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Abstract: The present investigation represents a concrete example of complete valorization of
Eucalyptus nitens biomass, in the framework of the circular economy. Autohydrolysed-delignified
Eucalyptus nitenshas been employed as a cheap cellulose-rich feedstock in the direct alcoholysis to
n-butyl levulinate, adopting n-butanol as green reagent/reaction medium, very dilute sulfuric acid
as homogeneous catalyst and different heating systems. The effect of the main reaction parameters
to give n-butyl levulinatehas been investigated, to check the feasibility of this reaction, and identify
the coarse ranges of the main operating variables of greater relevance. High n-butyl levulinate
molar yields (35-40 mol%) have been achieved under microwave and traditional heating,
evenusing a very high biomass loading (20 wt%), an eligible aspect from the perspective of thehigh
gravity approach. The possibility of reprocessing the reaction mixture deriving from the optimized
experiment by the addition of fresh biomass has been evaluated, achieving the maximum n-butyl
levulinate concentration of about 85 g/L, after only one microwave reprocessing of the mother
liquor, the highest value hitherto reported starting fromreal biomass. The alcoholysis reaction has
been further optimized by Response Surface Methodology, setting a Face-Centered Central
Composite Design, which has been experimentally validated at the optimal operating conditions
for the n-butyl levulinate production. Finally, a preliminary study of diesel engine performances
and emissions for a model mixture with analogous composition to that produced from the
butanolysis reaction was performed, confirming its potential application as an additive for diesel
fuel, without separation of each component.

Keywords: n-butyl levulinate,alcoholysis,butanolysis, Eucalyptus nitens,microwaves, biorefinery,
diesel blends.

1. Introduction

Levulinic acid (LA) is a biomass-derived platform chemical which has attracted increasing
interest in recent years, due to the possibility to be converted into added-value derivatives, such as
biofuels, fragrances, solvents, pharmaceuticals and plasticizers[1], thusjustifying the increasing
worldwide market demand for LA production [2]. LA is traditionally produced in water medium
via dehydration of C6 sugars, through the formation of 5-hydroxymethylfurfural as the
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mainreaction intermediate, the overall reaction occurringin the presence of a suitable acid catalyst
[3-7]. Among the LA derived platforms chemicals, alkyl levulinatesappear significantly attractive,
due to their potential applications developed in recent years for the global market scenario, such as
fuel blending additives for diesel/gasoline, and as intermediates for the synthesis of valuable
polymers, perfumes and flavoring formulations [8,9]. Levulinates can be synthesized by
esterification of pure LA with a simple equilibrium reaction, requiring a mild acid catalysis/reaction
conditions, and generally affording very high yields towards the desired ester products. Both the
reduced number of process units and the enhanced performancesof new technological solutions,
such as the reactive distillation, should allow significant improvements in the economicsof the
esterification process [10-12]. However, despite these ascertained potentials, the catalysis issue can
be further improved, taking into accountboth the synthetic strategy and the adopted feedstock. Up
to now, much work has been done on the synthesis of methyl and ethyl levulinates, which have been
recognized as effective additives for diesel and biodiesel transportation fuels, showing excellent
performances, including non-toxicity, high lubricity, good flashpoint stability and flow properties
under cold conditions [13-15]. In addition, the conversion of these short-chain alkyl levulinates into
more added-value bio-products, such as y-valerolactone, is preferred respect to that of LA, due to
the well-known advantages of performing the hydrogenation in alcohol rather than in water, in
terms of improved selectivity andeasier work-up operations [Negahdar, L.; Al-Shaal, M.G;
Holzhéuser, F.J.; Palkovits, R. Kinetic analysis of the catalytic hydrogenation of alkyl levulinates to
v-valerolactone. Chem. Eng. Sci.2017, 158, 545-551. Doi: 10.1016/j.ces.2016.11.007]. The synthesis of
alkyl levulinates has been carried out in the presence of homogeneous or, more advantageously,
heterogeneous catalysts, due to their easy recovery from the reaction mixture, starting from pure LA
or expensive puremodel precursors, such as C6 carbohydrates (glucose, fructose and clean
cellulose), C5 derivatives (furfuryl alcohol), andeven real lignocellulosic biomasses[16,17].The
one-pot synthesis of these levulinates directly from monosaccharides, polysaccharides and, above
all, starting fromlignocellulosic biomass, has gained more interest, due to the low-cost of these
feedstocks, and the feasibility of this approach has been demonstrated, in particular for the biomass
alcoholysis to ethyl levulinate [18].A key advantage of the direct alcoholysis is represented by the
limited formation of undesired furanic products, named humins, when using alcohol (instead of
water), as the solvent for biomass conversion [19,20]. On the other hand, the yields of levulinate
esters from real biomass are generally lower than those obtained from pure model compounds, due
to the usuallyhigher recalcitrance of the former [17], and to the increased formation of reaction
by-products, such as formates, HMF ethers and, above all, dialkylethers, originating from the
alcohol dehydration[19,20]. Differently, n-butyl levulinate (BL) has been less studied, but its use as
an efficient fuel additive has been already demonstrated[21], resultinga more promising diesel
additive than EL [17,22]. In addition, n-butanol (n-BuOH) is a green reagent/solvent, being
obtainable by fermentation and also by catalytic conversion of bio-ethanol[23], thus further
justifying the interest towards the sustainable production of BL. Regarding the possible pathways
for BL production, as previously stated for methyl and ethyl levulinates, also it can be obtained with
a two-steps process from C5 or C6 carbohydrates or their conversion products (pathway A or
pathway B, respectively, in Figure 1) or, more advantageously, with a one-pot approach from C6
carbohydrates (pathway Bz, Figure 1). In the first case, furfuryl alcohol or LA (from hemicellulose
and cellulose fractions, respectively) must be synthesized in the first step, then recovered and
properly purified before the subsequentstage, consisting of acid alcoholysis or esterification,
respectively.The C5 route (pathway A, Figure 1) is a 3-step process consisting of: i) acid-catalyzed
hydrolysis of the hemicellulose fraction to simpler C5 sugars and their dehydration to furfural; ii)
hydrogenation of furfural over a suitable catalyst to furfuryl alcohol; 7ii) acid alcoholysis of furfuryl
alcohol to BL, occurring in the presence of strong acid catalysts [24]. The C5 route has been
investigated in the literature adopting furfuryl alcohol as starting feedstock, in the presence of
heterogeneous catalysts, due to their easier separation from the liquid reaction mixture [25-28]. On
the other hand, BL synthesis through the C6 route (pathway B1, Figure 1) provides the hydrolysis of
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95  the C6 carbohydrates to LA, followed by its esterification in n-BuOH, and both these steps occur in
96  the presence of a suitable acid-catalyst.
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98 Figure 1. C5 and C6 sugar-based routes to n-butyl levulinate.
99 Regarding this C6 route, in the literature, it is possible to find many BL synthesis from pure LA,

