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a  b  s  t r  a  c  t

The  reaction  kinetics  of  the liquid-phase  synthesis  of  ethyl  lactate  from  dihydroxyacetone  and  ethanol  was
studied  on  Sn-promoted  alumina  catalysts.  Yields  of ≈70%  were  obtained  at  353  K  after  7  h of reaction.
The  effect  of the  catalyst  Sn  loading  (1–8 wt.%)  and  reaction  temperature  (343–373  K)  on  the  reaction
kinetics  was  investigated.  The  reaction  is  promoted  by Lewis  acid sites  provided  by  surface  Sn  species.
A  kinetic  model  based  on a pseudohomogeneous  mechanism  was  postulated  to  describe  the  reaction
eywords:
thyl lactate
ihydroxyacetone
thanol
ewis acid
ugars

network  comprising  a sequence  of consecutive  and  parallel  reaction  steps.  The  kinetic  rate  constant
associated  to  ethyl  lactate  formation  increases  with  the  number  of  Lewis  acid  sites  confirming  that  surface
Sn species  participate  in  the kinetically  relevant  reaction  steps.  Catalysts  were  prepared  by  impregnation
and  characterized  by  N2 physisorption,  X-ray  diffraction,  UV-vis-DRS,  FTIR  of  pyridine  and  TPD of NH3.

© 2016  Elsevier  B.V.  All  rights  reserved.
inetic model

. Introduction

Alkyl lactates, the alkyl esters of lactic acid, are platform chem-
cals that can be obtained from renewable resources, in particular
rom cellulose residues, sugars and glycerol [1]. Recently, these
ompounds have attracted much attention because they are high
oiling point liquids used as solvents and plasticizers for cellulose
lastics and vinyl resins. They have many other applications such
s in pharmaceutical, cosmetic and herbicidal formulations [2]. In
articular, ethyl lactate (EL) is widely used as a green solvent to
eplace chlorinated hydrocarbons [3]. It presents environmental,
echnological and economic advantages for many industrial appli-
ations. It is biodegradable, harmless, recyclable and non-corrosive
4].

Alkyl lactates are currently produced from lactic acid and alco-
ols (methanol, ethanol, butanol), whereas the main method for
roduction of lactic acid is sugar fermentation. The synthesis of
lkyl lactates is catalytically promoted by mineral acids, with
he consequent technological and environmental hazard. How-
Please cite this article in press as: E. Pighin, et al., Kinetic study of the
Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.10.002

ver, several works found in the literature report the synthesis
y heterogeneous catalysis using Amberlyst 15, Dowex 50W and
eteropolyacids, but the process is equilibrium-limited reaching

∗ Corresponding author.
E-mail address: dicosimo@fiq.unl.edu.ar (J.I. Di Cosimo).

ttp://dx.doi.org/10.1016/j.cattod.2016.10.002
920-5861/© 2016 Elsevier B.V. All rights reserved.
conversions of just 35% [5–7]. Thus, new routes that explore
the upgrading of biomass byproducts or residues without ther-
modynamic limitations present high technological and economic
interest.

In the last decade, many works describe the synthesis of alkyl
lactates through a different route from triose sugars and short chain
alcohols using acid catalysts. Trioses such as dihydroxyacetone
(DHA) and glyceraldehyde (GLA) can be obtained in a biorefinery
either by cellulose hydrolysis followed by isomerization and retro-
aldol reactions or by oxidation of glycerol [8], the latter being the
main byproduct of the biodiesel synthesis [1]. In addition to the
use of inexpensive feedstocks, the process from trioses presents
the advantage of not being equilibrium-limited.

Years ago Hayashi et al. [9] described the use of alcohol solu-
tions of tin chlorides for the homogeneously catalyzed alkyl lactate
synthesis process from trioses, whereas zeolites [10–13] and mixed
oxides [14] were postulated as catalysts for the heterogeneous pro-
cess. More recently, the benefits of using Sn-containing solids such
as mesoporous materials (MCM-41 [1,15], SBA-15 [16]), clays [17]
and zeolites (MFI [18], BEA [19–23], USY [24]) have been debated
in the literature. Processes using Sn-modified materials such as
MCM-41 or BEA zeolite produce alkyl lactates in high productiv-
ity. However, their industrial implementation may  be limited not
 ethyl lactate synthesis from triose sugars on Sn/Al2O3 catalysts,

only by the cost and long synthesis time of these solids but also by
the large solid quantities needed for the scaling up of a commodity
production.

