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Figure S1. Chemical production of sugar alcohols from biomass with possible side

reactions. Adapted from literature.'™
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Figure S2. Mechanism of complexation of sugars by anionic extraction.
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EXPERIMENTAL SECTION

Table S1. Composition of wheat bran hydrolysate.

Component Concentration (ppm)
Sugars

Xyl 5594 + 53

Ara 2829 £39

Gle 767 £21

Degradation products

Furfural 275+ 19

Proteins 945 + 36

Inorganic elements

Mg 62+£2
Ca 13+£1
K 69+3
S 4+1

Table S2. Operating conditions of the different HPLC columns used in this work.

Parameter HPLC Column
Supelcogel Pb SH1011 SC1211
Compounds analyzed Sugars Degradation products Sugar alcohols
Furnace temperature (°C) 85 50 90
Detector temperature (°C) 35 35 35
Mobile phase Milli-Q water H,S040.01 N in Milli-Q  H,O/CH;CN (65/35 v/v)
water
Flow rate (mL min™) 0.5 0.8 0.5
Detector RI Rland UV-Vis (254 nm  RI
for 5-HMF and 260 nm
for furfural)
Calculations

Extraction and back-extraction yields:

o . . _ Mjg-Mig
% Extraction yield, = ——— x 100
m; o
o . . _ Mg
% Back-extraction yield, = p—— x 100
i,0 - Mg

(Eq. S1)

(Eq. S2)

where m; o, m; g and m; g are the amounts of the component i in the initial phase and in

the aqueous phases after extraction and back-extraction, respectively.
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Conversion of sugars, yield and selectivity into the corresponding alcohols in the

hydrogenation experiments:

nsugar,O - nsugar,f

% Sugar conversion = x 100 (Eq. S3)
nsugar,O
o . . _ npentitols,f
% Pentitols yield = ————— x 100 (Eq. S4)
Ncs sugars,0
N
% Pentitols selectivity = pentitolsf x 100 (Eq. S5)

Ncs sugars,0 ~ Ncs sugars,f

nsorbitol,f

% Sorbitol yield = x 100 (Eq. S6)

nglucose,O

nsorbitol,f

% Sorbitol selectivity = x 100 (Eq. S7)

nglucosc,O - nglucosc,f

where Ngygaro and nggarr are the moles of each sugar before and after the hydrogenation
reaction, respectively; Ncs sugars,0 @Nd N5 sugars £ are the initial and final moles of xylose +
arabinose, respectively; Ngjucose,0 aNd Ngjucose,r are the initial and final moles of glucose,
respectively; Npensitols,r are the moles of xylitol + arabitol formed from xylose +
arabinose; and nsomitoL £ are the moles of sorbitol formed from glucose.

RESULTS AND DISCUSSION

X-Ray Diffraction (XRD)

The diffraction peaks in the spectrum at 20 = 42.1° and 44.0° demonstrate the presence
of Ru’ on Ru/H-ZSM-5 (Figure S3). These reflections are assigned to the (100) and
(002) diffraction planes of bulk hexagonal Ru’ particles (JCPDS-ICDD card No. 06-
0663).” The low intensity of the diffraction peaks is probably due to the low metal

loading and high dispersion of Ru” particles onto the support.®
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Figure S3. XRD patterns of H-ZSM-5 and reduced Ru/H-ZSM-5. A) 2° - 90° and B)

expanded region from 30° - 90 °.
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Nitrogen adsorption-desorption isotherms

Figure S4A displays type I isotherms, typical of microporous materials which exhibit a
sharp increase of nitrogen sorption at very low partial pressures (P/Py < 0.01) due to the
filling of ultramicropores with a width of two-three molecular diameters, which is
governed by the gas — solid interactions.” The pore filling process of supermicroporous
occurs in the range of relative pressure P/Py = 0.01-0.15" and the rise observed at P/Py >
0.95 is related to nitrogen condensation in the void volume between the particles.® H-
ZSM-5 and Ru/H-ZSM-5 display a slight H4 hysteresis loop.” This kind of hysteresis is
often associated with narrow slit-like pores, but in the case of type I isotherms is
indicative of a microporous structure with some contribution of mesopores.” ® '* 1!
However, the pore size distribution (PSD) (Figure S4B) shows basically a unimodal
microporous distribution centered at approximately 0.67 nm for both solids. A slight
shoulder but also in the micropore region was observed. Therefore, the small hysteresis
loop and the narrow pore size distribution suggests that mesoporosity in H-ZSM-5 and
Ru/H-ZSM-5 is very low. Besides mesoporosity, several authors have attributed the
hysteresis at relatively high pressures (P/Py > 0.45) to zeolites with low aluminum

content, as in the case of H-ZSM-5 with a Si0,/Al,05 ratio of g0, 1>16
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Figure S4. A) Nitrogen adsorption-desorption isotherms and B) pore size distributions
(PSD) of H-ZSM-5 and Ru/H-ZSM-5.

