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In this study, activated carbon-supported Sn and Zn oxide catalysts were prepared from hydrolysis lignin and
used for the conversion of model solutions of trioses, hexoses, and lignocellulosic biomass hydrolysates to ethyl
lactate. Both catalysts, SnO2@AC and ZnO@AC, were able to produce ethyl lactate in high yields. SnO,@AC was
a more active and selective catalyst in triose (dihydroxyacetone) conversion, providing 99% yield to ethyl
lactate. ZnO@AC, by contrast, was more selective in glucose and hydrolysate conversion, with a yield of 60% and

85%, respectively. The ethyl lactate yields were significantly higher than those from the optimized model so-
lution experiments when using ZnO@AC catalyst. These findings indicate that milder acidity of the ZnO@AC
catalyst together with Na* and SO4% in hydrolysate favored ethyl lactate production, preventing byproduct,
furan derivatives and acetal, formation. Moreover, the catalysts were able to maintain their catalytic activity in

recycling experiments.

1. Introduction

Development of novel heterogeneous catalysts for the conversion of
biomass to high-value chemicals and materials is attractive from envi-
ronmental and industrial perspectives. Growing industrial interest in the
production of chemicals from biomass resources, such as lactic acid and
its esters, alkyl lactates, has attracted much attention in recent years
since they can be considered as one of the most promising building block
monomers and green solvents today. Lactic acid can be used as a
building block molecule for several downstream chemicals, such as
acrylic acid and propylene glycol, with applications in polyesters, car-
bonates, and urethanes, as well as for poly(lactic acid) plastics for
example [1,2]. Alkyl lactate hydrolysis is also one of the methods used to
obtain lactic acid [1,3]. Alkyl lactates such as methyl and ethyl lactate
can be used as promising bio-based, renewable, non-carcinogenic, and
biodegradable green solvents [1,4-6]. These could be used as substitutes
for several environment-damaging halogenated and toxic solvents
[7-9]. The most prominent alkyl lactate is ethyl lactate, a short chain
ester that combines a high boiling point, low vapor pressure, and low
surface tension with its renewable origin [1,10,11].

Lactic acid and its lactates can be generated from biomass raw ma-
terials through chemical synthesis or fermentation routes [1]. The pro-
duction through fermentation process is the most common; however,
drawbacks of such processes include the need for expensive and
energy-inefficient separation and purification steps [11,12]. The
development of an alternative, sustainable, heterogeneous catalytic
method for producing lactic acid and lactates from renewable sources
would be of great relevance. The main challenges in the production of
lactic acid with heterogeneous catalysts are relatively low yields and the
formation of undesired byproducts deactivating the catalyst when using
water as a solvent [11-14]. When water is replaced with ethanol, ethyl
lactate can be produced through heterogeneous catalysis directly from
biomass precursors. The production of ethyl lactate with heterogeneous
catalysts has its advantages: long life time of the catalyst, side reactions
can be eliminated or are less significant, ease of separation from the
reaction mixture by distillation, and working in a recyclable alcoholic
media [1,11,15]. The heterogeneous catalysts studied in the conversion
of biomass-based molecules, such as trioses, pentoses, hexoses, and
native biomasses, to lactates have mainly been Sn-based catalysts [2,16,
17]. In many studies, hierarchical zeolites and supported catalysts have
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been used. The proposed reaction path of converting biomass and
biomass-based molecules is believed to proceed through glucose isom-
erization to fructose and further through multiple reactions to trioses,
such as dihydroxyacetone (DHA), glyceraldehyde, and pyruvaldehyde,
and the eventual esterification of lactic acid with alcohol to its corre-
sponding alkyl lactate (Scheme 1)[17,14]. The yields of lactate from
hexoses have generally been lower than those obtained from trioses
[15]. Sn/Al,O3 catalysts converted trioses (DHA) in EtOH to ethyl
lactate up to 68% yield [18]. Sn-Beta-H catalysts were used in glucose
conversion to ethyl lactate with a yield of 29-41% at 160 °C under N3 in
10-20 h [19-21]. Conversion of fructose to ethyl lactate over oxide
catalysts—SnO3, 10Sn0O2/Al,03 and 10Sn03-5Zn0/Al;,03—was studied
by Prudius et al., who obtained yields of 2%, 32%, and 56%, respectively
(160 °C, 60 rpm, 3 h) [22]. Direct conversion of rice straw to lactate with
SnCly/SnCly, SnCly/ZSM-5, and SnCly/y-Al;O3 catalysts yielded up to
21.8%, 20.0%, and 17.1% of ethyl lactate, respectively, in 4 h at 220 °C
in sub-critical ethanol [23].

The main aim of this study was to produce activated carbon-based
heterogeneous catalysts for the production of ethyl lactate as effi-
ciently and selectively as possible from lignocellulosic precursor mate-
rials. Activated carbon supports are known to have large surface areas,
high pore volumes, surface functional groups induced acid base prop-
erties, and relatively high mechanical strength, due to which they have
already been applied in specific biomass valorization processes [25]. As
a precursor for activated carbon catalyst support, hydrolysis lignin, a
waste fraction from biomass hydrolysis, is used and modified with nitric
acid treatment to contain oxygen functional groups. Sn or Zn oxides on
activated carbon support were prepared by impregnation method. The
prepared catalysts were characterized by multiple analysis methods, and
the activity of these materials was studied for conversion of model so-
lutions of dihydroxyacetone, fructose, and glucose in a batch reactor in
ethanol under nitrogen atmosphere. Besides the model solutions, the
real biomass solutions obtained from lignocellulosic biomass hydrolysis,
fiber sludge and spruce, were tested in catalytic conversion to ethyl
lactate. Stability of the catalysts in recycling experiments was also
studied. To the best of our knowledge, activated carbon-supported metal
oxide catalysts have not been used in the conversion of biomass-based
molecules to ethyl lactate.

2. Materials and methods
2.1. Chemicals

Hydrolysis lignin from the biomass hydrolysis process was obtained
from Sekab, Sweden. Fiber sludge was obtained from Doms;jo Fabriker
AB, Sweden, and hydrolysis was performed by Processum (Sweden)
through enzymatic hydrolysis with commercial enzymes followed by
filtration to remove solids.

Spruce hydrolysate obtained from Sekab AB, Sweden, was prepared
from unbarked Norway spruce by pretreatment with steam and sulfur
dioxide. After pretreatment, enzymatic hydrolysis was performed with
commercial enzymes followed by separation of solids and adjustment of
pH with NaOH [26].