dx.doi.org/10.1016/j.cattod.2016.10.002
dx.doi.org/10.1016/j.cattod.2016.10.002
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:dicosimo@fiq.unl.edu.ar
dx.doi.org/10.1016/j.cattod.2016.10.002
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In a previous work [25] we reported the synthesis of ethyl lactate
rom DHA and ethanol on alumina-supported Sn catalysts prepared
y impregnation. We  showed that on these materials moderate
thyl lactate yields (≈70%) can be obtained at mild conditions giving
roductivities that depend on the experimental conditions (≥500 g
L/kg cat h) and are comparable to those of other catalytic solids
eported in the literature. We  focused there on the role played
y tin species on the generation of surface acid sites and on the
articipation of Sn species in the kinetically relevant reaction steps.

In this work we continue our investigations on the ethyl lactate
ynthesis from DHA and ethanol with emphasis on the reaction
inetics. A series of Sn-alumina oxides containing different Sn con-
ents (1–8 wt.% Sn) were prepared and characterized by several
echniques. We  investigated the effect of Sn loading and reaction
emperature on the reaction kinetics and ethyl lactate yield and
ostulated a pseudohomogeneous mechanism that well describes
he complex reaction system. Kinetic parameters were calculated
nd their dependence on the catalyst acid properties was  eluci-
ated.

. Experimental

.1. Catalyst synthesis

Alumina-supported tin catalysts with different Sn content
ere prepared by incipient wetness impregnation of commer-

ial �-Al2O3 (Cyanamid Ketjen CK 300) with aqueous solutions
f SnCl4·5H2O (Aldrich, 98%). Catalysts were denoted as ZSnAl,
here Z is the Sn content expressed in wt.% (Z = 1.4, 4.2, 6.9 and

.6 wt.% Sn). After impregnation, the solids were thermally treated
vernight (18 h) in flowing air at 573 K. The alumina support was
reated at 773 K in flowing air for 3 h to remove adsorbed water
efore the impregnation procedure.

.2. Catalyst characterization

BET surface areas (SA) were measured by N2 physisorption at
7 K using an Autosorb Quantachrome 1-C sorptometer. The chem-

cal content of Sn in the calcined ZSnAl catalysts was  analyzed by
nductively coupled plasma (ICP-OES); the catalyst structural prop-
rties were determined by X-Ray Diffraction (XRD) between 20◦

nd 80◦ using a Shimadzu XD-D1 instrument with nickel filtered
u K� radiations.

UV-vis-DRS experiments were carried out using a Perkin Elmer
ambda 40 spectrophotometer equipped with a diffuse reflectance
hamber and integrating sphere (Labsphere RSA-PE-20) coated
nternally with polytetrafluoroethylene (PTFE). Prior to each exper-
ment, samples were compacted in a sample holder to obtain a
ample thickness of ≈2 mm.  Spectra were recorded at room tem-
erature in reflectance mode (R) between 200 and 800 nm.  More
etails are given elsewhere [25]. The signal was converted to the
ubelka-Munk function: F(R∞) = (1  − R∞)2/2R∞ = KC,  where K is a
onstant including the sample scattering coefficient and absorptiv-
ty, and C is the analyte concentration. The Kubelka-Munk function
(R∞) was used to determine the band gap energy (Eg)  from the
lots of [F(R∞) × (h�)]2 vs h�. The Eg values were obtained by
xtrapolation of the linear part of the plots to the X-axis [26].

The total acid site number (na, �mol/g) was determined by TPD
f NH3. Samples were thermally treated in He 573 K to remove
oisture and then exposed to a 1.01% NH3/He flow at 373 K dur-
Please cite this article in press as: E. Pighin, et al., Kinetic study of the
Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.10.002

ng 30 min  to enable surface saturation. Weakly adsorbed NH3 was
emoved by flushing with He. A ramp rate of 10 K/min was used
o increase the temperature from 373 K to 593 K; the final temper-
ture was kept constant for 1 h. NH3 concentration in the reactor
 PRESS
ay xxx (2016) xxx–xxx

effluent was monitored by a mass spectrometer (MS) detector in a
Baltzers Omnistar unit.

