
Solvent-Free Synthesis of HKUST‑1 with Abundant Defect Sites and
Its Catalytic Performance in the Esterification Reaction of Oleic Acid
Ahmed S. Abou-Elyazed,* Abdelhalim I. Ftooh, Yinyong Sun,* Asmaa G. Ashry, Amira K. F. Shaban,
Ahmed M. El-Nahas, and Ahmed M. Yousif

Cite This: ACS Omega 2024, 9, 37662−37671 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: HKUST-1 has received increasing attention because of its
potential applications in many fields, such as heterogeneous catalysis,
sensors, gas storage, and separation. Herein, we report that HKUST-1 can
be facilely prepared by heating a ground mixture of copper nitrate
trihydrate and 1,3,5-benzenetricarboxylic acid in an autoclave at 80 °C for
10 h. The data from nitrogen sorption show that the obtained material,
named HKUST-1-free, possesses a high BET specific surface area of 1671
m2/g and a pore volume of 0.8 cm3/g. The results from acid−base titration
indicate that the number of defect sites in HKUST-1-free is more than that
in HKUST-1-solvent prepared by the solvothermal method. As a
heterogeneous catalyst, HKUST-1-free gave a high yield (91%) of methyl
oleate in the esterification reaction of oleic acid with methanol at room
temperature compared to HKUST-1-solvent (70%). Additionally, it is
proven that HKUST-1-free is a heterogeneous catalyst and can be reused.

1. INTRODUCTION
In recent years, the world has become increasingly dependent on
fossil fuels, making it imperative to seek out alternative,
sustainable energy sources.1 Renewable energy sources such as
solar energy, wind energy, hydroelectric energy, and biofuel
energy can enhance a country’s energy security on a global
scale.2 As a result, the use of renewable fuels is a simple and cost-
effective solution. In this regard, biofuels derived from biomass
conversion are considered one of the most promising renewable
energy sources because of the advantages involving the lack of
toxic oxides that contribute to global warming and air pollution
and their easy biodegradability.3

As a type of liquid biofuel, biodiesel is industrially produced in
the presence of homogeneous alkaline/or acid catalysts, since
they are highly efficient at relatively low temperatures.4

However, the difficulties in the catalyst recovery with the
undesirable wastewater obtained in the downstream purification
processes are the major constraints to the homogeneous
catalyzed process.5 To solve these problems, the recyclable
and readily separable heterogeneous catalysts to produce
biodiesel have been widely investigated.5,6 Examples of
heterogeneous catalysts that were utilized in biodiesel
production include sulfonated mesoporous carbon (SMC),7

acidic ionic exchange resin,8 CaO/ZrO2, CaO/MoO3/SBA-15,9

Mg−Al hydrotalcites,10 and heteropoly acids,11 which were
shown to have high catalytic activities in the transesterification
reactions. However, the above-mentioned materials suffer from

demerits such as low surface area and lacking tunability and
porosity.

In recent decades, metal−organic frameworks (MOFs) have
been one of the rapidly growing research fields due to their
varied pore structures, high surface areas, and easy function-
alities.12 As an important member of MOFs, HKUST-1 is widely
studied owing to its potential as a heterogeneous catalyst, an
adsorbent, a sensor, and so on.13 Up to now, several strategies for
the synthesis of HKUST-1 have been reported including
microwave-assisted synthesis,14 ultrasonic synthesis,15 mecha-
nochemical synthesis,16−19 and conventional hydro/solvother-
mal synthesis.20−23 Commonly, the methods mentioned above
would involve the use of solvent or cumbersome procedures.

In this work, we report that HKUST-1 with a high surface area
and pore volume could be prepared by the direct interaction of
1,3,5-benzenetricarboxylic acid with copper nitrate trihydrate
under solvent-free conditions. The obtained materials were
characterized by various techniques, including XRD, N2
sorption, FT-IR, SEM, and NH3-TPD. Additionally, their
catalytic performance was evaluated by the esterification
reaction of oleic acid with methanol. The effect of some
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reaction conditions such as catalyst loading, the molar ratio of
methanol to oleic acid, reaction temperature, and time on
catalytic performance was examined. Furthermore, the reus-
ability of such a catalyst was also investigated.

