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ARTICLE INFO ABSTRACT

Keywords: Hydrogenation of levulinic acid (LA) to y-valerolactone (GVL) is an important conversion in biomass
Deactivation valorization. Supported-ruthenium catalysts, typically used in aqueous phase conditions, exhibit excellent
Levulinic acid activity, albeit suffering from deactivation. This work investigates the (in)stability of Ru/TiO, during LA

y-valerolactone
Hydrogenation
Kinetics

hydrogenation at 100-200 °C, the deactivation mechanism and kinetics. TGA and ICP analyses ruled out
coking and leaching as deactivation causes. TEM and CO chemisorption show sintering of Ru particles
causing low dispersion and loss of activity. However, the deactivation rate decreases with temperature, thus
indicating another deactivation mechanism. Regardless, the inherent catalytic activity, expressed as TOF,
remains the same. Moreover, greater Ru dispersion loss in presence of LA as compared to pure aqueous media
shows that LA accelerates deactivation. Hence, increasing LA concentration leads to quicker deactivation.
XPS analysis shows a reduction of Ru and Ti species (increasing Ru’ and Ti*" content), alongside the
decline in catalytic activity over time. After initial deactivation, both catalytic activity and oxidation state
of surface species stabilize. The deactivation rate and final stable activity depend on total Ru loading,
affecting spatial LA conversion and carboxylic acids concentration in the bed. Therefore, inadvertent operation
with excess of Ru, either in total catalyst mass or Ru loadings on the support, and at higher temperatures
(i.e., greater conversions and GVL selectivity) lead to masking of deactivation phenomena. Additional co-
feeding experiments with the intermediate, 4-hydroxypentanoic acid, confirm LA as the carboxylic acid species
predominantly causing deactivation. Furthermore, we study the kinetics of LA hydrogenation on the stabilized
catalyst, and demonstrate that reaction kinetics transition from a zero to first-order dependence on LA from
initial to stabilized activity. Additional experiments reveal a half-order dependence on hydrogen, valid from
100 to 200 °C.

1. Introduction as the active metal. An extensive list of supports and solvents have
been explored for Ru catalyzed LA hydrogenation. Carbon [7-10],
The substitution of industrial commodities derived from fossil Sio, [1,8,11], Al,05 [8,12], TiO, [8,13,14] and zeolites [2,11,15]

sources by renewable counterparts is a primary focus of chemical have been reported. Water and organic solvents such as 1,4 diox-
research. To accomplish this, the efficient conversion of lignocellu- ane, isopropanol, sec-butylphenol have proved to be successful in this
losic biomass, assumed through agricultural, forestry, paper, and pulp conversion. Its relative abundance and nontoxic and non-hazardous
waste, to target chemicals is recognized as a promising strategy. y- properties make water the optimal solvent. The region of interest
valerolactone (GVL) is one of such target chemicals due to its value as a for the reaction temperature varies from 50 to 250 °C. Although
sustainable solvent and fuel additive. GVL is produced via levulinic acid lower temperature operations present some advantages (e.g., lower

preheating requirement, potentially cheaper material of construction),

(LA) hydrogenation under aqueous phase conditions or in the presence ; . -
higher reaction temperatures enhance catalyst productivity and enable

of a water-miscible organic solvent. Numerous works have reported the . .
application of different supported-metal (Ru [1,2], Ni [3,4], Pt [5,6]) bette.r I}eat. recovery for exotheljmlc processes at large scale, offsetting
catalysts for LA hydrogenation to GVL. The recent predisposition of the limitations of higher operating temperatures [16,17].

the catalysis community towards low temperature (<100 °C) operation .Hm{vever, Ru catalysis has recently been reportgd to sufffsr from.de-
for LA hydrogenation to GVL has shifted some focus towards Ru activation. Abdelrahman et al. [7] reported reversible and irreversible
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deactivation of commercial 5 wt% Ru/C for aqueous LA hydrogenation
at 50-100 °C. Reversible deactivation was ascribed to the reversible al-
terations of the oxidation state of Ru upon exposure to hydrogen, while
the irreversible deactivation was attributed to sintering. Additionally,
loss of crystalline structure of the carbon support was observed. Further
investigation by the same group using different supports in the presence
of ketonic carboxylic acids revealed a negative influence of electroneg-
ativity of the supports on irreversible deactivation (i.e., sintering) [8].
Ftouni et al. [13] reported similar deactivation of Ru-based catalysts for
LA hydrogenation in the presence of 1,4-dioxane as solvent. Deposition
of carbonaceous species and irreversible sintering of Ru particles were
reported to be the causes of deactivation.

While there is sufficient evidence of catalyst deactivation in the
recent literature on LA hydrogenation, the exact deactivation mecha-
nism and its impact on kinetics remain a subject of research. Earlier
kinetic studies on this reaction focused on the use of fresh catalysts and
relatively short batch reactions, where deactivation phenomena could
be neglected [2,9,18,19]. Thus, understanding the nature of catalyst
deactivation under aqueous LA hydrogenation and its effects on LA
hydrogenation kinetics after activity stabilization (i.e., after initial de-
activation) remains crucial for making an informed decision on reactor
choice and operational parameters. Even more, the technical viability
of Ru-based catalysts for GVL production from biomass resources can
be understood from these insights. Besides this, catalytic supports ex-
hibiting resistance to corrosive aqueous media, typically present during
biomass processing, and withstanding oxidative conditions necessary
for catalyst regeneration are an ideal choice. TiO, has been shown to
be stable in aqueous phase at 200 °C over the entire pH range [20]
and remains a widespread support choice for numerous metal-catalyzed
hydrogenation reactions [21]. Therefore, in this work, the stability of
TiO,-supported Ru catalysts was investigated. For the first time in liter-
ature, the effect of temperature, feed concentration, and Ru loadings on
deactivation kinetics was explored. A comprehensive characterization
of spent and fresh catalysts was performed to identify the causes of
deactivation. This work also sheds light on the deactivation kinetics
and studies the LA hydrogenation kinetics upon reaching stabilized
activities.

2. Experimental
2.1. Catalyst preparation

TiO,-supported Ru catalysts were prepared using incipient wet-
ness impregnation method. Commercially available TiO, (Degussa P-
25, procured from Sigma-Aldrich) was used as the support. Typi-
cally, 1 gram of catalyst was prepared using a pre-requisite amount
of RuCl;-xH,O (Sigma Aldrich, 38-40 wt% Ru) dissolved in 1.1 mL
of distilled water and 0.99 g of P-25 (TiO,) nanopowder. The obtained
paste was left to dry for 3 h at room temperature. The dried catalyst was
pelletized and sieved to the desired particle size (53-80 pm or stated
otherwise). The obtained powder was pre-reduced in a tubular oven at
450 °C for 4 h at 2 °C min~! with 5% H,/95% Ar mixture and cooled
down naturally.