The chemical nature of the acid sites present on the catalyst
surface was determined by Infrared Spectroscopy (IR) of pyridine
adsorbed at room temperature and evacuated at increasing tem-
peratures. Details are given elsewhere [25]. The number of Lewis
acid sites (nL , �mol/g) was  estimated based on the Lambert-Beer
equation: nL = LA

εL�
where LA (Lewis area in cm−1) stands for the

integrated absorption of the band at 1450 cm−1 corresponding to
pyridine coordinated to Lewis acid sites, and εL is the molar extinc-
tion coefficient taken as 0.64 cm/�mol  [27,28] and � is the areal
density of the catalyst wafer.

2.3. Catalytic testing

The liquid-phase reaction of dihydroxyacetone, DHA (Aldrich,
97%) with ethanol (Merck, 99.8%) was carried out in a batch PARR
reactor. A solution (65 mL)  of DHA in ethanol with ethanol/DHA = 43
(molar ratio) was  loaded in the reactor at 343–373 K. The cata-
lyst/DHA weight ratio was  varied in the range of 21–43%. Catalysts
were sieved and the 0.177–0.5 mm fraction was retained. Catalysts
were thermally treated ex-situ in air flow at 573 K before the cat-
alytic test. After introducing the reactant mixture the reactor was
sealed and flushed with N2 and then the mixture was  heated up to
the reaction temperature under stirring (400 rpm) to insure perfect
mixing conditions. The catalyst powder was added to the reac-
tion mixture to start the reaction. During the experiments 13–14
samples (≈0.5 mL)  were withdrawn from the reactor. Part of the
sample extracted (0.15 mL)  was  mixed with a solution of the stan-
dard (n-octanol) in ethanol (0.081 mol/L) and analyzed. The rest
was reinjected in the reactor. Quantification of reaction products
was carried out after proper product identification using a Thermo
Scientific Trace 1300 gas chromatograph (GC) with a Thermo Sci-
entific TR-5MS capillary column coupled to a Thermo Scientific ISQ
QD MS  unit. Main reaction products were glyceraldehyde (GLA),
pyruvic aldehyde (PA), ethyl lactate (EL), pyruvic aldehyde hemi-
acetal (PAHA) and pyruvic aldehyde diethyl acetal (PADA). Minor
products include glyceraldehyde diethyl acetal (GLADA). To calcu-
late response factors, solutions containing weighted amounts of the
different reactants and products and the standard (n-octanol, BDH,
99%) were injected in the GC. All reagents were analytical grade.

Yields (Yj , mol  of product j/mol of DHA at t = 0) were calculated
as Yj = Sj XDHA, where XDHA is the conversion of DHA and Sj is the
selectivity of product j (Sj , mol  of product j/mol of DHA reacted).
Selectivity was calculated as Sj = Cj/˙Cj , where Cj is the concentra-
tion of product j.

The initial DHA conversion rate (r0
DHA, mmol/h g cat) was cal-

culated from the initial slope of the XDHA vs. time curve after
multiplication by n0

DHA/W, where n0
DHA is the number of moles of

dihydroxyacetone in the reactor at t = 0 and W is the catalyst load.

2.4. Kinetic modeling, data fitting and statistical analysis

A kinetic study was carried out using a pseudohomogeneous
model. The differential equations were solved numerically using
the Microsoft Excel Solver software and the Euler method. The rel-
ative molar concentrations of all the species over the course of
reaction were calculated and compared with the experimental val-
ues. Thus, the kinetic parameters were estimated by minimizing
the sum of the squared errors (SSE) [29] between the experimental
 ethyl lactate synthesis from triose sugars on Sn/Al2O3 catalysts,

data and the data predicted by the model as:

SSE =
∑

all data samples

(
C∗
j  calc − C∗

j  obs

)2
(1)

dx.doi.org/10.1016/j.cattod.2016.10.002
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here C0
DHA is the initial DHA concentration in the reactor expressed

n mol  DHA/m3, C∗
j

is the relative concentration of compound j

Cj/C
0
DHA); C∗

j calc is the value calculated by applying the model,
hich is compared with the experimental value (C∗

j obs). The dis-
rimination between models was carried out using the model
election criterion (MSC) [30], according to Eq. (2):

