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ABSTRACT: Enhancing the performance of non-noble-metal
catalysts would facilitate the economic feasibility of the chemical
conversion process. Through strategies involving metal nano-
particles (MNPs) size control and support functionalization
modification, Ni2Fe6/Ui0-66-X-y catalysts (X stands for H,
OH, CH;, and NH,, and y stands for the concentration of
NaBH, solution) were prepared for the efficiently selective
hydrogenation of methyl laurate (ML) to 1-dodecanol. High-
concentration NaBH, solution facilitated the preparation of
smaller-sized MNPs, while support functionalization could alter
the chemical microenvironment of the support, thereby promoting
electron transfer between appropriately sized MNPs and the
support. In particular, the Ni2Fe6/UiO-66-NH,-0.4 M catalyst
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could achieve 99.9% conversion of ML and 98.6% selectivity for 1-dodecanol when it was reacted at 220 °C and 3 MPa H, for 8 h.
The probable catalytic mechanism based on the 7?(C, O)-aldehyde conformation was discussed, and reaction kinetics were
calculated. Furthermore, the catalyst achieved five stable recycling runs and demonstrated catalytic versatility for other fatty acid
methyl esters, including methyl stearate, methyl palmitate, and methyl valerate.
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1. INTRODUCTION

Natural fats are composed of triglycerides and free fatty acids,
which are widely found in plant oils and animal fats." Fatty
alcohols represent value-added products derived from the
chemical conversion of fatty acid methyl esters via selective
hydrogenation, finding widespread applications in pharma-
ceuticals, fragrances, and emulsifiers.””* However, the
inherently low reactivity of the carbonyl group in carboxylic
acid esters necessitates a strong reliance on catalyst perform-
ance for this type of reaction.”” Noble metals like Pd and Ru
display excellent catalytic activity but are economically
prohibitive for large-scale applications.”” The activity and
stability of common metal catalysts can be significantly
enhanced through metal—support interactions, involving the
tuning of composition, particle size of MNPs, and support
properti<es.8’9

Common transition metals have been the focus of much
research in heterogeneous hydrogenation of fatty acid methyl
esters.'” Unfortunately, common metals such as Ni, Fe, and Zn
yield low fatty alcohol production when used individually,
leading to their combination in hydrotransformation processes
to achieve synergistic effects.'” Notably, Ni and Co have low
oxophilicity and tend to bind to carbon atoms of the ester
group via 77'(C)-acyl adsorption configuration, leading to
decarbonylation/decarboxylation (DCN/DCX) reactions and
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resulting in the production of alkanes with one fewer carbon
chain.”"”">'* Conversely, Fe tends to bind to oxygen atoms
due to its moderate oxophilicity, doping it into Ni undergoes
direct hydrodeoxygenation (HDO) via 7°(C, O)-aldehyde
conformation to obtain fatty alcohols.'*'>'®

The electron transfer between MNPs and the support at the
Fermi energy level is influenced by the size of the MNPs.'”
Studies on the modulation of metal—support interaction
typically involve MNPs smaller than § nm.® For instance,
Wang et al.'® reported that in Pd-catalyzed reactions, the
selectivity exhibited volcano trend dependence on particle size,
with geometrical and electronic effects dominating the reaction
at larger (>4 nm) and smaller (<4 nm) sizes, respectively.
Furthermore, the reduction of particle size results in higher
surface free energy and a larger specific surface area,
consequently lowering reaction barriers and enhancing catalyst
utilization in the reaction.'” Tuning the metal—support
interaction can also be accomplished by introducing functional
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groups to modify the surface of the support. Specific functional
groups can be tailored according to the chemical micro-
environment required for the reaction and MNPs, thereby
altering the electron structure of the metal.>*>*! Moreover,
small-sized MNPs with a high surface energy are susceptible to
agglomeration. Immobilizing them onto support with high
specific surface area and easy modification represents an
effective approach for enhancing catalytic performance.””

A distinctive advantage of metal—organic frameworks
(MOFs) over conventional supports lies in their capacity to
modify various functionalized groups within the structure
through in situ synthesis or postmodification methods. This
capability grants MOFs a unique chemical microenviron-
ment.”*7*® Ui0-66, featuring Zr(IV) as the metal node and
terephthalic acid (H,BDC) as the organic ligand, demonstrates
excellent thermal stability and high specific surface area.””** Of
significance, functionalized derivatives of H,BDC (H,BDC-X)
can replace H,BDC, resulting in the surface chemically
modified material UiO-66-X.*” This capability proves highly
beneficial in adjusting the chemical microenvironment of
MNPs on the support.””*" UiO-66 and its derivative materials
have served as excellent supports for heterogeneous hydro-
genation,””~**

Building upon prior research,” the activity of the Ni2Fe6/
UiO-66 catalyst was optimized through strategies involving
particle size control and regulation of the chemical micro-
environment of the support. This optimization facilitated the
efficient and selective hydrogenation of fatty acid methyl esters.
It was demonstrated that the optimal catalytic combination
Ni2Fe6/UiO-66-NH,-0.4 M could achieve an ML conversion
0f 99.9% and 1-dodecanol selectivity of 98.6% when reacted at
220 °C and 3 MPa H, for 8 h. The conformational
relationships of the catalysts were analyzed using multiple
characterization techniques, and the reaction mechanisms were
discussed. Additionally, the recycling stability and versatility of
the catalysts were investigated.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Terephthalic acid (A.R.), nickel acetate (A.R.),
methyl palmitate (A.R.), methyl stearate (A.R.), methyl valerate
(AR.) and 1-pentanol (A.R.) were purchased from Aladdin Bio-Chem
Technology Co., Ltd. (Shanghai, China). Zirconium chloride (A.R.),
2-aminoterephthalic acid (A.R.), 2-hydroxyterephthalic acid (A.R.),
lauroic acid (A.R.), n-undecane (A.R.), n-dodecane (A.R.), ferrous
sulfate heptahydrate (A.R.), methyl laurate (A.R.), 1-dodecanol
(AR.), n-hexadecane (AR.) were purchased from Macklin Bio-
chemical Co., Ltd. (Shanghai, China). Polyvinylpyrrolidone K30
(GR.), N,N-dimethylformamisde (A.R.), acetic acid (A.R.), sodium
borohydride (98%), acetone (A.R.), 1,4-dioxane (A.R.), ethanol
(AR.) and methanol (AR.) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). 1-Hexadecanol
(AR.) purchased from Rhawn Chemical Technologies Ltd.
(Shanghai, China). 2-Methyl-1,4-benzenedicarboxylic acid (A.R.)
purchased from Shanghai Mayer Biochemical Technology Co., Ltd.
1-Octadecanol was purchased from Bide Pharmatech Ltd. (Shanghai,
China). Hydrogen (>99.99%), nitrogen (>99.99%) and air
(>99.99%) were obtained from Hangzhou Minxing Chemical
Technology Co., Ltd. All reagents were used directly in the next
processes without further purification.