Table S3. Textural properties of H-ZSM-5 and Ru/H-ZSM-5.

Catalyst Ru? Specific Surface Area® Voore. dpore”

(%) (m’ g™ (em’ ) (nm)
H-ZSM-5 - 562 0.26 0.67
Ru/H-ZSM-5 20+0.3 515 0.21 0.67
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 Determined by ICP-AES
® Determined by Langmuir model
¢ Determined by Horvath-Kawazoe method

Recovery of sugars from model mixtures

Prior to the purification of hydrolysates, the extractability of C5 sugars from model
mixtures in a phosphate buffer at pH 7.5 was studied following the scheme represented
in Figure 1. Xylose and arabinose were chosen for the investigation of model mixtures
since they are the major saccharides in the hydrolysates obtained from wheat bran
(Table S1).

First, two different boronic acids, namely PBA and HMPBA, were tested. The results of
the experiments to compare the efficiency of the extraction by PBA and HMPBA are
shown in Figure S5. For the same boronic acid concentration, the amount of sugars
extracted with HMPBA was higher than with PBA. In a previous work, HMPBA has
also demonstrated to be more efficient than PBA for the extraction of saccharides.'” The
complexation constants of HMPBA with sugars are higher than the corresponding to
PBA-sugars. This is related to a lower pK, of HMPBA and the formation of an intrinsic
hydrogen bond between HMPBA and saccharides.'”" As expected, a higher
concentration of boronic acid enables a higher amount of sugars extracted into the
organic phase. Additionally, xylose and arabinose were extracted basically in the same
proportion, which is due to the similar complexation constants of both sugars with
boronic acids.”® *' The back-extraction of the sugars was performed by an acidic
solution of 0.25 M H,SO,. In all the cases, 100% of both sugars was recovered since the

complexes are no longer stable under acidic conditions.
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Figure S5. Extraction of arabinose and xylose with different concentrations of boronic
acid: A) with HMPBA and B) with PBA.

Prior to the extraction of sugars, the organic phase was pretreated with a phosphate
buffer at a pHy 7.5. The preactivation of the organic phase was demonstrated to be very

important in previous studies to improve the extraction of saccharides.'” ** During this
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pretreatment, the pH of the buffer phosphate slightly decreased due to the transfer of
hydroxyl groups from the aqueous to the organic phase. These OH™ groups are the
responsible for the ionization of boronic acid, which enables the formation of the
complexes with sugars.

The feasibility of obtaining more concentrated sugar solutions after the back-extraction
was also studied (Figure S6). To do so, the organic phase was saturated with sugars by
performing several extractions. Each extraction was carried out by stirring the same
organic phase with a new sugar solution every time. The amount of the extracted sugars
was very similar for each of these successive runs. However, the initial concentration of
xylose was higher than arabinose (imitating a real hydrolysate), resulting therefore in a
greater amount of xylose in the organic phase than arabinose after each extraction
(Figure S6A). The stripping of the sugars was performed with a solution 0.25 M H,SOs,.
Nevertheless, this acid concentration was not enough to recover all the sugars, but only
around 60%. A higher H,SO4 concentration (0.50 M) was tested to improve the amount
of the back-extracted sugars. In this case, the sugars were completely recovered into the
acidic solution, which gave rise to a sugar solution ~2.4 times more concentrated than

the initial (Figure S6B).
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Figure S6. Concentration of sugar solutions by several extractions (Extraction with 0.5
M HMPBA): A) amount of sugars in the organic phase after each extraction and B)
amount of sugars in the initial and final aqueous solutions after back-extraction with

0.25 M and 0.50 M H,SO,.
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Purification of sugars from wheat bran hydrolysates

Inorganic elements

Table S4. Distribution of inorganic elements in the hydrolysate and in the aqueous

phases after extraction and back-extraction.

Experiment Inorganic elements (ppm)
Ca Mg K S
Initial hydrolysate 13 62 69 4
0.25 M HMPBA Extraction 12 63 70 5
Back-extraction ND ND ND *
0.50 M HMPBA Extraction 12 65 76 4
Back-extraction ND ND ND *
0.75 M HMPBA Extraction 12 67 71 4
Back-extraction ND ND ND *
1-octanol Extraction 13 62 69 3
Back-extraction ND ND ND *
Aliquat® 336/1- Extraction 11 64 68 4
octanol Back-extraction ND ND ND *

" Sulfur detected after back-extraction corresponds to H,SO, used for the recovery of sugars. This cannot correspond

to S from the hydrolysate, since the S content after extraction is the same as in the initial solution.