100  the intermediate compound, usually preferring the use of heterogeneous catalysts, achieving
101  excellent yields (>90 mol%), under sustainable reaction conditions[9,29,30].0n the contrary, BL
102  synthesis from C6 carbohydrates has not been exploited with the same emphasis, although this
103  approach should result very attractive from the industrial perspective if realized in a single step,
104  without any intermediate purification procedures (pathway Bz, Figure 1), thus decreasing the BL
105  production cost. In this context, some authors have reported the one-pot butanolysis of
106  microcrystalline cellulose to BL [31-40], which is already very difficult to achieve, due to
107 itsrecalcitranceto the solubilisation/conversion, whilst the butanolysis of the real biomass, which
108  includes lignin as a further recalcitrant component,is even unexplored.In this regard, a simplified
109  scheme of the C6 fraction butanolysis pathway is shown in Figure2.
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Figure 2. C6 fraction butanolysis pathway starting from cellulose feedstock (adapted from [39]).

Butanolysis of the C6 fraction is a complex pathway, which involves the formation of many
reactive species, in particular butyl glucosides and furanic derivatives as the main reaction
intermediates, in addition to butyl formate (BF) as the main reaction co-product. Furanic
intermediates are very reactive species, which could condense to solid insoluble polyfurans,
thehumins[39]. The first step of the butanolysis process consists of the depolymerization of cellulose
chains to form glucosides, followed by the subsequent formation of furan derivatives, whereas the
final step involves the conversion of the furanic intermediates to BL, and all these steps occur in the
presence of an acid catalyst[39].When the above reaction is performed adopting a real solid
lignocellulosic biomass, the use ofhomogeneous catalysts is the best choice, even some typical
drawbacks, such as the possible corrosion of the equipment, and the recovery of the acid catalyst,
need to be further improved, by adopting very low acid concentrations and more
technologicalwork-up solutions.Moreover, the use of very low acid concentration in the alcoholysis
reaction, which helps to minimize the corrosion of the equipment, shouldalso control the formation
extent of by-products, in particular the dialkyl ether [8,14]. In this context, it is noteworthy the work
of Démolis et al.[36], who achieved the highest BL molar yield of about 50 mol%, working in
autoclave at 200 °C for 30 minutes, adopting pure cellulose as starting feedstock (2.4 wt%), with a
very low concentration of H2SOs4 (0.6 wt%). However, this good BL yield, although academically
interesting, has been obtained with alow starting cellulose loading, which should represent
significant limitations for the development on the intensified industrial scale.

Definitely, at this state of the art, the main bottlenecks of the published works are related to the
adoption of i)model compounds as starting substrates instead of the cheaper and largelyavailable
real biomasses, and ii) low substrate loading, which is not a limit for an academic investigation, in a
preliminary phase, but it is certainly for the next industrial scale-up. Therefore, the resolution of
both these aspects is fundamental for the BL development towards the biofuel market, and this work
contributes to filling this gap. In this context, wood is the most abundant type of lignocellulosic
biomass and, more in detail, Eucalyptus is a widespread, fast-growing and widely distributed
species, which shows a good adaptation to grow in zones with a high probability of freezing and
affording decreased susceptibility to diseases[41-43]. It already shows an interesting potential in
many industrial fields, as in the paper-making production, where it is already used as a valuable and
cheap fiber source. Moreover, it is an idealenergy crop, thanks to its high yield, low energy input for



142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168

169
170

171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

Catalysts 2020, 10, x FOR PEER REVIEW 5o0f 24

production, low cost, minimal contents of contaminants and low nutrient requirements. From a
different perspective, it may represent a promising feedstock for many biochemical conversion
processes, given its high content of C5 and C6 carbohydrates (about 60 wt%) [41-43]. The use of this
feedstock is particularly advantageous if the complete fractionation and the successive valorization
of each component is achieved, according to the perspective of an integrated biorefinery[44]. In this
context, the aim of the present work is the complete exploitation of Eucalyptus nitens biomass. For
this purpose, pre-treated autohydrolysed-delignified wood(ADW) Eucalyptus nitens was obtained
from a first autohydrolysis treatment of the starting raw biomass, in order to remove and exploit
hemicellulose and water-soluble extractives, followed by a second step of delignification on the
resulting solid through the HCl-catalyzed acetic acid treatment (Acetosolv method). The recovered
cellulose-rich feedstock has been now employed for the one-pot production of BL in n-BuOH,
adoptingmicrowave (MW) and/or traditional (TR) heating, in the presence of very dilute sulfuric
acid ashomogeneous catalyst. MW heating represents an important tool because can reduce reaction
time and energy consumption, thus improving the efficiency of the process[45,46].In the specific case
of LA esterification, remarkable thermal (kinetic) advantages of MW towards this reaction have been
already reported by Ahmad et al.[47]. The choice of H2SOs as the acid catalyst has been done taking
into account its promising catalytic performances in the alcoholysis reaction to methyl and ethyl
levulinates [48,49], whilst other acid catalysts, such as HCl or HsPOs, resulted less active, for
example in the case of the one-pot reaction from cellulose to ethyl levulinate [48]. The effects of the
main reaction parameters, temperature, reaction time and acid concentration have been investigated
by a traditional One-Factor-at-A-Time (OFAT) approach and further optimized by Response Surface
Methodology (RSM), developing a Face-Centered Central Composite Design (FCCD), in the
perspective of developing the BL process intensification. Finally, a preliminary study of diesel
engine performances and emissions for a model mixture with analogous composition to that
produced from the alcoholysis reaction,has been performed, in order to evaluate its potential
application as an additive for diesel fuel, without separation of each component.

2. Results and Discussion
2.1. Characterization of the Eucalyptus nitens samples

Chemical composition of the starting untreated Eucalyptus nitenswas the following one: 42.0
wt% of cellulose, 14.5 wt% of hemicellulose, 21.4 wt% of Klason lignin and 22.1 wt% of unidentified
compounds (including acid-soluble lignin, ash, extractives, waxes). After carrying out the
autohydrolysis and Acetosolvpretreatments, the mass yield of the ADW Eucalyptus nitenssample was
45.0 wt% of the starting raw biomass, and its chemical compositionresulted to be the following one:
85.0 wt% cellulose, 2.0 wt% hemicellulose, 4.1 wt% Klason lignin, 4.8 wt% acetyl groups and 4.1 wt%
of unidentified other compounds.The compositional analysis of untreated and ADW Eucalyptus
nitens samples confirms the effective enrichment in cellulose and the depletion in hemicellulose and
lignin, as a consequence of the chemical pre-treatments[50].

