
Vol.:(0123456789)

Reaction Kinetics, Mechanisms and Catalysis (2022) 135:1971–1986
https://doi.org/10.1007/s11144-022-02225-7

1 3

Catalytic conversion of glucose to methyl levulinate 
over metal‑modified Beta zeolites

Atte Aho1 · Narendra Kumar1   · Kari Eränen1 · Päivi Mäki‑Arvela1   · 
Tapio Salmi1   · Markus Peurla2 · Ilari Angervo3   · Jukka Hietala4 · 
Dmitry Yu. Murzin1 

Received: 17 March 2022 / Accepted: 21 May 2022 / Published online: 9 June 2022 
© The Author(s) 2022

Abstract
Methyl levulinate was selectively formed from glucose and methanol over a copper 
modified Beta zeolite bifunctional catalyst at 180 °C under argon atmosphere. The 
selectivity to methyl levulinate substantially exceeded previously reported in the 
open literature results. The copper modification was done through an ion-exchange 
method using a solution of copper nitrate, followed by drying and calcination of 
the catalyst. Copper modification changed the distribution of acid sites namely, less 
Brønsted and more Lewis sites were observed with FTIR using pyridine adsorption. 
Application of the proton form H-Beta-25 gave the methyl levulinate yield of ca. 
89%, which could be elevated with the addition of copper, as the apparent selec-
tivity exceeds 99%, assuming that methyl glucosides are eventually transformed 
to methyl levulinate. The non-acidic Cu/SiO2 catalyst was completely inactive in 
methyl levulinate formation. Metal modification of Beta zeolite with Sn and Zn 
did not perform as well as Cu in the formation of methyl levulinate during glucose 
transformation.
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Introduction

Levulinic acid is an important platform molecule [1] that can be used in sev-
eral applications for the production of fuels, plasticisers, resins, polymers, her-
bicides, food flavourings and fragrances, anti-freeze agents and pharmaceuti-
cals [2]. Levulinic acid can be produced through dehydration of glucose with 
5-hydroxymethylfurfural (5-HMF) as an intermediate [3, 4] using mineral acids, 
such as hydrochloric and sulphuric acids [3, 5]. A drawback with the direct 
dehydration of glucose to levulinic acid is the high formation of humins [3, 6] 
that can decrease the yield of levulinic acid significantly. A way to overcome 
the humins formation is to perform the reaction in an alcohol giving levulinate 
esters instead [1, 7, 8]. A reaction scheme with the above discussed reactions are 
shown in Fig. 1.

Other drawbacks with the use of mineral acids are corrosion, dehydration of 
the alcohols forming ethers and a need of downstream neutralization of the acid 
[9]. A combination of both Brønsted and Lewis acids [10, 11] has been used for 
the conversion of cellulose to methyl levulinate. A catalytic system comprising of 
In(OTf)3 and 2-naphthalenesulfonic acid gave a methyl levulinate yield of 75% 
at 180  °C. A semi-soluble aluminium salt (Al2(SO4)3) has been applied in the 
transformation of glucose and other sugars to methyl levulinate the highest report 
yield was 64% [12]. Heterogeneous catalysts can be used to overcome the draw-
backs related to the mineral acids. In particular, solid acids, such as zeolites, can 
be applied in the transformation of glucose to either levulinic acid or methyl lev-
ulinate as reported in refs. [1, 9, 13].

Peng et  al. [9] tested the catalytic performance of common zeolites namely, 
ZSM-5(25), ZSM-5(36) NaY, H-mordenite in the conversion of biomass carbo-
hydrates to methyl levulinate at 200 °C. The main product after a 2 h experiment 
was, however, methyl glucoside when using zeolites as the catalysts. Peng et al. 
tested also other solid catalysts such as Zr3(PO4)4, SO4

2−/ZrO2, SO4
2−/TiO2 and 

TiO2. The most promising catalyst was sulphated titania giving a methyl levuli-
nate yield of 33% when using glucose as the reactant, while slightly better yields 
were obtained with fructose (43%) and sucrose (59%). A possible reason for a 
higher methyl levulinate yield starting from fructose could be due to the reac-
tion network for methyl levulinate formation from glucose with isomerization to 
fructose as the initial step [14]. Clay materials, namely metal modified montmo-
rillonite, have also been applied in the conversion of glucose to methyl levulinate 
[14]. A significantly higher methyl levulinate yield (60.7%) could be obtained 
with an Al3+ ion-exchanged montmorillonite catalyst [10] compared to the values 
reported by Peng et al. [9]. Copper modified montomorillonite gave also a rela-
tively high methyl levulinate yield (58.7%) [14].