2.2. Preparation of Ni2Fe6/UiO-66-X-y Catalysts. The
preparation of Ni2Fe6/UiO-66-X-y catalysts (X stands for H, OH,
CH;, NH,, and y stands for the concentration of NaBH, solution)
involved two steps: the preparation of UiO-66-X and the loading of
Ni—Fe MNPs.
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Preparation of UiO-66-X. As example, UiO-66-NH, was prepared
by a solvothermal method with modifications based on previous
reports.®’ In a round-bottomed flask, anhydrous zirconium chloride
(ZxCl,, 300.0 mg, 1.29 mmol), 2-aminoterephthalic acid (217.4 mg,
1.20 mmol), and acetic acid (4 mL) were dissolved in 30 mL of N,N-
dimethylformamide (DMF) and ultrasonicated for 30 min. The
mixture was then transferred to an autoclave lined with polytetra-
fluoroethylene, sealed, placed in a preheated oven, and heated to
crystallize at 130 °C for 12 h. After the mixture was cooled to room
temperature, the crystals formed were collected by centrifugation at
8000 rpm for 10 min. The solid obtained by centrifugation was
washed by DMF to remove the residual precursor, and then solvent
exchanged by methanol to remove the DMF. Finally, the solid was
dried under vacuum at 60 °C for 4 h, and then dried in an oven at 80
°C overnight to obtain UiO-66-NH, powder. UiO-66-H (UiO-66),
Ui0-66-CHj;, and UiO-66-OH were prepared similarly to UiO-66-
NH,, utilizing ZrCl, (300.0 mg, 1.29 mmol) as the metal precursor
and terephthalic acid (200.0 mg, 1.20 mmol), 2-methylterephthalic
acid (216.2 mg, 1.20 mmol), and 2-hydroxyterephthalic acid (218.6
mg, 1.20 mmol) as the organic ligands. For convenience, UiO-66-H,
UiO-66-NH,, UiO-66-CHj3, and UiO-66-OH are collectively referred
to as Ui0-66-X (X stands for H, NH,, CH;, OH).

Preparation of Ni2Fe6/UiO-66-X-y Catalysts. Ni2Fe6/UiO-66-X-
y catalysts were prepared by a liquid-phase impregnation reduction
method. In a typical preparation process, Ni2Fe6/UiO-66-NH,-0.4 M
catalysts with a theoretical metal loading of 10 wt % were synthesized
as follows: 453 mg of UiO-66-NH, and 200 mg of polyvinylpyrro-
lidone (PVP) K30 were dispersed in 20 mL of deionized water
containing 0.2 mmol of Ni(CH;COO0),-4H,0 and 0.6 mmol of
FeSO,-7H,0. The mixture was sonicated for 30 min and stirred for 4
h. In an ice—water bath, 10 mL of 0.4 M NaBH, solution was slowly
added dropwise to the mixture to reduce the metal ions.
Subsequently, the solution changed color to black, indicating the
formation of MNPs. The mixture was stirred continuously for 30 min
and then left to age overnight. Finally, the solid was centrifuged at
8000 rpm for 10 min after the addition of acetone. The solid was then
washed three times with water, acetone, and methanol, respectively,
and dried under vacuum at 60 °C for S h. The Ni2Fe6/UiO-66-NH,-
0.4 M solid powder was obtained, and the actual metal content was
determined by ICP-OES. Meanwhile, 0.2 and 0.6 M NaBH, solutions
were also used to reduce metal ions in catalyst preparation. The
remaining Ni2Fe6/UiO-66-X-y catalysts were prepared in a similar
way to that of Ni2Fe6/UiO-66-NH,-04 M (y stands for the
concentration of NaBH, solution, 0.2 0.4, and 0.6M). (Note: The
theoretical metal loading of the catalysts was 10 wt % by default unless
otherwise specified)

2.3. Characterization. X-ray diffraction (XRD) patterns were
obtained using an Ultima IV X-ray diffractometer (Rigaku
Corporation, Japan) with Cu—Ka radiation, covering a 20 range of
5° to 80°. The functional groups of the samples were analyzed using a
scanned Fourier Transform Infrared Spectroscopy (FT-IR) instru-
ment model iS50 (Nicolet Corporation, USA), with wavelengths
ranging from 4000 to 400 cm™' and step sizes of 4 cm™'. Prior to
testing, the powder samples were dried and then pressed with KBr.
The morphologies and microstructures of the samples were examined
using a JEM-1230 transmission electron microscope (TEM, JEOL,
Japan) and a JEM-2010 high-resolution transmission electron
microscope (HRTEM, JEOL, Japan), both operated at an accelerating
voltage of 200 kV. Elemental distribution analysis was conducted
using Scanning Transmission Electron Microscopy (STEM) (FEI-
TALOS-F200X) in combination with energy-dispersive X-ray Spec-
troscopy (EDX) mapping (Super-X). The thermal stability of the
samples was assessed using a Pyris 1 thermogravimetric analyzer
(TGA, PE, USA) within the temperature range of 50 to 800 °C,
employing a heating rate of 10 °C/min under N, atmosphere. The
metal contents of the catalyst were quantitatively determined by using
inductively coupled plasma-optical emission spectroscopy (ICP-OES,
730-ES, Varian, Austria). Prior to testing, dissolve, dilute, and filter
the catalyst with aqua regia. The textural properties of the samples,
including N, adsorption—desorption behavior at 77 K, The
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Figure 1. XRD patterns of UiO-66-X loaded with MNPs, (a) before and (b) after.
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Figure 2. FT-IR spectra of UiO-66-X loaded with MNPs, (a) before and (b) after.