XRD analysis of the untreated and ADW Eucalyptus nitens samples was attained, in order to
estimate the crystallinity index (CI) of the cellulose fraction, a paramount parameter for
understanding the behavior of biomass to the subsequentbutanolysis reaction, achievable under an
appropriate severity degree [51]. The XRD spectra of the starting untreated and ADW Eucalyptus
nitens biomasses are reported in Figure 3. Here, deconvoluted curves have been reported, including
that due to amorphous cellulose (at about 20 = 21.5°) and those related to the crystalline planes, with
Miller indices of 101, 101, 002 e 040.
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Figure 3. XRD spectra of a) untreated and b) ADW Eucalyptus nitens samples.

A higher crystallinity degree was obtained for the ADW sample rather than for the untreated
one (46.8 versus 43.3 %, respectively), ascribed to the partial removal of both lignin and
hemicellulose fractions for the ADW sample, as a consequence of the pre-treatment, leading to
greater exposure of the crystalline cellulose fraction [52]. Besides, autohydrolysis pre-treatment has
allowed the preferential removal of the amorphous component of the cellulose, leaving almost
unchanged the crystalline portion [53].

FT-IR characterization of the untreated and ADW Eucalyptus nitens samples was also carried
out, and the acquired spectra are reported in Figure 4.

a) Untreated Eucalyptus nitens b) ADW Eucalyptus nitens
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Figure 4. FT-IR spectra of a) untreated and b) ADW Eucalyptus nitens samples.

In the IR spectrum of the untreated Eucalyptus nitens sample, typical bands of biomass
macro-components, cellulose, hemicellulose and lignin derivatives, are detected, such as that
atabout 3400 cm?, assigned to the O-H stretching, and that at about 2900 cm, due to the C-H
stretching. Moreover, the absorption band at about 1730 cm! is assigned to the C=O stretching of
ester bonds, such as acetyl derivatives, whilst those at 1600 cm™ and 1510 cm™ indicate the presence
of C=C ring vibrations, which are typical of lignin units [54,55]. In the region between 1500 and 1300
cm, absorption bands ascribed to the bending of the O-H bonds and the vibrations of the methyl
and methylene groups of both lignin and cellulose, are present. The absorption bands between 1300
and 1200 cm are due to the stretching of the C-O bonds of the alcoholic, phenolic, and carboxyl
groups. The shoulder at about 1160 cm™ can be assigned to the stretching of the C-O-C bond of the
hemicellulose and cellulose, while the absorption band at about 1030 cm™ and that at about 900 cm™!
are due to the stretching of the C-O-C S-glycosidic bonds of the cellulose [54,55]. Regarding the IR
spectrum of ADW Eucalyptus nitens biomass, the absorption bands of lignin rings at 1600 cm and
1510 cm! are absent, thus confirming the efficacy of the Organosolv treatment. In addition, a new
absorption band is present at about 1050 cm™!, which is uniquely assigned to the C-O stretching of
the cellulose [56], thus indirectly confirming the occurred celluloseenrichment for the ADW
Eucalyptus nitenssample. The other absorption bands are similar to those discussed for the untreated
Eucalyptus nitens biomass.
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2.2. Univariate optimization: OF ATapproach

After having demonstrated the occurred cellulose enrichment of the ADW Eucalyptus nitens,
this biomass has been our preferred choice for performing the next one-pot butanolysis to BL, thus
further developing the biorefinery concept of this biomass. For this purpose, alcoholysis of ADW
Eucalyptus nitens (range of biomass loading: 7-20 wt%) in n-BuOH was preliminarily investigated by
a traditional OFAT (one factor at a time) approach, employing both MW and TR heating, in the
presence of 1.2 wt% H250: (Table 1). Starting from the published results [8,36], at the beginning, the
biomass loading of 7 wt% and the temperature of 190 °C, under MW heating, were selected for
studying the behavior of the reaction (runs 1-3, Table 1). At the increase of the reaction time, the BL
molar yield raised to 42 mol%, after 15 min. The extension of the reaction time did not affect the BL
molar yield, which was stable at 42 mol%. Under the optimized reaction conditions (MW, 190 °C, 15
min), the comparison between ADW and untreated Eucalyptus nitensbiomass was investigated (runs
2 and 4, Table 1): the employment of the starting crude Eucalyptus nitens without any pre-treatment
allowed us to obtain the same BL molar yield of 42 mol% as the corresponding ADW sample, but the
BL concentrations in the final reaction mixtures were 23 g/L for the ADW sample against 12 g/L for
the crude Eucalyptus nitens, due to the higher cellulose content in the ADW biomass. Finally, a
further test employing TR heating was carried out (run 5, Table 1) employing the ADWEucalyptus
nitens wood as substrate: after 120 minutes, the BL molar yield of 49 mol% was obtained together
with the BL concentration of 27 g/L, demonstrating that analogous promising results can be also
achieved with TR heating, even if a longer reaction time was necessary.

Table 1.0ne-pot butanolysis of the untreated or ADW Eucalyptus nitens to BL,adopting MW or TR heating.
Reaction conditions: biomass loading 7 wt%, 190°C, H25041.2 wt%.

Run Biomass Heating Time BLYield BL Conc.
(min.) (mol%) (g/L)

1 ADW MW 10 32 18
2 ADW MW 15 42 23
3 ADW MW 30 42 23
4 Untreated MW 15 42 12
5 ADW TR 120 49 27

Taking into account the low cost of the starting biomass, it is more important to achieve high BL
concentrations in the final mixture rather than to maximize the BL molar yield respect to cellulose
fraction present in the starting biomass, making the entire process economically convenient, due to
the significant reduction of the purification cost, in the perspective of the high gravity approach [57].
On this basis, the biomass loading was increased to 14 and 20 wt% and the obtained results adopting
MW heating, working at 190 °C,for 15 minutes,in the presence of H2504 1.2 wt%, are shown in Figure
5.
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Figure 5.0ne-pot MW-assisted butanolysis of the ADW Eucalyptus nitens sample to BL, adopting
different biomass loadings (7, 14 and 20 wt%). Reaction conditions: 190 °C, 15 min., H2SOs 1.2 wt%,
MW heating.

The increase of the initial biomass loading caused the decrease of BL molar yield, as expected
considering that, when a higher initial biomass loading is employed, adopting the same amount of
catalyst, not only the catalyst/biomass weight ratio decreases, but also the mixture mixing can
become more difficult, working in slurry phase. However, at the increase of initial biomass loading,
the decrease of BL molar yield was not significant and it was associated with a huge increase of BL
concentrations, highlighting the effectiveness of the high gravity approach. The same reactions were
also carried out under TR heating, to confirm the feasibility of this reaction on a larger scale and the
comparison between the two systems is shown in Table 2.

Table 2.0ne-pot butanolysis of the ADW Eucalyptus nitens to BL, with different biomass loadings (7, 14
and 20 wt%), adopting MW and TR heating systems. Reaction conditions: 190 °C, H2SOs 1.2 wt%.