2.2. Activity testing

The required mass of catalyst was then diluted with SiC and packed
in a stainless steel tubular reactor (1 cm LD. and 10 cm length).
A 10 pm and 2 pm frit with metal gaskets were used upstream and
downstream of the reactor, to prevent catalyst fouling with any solids
and washing away of the catalyst bed, respectively. The reactor was
then leak tested at 1.25 times the operating pressure with nitrogen prior
to flow experiments. LA hydrogenation was performed in an upflow
packed bed reactor placed in an oven with a gas-liquid separator at the
reactor outlet from where liquid samples were taken. For all catalytic
runs in this work (if not mentioned otherwise), 1 mL min~! of liquid
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flow rate was pumped through a Teledyne ISCO 500D syringe pump.
H, flow rate of 40 N m L min~! was maintained using a Bronkhorst
mass flow controller (MFC). The reactor pressure was maintained using
a back-pressure controller (Bronkhorst EL-Press P-502C). Catalytic runs
over a range of 100-200 °C and 21-31 bar H, pressure were performed.

2.3. Product analysis

Samples collected from the reactor outlet were analyzed by HPLC
(Zorbax StableBond phenyl reversed phase 4.6 x 250 mm column)
connected to a UV/vis detector. The eluent used was 80 vol.% 0.5 mM
H,S0, in water and 20 vol.% methanol. The total eluent flow rate was
0.3 mL min~! and the oven temperature was maintained at 24 °C. The
catalytic performance was studied in terms of (%) conversion of LA and
(%) product yield as defined below:

C

Csubstrate, initial = “substrate, reactor outlet

Conversion (X; 4) = - 100 1)

Csubstrate, initial

C roduct, reactor outlet
Yield; = —2on T80T 97 100 2
Csubstrate, initial

C roduct, reactor outlet

Selectivity; (S;) = P : - 100 3)
Csubstrate, initial ~ Csubstrate, reactor outlet
VR * €liquid

Liquid residence time (z) = L 4)

liquid flowrate

where €jqiq is the liquid hold-up. Void fraction for solid is assumed to
be 0.6 for a typical packed bed reactor.

(CLA, initial ~ CLA, reactor outlet) : Qﬂowrate
WRu

where Wy, is the mass of Ru loading in the catalytic bed in grams.

Calibrations for levulinic acid (LA, 98%, Sigma Aldrich) and y-
valerolactone (GVL, 98%, Sigma Aldrich) were performed using the
peak response at 4 = 205 nm using the UV-Vis detector. Since 4-
hydroxy pentanoic acid (4-HPA) was unavailable, its sodium salt,
sodium 4-hydroxypentanoate (CAS no. 56279-37-9), was procured
from Merck Life Sciences (Article no. BL3H97A45B64-250MG) and
protonated to 4-HPA using 5 mM H,SO, at room temperature, followed
by calibration. NOTE: Other HPLC columns and their effects of 4-
HPA selectivity with further implications on data interpretation are
discussed in Appendix G in SI.

Catalytic activity (a) = ®)

2.4. Catalyst characterization

X-ray photoelectron spectroscopy (XPS) was performed on the spent
samples to find the oxidation state of Ru using a Thermo Scientific K-
Alpha XPS system with a 180° double-focusing hemispherical analyser
with a 128-channel detector. The X-ray source was an Al Ka = 1486.68
eV micro-focused monochromator with a spot size of 400 pm.

Transmission electron microscopy (TEM) was used to determine the
Ru particle size. TEM samples were prepared by crushing the catalysts
followed by suspending in ethanol. The samples were analyzed by a FEI
Tecnai G2 Sphera cryo TEM operated at 200 kV. The TEM micrographs
were processed using ImageJ to find the Ru particle size of at least 150
particles per sample.

Thermogravimetric analysis (TGA) was performed on the spent sam-
ples to detect strongly adsorbed components using a TA-instruments
TGA 550. Measurements were performed using 10 to 15 mg samples in
air and at atmospheric pressure. The initial ramp was 10 °C min~! to
100 °C, the samples were then stabilized for 10 min and the final ramp
was 10 °C min~! to 750 °C.

X-ray powder diffraction (XRD) patterns were obtained by a Rigaku
MiniFlex 600 diffractometer with Cu-Ka (0.154 nm) source and
equipped with a Kp (x2) filter with constant step of 0.02° 260 and
counting time of 2 s per step. Intensity at angles between 10-90° was
measured at a rate of 0.6° min~!.
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CO chemisorption was performed on the fresh and spent samples
to determine Ru dispersion using Micromeritics AutoChem III. For
a typical CO chemisorption experiment, the samples were first pre-
treated in He at 150 °C. In case of fresh samples, the temperature was
cooled down to 50 °C and the samples were then reduced in 10% H, in
Ar at 450 °C for 4 h at 2° min~!. The samples were then cooled down
to 50 °C, subsequently followed by CO pulse chemisorption at 50 °C
until similar peak area was attained.

2.5. Deactivation kinetics fitting

Catalytic activity (a), expressed in molj 4 ¢opy. gil'l h~!, was calculated
according to Eq. (5). Deactivation kinetics [22] were modeled, as being
first order with respect to catalytic activity at a given time, using the
equations stated below:

da
Cdr
Substituting n = 1, a can be expressed as

= kdeactivation . (an - aoo) 6)

a= (ao - am) . e Kdeactivation't +ag, 0]

wherein, t is time on stream in hours, k;.,.iivaion 15 the deactivation

.11 . - wervatio o1
constant in h™ and a, is the stabilized activity in mol; 5 cony. g5, h7'-
Furthermore, the deactivation constant can be expressed as a function
of temperature via Arrhenius dependence as shown below [22]

= —H, ivation/ RT
Kgeactivation = Kdeactivation0 - € deactivation (8)

wherein Hg,,.iivaion 15 analogous to Arrhenius energy, expressed in
kJ mol~!. The obtained experimental values were then fitted to an error
objective function that was defined as the sum of the root mean square
errors (RMSE) between the experimental and calculated catalytic activ-
ity as follows:

Naata ( calc EXP)2

RMSE = k=1 Yk TV

©)
N data

where Ny, is the number of experimental data used for kinetic fitting
and y¢* and y;* are catalytic activities determined via the model
fitting and experimentally, respectively. The error objective function
was minimized using the built-in Isqgnonlin function in MATLAB 2023.

3. Results
3.1. Catalyst screening

Several supports such as TiO, [8,13,14], ZrO, [13], carbon [7-10],
SiO, [8,11] and zeolites [2,11,15] have been reported for LA hydro-
genation. A comprehensive summary of these is shown in Table 1.
Based on their reported performance, three supports, i.e., ZrO,, TiO,,
and USY-zeolite were chosen in our screening experiments (See Fig.
1). Near complete conversion of LA was observed with Ru/TiO,, while
only 60% of LA was converted with Ru/USY-zeolite. The selectivity to
GVL remained ~95% in both cases. Ru/ZrO, was unable to achieve any
perceptible conversion under the present conditions, although previous
studies have reported better activities in 1,4-dioxane as a solvent [13].
Thus, Ru/TiO, was chosen for further investigation in this work.

