fig. 1f),*
regardless of the titanium or niobium loadings.

Sample morphology on the nanoscale level and the distribu-
tion of titanium and niobium on the AC surface were assessed by
STEM-EDS mapping. The Nb and Ti particles showed no regular
shape, with sizes up to 3 pm (Fig. 2a-e). The mapping showed
that the distribution of C and (TiNb) is almost anti-correlated,
although some C is present throughout the entire sample. The

346 | RSC Sustainability, 2026, 4, 343-354

quantification of the EDS maps on the rich (TiNb) areas
confirmed the presence of Nb species in all samples (average
composition indicated in white in Fig. 2a-e€). These observations
are in relatively good agreement with XPS measurements,
emphasising the segregation of TiO, and Nb,Os rather than the
build-up of Ti-O-Nb entities, which would correspond to
a random distribution of Nb and Ti in the analysed area.

AFM imaging has been widely used to determine the particle
size of 2D materials.’® In agreement with XRD, the AFM images
showed nanosized particles of niobium-doped titania for both
10% Ti-0.25% Nb/AC and 10% Ti-15% Nb/AC. For low Nb
loading, the nanoparticles are in the range of 20-40 nm, while at
higher loadings the nanoparticle sizes are up to 200 nm, which
can be attributed to aggregation® (Fig. 2f-h). As can be noticed,
the spherical shape of the particles was maintained irrespective
of the amount of niobium added.

The presence of acid sites both in the presence and absence
of titanium and niobium on the AC surface with different
strengths was highlighted by NH;-TPD measurements (Table 2
and Fig. S4). In agreement with the literature, the acid sites can
be weak (desorption temperatures from 150 to 250 °C), medium
(250 to 350 °C), and strong (350-600 °C).** Although an increase
in the concentration of strong acid sites due to the presence of
titanium was noticed, the increase was much more significant

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Textural characteristics of the investigated catalysts
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Specific surface

Average pore Average pore

Catalyst area (m> g™ ") size (nm) volume (ecm® g™
AC 859 6.8 0.19

10% Ti/AC 543 4.9 0.11

10% Ti-0.25% Nb/AC 527 4.2 0.08

10% Ti-0.5% Nb/AC 510 4.0 0.08

10% Ti-1% Nb/AC 489 4.0 0.09

10% Ti-3% Nb/AC 462 3.8 0.08

10% Ti-5% Nb/AC 513 4.4 0.1

10% Ti-10% Nb/AC 511 4.1 0.09

10% Ti-15% Nb/AC 450 4.4 0.08

with the addition of a small amount of niobia. We notice
a linear correlation between the surface Nb/Ti ratio and the total
amount of desorbed ammonia (Fig. S5). While the presence of
titania led to an increase in the acidity as a result of Lewis
acidity,” generating new Lewis and Bregnsted acid sites, the
addition of niobia led to an additional increase in the acidity.”
On the other hand, an increase in niobium loading above 1%
affected the stability of the anatase structure which led to the
formation of an amorphous niobia-titania mixed oxide (Fig. 1a)
justifying the minor increase in acidity compared to that ob-
tained for 0.25% niobium loading (Table 2).>*

3.2. Catalytic testing

As reported, titania shows low catalytic performance in the
conversion of cellulose to value-added compounds.*® Our
results show low catalytic performance in terms of cellulose

Fig. 2

conversion and 7y ,ca 0f 10% Ti/AC (Fig. 3a), which agrees with
previous reports.* Wattanapaphawong et al.* also reported low
Nraca (2.8% and 0.6%) for cellulose conversion over titania or
niobia, respectively. The low catalytic activity of 10% Ti/AC can
be attributed to the low acidity of titania.*®

The addition of niobium along with titanium significantly
increased the acidity of the material and 74 (from 1.6% over
10% Ti/AC to 14% over 10% Ti-0.5% Nb/AC). When varying the
amount of Nb in the sample, a volcano plot-like trend is
observed for both the cellulose conversion and 7y.c4 (Fig. 3a).
Optimal parameters are observed at low Nb content (0.5-1% Nb)
while subsequent increases in Nb loading have a detrimental
effect on the overall catalytic activity. At low loadings, the niobia
species are expected to be well-dispersed and isolated on the
surface of the biochar support through Nb-O-C bonds. An
increase in niobia loading also increases the number of Nb-O-

d1) TiNb0,02 el)

TiNb0,01

6.1 nm

(a)—(e) STEM-EDS mapping (top row: Ti, Nb, C; bottom row: Ti, Nb) for (a) 10% Ti—-10% Nb/AC; (b) 10% Ti—5% Nb/AC:; (c) 10% Ti—1% Nb/AC;