Brunauer—Emmett—Teller surface area (Sgpr) and pore size
distribution (NLDFT) were studied by a gas adsorption instrument
(Autosorb-1-C, Quantachrome, USA). X-ray photoelectron spectros-
copy (XPS) measurements were performed by ESCALAB 250Xi
(Thermo scientific, UK) equipped with AlKa (1486.6 €V) anode
radiation as the excitation source. Temperature-programmed
reduction (H,-TPR, Bayer BELCAT-A, Japan) was carried out with
the following operating procedures: the catalyst was added into a
quartz reactor and reduced with the H,—He gas (50 mL/min) at a
temperature rate of 10 °C/min to 300 °C.

2.4. Catalytic Reaction. A typical catalytic reaction process was
carried out in a SO mL batch stainless steel autoclave with ML (500
4L, 2.03 mmol), 1,4-dioxane (20 mL) and catalyst (S0 mg). The
autoclave was sealed and filled with H, to 1 MPa for gas exchange for
3 times. The autoclave was then filled with H, (hydrogen source for
the hydrogenation of fatty acid methyl esters) to the desired pressure
and heated to the desired temperature with a heat-resistant magnet at
a stirring rate of 800 rpm and held for 8 h. After the reaction was
completed and the mixture cooled to room temperature, the solution
was centrifuged to separate the catalyst. The reaction solution was
quantified by gas chromatography GC-FID (Fuli-9790, SE-54
capillary column, 30m X 0.25 mm X 0.25 um) using n-hexadecane
as internal standard.

The conversion (conversion) of ML and the selectivity (sel.) for
the products were calculated as eqs 1 and 2:

les of ML
Conv. = moles o reacted % 100%
moles of ML input into the reaction (1)
moles of product
Sel. = —————— X 100%
moles of ML reacted (2)

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterizations. The crystal structure of
the prepared catalysts was analyzed by XRD (Figure 1). UiO-
66-X exhibited three distinct diffraction peaks at diffraction
angles of 20 = 7.5°, 8.6° and 25.8°, corresponding to (1 1 1),
(2 0 0) and (4 2 2) crystal planes, respectively (Figure
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12).>"*%%7 It suggests that UiO-66-X has similar crystal
structures, and the sharp characteristic diffraction peaks
indicate the high crystallinity of the synthesized UiO-66-X.
The XRD patterns of the Ni2Fe6/UiO-66-X-y catalysts after
loading with MNPs exhibited some changes compared to the
UiO-66-X (Figure 1b). Specifically, the corresponding XRD
characteristic diffraction peaks of UiO-66-OH and UiO-66-
CH, disappeared after the samples were loaded with MNPs.
This phenomenon may be attributed to the small size of UiO-
66-OH (less than 100 nm, Figure 3c), where the MNPs
loading could override the XRD detection signal, resulting in
the catalysts exhibiting amorphous characteristics. As for UiO-
66 and UiO-66-NH,, their larger sizes (larger than 100 nm,
Figure 3a,b) allow them to maintain three distinct diffraction
peaks with diffraction angles of 20 = 7.5°, 8.6°, and 25.8° after
loading with MNPs, preserving the crystalline shape of the
catalysts. However, Ni2Fe6/UiO-66-NH,-0.4 M exhibited
relatively reduced peak intensities compared to Ni2Fe6/UiO-
66—0.4M, possibly due to interactions between MNPs and
-NH, groups of UiO-66-NH,.** In addition, the characteristic
diffraction peaks of Ni and Fe were not detected in the XRD
patterns, probably due to the exposure of Ni and Fe to air and
water, which resulted in their oxidation to several chemical
states, keeping their relative contents below the detection limit
of XRD.

Functional groups and chemical bonds in the catalysts
before and after MNPs loading were examined via FT-IR
(Figure 2). As UiO-66-X is formed through coordination of
Zr** with the organic ligand H,BDC-X, the FT-IR spectra
(Figure 2a) display absorption peaks corresponding to
aromatic and carboxylic acid groups. The absorption peak at
545 cm™' is associated with the asymmetric stretching
vibration of the Zr-(OC) bond in UiO-66-X, while the
absorption peak at 660 cm™' is attributed to the asymmetric
stretching vibration of the O-Zr—O bond.”****’ The

https://doi.org/10.1021/cbe.4c00108
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Figure 3. TEM images of (a) Ni2Fe6/Ui0-66—0.4M, (b) Ni2Fe6/UiO-66-NH,-0.4 M, and (c) Ni2Fe6/UiO-66-OH-0.4M; (d) HRTEM, (e)
EDX element mapping, and (f) EDX analysis of (e) of Ni2Fe6/UiO-66-NH,-0.4 M catalyst.