2. EXPERIMENTAL SECTION
2.1. Materials. All chemicals were used directly as received:

1,3,5-benzenetricarboxylic acid (H3BTC), copper nitrate
trihydrate Cu(NO3)2·3H2O, copper chloride (CuCl2), copper
acetate hydrate, oleic acid (Tianjin Zhi Yuan, 98%), methanol
(Sinopharm, 99.7%), N,N-dimethylformamide (DMF, Sino-
pharm, 99%), ethanol (Sinopharm, 99%), phenolphthalein,
potassium bromide, sodium hydroxide, hydrochloric acid
(Sinopharm, 37%), and potassium hydroxide (Sinopharm,
99.5%).
2.2. Synthesis of Materials. The facile synthesis of

HKUST-1 was carried out mainly based on our previous
works.24,25 Typically, Cu(NO3)2·3H2O (519 mg) as the metal
precursor and H3BTC (250 mg) were pulverized together for
about 10min at room temperature. Then, the obtainedmaterials
were transferred into a Teflon line autoclave at different
crystallization times and temperatures. After cooling to room
temperature, the resultant blue powder was treated with ethanol
at 70 °C for 2 h and then dried for 12 h at 150 °C under vacuum.
The final samples are denoted HKUST-x-t, where x is the
crystallization temperature (°C) and t is the crystallization time
(h) (see Figure S1).

Comparatively, conventional HKUST-1 was prepared
according to the literature.22 H3BTC (250 mg) was dissolved
in 30 mL of a 1:1 mixture of ethanol/DMF. In another flask,
Cu(NO3)2·3H2O (519 mg) was dissolved in 15 mL of water.
The two solutions were mixed and stirred for 10 min. Then, the
mixture was transferred into a Teflon line autoclave and heated
at 373 K for 10 h. After cooling to room temperature, the
obtained blue powder was treated with ethanol at 70 °C for 2 h
and then dried at 150 °C for 12 h under vacuum. The final
sample was denoted HKUST-1-solvent. A scheme of various
synthetic routes of HKUST-1 is shown in Figure 1.
2.3. Scalable Synthesis of HKUST-1-free. 40 mmol of

Cu(NO3)2·3H2O and 22.22 mmol of BTC were combined and
manually ground in a mortar for approximately 10 min at room
temperature. The resultant mixture was then transferred to a 50
mL autoclave and subjected to crystallization at 80 °C for 10 h.
Following the crystallization process, the mixture was allowed to
cool to room temperature. The blue solid formed was

subsequently treated with ethanol at 70 °C for 2 h. Finally, the
washed solid was dried under vacuum at 150 °C for 12 h.
2.4. Characterization. The catalysts were characterized by

XRD, SEM, FT-IR, BET, XPS, and TGA. Powder X-ray
diffraction (PXRD) analysis was performed on a Rigaku D/
Max-2550 diffractometer furnished with a SolX Detector-Cu K
radiation with λ = 1.542 Å. Data were enrolled by step scanning
at 2θ = 0.02° per second from 5 to 50°. The morphology of the
catalyst was studied using a SUPRA 55 scanning electron
microscope (SEM) with an acceleration voltage of 20 kV.
Nitrogen sorption experiments were performed at −196 °C on a
3H-2000PS1 Gas Sorption and Porosimetry system. The
samples were regularly arranged for examination after degassing
at 150 °C for 2 h under vacuum until the final pressure reached 1
× 10−3 Torr. Fourier transform infrared (FT-IR) spectroscopy
was performed on a NicoLET iS10 spectrometer. Spectra were
recorded with the KBr pellet technique using a Bruker Equinox
55 Fourier transform infrared spectrophotometer, and diffuse
reflectance spectra were scanned in the range of 500−4000 cm−1

with a resolution (2 cm−1) of 100 scans for each measurement.
Thermogravimetric analysis (TGA) was conducted on a
Shimadzu TA-50. Potentiometric acid−base titrations were
completed with a Metrohm Titrando 905 autotitrator equipped
with Dosino 800 dosing units. X-ray photoelectronic spectros-
copy (XPS) was carried out using monochromatic X-ray Al K-
Alpha radiation on the US Thermo Scientific K--alpha
apparatus.
2.5. Catalytic Test. Esterification reactions were carried out