(d) 10% Ti—0.5% Nb/AC; (e) 10% Ti—0.25% Nb/AC. The calculated average composition is shown in white. (f)—(h) AFM images of (f) AC, (g) 10% Ti—

0.25% Nb/AC, and (h) 10% Ti-15% Nb/AC.
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Table 2 The strength of acidic sites for AC supported and non-sup-
ported catalysts

umol NH; per g

Acid site density

Catalyst Low Medium High Total (umol m ?)
AC 227 176 1976 2379 2.76
10% Ti/AC 174 114 2350 2638 4.85
10% Ti-0.25% Nb/AC 202 18 3879 4099 7.77
10% Ti-0.5% Nb/AC 184 16 3904 4104 8.04
10% Ti-1% Nb/AC 90 39 3990 4119 8.42
10% Ti-3% Nb/AC 291 54 3972 4317 9.34
10% Ti-5% Nb/AC 249 62 4021 4332 8.44
10% Ti-10% Nb/AC 266 78 4121 4465 8.73
10% Ti-15% Nb/AC 111 102 4351 4564 10.14

Nb or Ti-O-Nb bridges due to the interaction between isolated
species and their nearest neighbours,*>*” which in turn lowers
the catalytic activity. Therefore, catalytic performances were
enhanced at low niobium loading due to the synergistic inter-
action between Brgnsted and Lewis acid sites generated on the
surface of the support as a result of the catalyst preparation. The
Nraca decrease with increased niobium loading is in line with

View Article Online
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STEM-EDS analysis that shows preferential segregation of TiO,
and Nb,O5 on 10% Ti-5% Nb/AC.

The low catalytic activity of the samples with high niobium
loadings can be attributed to the amorphisation of niobia and
titania, as confirmed by the XRD analysis (Fig. 1a). An increase
in Nb-loading leads to the amorphisation of niobia and the
formation of saturated Nb species, whose catalytic activity is
lower than that of unsaturated niobium from crystalline nio-
bia.”® A decrease in crystallite size as a result of Nb addition
alongside Ti was highlighted in our previous study® and
a positive correlation between anatase crystallite size and cata-
Iytic performance in the photo-degradation of phenol was re-
ported by X. Wang et al.® Therefore, the behaviour of our
catalysts in the conversion of cellulose to LacA as a function of
the Nb loading is in agreement with literature data and the
particle aggregation at 15% Nb loading (Fig. 2h) justifies the low
catalytic activity of 10% Ti-15% Nb/AC (Fig. 3a).

The effectiveness of the 10% Ti-5% Nb/AC catalyst is related
to parallel reactions involving fructose as a common interme-
diate product. Afterwards, undesired reaction pathways can
lead to the ultimate formation of LevA promoted on Brgnsted
and Lewis acid sites. In this specific case, the acidic function

a) Nb doping content b) Catalyst amount
) 0% 3% 10%Ti-5%Nb/AC . Jo1g
50+ - 0.25% 5% 501 02g
o 0.5% 10% I
I 1% 15%
40 40
30 30
S h S
204 20
J’h% " I T
6 il m ollllm AL JWE 6 o | | |
Conversion MLaca Naiya Mieva MHMF Conversion MLacA Naiya Mieva THmF
c) Catalyst recycling d) Temperature
50 —
— 10%Ti-5%Nb/AC  [[1] 15t cycle 70 4 10%Ti-5%Nb/AC [ 180°C
- [ ]2"cycle 210 °C
404 [ |39cycle 60
4% cycle
50
30
. o 40
X ES
204 30 4
20
10
s md - -
Conversion NLaca Naiya Mieva MHMF Conversion Miaca Naiya Meeva THmF

Fig. 3
temperature. (c) Results of reusing the catalyst for four cycles.

348 | RSC Sustainability, 2026, 4, 343-354

Influence of different parameters on the catalytic activity of the catalyst: (a) niobium doping content; (b) amount of catalyst; (d)
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would outperform the redox function of the catalyst. To
a certain extent, such a trend is in agreement with our results,
where the higher Nb loadings increased the acidity. This
evolution is well illustrated in the particular case of 10% Ti-5%
Nb/AC. Various experimental parameters were investigated,
including the amount of the catalyst. As such, doubling the
catalyst amount led to an enhancement of 7;,.4 from 4.6% to
9.2% (Fig. 3b). The correlative decrease in 7y.ya at higher cata-
lyst loadings could be attributed to humin formation through
HMTF aldol addition and condensation.*