This work will report the outstanding performance of copper modified Beta 
zeolites as well as results for other catalysts, including zinc and tin modified beta, 
proton form beta and copper on silica for the transformation of glucose to methyl 
levulinate significantly exceeding the results reported in the literature. A fur-
ther important aim of the current investigation was to study the influence of the 
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methods of metal (Cu, Zn, Sn) modifications such as ion-exchange and evapora-
tion impregnation on the physico-chemical and catalytic properties of Beta zeo-
lite catalysts.
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Fig. 1   Reaction scheme for glucose transformation to levulinic acid and methyl levulinate
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Experimental

Catalyst preparation

Cu‑modification

Synthesis of the Cu-modified catalysts was carried out by the ion-exchange method 
using aqueous solutions of copper nitrate to afford a better metal dispersion. 2.56 g of 
copper nitrate trihydrate (> 99%, Fluka) was dissolved in 500 mL of distilled water fol-
lowed by adding 10 g of H-Beta-25 (Zeolyst International, CP814E) or H-Beta-300 
(Zeolyst International, CP811C-300). The numbers (25 and 300) after the zeolite name 
correspond to the SiO2/Al2O3 molar ratio. After the synthesis performed using continu-
ous stirring for 24 h, the catalyst was filtered and washed with distilled water. Drying of 
the catalyst was carried out in an oven at 100 °C followed by calcination at 400 °C in a 
muffle oven using a step calcination procedure.

Sn‑modification

Sn-H-Beta-38 catalyst was synthesized using an evaporation impregnation method. 
3.58 g SnCl2·2H2O was dissolved in 250 mL of distilled water in a flask. The synthesis 
of Sn-H-Beta-38 (Zeolyst International, CP814C*) catalyst was carried out in Büchi 
Rotavapor evaporator for 24  h. Another Sn-modified (de-Al-Sn-H-Beta-38) catalyst 
was prepared with the same procedure but with a dealuminated H-Beta-38 zeolite. The 
dealumination was performed with 1 M HNO3 treatment. A third Sn-modified Beta 
zeolite (Sn-H-Beta-300) was also prepared using an ion-exchange method. 3.58 g of 
SnCl2·2H2O precursor was dissolved in 500  ml distilled water. 10  g of H-Beta-300 
(Zeolyst International, CP811C-300) was added to SnCl2 aqueous solution with stir-
ring. The synthesis was performed with continuous stirring for 24 h. After completion 
of synthesis, the catalytic material was filtered and washed with 2000 mL of distilled 
water.

After completion of synthesis, the catalysts were dried at 100 °C in an oven for 7 h. 
The thermal treatment of the catalyst was carried out in a muffle oven at 400 °C using 
the step calcination procedure.

Zn‑modification

Evaporation impregnation method was utilized to modify H-Beta-25 zeolite (Zeo-
lyst International, CP814E) with zinc. A 250  mL solution containing 3.56  g of 
Zn(NO3)2·6H2O was prepared, 5 g of the zeolite was added to the solution. The impreg-
nation was carried out at 60 °C for 24 h prior evaporation of the liquid. The catalyst 
was calcined at 425 °C for 3 h.
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Catalyst characterization

The prepared metal modified catalysts were characterized with different techniques. 
The concentration of Brønsted and Lewis acid sites was measured using FTIR and 
pyridine as the probe molecule. Both scanning and transmission electron micros-
copy were used to elucidate morphology and the textural properties. The specific 
surface area and the pore size distributions were determined by nitrogen physisorp-
tion. The phase purity of the catalysts was confirmed by XRD. More details are pro-
vided below.

A FTIR (ATI Mattson Infinity Series) was used for determining the strength and 
concentrations of both Brønsted and Lewis acid sites. The metal modified Beta zeo-
lites were pressed into thin wafers and placed into the FTIR cell, which was out-
gassed and heated to 450 °C for 1 h. Thereafter the cell was cooled to 100 °C and the 
background spectra was recorded. Pyridine (> 99%, Acros Organics) was adsorbed 
to the catalytic acid sites during 30 min followed by desorption at 250 °C, 350 °C 
and 450 °C under vacuum for 1 h at each temperature. Spectral bands at 1545 cm−1 
and at 1450 cm−1 were used to identify Brønsted (BAS) and Lewis (LAS) acid sites. 
The concentrations of acid sites were calculated using the extinction coefficients 
reported by Emeis [15].