in a 50 mL two-necked glass flask equipped with a condenser.
Typically, the reactions were performed with oleic acid (1 mL)
andmethanol (8mL) using a 4% catalyst (based on the fatty acid
weight) at 25 °C for 1 h. After the reaction, the catalyst was
collected by centrifugation, and the excess of methanol and
water were removed by distillation at 100 °C for 1 h. The yield of
methyl oleate was estimated by a titration method (0.1 M
alcoholic KOH as a titrant) in the presence of phenolphthalein
as an indicator. The amount of KOH consumed was enlisted.
The conversion of oleic acid (OA) was assessed using eq 1.
Methyl oleate was also quantitatively analyzed by gas
chromatography on an Agilent 7890A with an FID detector
using a 30 m packed HP5 column. All experiments were carried
out in duplicate or triplicate, and the results are consistent with a
standard deviation of ±0.02 mass %.

a a

a
conversion 100%i f

i
= ×

(1)

Figure 1. Schematic representation of various synthetic routes of HKUST-1.
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Where, ai and af are the initial and final concentrations of OA,
respectively.

3. RESULTS AND DISCUSSION
3.1. Characterization. The optimization of the synthetic

parameters under solvent-free conditions was investigated. The

nitrogen sorption isotherms of the obtained materials are
displayed in Figure S1, and corresponding sorption data are
shown in Table S1. As seen, all of the samples show type I
sorption isotherms, indicating the presence of micropores.
Differently, the sample prepared at 80 °C for 10 h possesses the
highest surface area (1671 m2/g) and pore volume (0.8 cm3/g;

Figure 2. Nitrogen sorption isotherms (b) and XRD patterns (b) of HKUST-1-solvent and HKUST-1-free.

Figure 3. SEM images and particle size distribution of HKUST-1-solvent (a, b) and HKUST-1-free (c, d).
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Figure 2a) among these synthesized materials. Considering that
high surface area could be beneficial for improving catalytic
efficiency, this material named HKUST-1-free is selected for the
following studies.

For comparison, a sample named HKUST-1-solvent was
prepared under solvothermal conditions. Figure 2b shows the
XRD patterns of HKUST-1-solvent and HKUST-1-free. It can
be seen that both samples exhibited well-resolved diffraction
patterns, which are in good agreement with the simulated XRD
patterns for HKUST-1.26,28 This result indicates that HKUST-1
has been successfully synthesized by both methods. Differently,
HKUST-1-free possesses a higher BET surface area and pore
volume than HKUST-1-solvent (1352 m2/g and 0.7 cm3/g,
respectively). Additionally, the effect of the copper source on the
solvent-free synthesis of HKUST-1 was also studied. As shown
in Figure S2, all of the samples displayed XRD patterns
belonging to the HKUST-1 structure, indicating that the copper
source had no big influence on the formation of HKUST-1.

Figure 3 displays the SEM images and particle size
distribution of HKUST-1-solvent and HKUST-1-free.
HKUST-1-solvent exhibited a morphology of a cuboctahedra
shape with a particle size from 2 to 10 μm (Figure 4a).

Comparatively, HKUST-1-free showed a morphology of a
cuboctahedra shape with a particle size from 0.5 to 2 μm (Figure
3b). Obviously, HKUST-1-free possessed a smaller particle size
than HKUST-1-solvent, which can be the main reason why
HKUST-1-free possesses a higher BET surface area than
HKUST-1-solvent. Moreover, the simulated SEM images for
both samples showed a difference in surface roughness,
indicating that the preparation method would influence not
only particle size but also the surface morphology of samples
(Figure S3).

Based on our earlier work, it is known that the solvent-free
method easily creates defects in the structure of MOFs. To
acquire the information on defect sites in HKUST-1, TGA
curves were measured. As shown in Figure 4, both samples show
three distinct weight loss. The first weight loss below 130 °C can
be assigned to the removal of the surface water molecules. The
second one in the range of 130−255 °C could be attributed to
the removal of the water molecules present in the channels and
coordinated to the metal centers in the structure. The third loss
above 255 °C corresponded to decomposition of the organic
linkers. It was noted that a weight loss of 39.8% for HKUST-1-
free was lower than that of 47.3% for HKUST-1-solvent,

Figure 4. TGA curves of HKUST-1-solvent and HKUST-1-free.

Figure 5. Acid−base titration curves (black) and first-derivative curve (red) of HKUST-solvent (a) and HKUST-1-free (b).