SC  = ln

⎡
⎢⎣
�

(
C∗
j  obs

− C̄
∗
j obs

)2

�
(
C∗
j  obs

− C∗
j  calc

)2

⎤
⎥⎦ − 2p

m
(2)

here C̄
∗
j  obs is the mean of measured values, p is the number of

arameters; m is the number of experimental observations. The
SC  parameter is used to compare different models and results

ndependent of the magnitude (scaling) of the data. When com-
aring different models, the larger the MSC  value, the better the fit
nd the more appropriate the model for interpreting the data. The
lobal significance of the regression was evaluated using the F-test
ccording to Eq. (3) [31]:

calc =

∑
all data

samples

(
C∗
j  calc

)2

p
∑
all data

samples

(
C∗
j  calc

− C∗
j  obs

)2

m − p

> Ftab (p, m − p, 95%) (3)

here Ftab is obtained from tables [29].

. Results and discussion

.1. Catalyst characterization

The ZSnAl catalysts prepared by incipient wetness impregnation
f commercial �-Al2O3 followed by calcination in air were analyzed
y several techniques in order to study their chemical, structural,
extural and acid properties. A detailed discussion of characteriza-
ion results can be found in a previous work [25]. The most relevant
esults are summarized in Table 1.

The ZSnAl catalysts presented values of SA similar to Al2O3. No
rystalline Sn species could be detected by XRD analysis thereby
ndicating that Sn species are well dispersed on the alumina sur-
ace forming small domains not detectable by XRD even at loadings
lose to 8 wt.%. These results were supported by the UV-vis-DRS
pectra showing the typical features of SnO2 nanoparticles [32,33].
evertheless, we demonstrated that the band gap energy (Eg) of

he ZSnAl catalysts measured by UV-vis-DRS (Table 1) gradually
ecreased as Z increased from 1.4 to 7.6 wt.% Sn. This indicates some
egree of agglomeration of Sn species at higher Sn loadings giving
ise to larger SnO2 cluster sizes.

The surface acid properties of the ZSnAl samples were investi-
ated by combining NH3 TPD and FTIR of pyridine. The total acid
ite number (na, �mol/g) was calculated by integration of the NH3
PD traces (not shown) and the data are reported in Table 1. The
esorption temperature and the na values of the ZSnAl samples
ere much higher than those of the support, therefore confirming

hat surface Sn species are responsible for the generation of new
nd stronger acid sites compared to those of �-Al2O3.

The chemical nature of the surface acid sites present on ZSnAl
Please cite this article in press as: E. Pighin, et al., Kinetic study of the
Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.10.002

nd �-Al2O3 catalysts was studied by FTIR of pyridine preadsorbed
t room temperature and evacuated at increasing temperatures.
lumina is known to be a typical Lewis acid solid and the Lewis
cid character of the ZSnAl samples was confirmed by the bands
Fig. 1. DHA conversion (XDHA) as a function of reaction time on 6.9SnAl. Catalyst
removal at 7 h [353 K; ethanol/DHA = 43 (molar); 1 g of catalyst].

at 1450 and 1618 cm−1 assigned to pyridine coordinated on the
oxide cations [34]. No band indicative of the presence of Brønsted
acid sites (≈1640 and 1550 cm−1) was detected. The number of
Lewis acid sites (nL) was calculated by integration of the band at
1450 cm−1 for the ZSnAl samples and alumina (Table 1). A good
agreement was found between nL and the na values determined by
TPD of NH3 confirming that the solids only contain Lewis sites. Thus,
we assume that the measured number of acid sites (na) essentially
corresponds to titration of Lewis acid centers provided by Al3+ and
Sn4+ cations.

3.2. General features of the ethyl lactate synthesis on ZSnAl
catalysts

The ethyl lactate (EL) synthesis was studied in a batch reactor.
Previous to the catalytic tests, blank tests were carried with DHA
and ethanol at 353 K without any catalyst. Thermal reactions were
ruled out since no measurable conversion was found after 7 h under
those conditions.

The ZSnAl samples of Table 1 prepared by impregnation of
alumina followed by calcination were tested at 353 K for the con-
version of DHA and ethanol to EL. Initially, the heterogeneous
nature of the synthesis process was  confirmed. Fig. 1 shows the
experiment carried out with sample 6.9SnAl at 353 K. Total DHA
conversion (XDHA) was  reached at 7 h. After this, the solid catalyst
was removed and a fresh DHA load was added to the reactor. The
reaction was continued for 4 more hours at 353 K but no conver-
sion was  observed. This confirms the absence of Sn in the liquid
phase to continue the reaction and therefore, the contribution of a
homogeneously catalyzed reaction can be ruled out.