Although most heterogeneous catalysts lose their Lewis acids in
hydrolysis processes, the Lewis acidic nature of unsaturated Ti**
and Nb’* sites leads to a low interaction with water molecules and
thus low hydration, which justifies the catalytic activity of niobia
and titania in aqueous media.®** On the surface of titania, there
are both saturated (in TiOg octahedra) and unsaturated (in TiO,
tetrahedra) titanium atoms, with the latter still acting as Lewis acid
sites even in water. A similar behaviour was observed for Nb,Os,
where some of the unsaturated NbO, tetrahedra maintain their
Lewis acidity even in water.* Therefore, the Lewis acid sites in the
TiO, and NbO, tetrahedra allowed the reusability of 10% Ti-5%
Nb/AC for four catalytic cycles without any significant loss in
catalytic activity (Fig. 3c). We attribute the slight decrease in the
conversion to the formation of undissolved humins during the
production of HMF,* which may block the conversion of residual
cellulose.” To date, only a handful of studies reported the
conversion of cellulose to LacA over titania or niobia catalysts,
primarily due to their low catalytic activity. Wattanapaphawong
et al. showed that niobia and titania led to 7aca < 5%.°° An
improvement in the catalytic performance of these oxides was
noticed in our study by supporting niobium and titanium together
on the activated biochar with trimodal (micro-, meso-, and macro-)
porosity, which led to 7y.ca = 14%, for a low catalyst to cellulose
mass ratio (1:5). The production of higher 7;,.4 from cellulose
was reported in the literature, but it required harsher conditions
(190 °C, 24 h, 50 MPa He) and a high catalyst (AIW) to cellulose
mass ratio of 1:2.% Therefore, the improvement of catalytic
performance of niobium and/or titanium-based materials in the
production of LacA from cellulose remains a true challenge.

Increasing the temperature from 180 °C to 210 °C resulted in
a much higher 7., compared to 7p,.a and a higher cellulose
conversion (Fig. 3d), which may be attributed to the water
behaviour under subcritical conditions (100-374 °C), which in
turn could influence the nature of the acid properties of
biochar-supported catalysts. The high water density under
subcritical conditions can generate Bronsted acidity by the
adsorption of H' species on the surface of TiO,, which
encourages the use of TiO, materials in aqueous-phase biomass
conversions.®”” Consequently, the increase in temperature was
accompanied by an increase in the concentration of Brensted
acid sites, which in turn increased the conversion of cellulose to
LevA. Similar results were also reported in our previous study.**

The diffraction lines corresponding to anatase were
preserved for 10% Ti-5% Nb/AC tested at 180 °C and 210 °C. On
the other hand, for 10% Ti-5% Nb/AC tested at 180 °C two
additional peaks were noticed at 26 values of 14.9° and 22.4°, as
well as a shoulder at around 34.2°, corresponding to unreacted

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cellulose.®® The absence of these peaks for the -catalytic
conversion at 210 °C could be due to the formation of hydro-
char® (Fig. S6a). The distribution of niobium and titanium on
the surface of the activated carbon for 10% Ti-5% Nb/AC was
almost homogeneous before the reaction, as highlighted by
SEM-EDS mapping (Fig. S6b). However, we noticed that the
distribution was affected during the catalytic process (Fig. S6¢
and d). On the other hand, a decrease in the amount of niobium
on the surface of carbon by increasing the working temperature
from 180 °C to 210 °C was noticed (Fig. S6d). This effect was also
confirmed by STEM-EDS analysis (Fig. S7). Although niobia
shows high stability in water even at high temperatures, harsh
conditions and long exposure time can affect its stability,”
which is in agreement with our experimental results.

3.3. Influence of the textural properties of the support

The textural properties of the biochar that resulted from SCGs
depend on the salts used in the chemical activation process.
The biochar obtained using only ZnCl, (ACpjcro) is microporous
with high specific surface area,*”* while only using LaCl;
results in a biochar (ACrac;,) with low specific surface area.
Similarly, the beneficial effect of LaCl; for the generation of
large pores was previously reported”” and confirmed by the
increase in average pore size and volume in our control exper-
iment (ACpac1,). Our new approach showed that the addition of
both LaCl; and ZnCl, leads to an activated biochar (AC) with
trimodal (micro-, meso-, and macro-) porosity”® (Fig. S8a) and
a high specific surface (Table S5). Therefore, the generation of
these new properties was the consequence of the synergistic
effect between zinc and lanthanum chloride. The presence of
these new pores is even more interesting as the activated bi-
ochar with only ZnCl, shows only micropores (Fig. S8b).