The following catalyst preparation materials were used: anhydrous
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SnCly«2H50 (99%) from Merck, Zn(NO3)5+6H0 (99%) from Alfa Aesar,
and HNOs (65%) from Merck. Anhydrous glucose (99%) from Alfa
Aesar, fructose (99%) from Acros Organics, ethanol absolute (99.97%)
from VWR, ethyl L-lactate (99%) from Alfa Aesar, ethyl levulinate (98%)
Alfa Aesar, dihydroxyacetone (98%) Merck, 5-(hydroxymethyl)furfural
(HMF) (98%) from Acros Organics, anhydrous lactic acid (98%) from
Alfa Aesar, and levulinic acid (98%) from Acros Organics were used as
reagents and/or standard materials.

2.2. Catalyst preparation

The activated carbon support was prepared from hydrolysis lignin by
physical activation using steam. Preparation process was proceed simi-
larly as in our previous study [27]. Carbonization, followed by physical
activation of the biomass with steam, was performed in a rotating quartz
tube in a tube furnace using a heating ramp of 10 °C min to a tem-
perature of 800 °C. At the 800 °C, steam was added by feeding water at a
flow rate of 0.5 mL min™ into the reactor for 2 h. During the thermal
heating process, the reactor was flushed continuously with inert N, gas.
The resulting activated carbon support was sieved to a fraction size of
0.1-0.42 mm. The treatment of the support with 3 mol L'* HNO3 was
selected for use in this study to remove the residual metal content
originating from biomass and to modify the surface. Based on our pre-
vious study, the production of lactic acid with activated carbon cata-
lysts, the nitric acid treated (oxidized) carbon supports, performed
better than untreated ones [27]. The treatment was carried out in a
round-bottom flask with a ratio of 10:1 mass ratio of acid:support,
mixed, and heated for 4 h at 85 °C. After the acid treatment, the supports
were filtrated and washed with hot distilled water until a constant pH
was obtained and dried in the oven at 105 °C.

Impregnation was performed by the incipient wetness method, and
the pore volumes of the support materials were measured by the N-
physisorption method to calculate the volume of the impregnation so-
lution. The amount of metal salts (SnCl,2H>0 and Zn(NO3)+6H50)
added by impregnation on the support was calculated by assuming the
targeted concentration of metal (Sn or Zn) in the catalyst was 10 wt.% of
the total catalyst mass. Zn salt was added in distilled water to dissolve
the precursor salt. To dissolve Sn salt, a drop of concentrated HCI was
added in distilled water. The impregnation solution was mixed with the
support, matured for 4-5 h at room temperature, and finally dried in an
oven at 105 °C for 16 h. The catalysts were thermally treated in a quartz
tube in a tube furnace under a nitrogen atmosphere using a constant
flush of Ny (at a flow rate of 10 mL min™). The thermal treatment was
carried out at 350 °C, using a 5 °C min™' ramp and a 3 -h holding time at
the target temperature.

2.3. Catalyst characterization

Specific surface areas (SAs) and pore size distributions were deter-
mined from the physisorption adsorption isotherms using nitrogen as
the adsorbate. Determinations were performed with a Micromeritics
ASAP 2020 instrument (Micromeritics Instrument, Norcross, GA, USA).
Portions of each sample (0.2 g) were degassed at a low pressure (0.27
kPa) and a temperature of 140 °C for 3 h to remove the adsorbed gas.
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Scheme 1. Reaction scheme for the conversion of biomass-based molecules into alkyl lactates in EtOH [17,24].
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Adsorption isotherms were obtained by immersing the sample tubes in
liquid N3 (—196 °C) to achieve constant temperature conditions.
Gaseous nitrogen was added to the samples in small doses, and the
resulting isotherms were obtained. SAs were calculated from the
adsorption isotherms according to the Brunauer-Emmett-Teller (BET)
method. The precentral distribution of pore volumes (vol.%) was
calculated from the individual volumes of micropores (pore diameter <
2 nm), mesopores (pore diameter 2-50 nm), and macropores (pore
diameter > 50 nm) using the density functional theory (DFT) model.

The morphology of the catalyst particles was studied using a JEOL
JEM-2200FS energy-filtered transmission electron microscope (EFTEM)
equipped for scanning transmission electron microscopy (STEM). The
STEM model is used for images, energy-dispersive X-ray spectroscopy
(EDS) analysis and quantitative mapping of the catalyst. The catalyst
samples were dispersed in pure ethanol and pretreated in an ultrasonic
bath for several minutes to create a microemulsion. A small drop of the
microemulsion was deposited on a copper grid pre-coated with carbon
(Lacey/Carbon 200 mesh copper) and evaporated in air at room tem-
perature. The accelerating voltage in the measurements was 200 kV,
while the resolution of the STEM image was 0.2 nm. The metal particle
sizes were estimated visually from the high-resolution STEM images of
each sample.

The metal contents of the supports and catalysts were measured by
ICP-OES using a Perkin Elmer Optima 5300 DV instrument. Samples
weighing 0.1-0.2 g were first digested with 9 mL of HNO3 at 200 °C for
10 min in a microwave oven (MARS, CEM Corporation). Then, 3 mL of
HCl was added, and the mixture was digested at 200 °C for 10 min.
Finally, 1 mL of HF was added, and the mixture was again digested at
200 °C for 10 min. Excess HF was neutralized with H3BO3 by heating at
170 °C for 10 min. Afterwards, the solution was diluted to 50 mL with
water, and the elements were analyzed using the ICP-OES method.

X-ray diffractograms were recorded with PANalytical X'Pert Pro X-
ray diffraction (XRD) equipment using monochromatic CuKa1 radiation
(A =1.5406 A) at 45 kV and 40 mA. Diffractograms were collected in the
260 range of 5°-80 ° at 0.017 ° intervals, with a scan step time of 110 s.
The crystalline phases and structures were analyzed using the HighScore
Plus program.

X-ray photoelectron spectroscopy analyses were performed using the
Thermo Fisher Scientific ESCALAB 250Xi XPS System. The catalyst
samples were placed on an indium film with a pass energy of 20 eV and a
spot size of 900 pm; the accuracy of the reported binding energies (BEs)
was £0.3 eV. Sn, Zn, O, C, Cl, and N elemental data were collected for all
samples. The measured data were analyzed with Avantage V5 software.
The monochromatic AlKa radiation (1486.7 eV) was operated at 20 mA
and 15 kV. Charge compensation was used to determine the presented
spectra, and the calibration of the BEs was performed by applying the
Cls line at 284.8 eV as a reference. The approximate detection depth of
the analysis was < 10 nm.

Acidity of the samples was monitored with ammonia temperature-
programmed desorption (TPD) analysis using a Micromeritics
AutoChem II 2920. Pretreatment of the sample (50 mg) was done at 350
°C for 30 min under a helium flow (50 cm?® min'l) and then cooled to 100
°C. Subsequently, 5% ammonia in the helium flow (50 cm® min!) was
absorbed on the sample at 100 °C for 1 h, after which the dry helium
flow for 30 min was used to remove the excess ammonia on the catalyst
surface. Finally, NH3-TPD was carried out from 100 °C to 600 °C at the
ramp of 10 °C min™! in the dry helium flow.