Table 1 shows LA hydrogenation data for various catalysts and
conditions. Entries 1 to 10 have employed a continuous flow-through
reactor configuration while the following entries are reported using
batch reactors. In general, it is evident that the GVL productivity
achieved with batch reactor is significantly higher than the flow coun-
terparts. This is predominantly due to the remarkably longer liquid
residence time used in batch. These conditions render high GVL yields
(>95%) despite a relatively lower catalyst loading. Several works have
demonstrated that LA hydrogenation to GVL occurs via rapid formation
of 4-hydroxypentanoic acid (4-HPA) as intermediate, followed by the
relatively slower 4-HPA ring closure to GVL. This second step can also
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Fig. 1. Different support screening for LA hydrogenation to GVL using 1 wt% Ru as
active metal catalyst. Reaction conditions: T' = 200° C; Py, = 31 bar; C;, = 2 wt%;
W, =02g Wge =388 Qpy =1 mL min™; Q; =40 N m L min~'; WHSV =
300 gpeeq & h™'. NOTE: The values reported are averaged for samples in the initial
three hours of testing and no deactivation was observed.

be catalyzed homogeneously [1,9,18], so long liquid residence time
and low catalyst loadings used in batch reactors render high yields and
relatively large productivity per mass of catalyst. On the other hand, the
flow counterparts feature higher catalyst loading per reactor volume,
shorter liquid residence times, and therefore tend to be inefficient in
completing the ring closure reaction, thus rendering relatively lower
GVL selectivity/yields.

Alternatively to prolonging the liquid residence times, operating
at higher temperatures is also effective in boosting GVL production
without sacrificing carbon balance. GVL selectivity’s up to ~80% are
recorded in flow reactors, with 4-HPA selectivity accounting for the
remaining 20%. For all the experiments performed in this work, carbon
balance including unconverted LA, 4-HPA and GVL, remains ~100 + 2%.
Therefore, the formation of valeric acid from GVL [23,24], if occurring
in trace amounts, can be neglected. Also, no severe formation of carbon
deposits are expected under these conditions. Entries 1-3 in Table 1
correspond to data obtained in this work. The results demonstrate that
high GVL selectivity and productivity can indeed be achieved with
liquid residence time <1 min at 200 °C. Entries 4-7 report literature
data obtained with flow reactors at lower temperatures (in a similar
range as those in batch studies), yielding less GVL. Additionally, in case
of flow studies, GVL selectivity seems to increase with temperature,
thus indicating higher activation energy of the second step, i.e., 4-
HPA ring closure to GVL. Furthermore, Hommes et al. [18] and Mani
et al. [1] have demonstrated the autocatalytic nature of the second
step (see Appendix G in SI for a more detailed discussion). Further into
the effect of temperature on product distribution using Ru/TiO, as the
catalyst of choice is covered in the following sections.

3.2. Deactivation tests

Temperature effects on deactivation rates

Following evidences catalyst of deactivation [7,8,13,14], we in-
vestigate the stability of Ru/TiO, during LA hydrogenation in the
temperature range 100-200 °C over a period of five hours. To ensure
incomplete conversion, the catalyst mass was halved with respect to
previous experiments, i.e., from 200 to 100 mg of 1 wt% Ru/TiO,.
Fig. 2 shows a clear decay in catalytic activity at all temperatures.
As expected, catalytic activity at the beginning of operation is the
highest for 200 °C, and decreases with temperature due to its Arrhenius
behavior. Upon several hours of time on stream, the activity reaches a
plateau, hereby referred as stabilized activity. Notably, the stabilized
activity at different temperatures do not differ significantly, as seen
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Table 1
Comparison of different Ru based catalysts reported for continuous LA hydrogenation to GVL.
Entry Catalyst Solvent P T WHSV Tiig Xra Sevi TOS Prod. Ref.
(bar) [{9) (8teea (min) (%) (%) ) (8evL
S 7D S 7D

1 1 wt% Ru/TiO, H,0 31 200 300 0.54 100 95 3 4.92 This work
2 1 wt% Ru/TiO, H,0 31 200 300 0.54 53 95 120 2.60%" This work
3 2 wt% Ru/TiO, H,0 31 200 600 0.54 50 90 140 5.82% This work
4 0.5 wt% Ru/C 1,4 DO! 12 130 3 4.21 100 84 1-2 0.11 [18]

5 0.5 wt% Ru/C H,0 45 90 60 2.09 92 78 52 3.71 [10]

6 5 wt% Ru/C H,0 41 50 550 1.10 2 3 70 0.02 [71

7 2.5 wt% Ru/SBA-15 H,0 10 920 7.5 8-13* 100 36 20 0.12 [1]

8 2.5 wt% Ru/SBA-15' H,0 10 100 4.5 8-134 100 86 300 0.17 [1]

9 5 wt% Ru/C SBP? 35 180 3.6 N.A. N.A. N.A. 300 2.73 [25]

10 5 wt% (Ru;gSns/C) SBP? 35 180 1.2 N.A. N.A. N.A. 300 0.83 [25]

11 1 wt% Ru/TiO,¢ 1,4 DO! 30 150 167 180 100 98 15 14.11¢ [13]

12 1 wt% Ru/TiO,¢ 1,4 DO! 30 150 167 180 100 100 3 14.40 [13]

13 5 wt% Ru/C® 1,4 DO! 30 100 21 180 100 97 3 1.76 [13]

14 5 wt% Ru/C® 1,4 DO! 30 150 167 180 100 97 3 13.97 [13]

15 3 wt% Ru/C® H,0 45 130 550 60 97 88 1 46.00 [9]

16 5 wt% Ru/C® IPA3 N.A. 140 663 30 43 95 1 12.19¢ [26]

1 - 1,4 dioxane; 2 - sec-butylphenol; 3 - Isopropanol; 4 - Residence times retrieved from the work as is due to insufficient data regarding catalyst mass used.

Values reported after achieving activity stabilization.
Based on 200 mg catalyst loading.

Five cycles with three hours of reaction time.

Two cycles of 30 min of reaction time.

Entries 11-16 are based on batch reactor studies.

f 2.5 wt% Ru/20%Nb/ SBA-15.
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Fig. 2. Catalyst activity profiles vs. time at different temperatures using 1 wt% Ru/TiO,
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(GVL)

Fig. 3. Preferred reaction pathway of LA hydrogenation to GVL through the formation of intermediate, 4-hydroxy pentanoic acid (4-HPA).

from the raw experimental data as well as the fitting parameter, i.e, a.,
(see Table 2, entries 1 to 3). Further discussion on the LA hydrogenation
kinetics after activity stabilization is done in Section 3.4. With respect
to the rate of deactivation, it is evident that the decay in activity is
fastest for the lowest temperature explored (100 °C), and it decreases
at greater temperature. This is unexpected if sintering is assumed as the
main cause of deactivation. This evidence suggests strong adsorption of
chemical species as a contributor to the activity loss.

With respect to selectivity trends, the hydrogenation of LA under
the present conditions leads to two main products, namely 4-HPA and
GVL, formed according to scheme Fig. 3. This is the generally accepted
pathway, instead of the rearrangement of LA to form a-angelica lactone
followed by hydrogenation to GVL [7,9,27]. As previously established,
higher temperatures favor the selectivity of GVL, in agreement with
several studies in the literature that demonstrate a higher activation
energy for the second reaction step [7,9].
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Py, = 31 bar; C;, = 2 and 5 wt%; W, = 0.1 g Wg,c = 3.9 g Qg = 1 mL min™'; Qy = 40 N m L min~!; WHSV = 600 g, ¢

5 wt% LA.