absorption peak at 744 cm™' is attributed to the vibration of
—OH in the aromatic acid ligand, while the absorption peak at
1585 cm™! corresponds to the asymmetric stretching vibration
of —COOH in the aromatic acid. Additionally, the absorption
peaks at 1433 and 1389 cm™' are related to the symmetric
stretching vibration of —COOH in the aromatic acid. The peak
at 1500 cm™ corresponds to the stretching vibration of the
benzene ring, while the strong absorption band in the range of
3000—3700 cm™" is attributed to the stretching vibration of the
hydroxyl group of the absorbed water molecule.*® The ligand
UiO-66-NH, contains a primary amine group bound to the
aromatic ring. Two characteristic peaks of the primary amine,
attributed to asymmetric and symmetric telescopic vibrations
of the N—H bond, respectively, can be detected at 3515 and
3390 cm™'. Additionally, a deformation vibration of -NH, is
detected at 1630 cm™!, and stretching vibrations between
aromatic carbon and nitrogen (C,-N) are observed at 1260
and 1340 cm™'.>”* The peak of UiO-66-OH at 1240 cm™" is
related to the stretching vibration of the C—O bond between
the benzene ring and the hydroxyl group.*"** The absorption
vibration of UiO-66-CH; at 2934 cm™ is attributed to the
formation of —CHj after the substitution of terephthalic acid
by 2-methylterephthalic acid.”” Compared with the pristine
UiO-66-X, the FT-IR absorption peaks of UiO-66-X loaded
with MNPs were reduced (Figure 2b), which might be caused
by the interaction between MNPs and UiO-66-X, indicating
that the chemical environment around UiO-66-X was
changed.“’44

The morphologies of the Ni2Fe6/UiO-66-X-0.4 M catalysts
were observed by TEM (Figure 3). The sizes of UiO-66 and
UiO-66-NH, were larger than 100 nm, and the MNPs on UiO-
66 exhibited some agglomeration due to their own magnetism
and surface energy (Figure 3a). In contrast, in the case of UiO-
66-NH,, the dispersion of MNPs was enhanced (Figure 3b),
which might be related to the modification of the support
utilizing the -NH, group. The size of UiO-66-OH was less than
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100 nm, and the loading of MNPs might influence its XRD
diffraction peaks of the backbone (Figure 3c). Lattice spacing
of 0.210 nm and 0.241 were observed in Ni2Fe6/UiO-66-
NH,-0.4 M via HRTEM (Figure 3d), corresponding to the
Ni—Fe (1 11)* and NiO (1 1 1)*° crystal planes, respectively,
suggesting the existence of Ni and Fe in multiple chemical
states. The elements distribution of Ni2Fe6/UiO-66-NH,-0.4
M was characterized both qualitatively (Figure 3e) and
semiquantitatively (Figure 3f) through EDX mapping. Zr and
N were respectively derived from the metal node Zr(IV) and
the organic ligand 2-amino terephthalic acid of UiO-66-NH,,
while Ni and Fe nanoparticles exhibited uniform distribution
on UiO-66-NH,,.

To ascertain the chemical composition and electronic states
of the elements on the surface of the Ni2Fe6/UiO-66-X-0.4 M
catalysts, electronic orbital peaks corresponding to Ni 2p and
Fe 2p were distinctly detected via XPS (Figure 4), and the
binding energy (BE) data subsequent to split-peak fitting were
summarized (Table S1). Deconvolution of the Ni 2p orbitals
reveals double peaks of spin—orbit splitting for Ni 2p,, (852—

Ni2p Fe2p 2p,,
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Figure 4. XPS peak fitting graph of Ni2Fe6/UiO-66-X-04 M
catalysts: (a) Ni 2p region and (b) Fe 2p region.
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Figure 5. UiO-66-NH, before and after MNPs loading: (a) N, adsorption—desorption isotherms at 77 K and (b) NLDFT pore size distribution

curves.

870 eV) and Ni 2p, , (870—888 eV) (Figure 4a).">*” Further
detailed identification of Ni 2p;,, reveals Ni(0), NiO,
Ni(OH),, and satellite peaks, with Ni species predominantly
existing in the oxidized state. When compared to Ni2Fe6/UiO-
66—0.4M, the Ni 2p3/2 peaks in Ni2Fe6/UiO-66-NH,-0.4 M
and Ni2Fe6/UiO-66-OH-0.4 M catalysts exhibited a shift
toward lower BE. This shift was observed despite the MNPs
being of identical type and content, and being reduced using a
uniform concentration of NaBH, solution. The negative BE
shift can be attributed to variances in functional groups within
the support, suggesting that the support may influence the
electronic properties of the metal species through metal—
support interaction.”’ The electron-donating properties of
-NH, and —OH functional groups interact with the MNPs,
facilitating electron transfer from the support to the MNPs,
leading to an augmentation in the electron density of the
MNPs.>”*® This electron transfer can substantially enhance the
local electronic environment of Ni, thereby contributing to the
retention of a higher proportion of Ni(0) within Ni2Fe6/UiO-
66-NH,-0.4M.>""* Similarly, the Fe 2p spectra can be fitted
with peak splitting, revealing the presence of Fe 2p;,, (705—
718 eV) and Fe 2p,,, (718—730 eV) peaks, encompassin%
Fe(II), Fe(III), and minor portions of Fe(0) (Figure 4b).'>?
Analogous to the Ni 2p spectra, a slight shift of Fe 2p toward
lower BE is observed in Ni2Fe6/UiO-66-NH,-0.4 M and
Ni2Fe6/UiO-66-OH-0.4 M catalysts compared to Ni2Fe6/
UiO-66—0.4M. These BE shifts of Ni and Fe indicate that the
modified chemical microenvironment, influenced by the
functional group modification of UiO-66, facilitates electron
transfer. The consumption of hydrogen by the Ni2Fe6/UiO-
66-NH,-0.4 M catalyst in the temperature range of 50—300 °C
was characterized using H,-TPR profile (Figure S1), and the
reduction peaks appearing in the low-temperature segment
(~300 °C) could be attributed to NiO species.”’ Furthermore,
the actual loadings of Ni and Fe were quantified using ICP-
OES (Table S2). A comparison of the theoretical and actual
metal contents of Ni2Fe6/UiO-66-NH,-0.4 M catalysts with
varying loadings revealed a close correspondence, indicating
that liquid-phase impregnation reduction ensured the
successful loading of the MNPs into the UiO-66-X supports.
The specific surface area and pore size distribution curves of
UiO-66-NH, before and after loading with MNPs were
investigated by employing nitrogen adsorption desorption
isotherms (Figure S). The isotherms of the samples were
classified as type I isotherms according to JUPAC (Interna-
tional Union of Pure and Applied Chemistry) (Figure Sa), and
the sharp rise in nitrogen adsorption at low relative pressures
indicates the microporous nature of the support.”” The Sggr of
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UiO-66-NH, was measured to be 1046 m*/g, with total pore
volume of 0.72 cm?/ g and average pore size of 2.76 nm (Table
1), which is close to the results reported in the literature.>®