The total acidity and basicity of the surfaces of AC and catalysts were
characterized by the acid-base back-titration method [28,29]. The
samples (0.1 g) were weighed and separately mixed with 50 mL of 0.01
mol L' solutions of HCl or NaOH, and shaken for 72 h in sealed vials at
room temperature. The solutions were filtered with a 0.45 pm mem-
brane filter. Acidic groups were determined by the back-titration
method—taking 10 mL of filtrate of NaOH, mixing with 20 mL of 0.01
mol L~! HCl and finally back-titrating with 0.01 mol L™! NaOH using
potentiometric titration. The total acidic group concentration was
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calculated assuming that NaOH neutralizes the acidic sites on the sur-
face. Basic sites were calculated vice versa by back-titration with 0.01
mol L™! HCI; the total number of basic groups was calculated with the
assumption that HCI neutralizes the basic groups on the surface.

Ion chromatography (761 Compact IC, Metrohm) was used to
determine the anion contents (5042', PO43', Cl-, NO3- and F-) of the
biomass hydrolysates. The liquid samples were analyzed with Metrosep
A Supp 5 column (100/4.0 6.1006.510) with pre-column Metrosep A
Supp 5 guard/4.0 using 0.5 mM NaHCO3 + 1.5 mM NaCOj3 as a mobile
phase with a flow rate of 1.0 mL min™’.

Capillary electrophoresis was used to determine the contents of the
carbohydrates galactose, glucose, sucrose, mannose, arabinose, xylose,
and ribose from the biomass hydrolysates with Hewlett Packard
HP®PCE. Monitoring of carbohydrates was carried out using direct UV
detection at a wavelength of 270 nm with a bandwidth of 10 nm. Silica
capillaries (CE4-ORG) of 50 pm L.D. and length 56 cm were employed in
the experiments with buffer 160 mM NaOH + 36 mM Nay,HPO4, pH
12.6.

2.4. Catalyst performance tests

For catalyst testing, HEL’s manual DigiCAT pressure reactor with the
hotplate and stirrer system and three parallel Mini-Range stainless steel
reactors (50 mL), each with individual manometers for pressure control,
was used. In a typical reaction, the catalyst (0.1 g) was added to the
reactor with 0.2 g (2.2 mmol) of DHA or 0.1 g of fructose or glucose
(0.55 mmol) in 20 mL of ethanol. When hydrolysates were used, the
amount of substrate added to the reaction was calculated to be equal to
the glucose molar amount (0.55 mmol) in 20 mL of EtOH. The reaction
mixture was mixed continuously at 600 rpm and the reactor was purged
with nitrogen five times to remove the inside air. The heating was
started after purging with nitrogen. When a reaction temperature of 160
°C was reached (in about 25 min), the reactor pressure was about 10 bar.
The temperature was maintained constant through the heating of the
external aluminum block in which the parallel reactors and external
temperature probe were placed. Samples were collected during the re-
action. After the required reaction time, samples (about 1 mL) were
collected from the reactor through the outlet vent and filtrated with a
0.45 pm (polyethersulfone) membrane filter for further product anal-
ysis. Two tests were run in parallel, and the error was presented as a
percentage of the average standard deviation of the two parallel tests.
Recycling of the catalyst was performed after filtering out the catalyst
from the reaction solution and washing it with ethanol. The catalyst was
then used under the same reaction conditions as in the previous cycle.
Due to collection loss, the weight of the catalyst was slightly lower than
the initial weight after recycling; the corresponding glucose loading was
reduced to keep the weight ratio of the catalyst to glucose constant.

Compounds from product mixture were identified (qualitative
analysis) using an Agilent 8890 GC System equipped with a mass de-
tector (MS) and an Agilent HP5-MS Ultra Inert GC column (30 m x 0.25
mm x 0.25 mm). The oven temperature was programmed at 70 °C for 1
min, then increased to 280 °C at 10 °C min~' and kept there for 5 min.
The injection volume was 1 mL and He flow 1 mL min'. Mass spectra
were collected with an electron impact ionization of 70 eV. The full-scan
acquisition was performed with the mass detection range set at m/z
35-500. Data acquisition and analysis were executed using 5977B GC/
MDS (Agilent Technologies).

The product analysis (quantitative analysis) was performed with a
Shimadzu high-performance liquid chromatograph (HPLC) equipped
with a Shodex RI and UV detector. The quantification was based on
external calibration using standard solutions of glucose, fructose, dihy-
droxyacetone, ethyl lactate, lactic acid, levulinic acid, ethyl levulinate
and HMF, furfural, formic acid, acetic acid, and ethyl formate. The liquid
samples were analyzed with a Shodex SUGAR SH1821 column (8.0 mm
ID x 300 mm) with pre-column SUGAR SH-G using 5 mM H3SOy4 as a
mobile phase with a flow rate of 1.0 mL min™! and a column temperature
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of 40 °C. Conversion, yield, and selectivity were calculated from the
results of the quantification by HPLC using the following equations:

H Cvubmute initial — th\-tmre at end of reaction
Conversion (%) = —— f reac &)
Csubstrme initial

Yield (%) _ Cmea:ured ELa in the sample (2)
Clhez)relim/ max. of ELa in the sample
.. Yield
Selectivity (%) = ——— 3)
Conversion

The theoretical maximum of ethyl lactate in the sample (Eq. 2) was
calculated by assuming that 1 mol of ethyl lactate was obtained from 1
mol of triose (DHA) as a substrate and 2 mol of ethyl lactate was ob-
tained from 1 mol of hexose (glucose or fructose) as a substrate. When
biomass hydrolysate was used as a substrate, the conversion and ethyl
lactate yield were calculated from the initial glucose content.

3. Results and discussion
3.1. Catalyst characterization

Properties of the prepared and HNOj treated activated carbon and
catalysts were studied through multiple characterization techniques.
The BET SAs, average pore diameters, and DFT pore volumes and pore
distributions of the AC support and catalysts were measured by No-
physisorption analysis, and the results are listed in Table 1. The results of
the physisorption measurements showed that nitric acid-treated AC had
a high BET surface area containing a micro-mesoporous pore distribu-
tion 1:1 ratio. When metal salts were impregnated on AC, catalysts
SnO>,@AC and ZnO@AC had rather similar high BET surface areas and
pore volumes, which decreased from the original AC during the
impregnation process, indicating the metal addition on the surface and
mesopores. The targeted metal content of Sn and Zn in each of the
catalysts was 10 wt.%. The measured metal content by ICP-OES analysis
was 7.4 wt.% of Sn in SnO;@AC and 9.9 wt.% in ZnO@AC catalyst. Tin
is rather difficult to evaluate with ICP-OES analysis, and this is probably
why the Sn content showed lower amount than expected. Further, the
metal contents and phases were analyzed with STEM combined with
quantitative mapping and XPS analysis.