Besides, a discernible shift in product distribution is observed upon
time on stream. Under all temperatures explored, the selectivity to the
final product, GVL, in fact increases upon deactivation. We hypothesize
that the changes in catalytic activity during operation selectively inhibit
the first reaction step (i.e., the metal-catalyzed hydrogenation of LA to
4-HPA), leaving the second step (i.e. the partly homogeneously acid-
catalyzed ring closure of 4-HPA to GVL) relatively unaffected. The
results indicate that the conversion of 4-HPA to GVL at 200 °C, even on
deactivated catalyst, is rather fast. Based on the above, we hypothesize
that relatively large concentrations of LA or 4-HPA (i.e., typically
found at lower temperatures and short times) are conducive to faster
deactivation. Presumably, carboxylic acid groups introduce competitive
adsorption on the active sites, and therefore cause a reduction of LA
hydrogenation rate.

Concentration effects on deactivation rates

To test the hypothesis of deactivation induced by presence of car-
boxylic acid, we study the effect of LA feed concentration on hydro-
genation and deactivation rates. Fig. 4 shows catalytic activity during
several hours of time on stream using 2 and 5 wt% LA as feed at 200 °C.
Regardless of LA concentration, a steep decline in catalytic activity is
noted in the initial hours of operation, with an evident plateau after
ca. 5 and 15 h, for 5 and 2 wt% LA, respectively. Deactivation rate is
faster for the more concentrated feed. The activity halves (i.e. from 9
107 to 4.5 - 1074 mol;p cny. 8ry "+ h71) in 2 h with 5 wt% LA, and
in 5 h with 5 wt% LA for otherwise identical reaction conditions. Yet,
the experiments under more dilute conditions reach a greater extent
of deactivation, with final stabilized activity values proportional to LA
feed concentration. On the other hand, it is interesting to note that the
catalytic activity expressed in molj cony. 8y~ h™! during the initial
hours of operation (see the gray-colored region in Fig. 4) appears to
be independent of feed concentration. This suggests a pseudo zero-
order kinetics of LA hydrogenation with respect to LA concentration
in this region (note that the activity data during the initial hours of
operation is based on integral conditions, with X; , > 10%). Additional
data with an intermediate LA concentration (i.e., 3.5 wt% LA), per-
fectly aligns with these trends (i.e., quicker deactivation and stabilized
activity approximately 1.6 times higher those observed with 2 wt%
LA feed, see Figure S17 in SI and entries 3 to 5 in Table 2). Finally,
a remarkable feature of operating at 200 °C remains the relatively
unchanged product distribution, with >90% GVL selectivity, and nearly
independent of LA concentrations.

Loading effects on deactivation kinetics

In this section, we investigate the effect of total Ru loadings through
a series of experiments varying the catalyst bed. Initially, the total mass
of catalyst was doubled from 100 to 200 mg while maintaining 1 wt%

1

~+ h™!'. Diamond markers indicate results for

Ru loading. Then, Ru loading per mass of catalyst was doubled from 1
to 2 wt% while using 100 mg of total catalyst mass. All these catalyst
beds were operated at 200 °C.

Fig. 5 shows the catalytic activity as a function of TOS for the
aforementioned catalyst beds. Subfigure (A) compares the performance
of two catalytic beds with the exact same Ru content, each of them
achieved by distinct Ru loading per gram catalyst and a correspond-
ingly different catalyst mass. Thus, it can be easily inferred that the
TiO, content was not the same in these two catalytic beds. It can
be observed that the initial and stabilized activities, as well as the
deactivation kinetic constants, remain nearly the same for catalyst
beds (see Table 2). Therefore, the LA hydrogenation activity seems to
correlate to the total Ru content, while it appears to be independent
of the TiO, content in the catalyst bed at 200 ° C. The loading of Ru
per gram catalyst appears to be irrelevant. With respect to deactivation
kinetics, both catalytic beds lose ~4%—-6% of their activity per hour of
TOS. Finney et al. [28] have reported accelerated activity loss due to
sintering while using slightly higher (i.e., 3.5 wt%) metal loadings for
Pd/Al, 03, and found the same to be applicable for other noble metals
including Pt, Pd, Ru, Ir, Au, and Ag. While sintering cannot be ruled
out as a cause of deactivation, especially considering the high partial
pressure of water and the acidic environment (i.e, conditions conducive
to sintering, even at 30-50 °C [29]), the independence of deactivation
rate on Ru loadings may suggest otherwise. Sintering rates usually scale
with metal loadings [30].

Next, Fig. 5-B compares the effect of doubling the mass of total
Ru loading, this time by doubling the total mass of the same catalyst
(1 wt% Ru/TiO,), on LA hydrogenation activity normalized per gram
Ru. At first sight, the divergence in these trends appears to contradict
the previous observations (i.e., LA hydrogenation activity scales with
total Ru loading). Nevertheless, Figure S12-(b) in SI further reveals that
X, 4 was greater that 90% during the initial phase of operation (up to
TOS of 1 h), for all catalytic beds. This explains that the initial catalytic
activity (based on nearly full conversion) normalized per mass Ru, as
shown in Fig. 5-B, is halved on doubling Ru loading. Given the high
conversion, there was likely an excess of catalysts in these initial phases
of operation, preventing an accurate interpretation of the intrinsic
activity and deactivation kinetics in the initial ca. 5 h. Upon increasing
TOS beyond 5 h, X; 4, decreases below <90%, thereby allowing a more
quantitative interpretation of the activity and its decay. It is evident
that the catalytic bed with greater Ru loadings suffers from significantly
slower deactivation. The smallest catalytic bed (i.e., 100 mg of 1 wt%
Ru) suffers an activity drops of 90% while the largest bed deactivates
by only 10% within 10 h of TOS. Remarkably, X; , remains rather
stable during the same period for higher Ru loadings (Figure S12-
(b)). Eventually, when comparing the final stabilized activities, we
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on catalyst mass used).

encounter that the Ru normalized activity is not the same for these two
catalyst beds.

A plausible explanation for the slower deactivation rate at higher
Ru loadings can be found in the linear dependence of deactivation rate
with LA concentration earlier discussed. If we envision the 200 mg bed
as two sequential halves of 100 mg catalyst each, with the first render-
ing nearly full conversion of LA to GVL with ca. >95% selectivity (Fig.
2 at 200 °C), it can be inferred that the second half remains nearly free
of carboxylic acids. These conditions are conducive to greater stability
of the second bed, as shown in Fig. 6-B. However, upon deactivation of
the first bed, lowering LA conversions below 100% will gradually in-
crease concentrations of carboxilic acids downstream. Hence, apparent
deactivation of the entire 200 mg bed occurs at a lower rate. Therefore,
we hypothesize that low concentrations of carboxylic acids under these
conditions is key to preserving activity. Thus, unifying the increase in
catalyst loading with a more severe operating temperature consolidates
the deceleration of deactivation kinetics significantly for Ru-catalyzed
LA hydrogenation in aqueous conditions. Regardless, 4-HPA selectivity
remains relatively unchanged, ~6%-8%, at 200 °C, in agreement with
the previous observations for lower catalyst loadings. Furthermore, the
carbon balance remains 100 + 2% for all scenarios at 200 °C.