The crystal morphology, shape and size of the catalysts were studied with scan-
ning electron microscopy (SEM) using a (Leo Gemini 1530) microscope. The 
elemental compositions of the catalysts were analyzed by energy-dispersive X-ray 
spectroscopy (EDX) coupled to the SEM. The presence of metal nanoparticles and 
porosity of the catalysts were investigated by transmission electron microscopy 
(TEM) using a (JEOL JEM-1400 Plus) microscopy equipped with a bottom mounted 
(OSIS Quemesa) digital camera.

The specific surface area, pore size and the pore volume of the catalysts were 
measured with a (Micrometrics MicroActive 3Flex3500). Prior to the surface area 
measurements, the catalyst samples were outgassed at 250 °C for 4 h. The specific 
surface was calculated with the Dubinin-Radushkevich method and the pore size 
and volume with the Horvath-Kawazoe method.

The X-ray diffraction (XRD) characterization was performed using a (PANalyti-
cal Empyrean) diffractometer. The results were obtained with a 2θ scan range from 
5° to 120°.

Glucose conversion experiments

Transformations of glucose over the metal modified Beta zeolites were carried out 
in a batch reactor equipped with a gas entrainment impeller, a heating mantle and a 
sampling line. The gas atmosphere in the set-up was argon (Linde, 5.0), as the inten-
tion was to use an inert gas preventing any contact with oxygen.

The glucose conversion experiments were carried out by loading the reactor ves-
sel with 0.41 g of the catalyst (< 63 µm), 0.9 g glucose (> 98%, Fluka) and 100 mL 
methanol (> 99.9%, Sigma-Aldrich). Experiments with higher glucose concentra-
tions were not pursued because of a limited solubility of glucose in methanol. After 
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the reactor was filled with the reactants and the catalyst, it was flushed with argon. 
Thereafter, heating to 180 °C was started with a 3 °C/min heating rate. When the 
reactor temperature reached 180 °C the sampling (t = 0 min) and stirring (720 rpm) 
were started. The samples were withdrawn from the reactor through a 7 µm sinter to 
avoid removal of catalyst particles, moreover, prior to analysis the liquid sample was 
further filtered through a 0.43 µm syringe filter. The samples were initially analysed 
by HPLC, and by GC after achieving practically full sugar conversions. A selection 
of the liquid samples was also analysed by NMR.

Product analysis

The composition of the reaction mixture was analysed by high performance liquid 
chromatography (HPLC). The HPLC (Hewlett Packard 1100 series) was equipped 
with a refractive index detector (RI), the column used for separation of the com-
pounds operating at 45  °C was an (Animex HPX-87H) applying 5  mM sulphuric 
acid as the eluent with the flow rate 0.6 mL/min. The response factors as well as the 
retention times for several different compounds (glucose, fructose, α- and β-methyl 
glucoside) were determined prior to catalytic experiments and used for calculations 
of the concentrations. The presence of α- and β-methyl glucoside was verified by 
NMR.

The NMR spectra were measured on an (AVANCE III spectrometer Bruker Bio-
spin GmbH, Rheinstetten, Germany) operating at 500.20 MHz for 1H, equipped with 
a 1H/BB SmartProbe. The 1H spectrum was recorded in MeOD-d4.

After most of the sugars had been converted, based on HPLC analysis, the sam-
ples were analysed by GC (HP 6890) equipped with an HP-5, 5% Phenyl Methyl 
Siloxane 30.0  m × 320  μm × 0.50  μm nominal, column. The eluting components 
were detected by the flame ionisation detector (FID). The temperature program used 
in the analysis was as follows: 2 min at 40 °C, heating with 10 °C/min to 250 °C 
and holding for 3  min. The gas flow through the column was set to 3.8  mL/min. 
The response factors as well as retention times for several different compounds were 
determined and used for calculations of the concentrations. The calibrated com-
pounds were: methyl lactate, methyl formate, methyl levulinate and furfural.