Prior to any kinetic measurement, the presence of external and
internal diffusional limitations was  studied. The extent of the exter-
nal mass transfer resistance was evaluated by calculating the Mears
number (ω) [35]:

ω = r0
DHA�pRp

kcC0
DHA

<
0.15
n

(4)

where r0
DHA is the initial DHA conversion rate (30.4 mol/h kg) for the

experiment of Fig. 1, �p is the catalyst particle density (1563 kg/m3),
Rp is the average particle radius (1.7 × 10−4 m),  kc is the mass

ShD
 ethyl lactate synthesis from triose sugars on Sn/Al2O3 catalysts,

transfer coefficient (0.67 m/h) calculated as kc = m
2Rp

, where Dm

(1.25 × 10−5 m2/h) is the molecular diffusion coefficient calculated
from the Wilke-Chang correlation [36], Sh is the Sherwood num-
ber

(
Sh = 2 + 0.55Re0.5Sc0.33

)
, Re is the Reynolds number and Sc

dx.doi.org/10.1016/j.cattod.2016.10.002
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Table  1
Physicochemical properties of alumina-supported Sn catalysts.

Catalyst Sn loading, Z (wt.%) Surface area, SA (m2/g) UV-vis-DRS analysis Acidic Properties

Band gap energy, Eg (eV) naa (�mol/g) nLb (�mol/g)

1.4SnAl 1.4 216 4.98 103 101
4.2SnAl 4.2 188 4.93 121 149
6.9SnAl 6.9 184 4.86 165 189
7.6SnAl 7.6 222 4.83 201 193
�-Al2O3 – 230 – 24 86

a By TPD of NH3.
b By FTIR of pyridine.
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Fig. 3. Ethyl lactate yield (closed symbols) and acid site number (na , open symbols)
ig. 2. DHA conversion (XDHA) and product yields as a function of reaction time on
.6SnAl [353 K; ethanol/DHA = 43 (molar); 1 g of catalyst].

s the Schmidt number [37–40]. C0
DHA is the initial DHA concentra-

ion (4 × 102 mol/m3) and n is the reaction order taken as 1. Thus,
 ω value of 0.03 was calculated thereby confirming the absence
f interparticle diffusion limitations. To verify the absence of intra-
article mass transfer limitations, the Weisz-Prater criterion [41]

or a first order reaction and spherical catalyst particles was used:

 = r0
DHA�pR

2
p

Deff C
0
DHA

< 1 (5)

here  ̊ is the dimensionless Weisz-Prater modulus, Deff is the
ffective diffusion coefficient (6.4 × 10−6 m2/h) calculated using a
article porosity of 0.51. A value of 0.54 was calculated for ˚,  which
orresponds to a Thiele modulus of 0.36 and an effectiveness factor
f 0.96. This result confirms the absence of pore diffusion limita-
ions. Then, no diffusional limitations seem to be present under
ypical reaction conditions and the reaction takes place under
inetic control.

Fig. 2 shows the time evolution of the XDHA and of the major
roduct yields obtained at 353 K on sample 7.6SnAl. Total DHA con-
ersion and a 68% lactate yield could be obtained at the end of
he 7h-run using reaction conditions similar to those previously
eported in the literature for other catalysts [1,14,15,23]. Main
roducts were ethyl lactate (EL), pyruvic aldehyde (PA), pyruvic
ldehyde diethyl acetal (PADA) and pyruvic aldehyde hemiacetal
PAHA). The shape of the curves clearly indicates that PA and PAHA
re reaction intermediates whereas PADA and EL are final products.