While the above hypothesis may (at least qualitatively) explain the
differences in deactivation rate in these two beds, the fact that the final
stabilized activity a,, normalized per Ru is also different (i.e., doubling
the total Ru loading renders ca. 2.5-fold increase in stabilized activity,
from 0.09 to 0.24 mol; 5 cony. 2. h7'), deserves some consideration.
After establishing that the stabilized activity scales with Ru loading
(Fig. 5), and assuming zeroth order kinetics for LA hydrogenation with
respect to LA, as suggested in numerous works [7,9,18], a,, should

h~! (based

—1
cat

remain relatively unchanged in this two experiments. The fact that this
does not hold true suggests a change in the final catalyst structure
(i.e., the intrinsic activity of these catalysts is not comparable), and/or
a change in the kinetic regime towards a positive order on LA, upon
reaching activity stabilization. The latter is in line with the observed
effects on LA concentration on stabilized activity (Fig. 6-B).

Deactivation kinetics using 1 wt% Ru/TiO,

Fig. 6 shows fitted kinetic parameters for the catalyst deactiva-
tion rate (A and B) and well as the initial and stabilized catalytic
activity as function of LA feed concentration (C and D). Deactivation
rate decreases with temperature, as shown earlier, with an estimated
activation energy of —12.2 kJ mol~! (see Section 2.5). This figure
is similar to the heat of adsorption (4H .y pi0n) Of LA obtained on
different clays and polymeric adsorbents [31,32]. Furthermore, Fig. 6-
B shows an almost linear relationship between k;,,./ivarion @a0d LA feed
concentration at 200 °C. Thus, all this evidence hints towards substrate-
induced (i.e., LA or 4-HPA) deactivation, very likely arising from
the carboxylate species. This aligns with evidence presented by Liu
et al. [14], albeit using 1,4 dioxane as the solvent, and by Abdelrehman
et al. who demonstrated that the presence of carboxylic acids on Ru-
supported catalysts caused significant deactivation depending on the
positive surface charge of the support [8]. Drawing on these findings,
the deactivation kinetic term can be expressed as follows.

kdeactiuation = kdO exp (_Hdeactiuafion/RT) (10)

wherein k;, and Hy,,ivaion are pseudo pre-exponential factor and
deactivation energy, respectively. Looking at the evidences, k,, linearly
depends on feed concentration as shown in Fig. 6-B, while Hy,,./iyarion 1S
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Deactivation kinetics fitting parameters for different temperatures, LA feed concentration, Ru and catalyst loadings for LA hydrogenation to

GVL with 95% confidence intervals. Reaction conditions: Py, = 31 bar; Q. = 1 mL min~!;

n, = 40 N mL min~'.

Entry T C,, in H,O Ru load. Mass® a, Ky eactivation ag
(°Q) (Wt.%) (Wt.%) (mg) (MOl 4 ony. gﬁ‘ll h1) (™ (MOl 4 oy, g;i h™h)

1 100 2 1 100 0.52 + 0.056 0.51 + 0.072 0.083 + 0.014
2 150 2 1 100 0.78 + 0.061 0.37 + 0.053 0.085 + 0.020
3 200 2 1 100 0.86 + 0.065 0.25 + 0.048 0.093 + 0.025
4 200 3.5 1 100 0.75 + 0.067 0.53 + 0.048 0.15 + 0.021
5 200 5 1 100 1.35 + 0.20 0.89 + 0.190 0.33 + 0.020
6 200 2 1 200 0.42 + 0.014 0.038 + 0.006 0.23 + 0.015
7 200 2 2 100 0.43 + 0.012 0.058 + 0.008 0.22 + 0.020
8 1007 2 1 100 0.54 + 0.078 0.79 + 0.10 0.10 + 0.018
9 200° 2 1 200 0.84 + 0.067 0.78 + 0.088 0.062 + 0.009

? Py, = 44 bar.
b Rutile TiO,.
¢ Mass of catalytic bed.

shown in subfigure A of the same. Similar expressions for reactions such
as catalytic cracking [33] and ethanol dehydration [34] suffering from
similar competitive adsorption mechanism followed by coke deposition,
are reported. In addition to the temperature dependence, performing
LA hydrogenation at higher H, pressure leads to quicker deactivation
kinetics (see entries 1 and 8 in Table 2). It should be noted that the
initial catalytic activity remains unchanged on increasing H, pressure
while the stabilized activity increases with pressure. A few studies have
highlighted the importance of different TiO, phases, i.e., anatase and
rutile for LA hydrogenation [5,14]. Therefore, pure rutile phase of TiO,
was used as a support (listed as entry 9 in Table 2) to investigate its
catalytic activity. The initial activity observed with rutile phase was
similar to the one observed with P25. In contrast, the deactivation was
three-fold quicker and the stabilized activity was ~35% lower in case of
rutile supported Ru catalyst as compared to P25. Our observations con-
tradict the stability results for Ru/TiO, (rutile) for LA hydrogenation in
presence of 1,4 dioxane as the solvent [14]. Hence, pure rutile support
might be more susceptible to deactivation in presence of aqueous media
and exhibits lower stabilized activity than the P25 support.

Fig. 6-D shows a linear relationship between the stabilized activity
and LA feed concentration. For all the scenarios tested, the reactor was
operated under integral conditions (i.e., X; 4 > 5%). The corresponding
relationship between the stabilized catalytic activity and reaction order
for LA concentration can be found in detail in Appendix D in SI.
Based on this, a first-order LA dependence can be established. While
it is difficult to determine the initial catalytic activity of the fresh
catalyst (i.e., ay) experimentally, this is determined by extrapolation of
activity data to TOS = 0 h. As reported in Fig. 6-C, the initial catalytic
activity is nearly independent of concentration, unlike the stabilized
activity (shown in Fig. 6-D). Similar to our findings concerning initial
LA hydrogenation activity, different studies have shown initial LA
hydrogenation kinetics being independent of LA feed concentrations,
even when they were performed at different ranges of temperatures and
concentrations. One study was performed over a range of LA concentra-
tions (0.15-0.45 M) at near ambient temperature (50 °C) using 5 wt%
Ru/C) [7], while the other at 50-130 °C using 0.5 wt% Ru/C [18].
Besides the initial catalytic activity, Piskun et al. [9] indicated the
presence of internal diffusion limitations while using 5 wt% Ru/C
at 130 °C. Therefore, additional experiments with differing catalyst
particle sizes up to 200 pm were performed (see Figure S15). No
significant differences were observed with catalytic performance during
operation upon using particles in 32-53 and 53-80 pm range (for LA
hydrogenation at 200 °C and 31 bar H, pressure exhibiting highest
catalytic activity, a Weisz—Prater modulus of 0.31 < 0.4 is estimated
in section F of SI), demonstrating that neither the catalyst deactivation
nor LA hydrogenation kinetic were masked by internal diffusion lim-
itations. Since the stabilized activity, a,,, follows a relationship with
feed concentration, further inspection into reaction kinetics upon full
deactivation or activity stabilization is done in Section 3.4.