Results and discussion

Glucose transformations

The sugar concentrations during the glucose transformations over Cu-H-Beta-25 are 
displayed in Fig. 2.

The presence of methyl glucosides was verified by NMR for the sample taken at 
60 min where the concentration of α-methyl glucoside was the highest. The NMR 
spectrum is presented in Fig. 3. The previously reported results [9] correspond well 
to our findings namely that methyl glucosides are formed at the beginning of glucose 
transformations to methyl levulinate. Peng et al. [9] carried out their experiments for 
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Fig. 2   Concentration of the reactants and some products during glucose transformations over Cu-H-
Beta-25 catalyst at 180 °C

Fig. 3   NMR spectrum for the 60 min sample showing signals for α- and β-methyl glucosides. Glucose 
transformations were carried out at 180 °C over Cu-H-Beta-25 catalyst
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2 h only, however, at a higher temperature (i.e.200 °C) and reported methyl gluco-
sides as the main products with different zeolites as catalysts.

From Fig. 2, it can be observed that the concentrations of the methyl glucosides 
did not decrease to zero after 11 h, therefore, the reaction duration should be pro-
longed to achieve higher conversions. The concentration profiles for a 24 h run are 
shown in Fig. 4.

The average concentrations for glucose and the products and the experimental 
errors of the results depicted in Figs. 2 and 4 were also plotted as a function of time 
up to 120  min (Fig.  5) showing that the maximum error in glucose and fructose 
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Fig. 4   Concentration profiles for the reactants and some products during a 24 h experiment at 180  °C 
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glucose transformation over Cu-
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concentrations were 2.5% and 9%, respectively, while for glucosides it was 10%. 
These results demonstrate a sufficient accuracy of the experimental results.

A similar experiment was also carried out over Cu-H-Beta-300. The sugar con-
centration profiles are demonstrated in Fig. 6.

Comparing these sugar concentration profiles displayed in Figs. 4 and 6 it can be 
observed that conversion of α- and β-methyl glucosides is considerably slower over 
Cu-H-Beta-300 compared to Cu-H-Beta-25. A possible reason for the differences 
can be attributed to differences in the acid site concentrations and acid strength, as 
discussed below.

The final (24 h) samples displayed in Figs. 4 and 6 were further analysed by GC, 
with the chromatograms presented in Fig. 7.
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As seen in Fig. 7, essentially one major peak visible in both cases originates from 
methyl levulinate. Based on the response factor the concentrations of methyl lev-
ulinate over the Cu-H-Beta-25 is 6.03  g/L while the corresponding value for Cu-
H-Beta-300 is 3.66 g/L. These concentrations correspond to the methyl levulinate 
yields of ca. 93% and 56% for Cu-H-Beta-25 and Cu-H-Beta-300 catalysts, respec-
tively. The results for all tested catalysts are compiled in Table 1.

The methyl levulinate yield was calculated by dividing the concentration of 
methyl levulinate with the initial concentration of glucose. The sugar conversion 
was calculated by dividing the difference between the initial glucose concentration 
and the concentrations of glucose, fructose, α- and β-methyl glucosides with the ini-
tial glucose concentration. From Table 1 high conversion can be observed for most 
of the catalysts for the final samples apart from Cu-H-Beta-300 and Sn-H-Beta-300 
when lower levels of sugar conversion were obtained, while glucose conversion over 
all catalysts was very high.

For comparison, experiments with the proton form of H-Beta-25 zeolite as 
well as copper on silica, Cu/SiO2, were tested. The methyl levulinate yield over 
H-Beta-25 was 89.2% at full sugar conversion while over Cu/SiO2 no methyl levuli-
nate was detected. In essence, the results demonstrated the superior performance of 
the bi-functional copper beta zeolites, while the experiments with the non-acidic Cu/
SiO2 catalyst gave no levulinate. The proton form H-Beta-25 exhibited a fairly good 
methyl levulinate yield, thus by combining both copper and the acidic zeolite, as 
used in this work, the potential methyl levulinate selectivity (comprising also methyl 
glucosides) can be increased to nearly 100%. Modification of the zeolite with tin or 
zinc had a negative effect in the methyl levulinate yield even at high conversions, as 
follows from Table 1. As shown in the reaction scheme in Fig. 1, methyl formate is 
formed in 1:1 ratio with methyl levulinate. However, because methyl formate has 
a very low boiling point (32 °C) a major part of this compound is evaporated dur-
ing sampling and is therefore not detected by GC. Another reason for not detecting 
methyl formate could be that it decomposes to either CO or CO2.