XRD analysis was performed to verify the metal phases of the cata-
lysts. The diffraction patterns are presented in Fig. 1a. For AC support
and catalysts, broad peaks at 20 23.8 ° and 44.2 ° were detected, rep-
resenting carbon. From the catalysts, oxidized metal phases were
detected according to the XRD patterns. For ZnO@AC, peaks at 20 31.7
°,34.3°36.1° 47.4°,56.5°, 62.7 °, 67.8 °, and 68.9 °, representing
zinc oxide (ZnO) (JCPDS file No. 04-003-2106) were detected. For
SnO,@AC, at 20 26.3 °, 33.5 °, 51.7 °, and 64.2 ° representing tin(IV)
oxide (SnO2) (JCPDS file No. 00-001-0657) was detected. The degree of
crystallinity observed from the XRD analysis was different for ZnO@AC
and SnO,@AC catalysts. For Sn, broad peaks were detected, most likely
because of the small tin particle size, which were also observed in the
STEM images.

Based on the STEM images (Fig. S1 and Fig. S2 in Supplementary

Table 1
The N»-physisorption of the AC and SnO,@AC and ZnO@AC catalysts.
Sample Surface Pore Pore Micro- Meso-
area® [m> diameter” volume” poresb[cm3 poresb
gl [nm] [em® g™ g1 [em® g
b
AC 550 2.7 0.32 0.16 0.16
SnO,@AC 460 2.0 0.19 0.15 0.04
ZnO@AC 490 2.0 0.23 0.15 0.08

# Determined by BET method N,-physisorption analysis.
Y DFT model N,-physisorption analysis.
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material), tin particle size on the SnO>,@AC was smaller (ca. 10 nm) and
more evenly distributed on the surface compared to zinc particles on
ZnO@AC, which, by contrast, was on the surface as needle-shaped and
slightly more aggregated particles. Quantitative mapping of the
SnO,@AC (Fig. S1) showed that catalyst contained 84.0 wt.% of carbon,
6.2 wt.% of oxygen, 8.1 wt.% of tin, and a small amount of chlorine (1.7
wt.%) as a leftover from the preparation process of catalyst was also
detected on the surface of the catalyst. Mapping of the ZnO@AC
(Fig. S2) presented 84.0 wt.% of carbon, 7.2 wt.% of oxygen, 7.1 wt.% of
zinc, and a small amount of nitrogen 1.6 wt.% on the surface of the
catalyst. Oxygen was detected all over the carbon; however, it was more
concentrated on the metal sites, indicating oxidized metal particles on
both catalysts. Observations from the STEM images and quantitative
mapping were indicating small Sn particles and a higher amount of Sn
on AC detected than it was with ICP-OES analysis.

XPS analysis of the AC and catalysts (Fig. 1 b, Table S1 in supple-
mentary material) revealed main peaks in all samples located at around
284.8 and 531.2 eV assigned to the Cls and O1s spectra, respectively.
The peaks from the high-resolution XPS C1s spectra indicated that most
of the carbon was present as graphitic conjugated carbon (at 284.8 eV)
and non-conjugated carbon (at ~285 eV). Carbon-oxygen type func-
tionalities were also present at 286.6 eV (from phenolic, alcoholic, or
etheric functional groups) and at 288.8 eV (from carboxylic, anhydride,
ester, or lactone groups) [30,31]. The modification with nitric acid
created oxygen containing surface groups, which could be seen from the
Ols scan at 532.3 eV (Table S1), and can be identified from oxygen
functionalities such as lactone, ester, carboxylic or anhydride, and ox-
ygen atoms from phenol or ether groups on AC. The HNO3 modification
effect to the AC is reported in detail in our previous study [27]. Further,
some nitrogen functionalities on AC could be detected from N2p spectra.
Fig. 1c shows spectra of XPS Sn 3d, with two peaks at 487.7 and 496.1 eV
corresponding to binding energies of Sn 3d5/5 and Sn 3dg», respectively,
assigned to Sn** [32]. O1s of the SnO;@AC catalyst showed (Table S1
and Fig.S3a in supplementary material) that the core level peak could be
resolved into three components centered at 530.6 eV, 531.5 eV and
532.5 eV, indicating, most likely, the presence of oxidized tin and
oxidized carbon functionalities in catalyst as O-Sn**, Sn-O-C and/or C =
O and C-O, respectively [33][32]. Tin content on the surface of
SnO,@AC according to XPS Sn 3ds/, at 487.7 eV was 9.5%. As shown in
Fig. 1 d, the Zn 2p core level of ZnO@AC had two fitting peaks located at
1045.7 eV and 1022.6 eV corresponding to Zn 2p;,» and Zn 2ps/s,
respectively, indicating the chemical valence of Zn?*[34]. From XPS
O1s spectra of ZnO@AC (Table S1 and Fig. S3 b in supplementary ma-
terial), the peak interpretation revealed, most likely, the presence of
oxidized zinc and carbon functionalities as Zn-O at 529.7 eV, Zn-O-C,
Zn-OH and/or C = O at 531.4 eV and C-O bonding at 533.2 eV [34,
35]. Zinc content on the surface of ZnO@AC according to XPS Zn2ps,, at
1022.6 eV was 7.7%. XPS analysis was in agreement with XRD and
STEM analyses.

The acidic sites on the carbon and catalyst surfaces were studied by
temperature-programmed desorption of ammonia. The acidic and basic
sites were studied by acid-base back-titration. Acid sites on the carbon
are considered, for example, carboxyl groups, lactones, and phenol and
lactol groups. Basic sites, for example, are chromene, pyrone, or
heteroatom-derived groups such as N, P, and S in amine or pyridine
groups [36]. Inorganic groups on the surface, such as metal oxides and
hydroxides, can affect both acidity and basicity [36]. Metal oxides, such
as zinc and tin, are known as amphoteric oxides that can act as a base or
an acid. NH3-TPD is used to get information about acid sites on the
surface. The NH3-TPD profiles (Fig. S4) of support and catalysts revealed
three main desorption peaks, detected by a thermal-conductivity de-
tector (TCD), with peak maximum in the range of 180 °C, 400 °C, and
550 °C and can be attributed to NH3 chemisorbed on weak, medium, and
strong acid sites, respectively. Peaks detected from the desorption pro-
files of AC mainly indicated the presence of medium acid groups. The
addition of metal oxides on the support led to an increase of weak acid
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Fig. 1. XRD patterns of the AC and catalysts (a), XPS survey of the AC and catalysts (b), Sn3d of the Sn catalyst (c), and Zn2p of Zn catalyst (d).