3.3. Catalyst characterization

Different catalyst characterization techniques were used to establish
the causes of deactivation during TOS for Ru/TiO,. Fig. 7 shows the
results for XPS, TEM and TGA. Subplot C compares Ru particle size,
obtained using TEM, of the fresh and spent 1 wt% Ru/TiO, from
100 mg catalyst loading experiments. The Ru particle size distribution
shifts from a very narrow distribution with many sub-nm particles in
the fresh catalyst to a much larger and broader distribution in the
spent catalyst (i.e., from 1.38 + 0.03 nm to 2.38 + 0.08 nm mean
particle sizes, respectively). Also, note the formation of a few larger
agglomerates up to 10 nm (see Figure S2 in SI for TEM images).
Unlike the results presented in this work, it was shown that Ru particle
sintering does not occur while using 1,4-dioxane as a solvent [14].
Sintering generally occurs at high temperatures (>500 °C) but is known
to occur at lower temperatures as well, especially in the presence of
water [35]. While using 1 wt% Ru/TiO, at 200 °C, formation of larger
aggregates of Ru after three days of operation results in approximately
60% decrease in the specific surface area of the exposed Ru particles
(assuming ideal hemispherical shape). This is accompanied by 90%
decrease in catalytic activity over the same period. Thus, this suggests
that, while sintering occurs, it is likely not the only contributor to
catalyst deactivation. Furthermore, deactivation experiments with 1
and 2 wt% Ru catalysts described in Fig. 5-A, show that deactivation
does not significantly depend on Ru loading on the support in the
present conditions (i.e., 200 °C used and aqueous phase).

Fig. 7-D shows the TGA results (performed under inert conditions,
i.e,, Ny) of spent catalyst operated at 200 °C during different TOS
(without washing). The mass loss experienced by all catalyst samples is
within 2 to 3 wt%. The temperature regions where mass loss occurs cor-
respond to the boiling points of GVL, levulinic and 4-hydroxy pentanoic
acids, with the biggest contributor corresponding to GVL. This merely
confirms the presence of these components on the surface of the spent
unwashed catalyst (either as adsorbates, or deposited on the surface
after drying of the liquid in the pores), and aligns with the high GVL
selectivity obtained in these studies (i.e., ~95%). However, conclusions
on strong adsorption by the organic acids and/or GVL on the catalyst
surface cannot be easily drawn from these experiments. No major mass
losses are observed at higher temperatures, suggesting absence coke on
the catalyst surface. This is also in line with a full carbon balance during
all experiments. Regardless of the species responsible for deactivation,
coking or deposition on the catalyst can be ruled out as a pivotal
deactivation mechanism in aqueous media. This can be explained by
the indistinguishable mass loss during TG analysis of spent catalyst for
different TOS, see Fig. 7-D. Additionally, carbon balance in all reported
experiments remained 100 + 2%. Moreover, ICP relates no leaching
of either Ru or Ti during operation. Similarly, no Ru leaching was
reported in other works using TiO, as the support [8,10,14]. Besides
the growth of Ru particle size, TEM images show a preservation of the
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S4 in SI). Therefore, TiO, presents a favorable alternative in terms of
conserving its crystalline structure as a support.

crystalline structure of TiO, support. This is also confirmed by XRD
patterns showing similar peaks for fresh and spent samples (see Figure
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XPS measurements were conducted to gain additional insights into
the change in catalyst structure on the fresh and spent catalysts with
different TOS. The fresh catalyst exhibits a distinct shoulder in the
region between 280-282 eV (Figure S7 in SI), indicative of unreduced
Ru in its oxide or hydroxide form (i.e., RuO, or Ru(OH)3) for Ru 3d core
level. This is assigned to the oxidation of metallic Ru upon exposure to
ambient [36]. The resolution of the Ti 2p core level is more complex
due to the overlap with Ru 3p spectra. Therefore, commercially avail-
able TiO, powder, i.e., P-25, was used to obtain fitting constraints for
Ti** peak model (more details can be found in subsection B.3.1 of SI).
The surface Ti species of the fresh catalyst undergo reduction from Ti**
to Ti®*, the latter 2p, o component was detected at 457.9 + 0.3 eV.
The content of Ru® and Ti®* relative to that of their respective higher
oxidation states increase with time of operation, as shown in Fig. 7-A
and B, respectively. In the case of Ti, the FWHM for spent catalysts
falls under the range of 1.45 to 1.7 eV (peak broadening from 1.1 eV
observed with fresh TiO,), demonstrating the presence of an additional
oxidation state of Ti other than 4+.

The day-averaged LA hydrogenation activity is plotted against
Ru’/(Ru® + Ru’) and Ti®*/(Ti** + Ti®"), shown in Fig. 8. Due to
a quick deactivation within the first day of operation (approximately
0.25 h~! resulting in loss of 90% catalytic activity at 200 °C), the LA
hydrogenation activity remains relatively unchanged for days 2 and
3. Similarly, the values of Ru®/(Ru® + Ru’*) and Ti®*/(Ti*" + Ti®")
remain stable over this period, indicating that the reduction of Ru’*
surface species to Ru®, and Ti*" to Ti®>* does not proceed to completion.
LA hydrogenation activity and the change in Ru and Ti oxidation
states are very much alike, reaching stable values after the initial
deactivation. These observations are corroborated by XPS analysis for
the spent catalyst, which reveal the existence of both Ru’* and Ru®
oxidation states after continuous operation of >100 h. We hypothesize
an equilibrium between these Ru species, as their relative content
remains relatively unchanged when comparing catalytic beds tested for
2, 3 and 20 days of operation. The relative content of Ru®" with respect
to total Ru remains within 48 to 60%, when increasing Ru loadings
from 1 to 2 wt% Ru, respectively. The discrepancy can be attributed
to the assignment of different Ru oxidation states (ranging from 1+
to 4+) cumulatively to a single Ru’" species. Although the chemical
environment on the catalyst surface undergoes extensive reduction,
the crystalline structure (determined by XRD, see Figure S3) remains
essentially unchanged, suggesting preservation of Ti*" in the bulk of
the catalyst.

Several studies using supported RuO,, catalyst have investigated the
activity of various Ru oxidation states during LA hydrogenation. Kasar

cat

= 200 °C; Py, = 31 bar; W,
1 h—l'

Table 3
Ru dispersion and TOF at the beginning of time-on-stream and after activity stabiliza-
tion for LA hydrogenation performed at 200 °C and 31 bar H,.

Catalyst Ru dispersion Ru surface area X4 TOF*
% m? g7l % h-!

1 wt% Ru/TiO, (fresh) 11.25 0.41 90 8582

1 wt% Ru/TiO, (spent) 1.14 0.04 9.5 8415

2 wt% Ru/TiO, (fresh) 4.17 0.30 95 11,575

2 wt% Ru/TiO, (spent) 1.06 0.08 43 21,788

a TOF calculated based on dispersion of Ru obtained via CO pulse chemisorption.

et al. [2] show an increase in Ru® content in the spent catalyst com-
pared to the fresh catalysts using Ru and Ni in conjunction. Recently,
Abusuek et al. [37] and Gundekari et al. [15] have demonstrated the
ability of Ru oxides to catalyze LA hydrogenation. Furthermore, the
latter study revealed the necessity of adsorbed water molecules to
enable in-situ Ru reduction for catalyzing LA hydrogenation. In light
of such reports, unreduced Ru/TiO, was used for LA hydrogenation
at 200 °C and 31 bar H, pressure. Our results showed negligible
hydrogenation activity (see Figure S16 in SI), with a meager 4% LA
conversion followed by 2% on the next day. Hence, Ru** or Ru’"
cannot be the sole active species for LA hydrogenation. Although the
reduction protocol for the catalyst involved H, treatment at 450 °C
(i.e., higher than the reaction conditions), subsequent exposure to am-
bient air during transfer to the reactor, results in the oxidation of Ru’ to
Ru**. Regardless, the catalytic run with unreduced Ru and ex-situ XPS
analysis of Ru/TiO, with different TOS suggests that a combination of
both Ru® and Ru’" states is necessary for LA hydrogenation while using
TiO, as the support.