In the literature glucose conversion to methyl levulinate over Sn-Al-β zeolite has 
been reported previously [16]. The authors [16] stated that modification of Beta zeo-
lite with tin using incipient wetness impregnation of SnCl4 increased Lewis acidity 
of the zeolite. A higher Lewis acidity was linked with easier isomerization of glu-
cose to fructose, which is one of the initial steps in glucose transformation to methyl 
levulinate. Yang et al. [16] used also the hydrothermal treatment of Sn-Al-Beta zeo-
lite with tetraethylammonium hydroxide to increase mesoporosity. Both introduction 
of tin, resulting in a higher Lewis acidity, and the hydrothermal treatment, resulted 
in an improved catalyst performance for methyl levulinate formation. The improve-
ment compared to the parent zeolite was 2.3 fold, corresponding to the methyl lev-
ulinate yield of 49% [16]. Clearly the results reported here can be considered supe-
rior compared to previously reported [16] methyl levulinate yields.

Commercially available H-Beta-25, a one a similar to the zeolite used in this 
work, has been tested in the synthesis of methyl levulinate from 5-hydroxymeth-
ylfurfural [6]. The experiments were carried out at different temperatures ranging 
from 50 to 170 °C and under oxygen atmosphere (0–20 bars). Other zeolites besides 
H-Beta-25 were also tested namely, H-Beta-40, ZSM-5 (27, 50 and 130) as well 
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as USY-5.4 [6]. It was reported that the humin formation could be diminished at 
reaction temperatures higher than 150 °C and the oxygen pressure above 10 bar [6]. 
The highest methyl levulinate yield reported by Wang et  al. [6] was 69.6% from 
5-hydroxymethylfurfural. Our results showing methyl glucosides as intermediates 
gave a significantly higher yield of methyl levulinate compared to Ref. [6]. indicat-
ing that humin formation from methyl glucosides occurs to a lesser extent than in 
the case of 5-hydroxymethylfurfural as a substrate over similar catalysts.

TOF for formation of methyl levulinate was also calculated per amount of Brøn-
sted acid sites (Table  1) at the end of the reaction. The comparison of the TOF 
values for the long duration experiments over Cu-H-Beta-25, Cu-H-Beta-300 and 
H-Beta-25 (Table 1, entries 1–3) illustrates that the highest TOF was observed for 
Cu-H-Beta-300 exhibiting the lowest concentration of Brønsted acid sites, There-
after, the TOF declined with an increasing amount of the Brønsted acid sites giving 
the second highest TOF for Cu-H-Beta-25 and the lowest for H-Beta-25. This result 
is somewhat contradicting to the data reported in the literature [16], where, how-
ever, the values correspond to 30 min reaction time reflecting thus the initial TOF. In 
the current case the TOF values averaged for the whole duration of experiments are 
given, because sugars present in the reaction mixture prevented direct GC analysis 
of methyl levulinate. It should be, on the other hand mentioned, that an analogous 
trend of decreasing TOF values with an increasing amount of Brønsted acid sites 
was also observed for experiments of a shorter duration (Table 1, entries 6–8).

Catalyst characterization results

Acidity of the prepared catalysts was determined by FTIR using pyridine as a probe 
molecule. The FTIR spectra for Cu-H-Beta-25 catalyst after desorption at 250 °C, 
350  °C and 450  °C are given in Fig.  8, showing pyridine adsorbed on Brønsted 
(1450 cm−1) and Lewis (1550 cm−1) acid sites.

The measured concentrations of acid sites used in this work are listed in Table 2.