Table 1. Pore Structure Parameters of UiO-66-NH, Loaded
with MNPs

Total pore Micropore
S%ET volume volume Average pore
Sample (m®/g) (em®/g) (em®/g) diameter (nm)
UiO-66-NH, 1046 0.72 0.38 2.76
Ni2Fe6/UiO- 267 0.42 0.07 6.23
66-NH,-
0.4M

After MNPs loading, the Sppr of Ni2Fe6/UiO-66-NH,-0.4 M
was 267 m?/ g with a total pore volume of 0.07 cm’®/ g and
average pore size of 6.23 nm. Compared with UiO-66-NH,,
Ni2Fe6/UiO-66-NH,-0.4 M showed a significant decrease in
Sger and pore volume, suggesting that the MNPs occupied or
blocked the cavities of UiO-66-NH,.”* The increase of average
pore size then indicates the presence of mesopores, probably
slit mesopores formed by the accumulation of MNPs.”**> The
pore size distribution of the catalysts was calculated by using
the NLDFT model (Figure Sb). It can be seen that UiO-66-
NH, exhibited pore sizes ranging from 0.6 to 1.6 nm. In
contrast, the major pore sizes of Ni2Fe6/UiO-66-NH,-0.4 M
were reduced due to MNPs occupying or plugging some of the
pores, resulting in a reduction of pore sizes smaller than 1 nm
and the formation of 2.0—4.0 nm mesopores.

The thermal stability of UiO-66-NH, before and after
loading MNPs was tested by TGA in a nitrogen atmosphere
(Figure 6). The weight loss of UiO-66-NH, within phase 1

100
e Ui0-66-NH2
90 —— Ni2Fe6/Ui0-66-NH,-0.4M
e
& 80
X
= 704
=
W
B 60 -
s0del ol 2 i 3 N

T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6. TGA curves of the UiO-66-NH, before and after being
loaded with MNPs
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Figure 7. Effects of concentrations of NaBH, solution on catalyst performance: (a) Ni2Fe6/UiO-66 and (b) Ni2Fe6/UiO-66-NH,. Reaction
conditions: 0.5 mL ML, 220 °C, 3 MPa H,, 8 h, S0 mg catalyst, 10 wt % metal loading, 20 mL 1,4-dioxane, 800 rpm.

0% 0
4555 5565 6575 7585 8595 A 3A% A (5] ot ST 3 6% 1622 2228 2834 3440
Diameter (am) Diameter (nm) Diameter (am)

Figure 8. TEM images and particle size distributions of Ni2Fe6/UiO-66 catalyst prepared by different concentrations of NaBH, solution: (a) 0.2
M, (b) 0.4 M, and (c) 0.6 M.

from 50 to 150 °C is attributed to the removal of physically decreasing as the concentration of the NaBH, solution
adsorbed water and methanol, the weight loss within phase 2 increased. To validate this trend, the catalytic performance
from 150 to 350 °C is attributed to the removal of residual test was continued using UiO-66-NH, as the support (Figure
DMEF. During phase 3, which begins at 350 °C, the ligands of 7b). At a concentration of NaBH, solution of 0.2 M, the
UiO-66-NH, decompose, causing the backbone to collapse, conversion of ML reached 87.4% with a selectivity of 97.8% for
leaving behind ZrO, as the final solid material.>>*” For the 1-dodecanol. Upon increasing the concentration of NaBH,
Ni2Fe6/UiO-66-NH,-0.4 M catalyst, the weight loss process solution to 0.4 M, the conversion further rose to 99.9%, and
was similar to that of UiO-66-NH,, which was thermally stable the selectivity was 98.6%. However, with a continued increase
up to 350 °C. The successful loading of MNPs was indicated in the NaBH, solution concentration to 0.6 M, the conversion
by the variable relative content of residual solids at the end of and selectivity decreased to 73.1% and 93.2%, respectively, and
stage 3, which included ZrO,, Ni, Fe and their oxides. the byproduct was small amounts of lauric acid.

3.2. Effects of NaBH, Solution Concentration on In order to investigate the reason for the difference in
Catalytic Performance of Ni2Fe6/UiO-66-X. ML was activity, the sizes of the MNPs from the Ni2Fe6/UiO-66
selected as the model reactant to investigate the hydrogenation catalysts were observed by TEM (Figure 8). MNPs with
performance of the catalysts prepared by reducing metal ions average sizes of 6.6 4.7, and 2.8 nm were counted when metal
using different concentrations of NaBH, solution (Figure 7). ions were reduced by NaBH, solutions of 0.2 M (Figure 8a),
When UiO-66 was employed as the support (Figure 7a), the 0.4 M (Figure 8b), and 0.6 M (Figure 8c), respectively. It
catalyst prepared using a 0.2 M NaBH, solution achieved could be seen that the sizes of the MNPs became smaller with
55.4% conversion of ML and 57.9% selectivity for 1-dodecanol. an increase of the concentration of the NaBH, solution. It has
The main byproducts were lauric acid resulting from been shown that the catalytic performance of MNPs is related
hydrogenolysis, with minor quantities of DCN/DCX product to their size,"® and the electron transfer from metal—support
n-undecane, as well as the HDO product n-dodecane. With an interaction is also affected by the particle size.'” The increase
increase in the concentration of NaBH, solution to 0.4 M, the in catalytic activity when the concentration of NaBH, solution
conversion of ML reached 76.0%, and the selectivity of 1- was increased from 0.2 to 0.4 M may be attributed to the
dodecanol was 96.4%. However, upon further increasing the decrease in the size of MNPs and the geometric effect
NaBH, solution concentration to 0.6 M, the conversion dominated the reaction; the decrease in catalytic activity when
decreased to 67.1%, the selectivity dropped to 76.2%, and the concentration of NaBH, solution was increased to 0.6 M
lauric acid is predominant byproduct. The activity of the may be attributed to the fact that the activity of the MNPs was
catalyst exhibited a trend of initially increasing and then affected by both geometric and electronic effects. It has been
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reported that the electronic effect begins to control the activity
and selectivity after the particles are smaller than 4 nm,
affecting the orbital hybridization and electron transfer
between the reactants and the catalytic site, making the
activity reversed.'® Based on these results, a NaBH, solution of
0.4 M was selected for subsequent studies.