Run Biomass Heating Time BL BL
loading (min.)  Yield Conc.
(wt%) (mol%) (g/L)
6 ADW TR 120 49 27
7 wt%
7 ADW MW 15 42 23
7 wt%
8 ADW TR 120 44 53
14 wt%
9 ADW MW 15 34 41
14 wt%
10 ADW TR 120 37 69
20 wt%
11 ADW MW 15 29 54
20 wt%

The shift from the MW to the TR heating system has been demonstrated, in the latter case
requiring much longer reaction times to get comparable BL molar yields. As already achieved for the
MW heating, also for the TR one, the systematic decrease of the BL molar yield, occurring with the
increase of the initial biomass loading, may be due to the increase of the substrate/catalyst ratio,
leading to an insufficient amount of catalyst,and to the inefficient agitation of the reaction slurry.

At this level of investigation, the above tests with TR heating confirm the MW data, further
justifying and claiming our high gravity approach. Good results have been achieved with the biomass
loading of 20 wt% (runs 10 and 11, Table 2), therefore also 25 wt% of biomass loading was tested,
always under TR heating. Unfortunately, in this last case, although the decrease of BL molar yield
(35 mol%) was not significant with a related very high BL concentration (87 g/L), considerable
practical difficulties were encountered in filtering and recovering the liquid phase. For this reason,
even in the case of TR heating, the best result, in the application perspective, is obtained with the
biomass loading of 20 wt%. The achieved results are very interesting because, up to now, BL molar
yield higher than 30 mol%, corresponding to the best BL concentration of about 70 g/L, with the
initial biomass loading of 20 wt%, has been never ascertained under TR heating, opening the way
towards the industrial adoption of this approach for BL synthesis.

On the basis of the promising results obtained with the biomass loading of 20 wt%, the best
alcoholysis test under TR heating (run 10, Table 2) was further investigated, adopting lower reaction
times (30 and 60 minutes), to get more information about the kinetics. These new data are reported



292
293
294
295
296
297
298

299
300

301
302
303
304
305
306
307
308
309
310
311
312
313

314
315

316

317
318
319
320
321
322
323
324
325
326

Catalysts 2020, 10, x FOR PEER REVIEW 9of 24

in Figure 6. This figure shows that the most significant improvement, in terms of BL molar yield, has
been achieved already after 60 minutes. Lower reaction times (30 minutes) are not sufficient for the
complete conversion of the reaction intermediates to BL, whilst higher ones (120 minutes) are not
advantageous, not leading to further raise of BL molar yield. In terms of BL concentration, the
increase is remarkable moving from 30 to 60 minutes (52 and 72 g/L, respectively), whilst it remains
almost constant at longer reaction times.
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Figure 6. Kinetics of the one-pot butanolysis of the ADW Eucalyptus nitens sample (20 wt%) to BL.
Reaction conditions: biomass loading 20 wt%, 190°C, H2504 1.2 wt%, TR heating.

The increase of the final BL concentration is certainly a key parameter for the industrial scale-up
of the reaction. In our case, only by acting on the biomass loading (up to the maximum of 20 wt%), it
was possible to significantly increase the final BL concentration, in the perspective of the high gravity
approach. To further boost the concentration of the desired BL, it is possible to reprocess the mother
liquor with fresh biomass, without adding further solvent and catalyst, according to the cross-flow
approach [41]. This approach is certainly advantageous and smart, especially starting from cheap
biomasses, as in our case. In this regard, the mother liquor deriving from the best alcoholysis run
carried out under TR heating (run at 60 min., Figure 6) was used for a subsequent analogous
alcoholysis reaction. In this additional step, a lower biomass loading (10 wt%) was adopted, due to
the very high viscosity of the liquor, and the results are reported in Table 3.

Table 3. Cross-flow butanolysis of ADW Eucalyptus nitens to BL. Reaction conditions:190 °C, 60 min.,
H25041.2 wt% (added only at the 1%t step), TR heating.

Step Biomass BL BL
loading  Yield Conc.
(wt%) (mol%) (g/L)
1t 20 39 72
2nd 10 21 85

The final high BL concentration achieved with an additional alcoholysis step (85 g/L) justifies
the validity of our approach. Regarding the BL molar yield, the small decrease occurred in the 2nd
step, despite the lower biomass loading, is probably due to the presence of reaction by-products
obtained at the end of the 1+t alcoholysis step, such as dibutyl ether (DBE), in other words to the
lower amount of n-BuOH available for the 27 alcoholysis step. However, these differences, in terms
of BL molar yield, are not significant, being largely rewarded by the increase in BL concentration,
being the latter a much more important process output, especially from the industrial perspective,
allowing significant cost reduction of purification and separation treatments.

2.3. Design of Experiments and optimization by RSM
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The above promising preliminary results, prompted us to study the combined effect of three
main factors, including temperature, reaction time and catalyst loading, on the butanolysis reaction,
adopting aFCCD (a=1). BL molar yield was chosen as the response of interest, but the other main
components of the reaction mixture were also determined.The ranges of the independent variables
for planning the DOE were selected on the previous OFAT screening: temperature, x1 (160-200 °C);
reaction time, x2 (30-180 min.), catalyst loading, xs (0.2-3 wt%). These actual parameters were coded
in 3 levels, according to Equation (1):

Xi = (xi - X0)/Ax (1)

where Xi is the coded value of the independent variable, xi is the real value of the independent
variable, xo is the real value of the independent variable at the center point, and Ax is the step change
value. The complete case studies of 18 experiments, realized at the constant biomass loading of 20
wt%,are shown in Table 4, together with the respective experimental responses.

The experimental data have been analyzed by Design-Expert software and a second-order
polynomial model has been developed to correlate the process parameters with the response, thus
obtaining the equation (2):

Y =40.54 + 6.27X1 + 3.97X2+ 9.63X3 — 1.41X1X2— 5.59X1X3 - 1.84X2X3— 3.95X12— 1.45X22 - 9.45X2 (2)

According to the monomial coefficient value of the regression model equation, the order of
priority among the main effect of impact factors is the following: catalyst loading > temperature >
reaction time. Linear parameters have a significant synergistic effect on the response, since they have
a positive coefficient, whereas the remaining combined and quadratic terms show significant
antagonistic effects, thus highlighting the importance of the DOE optimization.