Table 3 depicts Ru dispersion before and after catalytic runs for the
different Ru loadings. The reduction in Ru dispersion with higher mass
loading indicates that the Ru nanoparticles are mobile and agglomerate
to form larger clusters at higher Ru ladings. In case of 1 wt% Ru load-
ings, the inherent catalytic activity, expressed as turnover frequency
(TOF) in h™1, remains similar. This signifies that the inherent catalytic
activity is retained and is very well defined by the amount of Ru being
exposed. Since the deactivation of the catalyst occurs extensively due
to sintering of Ru nanoparticles assisted by the presence of LA in the
feed, the exposed metallic surface area gets reduced, thereby reducing
the catalytic activity per gram of catalyst. In case of higher Ru loadings,
i.e., 2 wt% Ru/TiO,, the initial inherent activity of the catalyst is
difficult to estimate as almost complete LA conversion can be obtained
by 1 wt% Ru loading (see first entry of Table 3). Regardless, the TOF
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in case of fresh 2 wt% Ru is higher than 25% of its lower Ru loading
counterpart. After reaching stabilized activity, the TOF for higher Ru
loading is approximately three-fold of 1 wt% Ru (spent). While the
exposed Ru surface area per gg, for both the spent catalysts remains
the same, X; 4 obtained with higher Ru loading is at least four times
greater than 1 wt% Ru (spent).

3.4. Kinetics of LA hydrogenation on deactivated catalyst

Several studies on LA hydrogenation with Ru/C [7,9] catalysts
report a zero-order kinetics with respect to LA concentration. Further-
more, few other studies using MnOg [19] and montmorillonite (MMT)
clay [2] as supports in batch reactors report a fractional order depen-
dence of LA. This behavior is observed with fresh catalysts at the start
of time-on-stream operations. Nonetheless, there are no studies on LA
hydrogenation kinetics after activity stabilization is achieved. Hence,
in our work, the catalytic bed of 200 mg 1 wt% Ru/TiO, was operated
continuously for 120 h to achieve stable activity (Fig. 5-B). Following
deactivation, kinetic investigation was performed for order dependence
within the stable activity region for different feed LA concentrations,
as shown in Fig. 9. Similar LA conversion was observed for different
feed concentrations at 100 °C, which is an expected trend for first-
order kinetics (see Appendix D in SI). Supporting experiments at 200 °C
led to equal LA conversion with feed concentration ranging from 1.5
to 2.5 wt%, thereby confirming first-order dependence. The activity
resulting from 2 wt% LA in feed was comparable to that observed at
120 h of TOS at similar conditions, corroborating catalytic stability.
Follow-up experiments with different WHSV (i.e., this time, varying
flow rates) lead to the predicted performance based on first-order
kinetics (see Appendix D in SI). The revelation of first-order reactant
dependence unveils opportunities to enhance productivity, unlike zero-
order kinetics. This can boost productivity to 13.7 ggy; gz} h™! with
10 wt% LA over 100 mg 2 wt% Ru/TiO,. However, higher LA concen-
trations present a risk of Ru leaching due to high pKa, similar to acetic
acid.

In addition to the dependence of LA concentration on reaction ki-
netics, different works report fractional order dependence of hydrogen
pressures, ranging from 0.4 to 1 [7,9,18,19,38]. To investigate this, we
used 21 and 31 bar of H, pressures with different LA concentrations
(i.e., 1 and 2 wt%) at 100 °C. Our results indicate a reaction order of
0.53 + 0.10 with respect to hydrogen after the activity stabilization.
Therefore, the reaction kinetics can be expressed as k ¢; o c%f.

On the basis of the first-order dependence of LA hydrogenation
kinetics, the activation energy for the first step in the reaction network
of LA to GVL can be approximated. A detailed explanation of this can be
found in Appendix E of SI. The activation energy for LA hydrogenation

10

Table 4
Activation energy values reported in various works for Ru catalyzed LA
hydrogenation.
Catalyst Activation energy E, Reference
kJ mol™!
5 wt% Ru/C 48 £ 5 [71
0.5-5 wt% Ru-Ni/MMT 44.1 [2]
3 wt% Ru/C 54.9 + 2.7 [91
5 wt% Ru/C 68.1 [38]
1 wt% Ru/OMS 49.2 [19]
1 wt% Ru/TiO, 54.7 [39]
0.2-1 wt% Pd-Ru/TiO, 37.3 [39]
0.83 wt% Ru/TiO, 43.4 [40]
1 wt% Ru/TiO, 23 This work

to 4-HPA is about 23 kJ mol~1, derived from kinetic data at 100 and
200 °C. Reported values range from 43 to 68 kJ mol~! (data based on
fresh catalysts), with this work reporting one of the lowest Table 4.
The activation energy in this study is roughly half the lowest reported,
raising concerns about internal diffusion limitations. The Weisz—Prater
modulus was evaluated and confirmed that kinetic data were free
of such limitations. External mass transfer limitations were evaluated
using Mears criterion, as shown in section F of SI. A Mears number of
0.07 < 0.15 for LA hydrogenation at 200 °C and 31 bar H, pressure at
the beginning of time-on-stream, exhibiting highest catalytic activity,
confirms the absence of external mass transfer limitations in this work.
Furthermore, as the volumetric flow rates were reduced, leading to
increased contact times, an increase in LA conversion was observed (see
Figure S18), confirming kinetic limitations at 200 °C when performing
kinetic studies on the stabilized catalyst.

4. Discussion

The results presented in this work have shown that Ru/TiO, is
an effective catalyst for LA hydrogenation in aqueous media. Higher
reaction temperatures lead to greater GVL selectivity via an auto-
catalytic (partly) homogeneously catalyzed ring-closure of the interme-
diate, 4-HPA. Regardless of the reaction conditions, Ru/TiO, undergoes
deactivation. However, after a certain period of around 5-15 h depend-
ing on conditions, the catalyst achieves stable activity. Deactivation
kinetics are highly dependent on process conditions (i.e., temperature,
feed LA concentration and catalyst loadings), pointing at competitive
adsorption of carboxylic acids on the hydrogenation sites as plausible
cause of activity drop. TGA results show the absence of coke deposits
on the catalyst surface.

TEM, CO chemisorption and XPS analysis show Ru particle sintering
and a change in oxidation state of Ru and Ti species. These changes
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take place in the initial hours of TOS, in parallel to the evident
decrease in catalytic activity. Additional Ru dispersion measurements
with RuO,/TiO, in presence of LA reveals minimal change in Ru dis-
persion, demonstrating that Ru’* do not form clusters. Kinetic analysis
and relatively higher Ru dispersion (4.5%-5%) observed in absence of
LA in the aqueous feed than in presence of LA (1.2%) indicates that
carboxylic acids may initiate deactivation by competing for catalytic
sites or promoting the mobilization of Ru® species (as shown for liquid
phase reaction with Pt and Pd [41]) and thus sintering. Hence, at the
beginning of the time-on-stream operation, the kinetics for sintering
are quicker and the Ru particles may reach a ‘critical radius’ as shown
by Houk et al. [42] and Finney et al. [28], thereby slowing down the
deactivation rate near the stabilized activity region. With evidences of
Ru particle size growth, our analysis show that sintering cannot be the
sole cause of deactivation. Our results reported in Fig. 5 showing slower
deactivation with higher Ru loadings support the idea of competitive
adsorption. Liu et al. [14] demonstrated that Ru overcoating from
adsorbate induced surface reduction of TiO,, confirmed by XPS data in
our work, creates strong metal-support interactions that reduce catalyst
activity.