3.3. Effects of Support Functionalization on Catalytic
Performance of Ni2Fe6/UiO-66-X-0.4M. Ni2Fe6/UiO-66-
X-04 M catalysts prepared by employing functional group-
modified UiO-66-X as support were used for the selective
hydrogenation reaction of ML at the concentration of NaBH,
solution of 0.4 M. UiO-66-X have similar structures and
crystals, but exhibit different catalytic activities (Figure 9). The

100%
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Figure 9. Effects of the functional group on catalytic performance.
Reaction conditions: 0.5 mL ML, 220 °C, 3 MPa H,, 8 h, 50 mg
catalyst, 10 wt % metal loading, 0.4 M NaBH,, 20 mL 1,4-dioxane,
800 rpm.

conversion of ML could reach 99.9%, and the selectivity for 1-
dodecanol was 98.6% when Ni2Fe6/UiO-66-NH,-0.4 M was
reacted at 220 °C and 3 MPa H, for 8 h. Under the same
conditions, the conversion of ML catalyzed by Ni2Fe6/UiO-
66-CH;-0.4M, Ni2Fe6/UiO-66—0.4M, and Ni2Fe6/UiO-66-
OH-0.4 M were 91.2%, 76.0%, and 63.4%, and the selectivities
for 1-dodecanol were 97.3%, 96.4%, and 73.8%, respectively.

The superior catalytic performance of -NH, functionaliza-
tion in support modification likely stems from its heightened
electron-donating capability compared to other functional
groups (—OH, —CH,;, -H), thereby facilitating increased
charge transfer from the functional groups of the support to
MNPs.>"*® This augmentation elevates the charge density
surrounding the MNPs, thereby bolstering their stability and
catalytic activity. Moreover, as validated by XPS (Figure 4a),
the incorporation of -NH, functionality enhances the
reducibility of Ni species to Ni(0), leading to an increased
proportion of Ni(0).”' Consequently, UiO-66-NH, was
chosen as the support, and the catalyst synthesized using a
0.4 M NaBH, solution was subjected to further investigation in
subsequent studies.

3.4. Effects of Reaction Conditions on Catalytic
Performance of Ni2Fe6/UiO-66-NH,-0.4M. The effect of
reaction temperature on the hydrogenation performance of the
Ni2Fe6/UiO-66-NH,-0.4 M catalyst was examined (Figure
10a). At 180 °C, the conversion of ML was 17.5% and the
selectivity for 1-dodecanol was 88.2%, while lauric acid
constituted the primary byproduct. Notably, the reaction rate
exhibited a rapid increase with rising temperature. As the
temperature was elevated to 220 °C, the conversion and
selectivity both reached their optimal values of 99.9% and
98.6%, respectively. However, upon further increasing the
temperature to 240 °C, although ML could still be fully reacted
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Figure 10. Effects of (a) reaction temperature, (b) H, pressure, (c) time, and (d) metal loading on catalytic performance. Reaction conditions: 0.5
mL ML, 50 mg Ni2Fe6/UiO-66-NH,-0.4M, 20 mL 1,4-dioxane, 800 rpm, (a) 3 MPa H,, 8 h, 10 wt % metal loading, (b) 220 °C, 8 h, 10 wt %
metal loading, (c) 220 °C, 3 MPa H,, 10 wt % metal loading (d) 220 °C, 3 MPa H,, 8 h.
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with a conversion maintained at 99.9%, the selectivity for 1-
dodecanol decreased to 89.9%, byproducts include n-undecane
and n-dodecane were detected in the reaction solution,
indicating the occurrence of high-temperature-induced break-
age of the C—C and C—OH bonds.

The effect of the H, pressure on catalyst activity was
examined at 220 °C (Figure 10b). At lower H, pressures, the
conversion of ML increased with an increase of H, pressure
from 43.5% at 1 MPa to 99.9% at 3 MPa. Upon further
increasing the H, pressure to 4 MPa, the conversion remained
constant at 99.9%. The selectivity for 1-dodecanol also
exhibited some dependence on H, pressure, being 93.7% at
1 MPa and byproducts were alkanes, likely attributed to
insufficient hydrogen, leading to the breakage of C—C or C—
OH bonds in some reactants. The selectivity for alcohol
reached 98.6% when the H, pressure was increased to 3 MPa,
and the hydrogen was sufficient enough to maintain the high
selectivity of the reaction. Therefore, an optimum H, pressure
of 3 MPa was chosen.

The conversion and selectivity of the reaction were studied
over time at 220 °C and 3 MPa of H, (Figure 10c). It could be
found that the conversion of ML was 46.4% in 1 h and the
conversion increased gradually along with the increase of the
reaction time. The reactants were completely consumed after 8
h with 99.9% conversion. The selectivity for 1-dodecanol
remained above 93.7% throughout the reaction, and the
byproducts were minor lauric acid and alkanes.

The effect of metal loading on the reaction process was
investigated at 220 °C, 3 MPa of H,, and for 8 h (Figure 10d).
At 3 wt % metal loading, the conversion of ML was 44.1% and
the selectivity for 1-dodecanol was 86.8%, and the low
conversion at this time was caused by insufficient catalytic
active sites. With the increase of metal loading lead to active
site becomes more and the reaction rate was accelerated. The
conversion and selectivity of the reaction were optimized at 10
wt % metal loading with 99.9% and 98.6%, respectively. The
conversion decreased with further increase in metal loading. At
20 wt % loading, the conversion of ML was 43.3%, possibly
due to reduced catalyst stability resulting from the high
loading. Therefore, the optimum metal loading of 10 wt % was
determined. The catalytic results were also compared to other
reported studies (Table S3).