Table 4.Experimental design and BL molar yield (%) response of the FCCD for different
combinations of temperature, reaction time and catalyst loading, all realized at the constant biomass

loading of 20 wt%.
Ru Coded Coded Coded Actual Actual Actual BL
n paramete paramete parameter paramete paramete parameter Molaryiel
r r (Cat.loading T r (Cat.loading d
(Temp.) (Time) ) (Temp.) (Time) ) Y, mol%
X1 X2 Xs x1, °C X2, min. x3, Wt%
1 1 1 -1 200 180 0.2 38
2 -1 0 0 160 105 1.6 35
3 -1 1 -1 160 180 0.2 6
4 1 -1 -1 200 30 0.2 20
5 -1 1 1 160 180 3.0 42
6 0 -1 0 180 30 1.6 36
7 0 0 1 180 105 3.0 40
8 1 1 1 200 180 3.0 34
9 0 0 0 180 105 1.6 40
10 1 0 0 200 105 1.6 37
11 1 1 -1 200 180 0.2 33
12 1 -1 1 200 30 3.0 41
13 0 0 0 180 105 1.6 42
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14 -1 -1 -1 160 30 0.2 0
15 -1 -1 1 160 30 3.0 25
16 0 0 0 180 105 1.6 42
17 0 1 0 180 180 1.6 41
18 0 0 -1 180 105 0.2 21

In Table 5, the results of the analysis of variance (ANOVA) are summarized to test the
soundness and suitability of the model [58]. The mean squares values were calculated by dividing
the sum of the squares of each variation source by their degrees of freedom, and a 95% confidence
level was used to determine the statistical significance in all analyses. Results were assessed with
p-value and F-value, as the main statistical parameters of interest. R? value for the quadratic model is
0.9102, which demonstrates a close agreement between experimental and predicted values of the BL
molar yield. R? adjusted is 0.8091 (>0.6), expressing that the model is significant. An adequate
precision value of 11.2385 (>4) highlights a good signal, therefore this model can be used to describe
the design space. Regarding the other parameters, both high F and low p valuesindicate the high
significance of the corresponding coefficients of the model [58]. In our case, the model has an F-value
of 9.01 (much greater than unity) and a p-value of 0.0025 (<0.05), which also implies that the model is
significant. There is only a 0.25% chance that a so large F-value could occur due to noise. F-values of
C, A, AC, and C?in Table 5 show that these are significant model terms, firstly C (catalyst loading)
and secondly A (temperature), thus confirming the key roles of both these reaction variables on the
butanolysis reaction, whilst reaction time has a modest effect. This latter aspect is certainly assessed
to the chemistry of the butanolysis reaction, but also to the very efficient MW heating, which
narrows the range of reaction time for reaching the optimal BL molar yield. Moreover, the same
order of importance of the independent variables is deduced taking into account the p-values, whose
significances are ascertained because of p<0.05.

Table5. ANOVA for the response surface quadratic model.

Source Sum of Degree of Mean F p-Value Remark
squares freedom squares Value
Model 2452.42 9 272.49 9.01 0.0025 significant
A-Temp. 416.24 1 416.24 13.76  0.0060
B - Time 166.85 1 166.85 5.51 0.0468
C - Cat. Load. 982.23 1 982.23 3246  0.0005
AB 17.18 1 17.18 0.5676  0.4728
AC 268.38 1 268.38 8.87 0.0177
BC 29.01 1 29.01 0.9586  0.3562
A? 41.99 1 41.99 1.39 0.2726
B2 5.67 1 5.67 0.1873  0.6766
(€ 240.22 1 240.22 7.94 0.0226
Residual 242.08 8 30.26
Lack of fit 22691 5 45.38 8.98 0.0503  not-significant
Pure error 15.17 3 5.06
Cor Total 2694.50 17
R2=0.9102

R2aqj=0.8091
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p<0.05 is considered as significant.

Diagnostic plots (predicted vs. actual plotandnormal plot of residues)were checked for the adequacy
and accuracy of the proposed model equation. The predicted vs. actual plot indicates that the points
should be aligned with a straight line, and the normal plot of residues shows whether the residuals
are in normal distribution[59]. Predicted vs. actual plot of BL molar yield is shown in Figure 7a,
which shows as the predicted values are close to the observed ones, in agreement with the above
discussion.Also, the residuals showed a good fit to a normal distribution, indicating a high
significance. (Figure 7b).
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Figure 7.a) Predicted versus actual plot, and b) normal plot of residues.

Design-Expert software was used to produce three-dimensional (3D) response surfaces and
two-dimensional (2D) contour plots. The 3D surfaces and 2D contour plots are graphical
representations of the regression equation for the optimization of reaction conditions, which are
very useful to visualize the relationship between the response variables and experimental levels of
each factor. In such plots, the response functions of two factors are presented,whilst the remaining
factor is keptconstant at the central values. These graphs are shown in Figure 8.
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Figure 8.Three-dimensional (3D) response surfaces and two-dimensional (2D) contour plots:
effect of temperature, reaction time and acid concentration on BL molar yield.(a,b) catalyst
loadingwas kept constant at 1.6 wt%; (c,d) reaction time was kept constant at 105 min.; (e,f)
temperature was kept constant at 180 °C.

Figure 8(a,b) confirms that the positive effect of the temperature on BL molar yield is more
significant than that of the reaction time, at constant catalyst loading. In detail, a temperature higher
than 180 °C is necessaryto ensure the highest BL molar yield (about 40 mol%), together
withrelatively short times (up to about 120 min.). On the other hand, a temperaturelower than 180 °C
is insufficient to achievehighBL molar yield, regardless of the adopted reaction times. Figure 8(c, d)
elucidates that, firstly the catalyst loading, and secondly the temperature, strongly affect the BL
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yield, at constant time. This trend provides that a catalyst loading higher than 1.6 wt% is necessary
to accomplisha very high BL molar yield, and that a lower catalyst loading should be associatedwith
a corresponding higher reaction temperature (190-200 °C). Lastly, Figure 8(e, f) further confirms that,
at a constant temperature, the catalyst loading has a strong non-linear influence on BL molar yield,
and it should be higher than 1.6 wt%, whilst reaction time has a weaker effect, showing a feeble and
presumably not significant curvature, as previously stated.

Starting from the above discussion, it is evident that the optimal solutionfor the BL optimization
is not univocal, but involvesrather a spatial region of the 3D response surfaces and 2D contour plots,
depending on the combined choice of independent variables. The final stage of the design is the
determination of the criteria for optimization and model validation. The optimization criterion was
the maximum BL molar yield within the space design, with the independent variables kept within
the range. For this purpose, starting from the acquired response surfaces and contour plots (Figure
8), the ranges of catalyst loading, temperature and reaction time, have been further narrowed to
those of greatest and practical interest for maximizing BL molar yield, avoiding the highest levels,in
agreement with a more sustainable optimization approach.The identified ranges of interest were
selected as the following ones: 180-190 °C for the temperature, 1.6-2.3 wt% for the catalyst loading,
and 90-150 min. for the reaction time. One of the possible solutions at the optimum levels (183 °C,
146 min., H2504 1.9 wt%) was experimentally carried out, and the experimental BL molar yield was
compared with that predicted, as shown in Table 6. The resultsconfirmthe good agreement between
the predictive and experimental results, at the optimum levels for BL synthesis, thus demonstrating
the validity of ourproposed model.