Figure 6. FT-IR spectra of HKUST-1-solvent and HKUST-1-free.
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suggesting that the missing linkers in HKUST-1-free should be
higher than that in HKUST-1-solvent. That means that more
defect sites should be formed in HKUST-1-free.

To demonstrate this point, potentiometric acid−base titration
is used to determine the number of defect sites.27 Generally,
each SBU should be connected to 2 BTC linkers if there are no
defects in the structure of HKUST-1. When the defects are
created, two types of protons (Cu−OH2 and Cu−OH) that cap
the defect sites are available for titration. The titration curves for
HKUST-1-solvent and HKUST-1-free are shown in Figure 5.
To better visualize the various equivalence points, the first
derivative of the titration curve is also plotted. The results exhibit
two distinct equivalence points corresponding to pKa values of
3.3 and 3.73 for HKUST-1-solvent. In comparison, the pKa
values are 1.23 and 1.53 for HKUST-1-free. Based on the
quantification calculations (Tables S3 and S5), HKUST-1-
solvent gave a missing linker number of 0.324 in the structure.
Comparatively, the number of missing linkers in HKUST-1-free
reached 0.517. The number of defect sites in HKUST-1-free is
more than that in the HKUST-1-solvent. As is known, a solvent-
free method may lead to the creation of defects in MOFs. One
common type of defect in MOFs prepared by solvent-free
methods is the presence of missing or incomplete linker units.
This can occur due to uneven distribution of reactants or
incomplete coordination between metal ions and ligands.
Another type is the formation of a nonuniform crystal structure
or crystallographic disorder, as presented in Figure 3a,c, which

could be attributed to the variations in reaction conditions or
incomplete crystallization.28−31

The FT-IR spectra of HKUST-1-solvent and HKUST-1-free
are shown in Figure 6. The typical vibration frequencies at 1645
and 1441 cm−1 are assigned to the asymmetric and symmetric
vibrations of the carboxylates, respectively. An absorption band
characteristic of C�O stretching from free carboxylic acids
(uncoordinated) could be observed at around 1710 cm−1 for
HKUST-1-free, whereas this band is absent in HKUST-1-
solvent. The results suggest that the defects should be formed in
the structure of HKUST-1-free. Additionally, the presence of
−COOH groups in HKUST-1-free is further confirmed by the
absorption bands at around 1107 cm−1 (C−O stretching) and
1266 cm−1 (−OH bending), which are typical bands of
carboxylic acids.

X-ray photoelectron spectroscopy is a valuable technique to
determine the oxidation states of elements and the chemical
composition of materials. Figure 7a displays the complete survey
spectra of HKUST-1-solvent and HKUST-1-free. As seen, the
elements of Cu, O, and C are present in both samples. The
results about the binding energies of Cu 2p from Figure 7b
suggest that copper in HKUST-1 is predominantly Cu2+.32

Furthermore, the binding energies of around 936.43 and 956.65
eV in both samples confirm the presence of Cu+. It is noted that
the intensity of these peaks in HKUST-1-free is higher than that
in HKUST-1-solvent, indicating that the content of Cu+ in
HKUST-1-free might be relatively abundant. Figure 7c,d

Figure 7. XPS results of HKUST-1-solvent and HKUST-1-free: (a) XPS survey spectra, (b) Cu 2p spectra, (c) O 1s spectra, and (d) C 1s spectra.
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presents the high-resolution XPS results of C 1s. The peaks at
binding energies of 281.4 and 285.3 eV can be assigned to C−C/
C�C and C−O bonds, respectively. Deconvolution of the O 1s
spectrum inHKUST-1 samples reveals the presence of two types
of bonds (Figure 7d). The peaks at approximately 528.28 and
528.81 eV for HKUST-1-solvent and at 528.44 and 529.57 eV
for HKUST-1-free are ascribed to the O−Cu and C−O−Cu
bonds, respectively.33 The peak shift from the C−O−Cu bond
toward higher binding energy in HKUST-1-free confirms a
change in the environment around the Cu clusters, possibly
resulting from the missing linker, suggesting that the amount of
Cu+ in HKUST-1-free is higher than in HKUST-1-solvent.
3.2. Comparison of the Catalytic Activity of Various