sites detected at peak at 180 °C for both catalysts and was higher in
ZnO@AC than in SnO,@AC. In ZnO@AC, weak and medium acid groups
were detected. The desorption peak at around 550 °C for the SnO;@AC
catalyst was higher and at higher temperature than those of the support
and ZnO@AC. This indicates that Sn species were responsible for
generating new and stronger acid sites. It must be noted that, from TPD
profiles, it is not possible to discriminate between Brgnsted and Lewis
acidity. However, it could be assumed that the peak around 400 °C from
NH;s-desorption profile of AC could be from the carbon structure con-
taining functional Brgnsted acid sites in the medium strength and were
also present in the catalysts. The acid-base back-titration method was
applied to obtain information about the total acid sites on the surfaces
(Table 2). The titration revealed a higher acidic site concentration for
the SnO,@AC catalyst (1.37 mmol g) compared to the ZnO@AC
catalyst (0.73 mmol g) or the support (0.84 mmol g') and the amount
of acidic sites was almost double in tin catalyst. The total basic group
concentration of the samples investigated by the acid-base back-titration
method (Table 2) revealed that basic sites could be detected only on the
surface of the ZnO@AC catalyst (0.90 mmol g’l) and no basic sites were
detected in the AC support or SnO,@AC. In summary, the measurements
indicated that SnO,@AC was more acidic, containing stronger and
higher amounts of acidic sites on the surface than ZnO@AC, which, by
contrast, showed both milder acidity and mild basicity of the surface.

3.2. Conversion studies

Catalytic studies with SnO;@AC and ZnO@AC for the conversion to
ethyl lactate were performed from DHA, fructose, and glucose as model
solutions and from the real biomass solutions obtained from

Table 2
Acidity and basicity of the AC and catalysts.

lignocellulosic biomass hydrolysis, fiber sludge, and spruce.

3.2.1. Triose conversion

The conversion of dihydroxyacetone (DHA) was performed by using
0.1 g of the catalyst SnO,@AC or ZnO@AC and 0.2 g of DHA in 20 mL of
EtOH under a nitrogen atmosphere at 160 °C with 600 rpm mixing. The
pressure of the reaction solution at 160 °C was about 10 bar in the
reactor system. The results of the conversion reactions are presented in
the Table 3. Complete conversion of DHA was achieved with the
SnO,@AC catalyst in one hour, and the selectivity and yield to ethyl
lactate was >99% after 15 min when the conversion of DHA was already
100%. DHA conversion with ZnO@AC was 92% after 4 h with a yield of
52% ethyl lactate, and the reaction was much slower compared to the
SnO>@AC catalyst. In other studies, triose (DHA) conversion to lactate
with high yields (>90%) has been achieved using Sn-beta zeolites [3,17,
37,38]. In our study, complete conversion of DHA to ethyl lactate
(>99%) was achieved with Sn catalyst within 1 h, however, it must be
noticed that reaction conditions i.e. temperature in this study was
higher. The combination of Lewis acid together with Brgnsted acid sites
has been said to improve the activity and selectivity in the conversion

Table 3

Production of ethyl lactate from dihydroxyacetone (DHA), fructose, and glucose
with SnO,@AC and ZnO@AC at 160 °C using 0.1 g catalyst and 0.2 g DHA or 0.1
g glucose/fructose in 20 mL of EtOH.

Sample Acidic sites [mmol g'l] Basic sites [mmol g'l]
AC 0.84 0.00
SnO,@AC 1.37 0.00
ZnO@AC 0.73 0.90

Feedstock  Catalyst Time Conversion Yield Selectivity
[h] [%] [%] [%]
DHA AC 1 79 5 6
SnO,@AC 1 99 99 99
ZnO@AC 1 72 15 21
6 99 52 53
Fructose SnO,@AC 6 99 55 54
ZnO@AC 6 91 54 60
Glucose AC 6 78 4 5
SnO,@AC 6 99 45 45
24 99 31 31
ZnO@AC 6 94 37 39
24 99 48 48
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reactions of trioses to ethyl lactate. In a study with mesoporous
Sn-MCM-41, a catalyst containing both Lewis and Brgnsted acid sites
yielded up to 98% ethyl lactate from the conversion of 0.18 g DHA in 6 h
(0.2 g cat., 5 mL EtOH at 90 °C) [3]. De Clippel et al. studied Sn-MCM-41
crafted with a carbon network and concluded that the addition of weak
Brgnsted acid sites due to the oxygen-containing functional groups
accelerated the conversion of trioses to lactate; however, they proposed
that strong Brgnsted acidity increased the acetal formation [17]. In our
AC catalysts, the Brgnsted acidity arising from the surface acidic oxygen
groups or from partially hydroxylated surface oxides seemed to be
present, since, for both catalysts, some acetaldehyde diethyl acetal
seemed to be produced according to the GC-MS studies (Fig.S5.). Acet-
aldehyde diethyl acetal is formed from ethanol and acetaldehyde under
the presence of a catalyst in acid medium [39,40]. It is possible that
ethanol undergoes a dehydrogenation reaction, for example, to form
acetaldehyde [41,42]. Carrasco-Marin et al. found that dehydrogenation
and dehydration of ethanol to form acetaldehyde can took place on the
activated carbon surfaces, especially on oxidized ones [43]. Acetalde-
hyde in the process, on the other hand, can be formed from pyr-
uvaldehyde converted into formic acid and acetaldehyde or from
isomerization of glyceraldehyde into lactic acid followed by decarbon-
ylation to acetaldehyde [44,45]. Besides the acetaldehyde diethyl
acetal, other byproducts were formed in the reaction with the ZnO@AC
catalyst (see Fig. S5). However, these reactions are not usually detected
from the triose conversion with other catalyst materials [3,46], indi-
cating that activated carbon surface participated to the dehydrogenation
and dehydration of ethanol.

The ethyl lactate production from DHA with oxidized AC alone was
tested in EtOH at 160 °C using 0.1 g of AC and 0.2 g of DHA, and the
yield was only 8% after 6 h. This indicated that Brgnsted acid sites on the
carbon alone were not selective to ethyl lactate production from DHA.
With SnO>@AC, the higher acidity arising from Lewis acid sites, metal
oxides, together with Brgnsted acid sites, was most likely responsible for
the high yield of ethyl lactate from DHA with SnO,@AC catalyst.
However, ZnO@AC with weaker acidic sites did not achieve as good a
performance as the SnO>@AC catalyst in the conversion of DHA to ethyl
lactate.