Table 6. Predicted and experimental BL yield: model validation.

Run Actual Actual Actual BL Yield (mol%) Desirability
parameter parameter parameter
x1, °C X2, min. x3, Wt%

Predicted Experimental

19 183 146 1.9 44 42 1.000

2.4. Identification of the reaction by-products and application perspectives of the final reaction mixture

Before developing the possible engine applications of the final alcoholic mixture, it is necessary
to analyze more in-depth its chemical composition, to define better its final use as bio-fuel. In this
context, some authors have identified some reaction intermediates/by-products, but their
quantification has not been reported [36], which is very useful for dealing with an in-depth
discussion about the possible applications of this alcoholic mixture. Some possible
intermediates/by-products have been already defined in the Introduction section (Figure 2), in
particular, furanic derivatives and glucosides as main reaction intermediates, and BF as the main
reaction co-product. Furanic intermediates are very reactive species, which could condense to give
solid polyfurans, or humins [39] and, in our case, their partial solubilization in the alcoholic mixture
is more favored, if compared to the traditional hydrothermal path, due to the presence of the
alcoholic solvent, which acts as a polymerization inhibitor forhumins growth [20,60]. Taking into
account the chemical composition of ADW Eucalyptus nitens, which has a significant content of acetyl
groups (4.8 wt%), deriving from the upstream Acetosolv treatment, these groups can be released
during the alcoholysis, thus enabling the acid-catalyzed formation of butyl acetate (BA). Lastly,
n-BuOH can be etherified to give dibutyl ether (DBE) and water, the latter inequimolar amount
respect to DBE, and also this reaction favorably occurs in the presence of the adopted sulfuric
acidcatalyst [36].

To confirm the presence of the above by-products, the reaction mixtures recovered from the
experiments planned for the FCCD (Table 4) and the model validation (Table 6), have been
qualitatively analyzed by GC-MS, identifying BF, DBE, and BA as main reaction by-products,
together withthe unconvertedn-BuOH. These compounds have been subsequently quantified by
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GC-FID, and the corresponding mass yieldsin the organic phase are reported in Table 7, together
with that of the product of interest (BL).

Table 7.Composition of the organic reaction mixtures recovered from the experiments planned for
the FCCD and for the model validation, working at the constant biomass loading of 20 wt%.

Run Temperature Time Catalystloading Composition
(°C) (min.) (wt%) (wt%)
BL DBE BA #»-BuOH
1 200 180 0.2 9 18 3 70
2 160 105 1.6 9 13 3 76
3 160 180 0.2 1 4 3 91
4 200 30 0.2 6 6 3 85
5 160 180 3.0 11 23 3 63
6 180 30 1.6 9 117 3 77
7 180 105 3.0 10 379 3 49
8 200 180 3.0 10 583 3 28
9 180 105 1.6 10 268 3 61
10 200 105 1.6 9 450 3 43
11 200 180 0.2 7 106 3 80
12 200 30 3.0 10 379 3 49
13 180 105 1.6 10 238 3 63
14 160 30 0.2 0 08 2 97
15 160 30 3.0 7 94 3 81
16 180 105 1.6 10 262 3 61
17 180 180 1.6 10 333 3 54
18 180 105 0.2 5 71 3 85
19 183 146 1.9 11 394 3 47

The above data show that the variation of BA and BL yield within the investigated ranges of the
independent variables is modest, if compared with that of DBE (and consequently that of n-BuOH),
which represents the main reaction by-product, even in the case of the optimum experiment for BL
synthesis (run 19, Table 7). DBE represents a high cetane component (CN=100) and it has been
already tested in blend with diesel fuel, leading to very short ignition delays, so its possible
application in compression-ignition engines is favorable and attractive[21]. However, different
experimental conditions should allow a significant modulation of the DBE to n-BuOH weight ratio,
etherification being significantly favored by the acidity increase (compare runs 1and8). On this basis,
the best experimental choice for performing the biomass butanolysis should lead to a good
production of both BL and DBE, whilstthe unconverted n-BuOH could be eventually recovered and
reused within the same process [61].In principle, the organic ternary mixture BL/DBE/n-BuOH could
be immediately exploited, without separation of its components, as an innovative diesel fuel
additive, thus making the alcoholysis reaction a viable route to the direct production of a blending
component.In addition, the amount of the adopted mineral acid for the butanolysis reaction should
be as low as possible, to avoid costly work-up procedures and, on this basis, the reaction mixture
deriving from run 1 represents the best compromise for developing the next application of this
mixture as a diesel additive. In order to explore this never reported perspective, a preliminary study
was carried out employing a model mixture BL/DBE/n-BuOH as anadditive for diesel fuel. At this
preliminary level of investigation, the addition of BA, which is a minor product closely related to the
adopted biomass, has not been considered.
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2.5. Engine experimental activity

A preliminary engine experimental activity has been carried out to verify the influence of these
oxygenated fuel additives on Diesel engine performance. As aforementioned, the ternary mixture
available from one-pot butanolysis of raw and ADW biomass is mainly composed ofBL, DBE and
unreacted n-BuOH. These compounds represent valuable oxygenated fuels and their properties
have been already investigated, singularly, in blend with Diesel [21,62-65]. The properties of all fuel
components are shown in Table 8 and compared with those of commercial Diesel fuel.

Table 8. Overview of biomass resources available from the literature [13,21,61].

Properties DBE BL n-BuOH Diesel
Tevaporation (°C) 140 232 118 180-360
Oz (wt%) 12 28 21.6 0
Density (g/L) 7692 9742 810p 837b
CNe(-) 100 14 25 50
LHVd (M]/Kg) 428 274 33.1 43
ve (mm?/s) 072 15 2.22 2.6

aDensity at 25°C.PDensity at 20°C. “Cetane Number.

dLower Heating Value. *Kinematic viscosity at 40°C.

The above properties show that both n-BuOH and BL have a lower Cetane Number than Diesel.
This is a knownbehaviour reported by Koivisto et al[65,66] for alcohols and
levulinates,includingn-BuOH and BL, respectively. These compounds are characterized by higher
ignition delays (i.e. lower cetane number) than alkanes of the same carbon atom chain length.
However, ethers, such as DBE, have an opposite behavior and show lower ignition delays in
comparison with alkanes [66]. Taking into account the components of the ternary mixture obtained
from alcoholysis reaction of biomass, DBE can play a fundamental role as a cetane enhancer,making
its controlled coproduction in the alcoholysis highly valuable in this applicative perspective.
Moreover, this characteristic enables us to test diesel blended with a high-volume percentage of the
ternary mixture. In addition, the use of the n-BuOH/DBE/BL mixture leads to an increase in the fuel
oxygen content. Generally, oxygenated diesel blends ensure, especially in the areas of the cylinder
with a low air-to-fuel ratio, the presence of oxygen directly from the fuel and, consequently, soot
precursors reduction[21,67]. In this context, n-BuOH and BL represent the two components of the
mixture which mostly influence the oxygen content in the final blend with Diesel.