Lignin derivatives

Table S5. Composition of the final aqueous phase after back-extraction and back-

extraction + treatment with Amberlyst® 15 and Amberlite® IRA-96.

Experiment % g C/TOC
Sugars Furfural Proteins Not identified
0.25 M HMPBA Back-extraction 70 1 ND 29
Back-extraction + 90 1 ND 8
Resins
0.50 M HMPBA Extraction 70 1 ND 30
Back-extraction + 90 1 ND 9
Resins
0.75 M HMPBA Extraction 69 1 ND 30
Back-extraction + 88 1 ND 12

Resins
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Figure S7. Absorbance spectra of a sample after extraction, back-extraction and before
and after the treatment with Amberlyst® 15 and Amberlite® IRA-96.
Organic phase recycling

Table S6. Extraction of the different compounds using fresh and recycled organic

phase.
Experiment Extraction (%)
Glucose Xylose Arabinose Furfural Proteins
0.50 M HMPBA  Fresh 53 79 82 80 34
0.50 M HMPBA  Recycling 59 81 82 70 38

Hydrogenation of sugars model mixtures

First, we evaluated the activity of the Ru/H-ZSM-5 catalyst in the hydrogenation of
sugars model mixtures into sugar alcohols. Ruthenium catalysts were chosen as they
have demonstrated to be very active for hydrogenation of sugars in numerous works.>
3% The experiments involved xylose and arabinose, as major components of the purified
hydrolysate, but also glucose, as it is present after the purification. Different
temperatures and catalyst loadings were tested. Figures S8 and S9 show the results

corresponding to the hydrogenation of model mixtures composed of xylose, arabinose
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and glucose. The yields of pentitols (xylitol + arabitol) and sorbitol were calculated
according to the Eq. 4 and 6, respectively. Xylitol and arabitol may be formed from
both xylose and arabinose (Figure S1), so the yield was evaluated in terms of total
pentitols. Selectivity was in all the experiments ~100%, which means that C5 sugars
were converted only into xylitol and arabitol, and glucose into sorbitol. The formation
of by-products (e.g. mannitol, levulinic acid, glycerol, ethylene glycol, propylene glycol
or furfuryl alcohol) as reported in previous studies’’ was not observed in any
experiment. Furthermore, mass balances were above 98% in all the cases, corroborating
the maximum selectivity into the alcohols of interest. Under the same experimental
conditions, xylose and arabinose were hydrogenated more readily than glucose. This
was previously reported by several authors.*'

First, the effect of temperature was investigated (Figure S8). The optimum temperature
for the hydrogenation of xylose and arabinose was 100 °C, whereas 120 °C was the most

suitable for the hydrogenation of glucose. Since we are in interested in the

maximization of pentitols and minimization of hexitols, 100 °C was chosen as optimum

temperature.
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Figure S8. Effect of temperature in hydrogenation of sugars model mixtures.
Conditions: xylose + arabinose + glucose, Ru/H-ZSM-5, 0.015 g Ru/g C, 100 °C, 50 bar
H;. A) Pentitols and B) sorbitol yield.

Different catalysts loadings were then tested (Figure S9). No sugars conversion and
hence no alcohols production were observed in the blank experiments without catalyst.
The maximum yield of pentitols was achieved at 100 °C after 10 minutes with a ratio of
0.015 grams of ruthenium per gram of total carbon in sugars. In the case of sorbitol, best
results were obtained at 100 °C/15 min/0.06 g Ru g C™' or at 100 °C/30 min/0.03 g Ru g
C'. In order to maximize the production of pentitols and minimize that of hexitols, our

optimum conditions were selected at 100 °C/10 min/0.015 g Ru g C™.
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Figure S9. Influence of catalyst loading in hydrogenation of sugars model mixtures.
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yield and B) sorbitol yield.
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Figure S10. Composition of the purified hydrolysate based on carbon balance
(Iyophilized and at pH 7.0).

Table S7. Pretreatments performed in the initial wheat bran hydrolysate.

Pretreatment Removed compounds Non-removed compounds
Activated carbon S Ca, Mg, K, proteins
Dowex® Monosphere® MR-450 Ca, Mg, K S, proteins

UPW

Activated carbon + Dowex® S, Ca, Mg, K Proteins

Monosphere® MR-450 UPW

Anionic extraction + Back- S, Ca, Mg, K, proteins
extraction + Amberlyst® 15 +
Amberlite® IRA-96
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