Catalysts. A comparison of the catalytic performances of
various catalysts was made. As shown in Table 1, the conversion
of OA is only 37% if no catalyst is used. Comparatively, when

HKUST-1-free and HKUST-1-solvent are used as catalysts, the
conversions of OA reached 91 and 78%, respectively. As seen,
HKUST-1-free showed higher catalytic activity than HKUST-1-
solvent, which could be related to the presence of more acid sites
in HKUST-1-free, as demonstrated by acid−base titrations. In
addition, the catalytic activity of HKUST-1-free has also been
compared with some reported MOF catalysts used in the
esterification of OA.33−35 Among them, it can be seen that the
catalytic performance of HKUST-1-free is still outstanding,
although the reaction conditions are different in some cases.
Based on the structure of HKUST-1, a catalytic reaction
mechanism over HKUST-1-free is proposed in Scheme 1, which
is consistent with the classic catalytic mechanism over Lewis and
Bronsted acids. Herein, unsaturated Cu2+ centers acted as Lewis
acids for the coordination with the carbonyl group of oleic acid
to form a tetrahedral intermediate (carbocation) first. Then,
Bronsted acid activates methanol to combine with carbocation,
which is dehydrated to formmethyl oleate and water. Finally, the
catalyst was recovered for the next cycle of the catalytic reaction.
3.3. Effect of Reaction Conditions on the Catalytic

Performance of HKUST-1-free. The impact of the OA/
methanol volume ratio on the catalytic performance of HKUST-
1-free was investigated (Figure 8a). Notably, the yield of methyl
oleate was enhanced from 79 to 91% by increasing the OA/
methanol volume ratio from 1:4 to 1:12. Obviously, a large
volume ratio of OA/methanol helps improve catalytic activity.
As reported, OA could be easily adsorbed on the surface of the
catalyst to give a tetrahedral intermediate (carbocation). Thus, a
greater volume ratio of OA/methanol would move the reaction
ahead and supply a methanol nucleophilic attack on the
intermediate, resulting in methyl oleate. Considering that the
enhanced extent of the catalytic performance is restricted by the
continuous rise of the OA/methanol volume ratio, an OA/
methanol volume ratio of 1:8 was selected for the following
studies (Figure 8a).1,5,39

Subsequently, the impact of catalyst loading was investigated.
The yield of methyl oleate increases dramatically with the
quantity of catalyst loading from 2 to 4 wt %, reaching a
maximum yield of 90% at 4 wt % (Figure 8b). This improved
yield might be due to a greater number of accessible acid sites in
the reaction system. However, the yield of methyl oleate would
decrease due to the rise in viscosity in the reaction system when
the quantity of catalyst loading was further increased.40,41 The
influence of reaction time was assessed using a catalyst dosage of
4 wt %. Figure 8c shows that the reaction yields a high value of
84% at 60 min. Furthermore, increasing the reaction time
marginally increased the yield of methyl oleate.42 In addition, the
effect of reaction temperature was investigated under the
following conditions: a catalyst loading of 4 wt %, a reaction time

Table 1. Comparison of the Catalytic Performance with Some
Representative MOF Catalysts Used in the Esterification of
OA

reaction conditions

Catalysts
Temp.
(°C)

Time
(h)

Volume ratio of
MeOH andOA

Catalyst
loading
(%)

Yield
(%) Refs

blank 25 1 8:1 4 37 this
work

HKUST-
1-solvent

25 1 8:1 4 78 this
work

HKUST-
1-free

25 1 8:1 4 91 this
work

Ni-MOF 160 5 2.6:1 3 55 34
UiO-
66(Zr)-
green

60 4 5:1 6 86 35

UiO-
66(Zr)-
solvent

60 4 5:1 6 43 35

HPW@
MIL-100

111 5 7.5:1 15 40 36

MIL-
125(Ti)

130 8 9:1 9 68 36

MOF-
808(Zr)

130 8 9:1 9 88 37

UiO-
66(Zr/
Ca)

60 4 5:1 6 98 35

UiO-
66(Zr/
Sn)

60 4 5:1 6 99 38

Scheme 1. Proposed Reaction Mechanism over HKUST-1 in the Esterification of OA with Methanol
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of 60 min, and an OA/methanol volume ratio of 1:8. As
indicated in Figure 8d, HKUST-1-free exhibited a good catalytic
performance at room temperature. A high reaction temperature
such as 80 °C is not beneficial, which might be attributed to the
evaporation of methanol from the reaction system.
3.4. Reusability of HKUST-1-free. The reusability of