3.2.2. Hexose conversion

Conversion of fructose with SnO2@AC to ethyl lactate was also
rather fast. About 99% of the conversion was achieved after 15 min
(Table 3). After 15 min, a 42% yield was achieved, which continued to
increase to 55% after 4 h and was stable at 6 h (Fig.2). When the
ZnO@AC catalyst was used, the conversion reaction of fructose was
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Fig. 2. The yield (bars) and conversion (dots) of fructose to ethyl lactate with
SnO,@AC (white bars and dots) and ZnO@AC (gray bars and dots) catalysts.
(0.55 mmol fructose; 0.1 g catalyst; 20 mL EtOH; 160 °C; N»).
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much slower, and after 15 min, the conversion was 27% and the yield
was 15%. The yield increased when the reaction was continued and was
54% after 6 h. The selectivity to ethyl lactate was similar for ZnO@AC
and SnO,@AC after 6 h. The main product, ethyl lactate, was verified
from the reaction mixture with GC-MS (Fig. S6. supplementary mate-
rial). The byproducts from the reaction mixture were verified with GC-
MS as well; however, the yields were not quantified. As a byproduct,
acetaldehyde diethyl acetal was detected from the reaction solution and
was the main byproduct for ZnO@AC catalyst. By contrast, with
SnO,@AC, the product distribution was broader and more byproducts
were detected from the reaction solution mixture, such as acetals and
furan derivatives (HMF, 5-methylfurfural and ethyl levulinate) (Fig.S6).

The ethyl lactate production from glucose with oxidized AC was
tested in EtOH at 160 °C using 0.1 g of AC and 0.1 g of glucose, and the
yield was only 4% after 6 h (Fig. 3). This demonstrated that functional
sites on carbon alone were not selective to ethyl lactate production.
When metal oxides were added to the surface, with SnO,@AC, the
maximum yield of ethyl lactate was 45% after 6 h (Fig. 3). As expected,
the yield was lower than the ones obtained from DHA or fructose, and
the reaction took longer. This demonstrates that the conversion of
glucose to ethyl lactate is limited by the glucose to fructose isomeriza-
tion step as well as the retro-aldol reaction, which are both catalyzed by
Lewis acid. When compared to the SnO,@AC catalyst, the activity of
ZnO@AC was lower than the ethyl lactate yield obtained from glucose
and was 37% in 6 h. When the reaction was continued overnight for 24
h, the yield was increased to 48% with ZnO@AC, which was the same as
the maximum yield with SnO,@AC catalyst in 6 h. By contrast, the yield
of ethyl lactate decreased with SnO,@AC when the reaction was
continued to 24 h. The GC-MS analysis of the reaction solutions revealed
that the product distribution was much wider for SnO,@AC than for
ZnO@AC catalyst (Fig. S7, in Supplementary material), as was observed
earlier in the fructose conversion. Acetaldehyde diethyl acetal as a
byproduct was identified from the reaction mixture for both catalysts
noted earlier. It has also been proposed that glucose can degrade to
glycoladehyde and aldotethrose and further to acetal [23]. Interestingly,
the selectivity and product distribution for ZnO@AC was more appre-
ciable from hexose than from triose DHA in contrast to SnO,@AC. With
ZnO@AC, the byproduct from the fructose and glucose conversion was
mainly acetaldehyde diethyl acetal, compared to SnO,@AC, which
ended up with much wider product distribution. The furan derivatives,
such as HMF, ethyl levulinate and 5-methylfurfural, were detected from
the product mixture obtained with SnO,@AC catalyst but were absent
when ZnO@AC was used. With SnO,@AC, other acetals were also
detected from the reaction solution (see GC-MS Fig. S7). The formation
of Brgnsted acid, i.e. formation of HCl from SnCl, on the surface of
SnO,@AC and H,0 produced as a by-product in the formation of ethyl
lactate might catalyze the dehydration reaction to form HMF and ethyl
levulinate [23]. These types of side reactions from fructose and glucose
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Fig. 3. Yield of ethyl lactate from glucose conversion by using AC and
SnO,@AC and ZnO@AC catalyst (0.55 mmol glucose; 0.1 g, 0.2 g or combi-
nation of 0.05 g of catalysts; 20 mL EtOH; 160 °C; Nj).
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are usually said to lead to the formation of humins and subsequent
catalyst deactivation [47]. However, only a small amount of Cl" was
leached to the reaction mixture (< 10 ppm), indicating that the forma-
tion of HCI as Brgnsted acid was not notable. This was suggesting that
HNOj3 modified carbon support together with acidic SnCl, impregnation
solution in the preparation step were able to create new more acidic
surface groups to the catalyst as seen from the characterization results
(e.g. NH3-TPD). These acidic groups could direct the reaction toward
furan derivative formation as discussed in the literature that dehydra-
tion reactions towards HMF are favored by Sn-catalysts with Brgnsted
acidity [48].

The reaction studies with glucose conversion continued with the
ZnO@AC catalyst. High conversion of glucose was obtained when a
higher amount of catalyst (0.2 g) was added to the reaction (Fig. 3). The
yield of ethyl lactate increased to 46% in 6 h, which was the same as that
obtained with the SnO;@AC catalyst in 6 h. When the reaction was
continued to 24 h, the yield was increased to 61%. This was a signifi-
cantly higher yield obtained from glucose conversion when compared,
for example, to the yield obtained with beta-zeolites. With Sn-Beta-H, an
ethyl lactate yield of 29% was obtained from glucose conversion at 160
°C N3 in 10 h [19]. Further, with Sn-Beta, 37% ethyl lactate yield was
obtained from glucose at 160 °C, 10 bar N, in 20 h [20]. Notably, the
highest yield obtained from glucose found in the literature was 41%
with Sn-Beta-H (5 bar N,, 160 °C, 10 h) [21]. Thus, our activated
carbon-based catalysts provided high yields of ethyl lactate.

With the SnO2@AC catalyst, the yield decreased from 45% to 32%
when a higher amount of catalyst (from 0.1 g to 0.2 g) was added into
the glucose conversion reaction. After 24 h, the yield was even lower,
19% (Fig.3). This indicated that the reaction was going in another di-
rection, producing more furan derivatives.

In the studies by Prudius et al. [22], higher yields were obtained by
combining the two metal oxides—SnO, and ZnO—in the same catalyst,
and the yield of ethyl lactate from fructose increased from 32% to 56%,
respectively, compared to a single metal Sn oxide catalyst. The effect of
the combination of Sn and Zn oxides on the conversion and selectivity to
ethyl lactate was studied by using a mixture of 0.05 g SnO,@AC and
0.05 g ZnO@AC (Fig. 3). In our experiment, no such increase with
combination tin and zinc oxide catalysts was detected; in fact, the yield
was now 31% and was lower than by single metal oxide catalysts in ethyl
lactate production from glucose. The addition of Zn to Sn-Beta zeolite
has been shown to enhance the strength of base sites besides Lewis acid
sites, which may inhibit the formation of other products, such as HMF
and its subsequent decomposition [49]. It is possible that in our
ZnO@AC catalyst, the milder acidity together with mild basicity was
favorable for the ethyl lactate production from hexoses preventing
byproducts such as furan derivatives compared to the SnO,@AC with
higher acidity, which, by contrast, directed the reaction toward the
furan derivative formation.