Table 2   Concentration of Brønsted and Lewis acid sites for the different Beta zeolite catalysts

Catalyst Brønsted acid sites (µmol/g) Lewis acid sites (µmol/g)

250 °C 350 °C 450 °C 250 °C 350 °C 450 °C

H-Beta-25 294 226 146 66 25 6
H-Beta-38 278 261 221 31 12 2
Cu-H-Beta-25 146 192 93 152 32 4
Cu-H-Beta-25-REG 184 184 143 132 47 3
Cu-H-Beta-300 38 38 2 45 15 3
Sn-H-Beta-38 196 188 43 50 11 0
de-Al-Sn-H-Beta-38 121 101 53 65 17 2
Sn-H-Beta-300 57 55 27 76 26 7
Zn-H-Beta-25 41 22 13 234 154 109
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Table  2 clearly illustrates that the distribution of acid sites is changed after 
metal modification for different Beta zeolites. In particular the total amount of 
Brønsted sites decreased approximately by half and the total amount of Lewis 
sites increased more than twofold for Cu-modified catalysts. The change in acid 
site distribution was even higher for the Zn-modified Beta-25 zeolite, where the 
total amount of Brønsted site decreased to ca. 1/7 and the content of Lewis sites 
increased by a factor of ca. 4. Acidity of Cu-H-Beta-25-REG was measured after 
regeneration at 400  °C in air. The total number of acid sites of the regenerated 
catalyst is higher for Brønsted and lower for Lewis sites. Not surprisingly, Brøn-
sted acidity of Cu-H-Beta-25 and Sn-H-Beta-38 is significantly higher than for 
Cu-H-Beta-300 and Sn-H-Beta-300.

The catalysts were visualized by both scanning (SEM) and transmission (TEM) 
electron microscopies. SEM images for Cu-H-Beta-25 are presented in Fig. 5, show-
ing typical morphologies for Beta zeolite. The copper content in Cu-H-Beta-25 ana-
lysed by energy-dispersive X-ray spectroscopy (EDX) was 0.85 wt%, while the cor-
responding values for Sn-H-Beta-38, Sn-H-Beta-300 and Zn-H-Beta-25 were 7.71, 
7.78 and 9.7 wt%. Worth mentioning is that presence of Cl was not observed in Sn 
containing catalyst prepared with tin chloride as a precursor.

TEM images for the same catalyst shown in Fig. 9, did not display any copper 
nanoparticles indicating that copper was indeed ion-exchanged with the acid sites of 
the Beta zeolite, most likely the Brønsted sites, and thus has a very high dispersion 
(Fig. 10).

The specific surface area, pore size and volume for the fresh and regenerated Cu-
H-Beta-25 catalysts are listed in Table 3.

The nitrogen physisorption results listed in Table 3 are comparable for both the 
fresh and regenerated catalysts, having similar specific surface areas as well as 

1600 1575 1550 1525 1500 1475 1450 1425 1400

250 °C

350 °C

450 °C

Wavenumber (cm-1)

Fig. 8   FTIR spectra of pyridine adsorbed on Cu-H-Beta-25 after desorption at 250  °C, 350  °C and 
450 °C
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Fig. 9   SEM images of Cu-H-Beta-25 catalyst

Fig. 10   TEM images of the Cu-H-Beta-25 catalyst

Fig. 11   XRD for Cu-H-Beta-25 with the standardized diffraction patterns for Beta polymorph A, CuO, 
Cu and Cu2O
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pore sizes and volumes, illustrating that there was almost no carbon deposits after 
regeneration.

The X-ray diffraction results for Cu-H-Beta-25 are presented with calculated dif-
fraction patterns for Beta polymorph A [17], CuO [18], Cu [19] and Cu2O [20] in 
Fig. 11. It is clear that the main features can be explained with Beta polymorph A 
phase, although the standard diffraction patterns for Cu and its oxides match with 
some of the diffraction details, preventing unequivocal identification.

Conclusions

Metal modified Beta zeolite catalysts were prepared, characterized and tested in glu-
cose transformation at 180 °C in methanol. Copper modification of the Beta zeolite 
changed the distribution of acid sites, namely the amount of Brønsted sites decreased 
while the number of Lewis sites increased. XRD analysis of Cu-H-Beta-25 catalyst 
showed that the main features of the XRD-pattern corresponds to Beta polymorph 
A. Cu-H-Beta-25 catalyst was very selective to methyl levulinate, giving after 24 h 
the yield of methyl levulinate of 92.6% at complete conversion of the reactant.
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Table 3   Specific surface area, 
pore size and volume for fresh 
and regenerated Cu-H-Beta-25 
catalysts

Catalyst Specific 
surface 
area

Median pore size Pore volume

(m2/g) (nm) (mL/g)

Cu-H-Beta-25 492 0.69 0.18
Cu-H-Beta-25-REG 473 0.69 0.17

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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