3.5. Kinetic Study. Since the hydrogenation reaction on
the ML in the Ni2Fe6/UiO-66-NH,-04 M catalyst is a
heterogeneous reaction, the reaction kinetics may be affected
by diffusion limitations. Therefore, the Weisz-Prater criterion
and the Mears criterion were used to analyze the effects of
internal and external diffusion, respectively.”>>’

If the Weisz-Prater parameter (Cyp) is less than 1, it
indicates that the effects of internal diffusion can be
neglected,and the Cyp is calculated using eq 3.°*°" The
hydrogenation reaction of fatty acid methyl esters is considered
a first-order irreversible reaction.'® Based on the lowest
reaction temperature used in this study (180 °C), the Cyyp
for the hydrogenation of ML on the Ni2Fe6/UiO-66-NH,-0.4
M catalyst was calculated. In this calculation, —r, represents
the observed reaction rate, which is derived from the data at
180 °C after 8 h of reaction (Figure 10a), and is 2.47 X 1077
mol/gayst/s. The catalyst density (p,) is calculated to be 1.35
g/cm’, based on the mass ratio of the metal components and
the support in the Ni2Fe6/UiO-66-NH,-0.4 M catalyst, as
determined by ICP-OES (Table S2). The radius of the catalyst
particles (R.) is determined to be 0.05 mm, based on TEM
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analysis (Figure 3), which shows that the particles are all
smaller than 0.1 mm. Cyg is the concentration of reactants on
the surface of the catalyst, and an average concentration value
of 5.08 X 107> mol/L was taken. D, is the effective diffusion
coeﬂiscsient of reactants (m?/s) and is calculated according to
eq 4.

—rApcRc2
w= ——— <1
D.Cys 3)
D - Dy @po
Tz (4)
M) 2T
Dy = 748 X 10‘8%
MgV A (%)

In eq 4, ®,, 6, and 7 are the porosity, constriction factor, and
tortuosity of the catalyst particles, which generally take the
values of 0.4, 0.8, and 3.0, respectively.59 D,gp is the diffusion
coefficient (m?/s) of solute A (ML) in solvent B (1,4-dioxane),
which in dilute solution can be calculated according to the
Wilke-Chang eq 5.°*°° ¢ is the association factor of solvent B,
which is taken as 1.0. My represents the relative molecular
mass of solvent B, which is 88.11 kg/kmol. T is the reaction
temperature, which is 453.15 K. 75 denotes the viscosity of
solvent B, which is 0.64 mPa-s. V,, stands for the molar volume
of solute A (ML) at normal boiling point, which is 306.8 cm®/
mol." The D,y and D, were calculated to be 1.60 X 10~ m?/s
and 1.71 X 107", respectively, and the Cyp was 0.10 less than
1. Therefore, the effect of internal diffusion can be neglected in
the kinetic study.

If the Mears parameter (Cy) is less than 0.15, it means that
the effect of external diffusion can be neglected, and the Cy; is
calculated according to eq 6.°” —r, and R take the same values
as the Weisz-Prater criterion, and n is the number of reaction
orders that is 1. p, is the bulk density of the catalyst, calculated
according to eq 7.°" k is the mass transfer coefficient, and is
calculated according to eq 8. Sh is the Sherwood number is
valued as 2,°” and D,y is calculated as in eq S. d_ is the
diameter of the catalyst particles and is taken as 0.1 mm. Cyy, is
the bulk concentration of the reactant and is estimated to be
5.08 X 107> mol/L using the average of the concentrations. k.
and py, were calculated to be 3.20 X 1075 m/s and 0.81 g/cms,
respectively, with a Cy; of 0.06 X 1072 less than 0.15, and the
reaction was also carried out at a high stirring speed (800
rpm). Therefore, the effect of external diffusion can be
neglected in the kinetic study.

—ryp.Rn
L= T s
k.Cy, (6)
p, = (1 —®p)p 7)
¢ _ ShDu
‘ d. (8)

The kinetics of the reaction was studied after excluding the
effect of diffusion. The catalytic results of Ni2Fe6/UiO-66-
NH,-04 M in the range 190—230 °C at low conversion
(Figure S3) were used for the kinetic analysis of the reaction to
calculate the reaction rate (r) and further to obtain the
apparent activation energy (E,) by the Arrhenius formula. r
and E, were calculated as egs 9 and 10.°*°* An is the molar
amount of the reaction transformation (mmol), m, is the mass
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Figure 11. Kinetic study: (a) reaction rates of Ni2Fe6/UiO-66-NH,-0.4 M catalyst for the production of 1-hexadecanol at different temperatures;
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The reaction rates of the Ni2Fe6/UiO-66-NH,-0.4 M
catalyst at different temperatures were investigated (Figure
11a), and it could be seen that the production rate of 1-
dodecanol accelerated as the reaction temperature increased.
The E, was determined by using the Arrhenius formula and
fitting the 1000/ T-In(r) curve relationship (Figure 11b), which
gave a value of 83.1 kJ/mol for the production of 1-dodecanol.

3.6. Reaction Mechanism. The hydrogenation mecha-
nism of fatty acid methyl esters is influenced by the metal
properties and the support, and fatty acid methyl esters can be
adsorbed on the metal surface of the catalysts in the 7*(C)-acyl
and 7*(C, O)-aldehyde conﬁgurations.lo’H’15 In metal catalysts
with low oxophilicity, such as noble metals and Ni, reactants
tend to adsorb to the metal surface in the #7'(C)-acyl
conformation, which tends to cause C—C bond breaking to
generate alkanes in the DCN/DCX process.m’é5 In contrast,
the 7*(C, O)-aldehyde configuration formed by doping
moderately oxophilic metals such as Fe, Zn, and Mo inhibits
C—C bond breaking and promotes C—O bond breaking, which
facilitates the generation of alcohols.'® Studies of Ni—In,'®
Ni—Fe,'* Ni—Zn,"* and Pt—Zn®® similarly support the #7*(C,
O)-aldehyde configuration. The Ni2Fe6/UiO-66-NH,-0.4 M
catalyst showed promising selectivity for fatty alcohols, and
thus it was concluded that ML adsorbed in the #*(C, O)-
aldehyde conformation on the metal surface of Ni2Fe6/UiO-
66-NH2—0.4 M to undergo the reaction.