In our previous study [27] of glucose conversion in aqueous solution,
the activated carbon-based metal oxide catalyst containing Sn or Zn
oxides 5-10 wt.% was used, and the obtained lactic acid yields were less
than 30%. The highest yield of lactic acid from glucose in aqueous so-
lution was obtained using the dual metal catalyst containing Sn and Al
oxides on AC, and was 42%. However, the catalyst was not stable in
recycle experiments. In this study, the glucose conversion in EtOH with
single metal oxides Sn and Zn on AC, the maximum yield of ethyl lactate
obtained, was 45% with SnO,@AC and 61% with the ZnO@AC. That is,
the yields were much higher in EtOH than in aqueous phase. Previous
studies have suggested that the esterification reaction producing alkyl
lactates is more quantitative than the dehydration-hydration route,
which produces lactic acid [50].

Reusability tests of the SnO2@AC and ZnO@AC catalysts were per-
formed to obtain information about the stability of the catalyst. The
recycling experiments were conducted using the amount of the catalyst
that produced the best yield of ethyl lactate in the glucose conversion,
which was 0.1 g for SnO;@AC and 0.2 g for ZnO@AC (Fig.4).
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Fig. 4. The conversion (dots) and yield (bars) of ethyl lactate in recycling ex-
periments of catalysts SnO,@AC (white) and ZnO@AC (gray) from glucose (0.1
g) in 20 mL EtOH at 160 °C, Ny, 600 rpm, and 6 h.

Experiments were performed in EtOH at 160 °C, No, 600 rpm for 6 h. The
catalyst was recycled in the reaction three times, using the same con-
ditions in every cycle. The ZnO@AC maintained the selectivity to ethyl
lactate; however, with the SnO;@AC, a slight decrease in the yield was
obtained during the recycling. The conversion decreased slightly with
both catalysts, from 100% to 82%. After the third cycle, the catalysts
were calcined under air at 300 °C for 2 h, and the conversion and yield
increased back to the initial level; however, with tin catalyst, a slightly
lower yield was obtained even after calcination. ZnO@AC obtained
slightly better recyclability in recycling experiments than SnO2@AC,
and this could be because of the higher production of the byproducts in
the process with tin catalyst, which could end up to humin formation
and subsequently deactivating the catalyst [27]. The stability of the
active sites on activated carbon support was studied after catalyst use.
The reaction liquid was analyzed using the ICP-OES method and the
metal content was determined. After the run, 0.9 % of both tin and
aluminum was leached from the initial metal content added to the cat-
alysts. This was indicating that no significant loss of metal occurred
during the use. Overall, no major decrease was observed in the recycling
experiments.

3.2.3. Hydrolysate conversion

Real biomass hydrolysates of the fiber sludge and spruce were tested
in the conversion to ethyl lactate with Sn and Zn oxide catalysts. The
contents of the hydrolysates are presented in Table S2 in Supplementary
material. Fiber sludge hydrolysate mainly contained glucose and a small
amount of lactic acid. Glucose was also the main component of the
spruce hydrolysate with a small amount hemicellulose sugar-
s—arabinose, galactose, and sucrose—detected from the hydrolysate
(~2 wt.% combined). Lactic acid, HMF, and levulinic acid were also
present in spruce hydrolysate in small amounts (approx. 1-2 wt.% of
each). The pH of the hydrolysate solutions was 3.2 for fiber sludge and
4.9 for spruce. The inorganic content of the hydrolytes was analyzed by
ICP analysis and ion chromatography analysis. The results revealed that
both hydrolysates contained Na™ cations and SO42' anions (Table S2),
and a higher contents of these ions were detected in fiber sludge hy-
drolysate than in spruce (0.25 and 0.08 wt.% Na' and 0.52 and 0.25 wt.
% SO42', respectively). These were the residual contents from the
preparation processes of the hydrolysates.

The conversion reactions were performed by using 0.1 g of SnO2@AC
or 0.2 g ZnO@AC of the catalyst in the reactor at 160 °C, N3 and hy-
drolysate was added to 20 mL EtOH containing similar amounts of
glucose as in the model solution experiments with hexoses (0.55 mmol).
The samples from the reaction mixture were taken after 15 min, 6 h, and
24 h, and the liquid product mixture was analyzed with HPLC and GC-
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MS. The results of the experiments and quantified product yields with
HPLC are presented in Fig. 5. The reaction mixture from the fiber sludge
hydrolysate converted with ZnO@AC contained mainly ethyl lactate as a
product, and the yield was 84% after 24 h (Fig. 5a). Ethyl lactate was the
main product also in the spruce hydrolysate conversion after 24 h and
the yield was 86% (Fig. 5b). When the samples of the product mixtures
were analyzed with GC-MS and compared to model solutions from
hexoses, the absence of acetal in the reaction mixture was observed in all
experiments, and the main product was ethyl lactate for both hydroly-
sates (Fig. S8 Supplementary material). With the SnO,@AC catalyst, the
reaction mixture from hydrolysate conversion after 6 h or 24 h con-
tained less ethyl lactate compared to ZnO@AC catalyst. After 6 h, the
yield from the fiber sludge conversion was only 29% and did not in-
crease remarkably when the reaction was continued to 24 h (Fig. 5c).
Similarly, from the conversion of spruce hydrolysate, the yield with
SnO,@AC was only 17% after 6 h and 24% after 24 h (Fig.5 d). These
yields were much lower than those obtained from the model solution
conversion reactions with SnO>@AC. Further, in this case, the byproduct
formation of furfural, HMF, and ethyl levulinate was detected and was
more prominent compared to ZnO@AC. However, the formation of
acetal was not detected when using the hydrolysates with SnO;@AC,
similarly as with ZnO@AC (see GC-MS Fig. S9).