HKUST-1-free was evaluated in the esterification of OA with
methanol. As shown in Figure 9a, HKUST-1-free can still
maintain good catalytic activity with neglected change after 10
cycles. A slight decrease in catalytic activity might be attributed
to the adsorption of unreacted OA or methyl oleate on the
surface of the catalyst. Although the spent catalyst was washed
with ethanol three times after each cycle and dried under
vacuum for 12 h at 150 °C for regeneration, a small amount of
OA can adsorb onto the surface of the catalyst, perhaps due to
the strong coordination of the free carboxylic group in oleic acid
with the unsaturated Cu sites. It can be proved by the result from
the FT-IR spectroscopy of the spent catalyst (Figure 9b)
because the vibration absorption peaks from −CH2 groups on
OA/or methyl oleate were observed. Additionally, the structural
stability of HKUST-1-free after reuse was testified by XRD. As
shown in Figure 9c, the spent catalyst can still maintain the
structure of HKUST-1, which is in accordance with the results
from nitrogen adsorption that the spent catalyst possesses a
lower surface area than the fresh one (Figure 9d).

3.5. Scalable Synthesis of HKUST-1-free. The scalable
synthesis of materials is crucial for industrial applications. In this
work, a scalable synthesis of HKUST-1-free was attempted. As
illustrated in Figure 10, the XRD patterns of HKUST-1-free
prepared on a large scale matched well with those on a small
scale (Figure 10a). The results from N2 sorption indicated that
HKUST-1-free obtained on a large scale still possessed a high
BET surface area of 1187 m2/g (Figure 10b). Notably, the total
mass of HKUST-1-free synthesized by the solvent-free method
could reach 14.3 g per 50mL autoclave with a yield of 92% based
on the addition amount of BTC, which is roughly the same as the
sample that prepared by the solvothermal method. These results
demonstrate that the solvent-free synthesis of HKUST-1-free is
scalable.

Currently, the reported solvent-free methods for the synthesis
of MOFs mainly involve two modes: ball milling and manual
grinding. Both modes can reduce the need for solvents and
environmental pollution and improve sustainability.43,44 Cer-
tainly, the mode of ball milling is convenient for practical
application. In the laboratory, manual grinding would be
adopted due to its facile operation. However, both modes may
encounter challenges, such as the difficulty in generating a
homogeneous product and controlling the morphology of the
product.45,46 There is no doubt that the solvent-free method is
well-consistent with the principles of green chemistry, emphasiz-
ing reduced waste and energy consumption.47−50 While the

Figure 8. Influence of reaction conditions on the catalytic performance of HKUST-1-free: (a) OA/MeOH volume ratio, (b) catalyst amount, (c)
reaction time, and (d) reaction temperature.
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solvent-free method presents significant environmental and
economic benefits, the scalability and the quality of producing
MOFs require further optimization.51,52 Developing the
technique could lead to sustainable and industrially viable
processes for MOF production, aligned with the broad goals of
green chemistry.

4. CONCLUSIONS
In summary, HKUST-1 has successfully been prepared by a
solvent-free method. Under the system, the optimization of
synthetic parameters has been investigated. The optimized
synthetic conditions are a crystallization temperature of 80 °C
and a crystallization time of 10 h by using Cu(NO3)2·3H2O as

Figure 9. Reusability of HKUST-1-free (a), and FT-IR spectra (b), XRD patterns (c), and N2 sorption isotherms (d) of fresh and spent HKUST-1-
free.

Figure 10. (a) XRD patterns and (b) N2 sorption isotherms of HKUST-1 prepared on small and large scales.
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the copper source. The obtained material (HKUST-1-free)
possessed a higher surface area and more defect sites than that
prepared by the solvothermal method. As a result, HKUST-1-
free exhibited superior catalytic activity in the esterification
reaction of OA with methanol. The yield of methyl oleate over
HKUST-1-free is nearly 1.2 times that over HKUST-1-solvent.
Further, the recycling experiment demonstrates that HKUST-1-
free is a heterogeneous catalyst and can be reused for several
catalytic cycles.
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