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1 Experimental

1.1 General remarks

l-octanol (= 99%), 1,4-dioxnae (99.8%),2 4-pentadienoic acid (= 97%), a-angelica
lactone (98%), butanol (99.8%), diethylene glycol dimethyl ether (> 99.5%), iso-propanol (>
99.9%), magnesium sulfate (= 99.5%), and levulinic acid (> 98%) were purchased from
Sigma-ALdrich. Ethanol (= 99.9%) were purchased from Chemsolute and y-Methylene-y-
butyrolactone (>98%) was purchased from TCI. Zeolites of HBEA-25, HBEA-150, H-MFI 25,
and HMFI-400 were purchased from Sid-Chemie. 15%WO03/ZrO, and SO,?%/ZrO, were
purchased from Saint-Gobain. y-Al,O; (product code: 568129) was purchased from Sasol.
Amberlyst® 15Dry was purchased from Sigma-ALdrich and Amberlyst® 36Dry was purchased
from The Dow Chemical Company. All chemicals were dried over anhydrous magnesium
sulfate or molecular sieves and stored under argon. The catalyst were dried in the oven at
110°C for 24 hours and stored under vacuum. GC analysis was performed on an Agilent

HP6890.

1.2 P-Toluenesulfonic acid catalyzed addition of BuOH to a-AL
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Figure S 1. p-Toluenesulfonic as a catalyst in the conversion of a-AL to BL. Conditions: 50°C; a-AL (5.00 g,

51.00 mmol); BUOH (3.78 g, 51.00 mmol); PTSA (257 mg).

1.3 GC-MS analysis for butyl levulinate and pseudo-butyl

levulinate
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Figure S 2. The GC-MS spectra for pseudo-BL (Up) and BL (Middle) obtained in the reaction mixture in

comparison to the spectra found in the MS library (Down). The obtained spectra of BL matches the one found

in the MS library with ca. 90% probability while it is only 15% in the case of pseudo-BL.




2 Catalysts characterization

Table S 1. Textural properties of the catalysts

SBET Vv ore
Catalyst P
Y [m?*/g] [cm®/g]
HBEA-25 502 0.39
HBEA-150 577 0.34
Zr02 103 0.3
S0,%/ZrO, 121 0.11
15%WO03/Zr0, 104 0.15
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Figure S 3. TPD-spectra of catalysts tested in the conversion of a-AL to LAE
Table S 2. Acid sites quantification by NH;-TPD
Weak Total
acid Strong acid acidity
Weak acid  Strong acid  total acidity (1073 [103 [1073
Catalysts [mmol/g] [mmol/g] [mmol/g] mmol/m?] mmol/m?] mmol/m?)
HBEA-25 0.17 0.26 0.43 0.035 0.052 0.087
HBEA-150 0.11 0.05 0.16 0.019 0.082 0.101
Wz 0.07 0.09 0.15 0.063 0.085 0.148
SZ 0.20 0.14 0.34 1.620 1.180 2.800
Amberlyst 36 NA NA 5.4* NA NA 160**

* the data for Amberlyst-36 acidity was obtained from the supplier (SIGMA ALDRICH) not

measured by NH;-TPD

** Specific surface area of Amberlyst (data provided by the supplier) is 33 m2/g



3 Kinetics study

In order to perform kinetic studies, LA concentration is considered constant and does
not influence the formation of pseudo-BL and BL. Then the reaction takes place
consecutively through the following mechanism (as previously described by Pathway 1 in
Scheme 2): (a-AL = AAL)

kl k2
AAL + BuOH=>pseudo—BL=BL (D

According to equation (1), the reaction rate expression for each corresponding

compounds can be derived as follows:

d[AAL] = - k,[AAL][BuOH]
- )

d[pseudo - BL]
—— = - k,[pseudo=BL] + k;[AAL][BuOH]
dt 3)

dIBL] =k do—BL
= = kylpseudo-BL] @

The reaction rate constant was solved by minimizing the sum square of the
corresponding concentration obtained from the model and experimental data (through

equation (5)) using solver add-in and the resulting values of k are summarized in Table S2:

=1 &)

Cexp-i = actual concentration of compound-i (mol fraction of i)

G = concentration of compound-i obtained from the model (mol fraction of i)
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Figure S 4. Concentration profile of the addition reaction of a-AL and BUOH over A36 at 50°C
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Figure S 5. Concentration profile of the addition reaction of a-AL and BuOH over A36 at 75°C
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Figure S 6. Concentration profile of the addition reaction of a-AL and BUOH over A36 at 100°C
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Figure S 7. Arrhenius plot for the formation of pseudo-BL and BL

Table S 3. Reaction rate constants as a function of temperature

Temperature ky kz

(°C) (L:-mol?t-s?) (s2)

50 0.014 0.00016
75 0.015 0.00069
100 0.016 0.00190

4 Influence of water on the addition of alcohols to a-AL

As expected, water influences the reaction system significantly. Figure S 8 shows the
significant changes in the reaction outcomes in the presence of 5 and 10 mol% water with

respect to a-AL.
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Figure S 8. Influence of 5 and 10 mol% water loading on the addition reaction of a-AL and BuOH.



Influence of water on the conversion of BUOH: Interestingly, for both 5 and 10
mol% water, the conversion of BUOH reached steady-state after 40min with a
maximum conversion of 60.2-64.5%. Extending the reaction time to 150 min did not

significantly influence the conversion of BUOH which basically remained constant.

Influence of water on the conversion of a-AL: Under water free conditions full
conversion of a-AL is reached after 10 min. In the presence of water, the conversion
is slowed down. Nevertheless, after 30 min complete conversion of a-AL could be

achieved independent of the amount of water in the system (5 or 10 mol%).

Effect of water on the formation of LA: In the absence of water only small amount
of LA are present in the reaction systems (max. 10% yield, after 6 h reaction).
However, the addition of water facilitates LA formation. 20.3 and 34.1 % vyield of LA
were observed after 30 min reaction time for an addition of 5 and 10 mol% water,
respectively. Important to note, LA production basically happens in the first 10 min
of reaction with minor changes for longer reaction times (LA can reach 26.1 and

35.2 % yield after 150 min reaction).

Effect of water on the formation of pseudo butyl levulinate (pseudo-BL): In the
absence of H,0, pseudo-BL was rapidly generated with 42.0 % vield at very short
reaction time (10 min) and then decline progressively to nearly zero at 120 min.
However, water is able to delay the conversion of pseudo-BL to BL. The trends for
the two water concentrations are nearly comparable. The highest yields of pseudo-
BL are obtained after 20 min for both initial water concentrations. Adding 5 and 10
mol% water leads to 61.2 and 52.2% yield of pseudo-BL, respectively. Compared to
water-free conditions, the maximum pseudo-BL yields are certainly higher mainly
caused by the delayed transformation into BL. However, also in the presence of
water the concentration of pseudo-BL slowly decreases and after 150 min the yield

of pseudo-BL are only 18.2 and 15.3% pseudo-BL for 5 and 10 mol% water.

Effect of water on the formation of BL: According to the reaction network, BL is
generated consecutively after the formation pseudo-BL. The observed slow
transformation of pseudo-BL causes overall low yields of BL. In line, for water free
conditions 90 %yield of BL could be reached after 150 min. In contrast, only 52.7-
54.1% vyield of BL could be achieved for the same reaction conditions and in the

presence of water.



Overall, water significantly affects the reaction. A slower conversion of a-AL, and an
incomplete conversion of BUOH were observed. Concerning product formation, it is
obvious that the formed LA has a negative effect on the production of esters (pseudo-BL
and BL). The origin of hindered ester formation could be a higher activation energy of
esterification compared to addition as well as the fact that esterification is limited by

chemical equilibrium.