The reason for such high yields of alkyl lactate and suppressed acetal
formation has been suggested to result from the alkali medium, which
promotes the isomerization of hemiacetal to ethyl lactate instead of
acetal formation [51]; however, in our studies, the reaction media was
on the acidic side. In other studies, it has been noted that the presence of
alkali salts in the reaction had a significant effect on the selectivity to
alkyl lactate or lactic acid formation [22,24]. It was proposed that
possibly the neutralization of Brgnsted acidity from the catalyst frame-
work by cations and/or increased Brgnsted basicity (SO42') in the re-
action solution resulted in this significant increase as well as inhibition
of hexose dehydration to side products [24,52]. Similar increase in ethyl
lactate yield was noticed in our experiments when using hydrolysates of
spruce and fiber sludge. However, this trend was noticed only with
ZnO@AC but not with SnO,@AC. In fact, the yield was lower for the
SnO>@AC catalyst when compared to the yield from the model solu-
tions. Analysis of the used hydrolysates revealed residual Na* and SO4*
ion contents from the preparation/pretreatment process. The impact of
the addition of NaySOy4 salt in the reaction was tested in glucose con-
version by adding similar amounts of ions Na* and SO42" as in the fiber
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sludge hydrolysate (0.05 mmol Na;SO4 and 0.55 mmol glucose in 20 mL
of EtOH at 160 °C N3 and 0.1 g of SnO2@AC or 0.2 g of ZnO@AC). As a
result, an increased ethyl lactate yield of 78% was observed from the
reaction mixture of ZnO@AC, as observed with the hydrolysates. With
the SnO,@AC catalyst, the addition of NaySO4 decreased the ethyl
lactate yield, as was noted with the hydrolysates. The salts added to the
reaction have been noted to increase lactate yield, although Tolborg
et al. noted that the amount of salt needed to be optimized for every salt
and each specific catalyst [24]. This may explain why the addition of salt
with SnO>@AC catalyst did not have a similar positive effect to the
lactate yield as was detected with ZnO@AC. To examine this phenom-
enon, a higher amount of NazSO4 (0.2 mmol vs. 0.05 mmol) was added
to the glucose conversion reaction (0.55 mmol glucose in 20 mL of EtOH
at 160 °C and 0.1 g of catalyst). Results of the hydrolysate conversions
are presented in Fig. 6. This time, the SnO,@AC catalyst was able to
convert glucose to ethyl lactate with a 54% yield and ZnO@AC with 51%
(note that the lower amount of catalyst ZnO@AC was used in this
experiment: 0.1 g vs. 0.2 g) (Fig. 6). This indicates that the amount of
salt needs to be optimized for each catalysts. The exact mechanism of
salt’s improvement toward selectivity of ethyl lactate together with
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Fig. 6. Effect of the Na,SO4 to yield of ethyl lactate in the reaction with
SnO,@AC and ZnO@AC catalysts (0.55 mmol glucose; 0.05 or 0.2 mmol
NaySO4; 20 mL EtOH; No; 160 °C and 0.1 g SnO,@AC or 0.2 g ZnO@AC (with
0.2 mmol NaySO4 0.1 g of ZnO@AC was used)).
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Fig. 5. Conversion of fiber sludge (a) and spruce hydrolysate (b) with ZnO@AC catalyst and conversion of fiber sludge (c) and spruce hydrolysate (d) with SnO,@AC
catalyst (0.55 mmol glucose in hydrolysate, EtOH, 0.1 g SnO>@AC or 0.2 g ZnO@AC; Nj; 160 °C).
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catalysts is still not clear and future research is needed on the topic.
Further, it must be taken into account that the salt Na;SO4 in the solu-
tion is not possibly the only factor affecting the ethyl lactate yield since
the hydrolysates also contained other compounds (other anions and
cations and organic molecules) in lesser amounts.

Overall, these findings show that the catalysts could be used directly
in the conversion of real biomass hydrolysates from the process when
optimized.

The proposed reaction scheme for the conversion of lignocellulosic
biomass-based hexoses and trioses to ethyl lactate and the main
byproducts in the reaction are presented in Scheme 2. With a highly
acidic catalyst, the reaction produced furan derivatives such as ethyl
levulinate as a byproduct. In acidic conditions, acetals were produced as
byproduct. The suggested reaction route and the reaction products were
rather similar to those suggested by Younas et al.[23]. However, in this
study, it was noted that in the presence of salt Na;SO4 (Na™ cations and
weakly basic anions, SO42') in the reaction solution, the unwanted acetal
production was suppressed and the ethyl lactate production increased.
The main reaction from glucose to ethyl lactate is mainly catalyzed by
Lewis acid sites, which also catalyze the retro aldol condensation.

Lastly, recycling experiments of the ZnO@AC catalyst in the con-
version of fiber sludge hydrolysate were selected to perform, since fewer
byproducts were formed when using fiber sludge hydrolysate. We
observed that the catalyst retained its properties in three recycling ex-
periments without the notable loss of activity, biomass conversion, or
ethyl lactate selectivity at the studied conditions (Fig. 7). To investigate
the catalyst stability, the amount of metal that had leached into the
reaction liquid was determined by ICP-OES. After the first run, a small
amount of zinc metal, approximately 2% of the initial amount added to
the catalyst, was detected from the solution and was approximately the
same after the second and third run. Further, more studies are needed to
investigate the long-term stability of the catalysts. In addition, studies
with substrates that are more concentrated is needed to fully understand
the potential of these catalysts.

4. Conclusions

The aim of this study was to produce heterogeneous carbon-based
catalysts for the production of ethyl lactate from lignocellulosic pre-
cursors. As catalysts, biomass-based carbon-supported Sn and Zn oxide
catalysts were prepared from hydrolysis lignin and tested for conversion
of model solutions of trioses and hexoses and real biomass hydrolysates
of lignocellulosic biomass to ethyl lactate. Both SnO2@AC and ZnO@AC
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Fig. 7. Conversion (dots) and yield (bars) of the recycling experiment with
ZnO@AC catalyst in three cycles in fiber sludge hydrolysate (0.55 mmol glucose
in hydrolysate, 20 mL EtOH, 0.2 g cat.; No; 160 °C).

were able to produce ethyl lactate in good yields; however, the activity
and selectivity for precursor substrate differed in each. SnO,@AC was
more active and selective in triose (dihydroxyacetone) conversion and
provided 99% yield and selectivity to ethyl lactate. ZnO@AC, by
contrast, was more selective than SnO;@AC in glucose conversion,
providing a 60% yield of ethyl lactate. The stronger acidity of the
SnO,@AC guided the production of furan derivatives, such as HMF and
ethyl levulinate from hexoses. In acidic conditions, acetal production
was also present as a byproduct for both catalysts. When lignocellulose-
derived solutions (spruce or fiber sludge hydrolysate) were tested, the
yields of ethyl lactate were significantly higher (approximately 85%)
when using ZnO@AC catalyst than those from the optimized model
solution experiments. These hydrolysate solutions contained residual
levels of Na* and $04% ions from the preparation process of hydroly-
sates, which was most likely the cause of the higher yield of ethyl lactate
in the process. The salt originated from biomass-derived hydrolysates
suppressed the acetal formation and resulted in higher ethyl lactate
selectivity. Finally, the reusability of the catalyst was studied in hexose
and hydrolysate conversion, with the catalysts successfully maintaining
their catalytic activity at studied conditions.

These findings open the door to future studies with activated carbon-
supported catalysts to obtain high ethyl lactate yields. Furthermore, we
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demonstrated that heterogeneous activated carbon metal oxide catalysts
could be applied to the catalytic conversion reaction of biomass hy-
drolysates to ethyl lactate with high yields for biorefinery applications.
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