By considering that the final composition of the reaction can be easily tuned, a model mixture
with a composition similar to that of run 1 in Table 7 has been prepared and tested on a small Diesel
engine. The mixture,whose composition is reported in Table 9, has been blended in three different
volume percentages with Diesel: 10, 20 and 30 vol% (named MIX1 10%, MIX1 20%, MIX1 30%).

Table 9. Composition of the prepared ternary mixture.

Mixture n-BuOH DBE BL
(Wt%) (Wt%) (Wt%)
MIX1 70 20 10

This mixture has been utilised in the experimental engine at different rpm (1500, 2000 and 2500 rpm),
at full power (Tmax). Data of the engine performancehave been compared with those obtained witha
Diesel fuel alone, and all the data of the engine performances are reported in Figure 9. Fuel injection
timing was maintained constant along with the experimentation.
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Figure 9. Engine performances obtained with diesel fuel, alone and in blends with n-BuOH/DBE/BL.

The use of different blending (from 10 to 30 vol%) with Diesel fuel does not significantly affect
the power of the employed engine, meaning that the calorific values and the reactivity of these
mixtures do not significantly differ from those of commercial Diesel fuel. Moreover, no considerable
variation of HC and NOx emissions occurs with the use of the adopted mixtures. Literature reports
different nitrogen oxides behavior as a function of the fuel type, which indicates that its emission
strongly depends on several other factors besides the employed fuel, and these are not easily
detachable within the performed analysis[68,69].

On the other hand, a strong reduction of both CO and soot emission has been obtained as the
blend of both the ternary mixtures was increased. This can be addressed to the increased combustion
oxygen availability which plays a key role in the formation process of the carbon-based pollutants,
such as soot or CO. Particularly, the oxygen provided by the fuel reduces the low air excess zones
which are the main cause of the soot formation. Furthermore, more oxygen is available from fuel,
and less carbon is present for CO or soot formation. Svensson et al.[70] found that the soot emissions
could be reduced to zero,when fuel oxygen content reaches 27-35 wt%. Another aspect that
contributes to decrease CO and soot when applying the two mixtures is the lower boiling point of
the oxygenates components in comparison with Diesel fuel. This leads to a kind of “droplet explosion”
once the fuel mixture is introduced in a hot ambient, such as the cylinder at the end of the
compression stroke, increasing the spray fragmentation and mixing [71,72], so increasing the
combustion completion of carbon-based molecules.

3. Materials and Methods
3.1. Materials

Eucalyptus nitenswas collectedlocallyin the Galicia region (Spain). The starting untreated and ADW
Eucalyptus nitens biomasses were milled with a knife mill, using a 0.5 mm metal mesh, air-dried and
further processed according to the following pre-treatments. Regarding the ADW treatment, the raw
Eucalyptus nitens was first subjected to autohydrolysis. For this purpose, the sample was suspended
in water and treated in a stainless steel reactor (Parr Instruments Company, Moline, IL, USA) under
non-isothermal conditions, adopting the water/biomass weight ratio of 10/1, up to the final
temperature of 193 °C [50]. Then, the solid residue was recovered and subsequently underwent an
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Acetosolv treatment, with a mixture of 90.00% acetic acid, 9.78% water, and 0.22% hydrochloric acid.
For this purpose, the temperature was maintained at 134 °C for 30 minutes, adopting the solid/liquid
weight ratio of 1/10 [50]. Solid residue obtained from this treatment was recovered by filtration,
washed with water and finally air-dried.

3.2. Characterization of the starting Eucalyptus nitens samples

The compositional analysis of the starting untreated and ADW Eucalyptus nitenssamples was
carried out based on the standard NREL procedures [73,74]. XRD analysis was carried out using a
vertical goniometer diffractometer D2-PHASER (Bruker, USA). The analyses were performed using
the CuKa radiation at 1.54 A as the X-ray source. The interval used was 5° < 20 < 40°, with a
resolution of 0.016°. DIFFRAC software (Bruker, USA) was used for spectra processing. The
crystallinity index of the Eucalyptus nitens samples was calculated after deconvolution of the curves,
which was carried out by the PeakFit software, taking into account the contribution of the
amorphous component (at about 20 = 21.5°) and the peaks related to the crystalline plans with Miller
indices 101, 101, 002 e 040, as reported in the literature [51]. The integration of the areas of these
peaks allowed the estimation of the crystallinity index (CI) of the cellulose, based on the equation (3):

ClI(%) = [1-(Aam/Arotal)] x 100 (3)

where Aawm is the area of the peak corresponding to the amorphous cellulose, and Artor is the total
area of all peaks.

Fourier Transform-Infrared (FT-IR) characterization of the biomass samples was performed
with a Perkin-Elmer Spectrum-Two spectrophotometer, equipped with an Attenuated Total
Reflectance (ATR) apparatus. The acquisition of each spectrum has provided 12 scans, with a
resolution of 8 cm™, in the wavenumber range between 4000 and 450 cm-'.

3.3. Alcoholysis experiments

MW-assisted alcoholysis of the untreated and ADW Eucalyptus nitens samples to BL was
performed in the single-mode MW reactor (CEM Discover S-class System), employing the 35 mL
vessel with a Teflon stir bar. Once the starting biomass, n-BuOH, n-dodecane (internal standard) and
sulfuric acid (catalyst) were weighed in the vessel, the reactor was closed and the sealed system was
irradiated up to the set-point temperature. The maximum pulsed-power of 300 W was used to heat
the samples. During the reaction, pressure and temperature values were continuously acquired with
the software and controlled with a feedback algorithm to maintain the constant temperature. At the
end of each hydrolysis reaction, the reactor was rapidly cooled at room temperature by blown air
and the solid-liquid slurry was recovered, filtered under vacuum, properly diluted with acetone,
and analyzed by gas-chromatography.