To further resolve the identity of the carboxylic acid causing deac-
tivation, two control experiments with same carboxylic acid content in
the feed were performed. Fig. 10 shows the catalytic activity profile
of two different 1 wt% Ru/TiO, catalytic beds with TOS at 100 °C
(Case I: Model feed 2 wt% LA and Case II: Mixed feed consisting of 1.2
and 0.8 wt% LA and 4-HPA, respectively). The catalyst deactivation
rate is higher for case I than II, i.e., 0.79 + 0.1 vs. 0.56 + 0.1 h7l,
respectively. Similar concentration of carboxylic acid was detected at
the reactor outlet for both cases (0.15-0.17 mol L™1). In particular, the
concentration of 4-HPA is approximately 6-7 times higher in case II
than case I. Therefore, an overall higher 4-HPA concentration is expe-
rienced by the catalytic bed with the mixed feed, resulting in slower
loss of catalytic activity. The observation of quicker deactivation with
the model LA (i.e., higher LA concentration) feed is also in line with
a linear relationship between LA and deactivation kinetics observed at
200 °C.

It is trivial that higher temperature enhances the inherent catalytic
activity due to Arrhenius dependence, resulting in greater LA conver-
sion and an overall lower carboxylic acid (specifically, LA) content
experienced by the catalytic bed. These findings with a mixed feed
(LA and 4-HPA) agree well with the observation of decrease in de-
activation rate with increase in reaction temperature. Additionally, in
accordance with observations made in Section 2.5, the initial catalytic
activity is similar for case I and II while the stabilized activity scales
with LA concentration and representative of first-order dependence on
concentration of LA.
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h~!'. Case I: 2 wt% LA; Case II: 1.2 wt% LA and 0.8 wt% 4-HPA.

In order to elucidate the nature of the active sites, XPS data reveal
a change in the oxidation state of Ru from 6+ to metallic state with
increasing TOS, parallel to the drop in catalytic activity exhibited by the
same catalyst. When an unreduced form of the same catalyst was used,
insignificant LA conversion was observed for the entire TOS. Therefore,
the existence of both Ru®" and Ru® seems to be necessary for LA hy-
drogenation. Interestingly, the use of stronger organic acids, i.e., formic
and lactic acid (pKa ~ 3.7), leads to decrease in LA hydrogenation
activity. In the former case, no LA conversion was observed while in
case of lactic acid, lower LA hydrogenation activity (see Figure S19
in SI) is observed as compared to the feed comprising of LA and 4-
HPA. These observations are in line with other works demonstrating
sudden loss of catalytic activity while switching to feed containing
formic acid as an impurity during LA hydrogenation [43]. Several
works involving Ru catalyzed formic acid dehydrogenation show the
presence of Ru* or Ru?>* being beneficial, albeit under homogeneous
conditions [44,45]. Recently, Xue et al. [46] have shown that formic
acid dehydrogenation proceeds via formate pathway. The competitive
adsorption of carboxylate species R—COO* on either Ru® or Ru’* sites
can lead to reduced LA hydrogenation activity. Insights from similar
in-situ and operando techniques may further support this work [47].
However, the application of operando techniques for gas-liquid—solid
catalytic reaction remains limited due to the solvent signal [48].

In addition, the study investigates the kinetics of deactivation as
well as the kinetics of LA after stabilized activity. This study revealed
that higher Ru loadings in the reactor can mask deactivation in a flow-
through reactor during the initial TOS (<3 h in Figure S12). In addition,
performing kinetic analysis in the initial lifespan of the catalyst may
also lead to a falsified relationship of reaction order with respect to
LA. Numerous works on LA hydrogenation to GVL reveal zero-order
LA dependence [7,9,18], while this work shows that this is only valid
for the beginning of TOS. Besides, this work investigated LA hydro-
genation kinetics after achieving catalyst stabilization. While most of
the reported works performed kinetic studies with fresh catalyst (TOS
< 3 h), we illustrate that reaction kinetics transition from a zero-order
to first-order dependence on LA. Half-order dependency was found for
H,. Other studies have shown that using higher Ru loading (i.e., 3 wt%
Ru/C) leads to internal diffusion limitations at 70-130 °C [9]. Operat-
ing within such regime leads to misrepresentation of kinetics, halving
of the true activation energy and changing of reaction order from n
to (n+1)/2. In our work, both experimental and numerical validation
for absence of internal diffusion limitations were performed (see Figure
S15 and Appendix F in SI). However, particle sizes above 100 pm and
Ru loadings greater than 2 wt% may be conducive to internal diffusion
limitation.
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5. Conclusion

This study examines LA hydrogenation to GVL in a flow reactor
with TiO,-supported Ru catalysts, emphasizing the significance of de-
activation in the process. A notable decline in catalytic activity is
observed within the initial hours of operation. Despite this deactivation,
the catalyst consistently attains a stabilized region of activity. Neither
coking nor metal leaching was found to play a significant role in this
process. Conversely, the occurrence of mild sintering of Ru particles and
reduction of surface Ru and Ti species have been identified using TEM
and XPS, respectively. Analysis of the deactivation kinetics reveals that
increasing feed concentration accelerates activity loss, while operating
at higher reaction temperature decelerates deactivation. Furthermore,
the deactivation rate is unaffected by Ru loading (per gram catalyst).
This is in contrast to the expected behavior for sintering, which usually
increases at higher temperatures and greater Ru loadings. Thus, the
surface reduction process and the presence of carboxylic acids appear
to be relevant to the deactivation process. Reaction conditions, i.e,
high partial pressure of water and hydrogen are favorable reduction of
Ru®* to Ru®. Still, the existence of both Ru’" and Ru® seems necessary
for LA hydrogenation. Remarkably, doubling the catalyst mass in the
reactor during high temperature operation (200 °C), not only masks
early deactivation by operating under full conversion, but also reduces
deactivation kinetics, resulting in greater stabilized activity. This ob-
servation can be attributed to the reduced concentration of carboxylic
acids, which has been demonstrated to play a role in the deactivation
mechanism. Control experiments with differing distribution of LA and
4-HPA and keeping the overall carboxylic acid content constant in the
liquid feed conclusively show that LA is predominantly responsible for
catalyst deactivation. Finally, a kinetic study for LA hydrogenation in
the region of stabilized activity reveals first-order kinetic dependence
on LA. The sensitivity of catalyst with temperature in the stable region
is rather low as compared to that observed in other reported works.
Our study on LA hydrogenation underscores the importance of under-
standing reaction kinetics during deactivation and activity stabilization.
Delving into kinetic analysis with a catalyst in its stable state is crucial
for informed reactor design and equipment selection in the chemical
industry.
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