The 10% Ti-10% Nb/ACpicro catalyst was synthesised start-
ing from ACpjcro, allowing us to examine the impact of the
support’s textural properties. Adsorption-desorption isotherms
confirm that the textural properties of the biochar were
preserved after the Ti and Nb impregnation, with 10% Ti-10%
Nb/AC showing the IV isotherm, while 10% Ti-10% Nb/ACicro
displays a type I isotherm (Fig. 4c and Table S5).

The textural properties of the biochar also influenced the
crystallite size and the catalytic performance. The generation of
meso- and macropores on the surface of the biochar as a result
of LaCl; allowed an increase in crystallite size of niobium doped
titania from 1.6 nm (ACpicro) to 2 nm (AC), which resulted in
a narrowing of the FWHM of the primary peak from 5.1°
(Fig. 4a2) to 3.9° (Fig. 4al). Therefore, the formation of
niobium-doped titania with different sizes depended on the size
of the pores.” The XPS analysis of the Ti 2p and Nb 3d spectra
shows no significant differences between the micro- and
mesoporous catalysts (Fig. 4b).

Cellulose first interacts with the active sites on the exterior
surface of the catalyst, where it depolymerises into oligomers and
then into glucose. The access of these small molecules into the
acidic centres is then facilitated by the meso- and macroporous
structures.” Therefore, besides the niobium loading, the porosity
also influences the catalytic activity. Dias et al.”® reported the
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Fig. 4 Structural and catalytic comparison of the materials obtained with zinc(i) chloride, without lanthanum(in) chloride (ACpmicro, red) and with
zinc and lanthanum chloride (ACes0. black). (a) Powder X-ray diffraction patterns. (al)—(a2) The fitting of the primary peak. (b) (1) Ti 2p and (2) Nb
3d XPS spectra; (c) adsorption—desorption isotherms; (d) catalytic activity.

dehydration of xylose to furfural over meso- and microporous
silica, with larger diameters of mesopores enhancing furfural
yields. Herein, the dehydration of fructose to HMF over meso-
porous biochar-supported nano titanium-niobium oxides led to
an increase in nyyp from 1.3 to 3.5% (Fig. 4d). On the other hand,
lower catalytic performances of the microporous biochar-based
acid catalysts can also be caused by mass transfer limitations
characterised by a lower average pore size.”

4 Conclusions

We propose a new approach for the synthesis of biochars with
different textural properties through the carbonisation of SCGs by
using various ratios of lanthanum(m) and zinc(u) chlorides in the
chemical activation process. When using an appropriate ratio
between zinc and lanthanum chloride, a biochar with trimodal
(micro-, meso-, and macro-) porosity and a high specific surface
was obtained. The resulting biochars were then used to obtain
biochar-supported nano-titanium-niobium oxides and the impact
of the Nb loading on the catalytic performance of cellulose
conversion to lactic acid was investigated. The presence of niobia
and titania on the biochar surface was highlighted by XPS, XRD,
SEM-EDS, and STEM-EDS. The high niobium loading led to
awidening of the XRD peak at 26 = 25° and aggregation, as noticed
by AFM analysis. The textural properties of the biochar influenced
both crystallite size and catalytic performance, with large pores
allowing the formation of larger crystallites. A significant
improvement in the acidic properties of the AC upon the addition
of titanium and niobium was highlighted by NH,-TPD analysis.

350 | RSC Sustainability, 2026, 4, 343-354

As expected, the niobium-free catalyst shows the lowest
catalytic activity and the lowest lactic acid yield (1.6%). Upon
the addition of niobium, the activity increases, with the best
lactic acid yield obtained for a niobium loading of 0.5% (14%). A
further increase in Nb loading (up to 15%) caused a decrease in
catalytic performances due to the collapse of the anatase
structure. Increasing the reaction temperature to 210 °C during
the catalytic test favours the production of levulinic acid. The
biochar-supported nano-titanium-niobium oxides demon-
strated good performances under hydrothermal conditions
during three successive catalytic cycles for cellulose conversion
into lactic acid with no significant loss in catalytic activity.

In conclusion, our work proves that the catalytic performance
in the formation of lactic acid through the conversion of cellulose
is affected by both the textural properties of the biochar support
and the presence of niobia along with titania. The mesoporous
structure enhances mass transfer and accessibility to active sites,
while the cooccurrence of titania and niobia produces a synergistic
interaction between Brgnsted and Lewis acid sites, thus leading to
improved catalytic performance in the conversion of cellulose to
lactic acid. Furthermore, our work provides a general framework
to synthesise novel mesoporous-biochar-supported catalysts.
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