Alcoholysis experiments with conventional heating were carried out in the 60 mL glass reactor.
Once the starting biomass, n-BuOH, n-dodecane (internal standard) and sulfuric acid (catalyst) were
weighed in the reactor, it was closed and the sealed system was placed in an oil bath, previously
heated to the set-point temperature. At the end of each alcoholysis reaction, the reactor was rapidly
cooled at room temperature by blown air and the solid-liquid slurry was recovered, filtered under
vacuum, properly diluted with acetone, and analyzed by gas-chromatography. For this purpose, the
reaction products were qualitatively identified by Gas-Chromatography coupled with Mass
Spectrometry (GC-MS), and subsequently quantified by Gas-Chromatography coupled with Flame
Ionization Detector (GC-FID). Regarding GC-MS analysis,a gas-chromatograph Hewlett-Packard
(Hewlett-Packard HP, Palo Alto, CA, USA) HP 6890 equipped with an MSDHP 5973 detector and
with a G.C. column Phenomenex Zebron with a 100% methyl polysiloxane stationary phase (30 m x
0.25 mm x 0.25 um), was used. The transport gas was helium 5.5 and the flow was 1 mL/min. The
temperatures of the injection port and detector were set at 250 °C and 290 °C, respectively. The
carrier pressure at 100 kPa and the split flow at 3.40 ms™ were adopted. The oven was heated at 60 °C
for 3 min., and then the temperature was raised at 10 °C/min up to 260 °C for 5 min., and lastly 10
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°C/min up to 280 °C for 3 min. GC-FID analysis was carried out by a DANI GC 1000 DPC (Dani
Instruments S.P.A., Cologno Monzese, Italy) gas-chromatograph, equipped with a fused silica
capillary column - HP-PONA cross-linked methyl silicone gum (20 m x 0.2 mm x 0.5 pum). The
injection and flame ionization detector (FID) ports were set at 250 °C. The oven temperature
program was set at 90 °C for 3 minutes and then increased at the rate of 10 °C/min up to 260 °C,
where it was maintained for 5 minutes, then up to 280 °C with the rate of 10 °C/min and maintained
for 3 minutes. Nitrogen was used as the carrier gas, at the flow rate of 0.2 mL/min. Quantitative
determination of BL,DBE, BA and unconverted n-BuOHwas carried out with the internal standard
method, using n-dodecane as the internal standard. Each analysis was carried out in duplicate and
the reproducibility of the technique was within 5%.
The yield to BLwas calculated as follows:

Yield to BL (mol%) = (mol BL/mol CsH10Os units in the starting biomass)*100 4)
Besides, in the case of the Cross-Flow experiments, BL yield was calculated as follows:

Yield to BL (mol%) = (mol BL obtained in the 2nd step/mol CsH100s units in the biomass added in
the 2nd step)*100  (5)

3.4. Experimental design

Response Surface Methodology (RSM) and Face-Centered Central Design (FCCD) were
employed for the reaction optimization, by maximizing the response, that is BL molar yield,
investigating appropriate ranges of the independent variables. The chosen independent variables
aretemperature, reaction time and catalyst loading, as reported in Table 4. Their levels were selected
starting from preliminary One-Factor-at-A-Time (OFAT)experiments. The experimental design in
this study required 18 experimental runs, which included4 replicates.The software Design Expert 12
(12.0.1.0) Trial Version (Stat-Ease, Inc., Minneapolis, USA) was adopted to process and analyze the
results. The data were fitted to the polynomial model and presented in the analysis of variance
(ANOVA). The quadratic equation that represents the correlation between independent variables
and the response can be expressedby the quadraticpolynomial equation (6):

Y= by, +b,X,+Db,X, + b X5+ Dby X{+ by, X3 + by X5 + b, X, X, +
blEXlXE + bEEXEXE
(6)

where Y is the predicted response, bo the constant, b1, b2, and bs the linear coefficients, b1z, b13, and
b23 the cross-product coefficients, and b1, b2, and bss are the quadratic coefficients.

3.5. Engine experimental setup

A small Diesel engine, whose specifications are reported in Table 10, has been chosen and
coupled with a Borghi & Saveri eddy current brake with rpm/Torque controller. An AVL
gravimetric fuel balance was used to online measure fuel consumption. An Environnement SA test
bench, equipped with a Non-Dispersive Infra-Red (NDIR) Sensor, a paramagnetic sensor, a Heated
Chemiluminescence Detector (HCLD) and a Heated Flame Ionization Detector (HFID) was
employed to measure, respectively, CO and CO2, Oz, NOx, and THC (Total Hydro-Carbons). The
particulate matter was determined using a dedicated sample line and an AVL smoke meter. An
exhaust gas K-type thermocouple was employed to verify the occurrence of the steady-state
conditions, for each different test condition. Once the engine was stabilised in a particular operating
condition, data were collected and analysed to provide average values.
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Table 10.Experimental engine characteristics.

Engine type Lombardini LD 625/2
Number of cylinders 2
Cooling system Forced air
Displacement [cm?] 1248
Bore [mm] 95
Stroke [mm)] 88
Compression ratio 17.5:1
Max rotational speed [rpm] 3000
Power @ 3000 rpm [kW] 21
Max Torque @ 2200 rpm [Nm] 294
Fuel injection system Direct-Mechanic

4. Conclusions

In this work, autohydrolysed-delignified Eucalyptus nitenswood has been employed as cheap
cellulose-rich feedstock for the one-pot alcoholysis to n-butyl levulinate, adopting n-butanol as green
reagent/reaction medium, very dilute sulfuric acid as homogeneous catalyst, andmicrowave as
efficient heating system. The effect of the main reaction parameters to n-butyl levulinatehas been
investigated firstly by a traditional One-Factor-at-A-Time approach, to verify the feasibility of this
reaction and identify the coarse ranges of the operating variables.Under the best reaction conditions
(microwave heating, 190 °C, 15 minutes, biomass loading 20 wt%, 1.2 wt% H2SOs), the maximum
n-butyl levulinate molar yield of about 30 mol% has been achieved, using a very high biomass
loading (20 wt%), an eligible aspect from the perspective of an intensifiedhigh gravity
approach.However, even higher molar yields (up to about 40 mol%) have been obtained adopting
traditional heating (190°C, 120 min, biomass loading 20 wt%, 1.2 wt% H2504), demonstrating the
good feasibility of the reaction also with traditional heating systems, aspect of paramount industrial
interest.The possibility of reprocessing the reaction mixture deriving from the optimized experiment
by addition of fresh biomass, has been evaluated, achieving the maximum n-butyl levulinate
concentration ofabout 85 g/L after only one reprocessing of the mother liquor, and this is the highest
n-butyl levulinate concentration hitherto reported in the literature starting from real biomass.

The butanolysis reaction has beenfurther optimized by Response Surface Methodology,
utilizing a Face-Centered Central Composite Design.The chosen design appropriately describes the
studied real system, which requires mild acidity and high temperature, for maximizing n-butyl
levulinate production, whilst the effect of the reaction time is softened, due to the efficient
microwave heating. The significance of the independent variables and their possible interactions has
been tested using ANOVA analysis of variance with a 95% confidence level, and the model has been
experimentally validated at the optimal operating conditions for n-butyl levulinate production.

Finally, a preliminary study of diesel engine performances and emissions for a model mixture
with a composition analogous to that of the main components of the reaction mixture was
performed, to draw an indication of its potential application as an additive for diesel fuel, without
performing the separation of each component.
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