Based on the results of catalyst characterization and
performance evaluation, the catalytic mechanism of Ni2Fe6/
UiO-66-NH,-04 M was discussed (Figure 12). It was

(o] H

R, || R,CO* R R,CHO*
SC——or, ! '\(|-,= - R,CH,0H
1 | 1 1
Hi _LH Hi _H
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e :. e
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Figure 12. Probable catalytic mechanism of fatty acid esters catalyzed
by Ni2Fe6/Ui0-66-NH,-0.4 M (R;, R, represent alkyl groups).
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confirmed by HRTEM that Ni and Fe in Ni2Fe6/UiO-66-
NH,-0.4 M are mainly present as oxides and Ni—Fe. It is
reported that H, is easily cleaved on Ni species to form H
atoms,'® and the low oxophilicity of Ni and the moderate
oxophilicity of Fe allow fatty acid esters to adsorb onto the
metal surfaces via 7*(C, O)-aldehyde conformation.'® The
surface-functionalized UiO-66-NH, support allows efficient
electron transfer from -NH, with electron-donating properties
to MNPs with a size of 4.7 nm, and this metal—support
interaction stabilizes the catalytic activity of the MNPs. Under
the action of the catalyst, the R;CO* intermediate was
obtained by breaking the C—O bond of the ester group and
combined with the H atom to generate the intermediate
aliphatic aldehyde. The C=O bond of the aliphatic aldehyde
was similarly adsorbed on the metal surface via the 7*(C, O)-
aldehyde conformation, and the C=O bond is rapidly
hydrogenated to produce fatty alcohol.

3.7. Recycling and Versatility Performance. In order to
investigate the recycling stability of the 10 wt % Ni2Fe6/UiO-
66-NH2—0.4 M catalyst, recycling tests were carried out by
reacting at 220 °C and 3 MPa H, for 8 h (Figure 13) and 1 h

100% —
— 80% -
s
= 60% -
»n
1
(=]
= 40%
=
=]
© 20%
|—C0nv. or Methyl Laurate
0° [ |Sel. for 1-Dodecanol
(] T T T T T
1 2 3 4 5
Recycle Run

Figure 13. Recycling run performance of Ni2Fe6/UiO-66-NH,-
0.4M-catalyzed. Reaction conditions: 0.5 mL ML, 50 mg catalyst, 3
MPa H,, 220 °C, 20 mL 1,4-dioxane, 8 h, 800 rpm

(Figure S4). It could be seen that the conversion of ML
decreased from 99.9% in the first run to 89.7% in the fifth run,
and the selectivity of 1-dodecanol was maintained over 94.8%,
which proves the reliability of the catalyst. The TEM image of
the catalyst after five runs (Figure S2a) revealed certain
loosening of the backbone, which may be attributed to the
prolonged operation at high temperature and pressure,
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Table 2. Ni2Fe6/UiO-66-NH,-0.4M-Catalyzed Selective Hydrogenation of Fatty Acid Methyl Esters to Alcohols”

Entry Reactant Conv. (%) Sel. for R-OH (%)
1 W)J\O/ 97.9 95.4
Methy] Stearate
2 WO/ 97.6 96‘ 1
Methyl Palmitate
3 M/ 98.2 94.4

Methyl Valerate ©

“Reaction conditions: 500 mg reactant, 50 mg catalyst, 3 MPa H,, 220 °C, 20 mL 1,4-dioxane, 8 h, 800 rpm. Y500 mLof reactant.

resulting in a decrease in catalytic activity. Meanwhile, the
statistical analysis of the metals in the catalyst showed that the
average size of the metal particles increased to 8.8 nm (Figure
S2b), which could be attributed to the high temperature and
the reaction environment of the reducing hydrogen that caused
the metal particles to sinter and agglomerate, which led to an
increase in the size and caused a decrease in the stability of the
catalysts during the recycling runs.’” Furthermore, the catalyst
was evaluated for its versatility in catalyzing fatty acid methyl
esters with different carbon chain lengths (Table 2), and the
catalyst showed good catalytic activity for methyl valerate,
methyl palmitate, and methyl stearate.

4. CONCLUSION

To reduce the cost associated with noble metals, the catalytic
hydrogenation activity of Ni2Fe6/UiO-66 was enhanced
through two strategies: control of the MNPs size and
modification of support functionalization. Ni2Fe6/UiO-66-X-
y catalysts were then prepared via a liquid-phase impregnation
reduction method. TEM and HRTEM demonstrated that the
concentration of NaBH, solution can significantly affect the
size of MNPs, as evidenced by the fact that high concentration
helps to prepare smaller-sized MNPs, and the best catalytic
effect was achieved with the average size of 4.7 nm prepared at
0.4 M NaBH, solution concentration. FT-IR and XPS
demonstrated that functionalization of the support could
promote the electron transfer between the MNPs and the
support, the metal—support interaction formed could help to
improve the activity of the catalysts, and the best effect was
achieved with the modification by the -NH, group. The effects
of reaction conditions on the performance of Ni2Fe6/UiO-66-
NH,-04 M catalyst were investigated, which showed ML
conversion of 99.9% and 1-dodecanol selectivity of 98.6% at
220 °C and 3 MPa H, for 8 h. Meanwhile, a catalytic
mechanism based on metal—support interaction was explored,
wherein the reactants were adsorbed on the surface of MNPs
via the 7*(C, O)-aldehyde configuration, promoting the
generation of fatty alcohol. Furthermore, the Ni2Fe6/UiO-
66-NH,-0.4 M catalyst allowed for five stable recycling runs
and was catalytically versatile for other fatty acid methyl esters.
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