Based on the results of Fig. 2, the reaction pathways conduct-
ng to EL and other products are postulated in Scheme 1. DHA is
Please cite this article in press as: E. Pighin, et al., Kinetic study of the
Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.10.002

nitially isomerized to glyceraldehyde (GLA) [42], step 1, but under
ur reaction conditions the equilibrium of step 1 is expected to
e shifted toward DHA [13,43]. Both trioses give similar product
istribution when react with an alcohol [10,11]. Thus, in our calcu-
as  a function of the Sn loading (Z) for ZSnAl catalysts. Al2O3 included as reference.
Circles: ZSnAl catalysts; Triangles: �-Al2O3 [353 K; ethanol/DHA = 43 (molar); 1 g of
catalyst; 7 h].

lations XDHA stands for the overall conversion of both trioses. Step 2
is the triose (DHA and GLA) dehydration to PA. From PA the reaction
pathway might proceed toward the desired ethyl lactate product by
re-arrangement with incorporation of an alcohol molecule step 3,
or toward PAHA (step 4) and PADA (step 5) by addition of an alcohol
molecule in each of these reaction steps. Step 6 is the isomerization
of PAHA to EL.

Due to the complex nature of the DHA conversion on ZSnAl,
in the following sections we will focus on the optimization of the
EL formation and on the competing pathways leading to the final
products EL and PADA.

3.3. Effect of the experimental conditions

The effect of varying experimental parameters such as Sn load-
ing, catalyst load and reaction temperature on the activity and
product distribution was investigated.

Fig. 3 shows the EL yields obtained at 353 K after the 7h-run
on the ZSnAl catalysts with different Sn loadings (Z = 1.4, 4.2, 6.9
and 7.6 wt.% Sn). Clearly, the EL yield (closed circles) increases lin-
early with Z in a similar fashion to na (open circles). It seems that
the bimolecular nature of the reactions involved in EL formation
requires not only a high number of Sn species available for reac-
tion but also the close proximity of those species to allow the
vicinal chemisorption of the different reaction intermediates. Fur-
thermore, the EL yields are much higher than on �-Al2O3 (closed
triangle). As we stated above, alumina presents in general, poor
acidic properties and in particular, a low value of na (open triangle).
Although alumina is a Lewis acid, it seems that the Al3+ cations are
 ethyl lactate synthesis from triose sugars on Sn/Al2O3 catalysts,

not acidic enough to transform DHA into EL to a significant extent.
Thus, on the Sn-containing samples, highly dispersed Sn4+ species
with Lewis acid properties are responsible for promoting the EL
formation.

dx.doi.org/10.1016/j.cattod.2016.10.002
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Scheme 1. Reaction steps for the synthesis of ethyl lactate and other oxy
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EL formation predominates on ZSnAl catalysts.
ethanol/DHA = 43 (molar); 0.5 g of catalyst; 7 h].

The effect of the reaction temperature on the yield to EL
nd other products was investigated with sample 7.6SnAl. Fig. 4
resents the results obtained after the 7h-run at 343, 353, 363 and
73 K showing that the yield toward both end products, EL and
ADA, increase with temperature at the expense of the intermedi-
te PA in the temperature range under study. On the other hand,
he contribution of PAHA, the intermediate from which PADA and
L are formed, is irrelevant at any temperature.

The time evolution of the main products can be compared at
he different temperatures in Fig. 5. It is noticeable the decrease
f the maximum PA yield and its shift toward lower times as the
emperature increases.

The time evolution of XDHA for the different reaction tempera-
ures is also plotted in Fig. 5; with increasing the temperature, a
radual increase of the final XDHA from 88% to 99% is observed.

The experiments of Fig. 3 and 4 were carried out at a different
Please cite this article in press as: E. Pighin, et al., Kinetic study of the
Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.10.002

atalyst load. Thus, on sample 7.6SnAl at the end of the 7h-run at
53 K the EL yield (YEL) resulting from the experiment with 0.5 g
Fig. 4) was 29% whereas that obtained with 1 g (Fig. 3) was  68%.
genates from DHA and ethanol on Sn-promoted alumina catalysts.

All these results indicate that the reaction is not equilibrium-
limited and that the final XDHA and YEL depend on the amount of
catalyst used, the catalyst Sn content and the reaction temperature.
Furthermore, YEL can be improved by implementing the reaction at
the highest values of these experimental variables.

3.4. Kinetics of the DHA conversion on ZSnAl catalysts

A kinetic model was postulated following the reaction sequence
depicted in Scheme 1. Seven catalytic runs comprising the exper-
iments varying the Sn loading and the reaction temperature were
modeled with a total of ≈750 data points. Our goal was  to calculate
the kinetic constants (ki) and to analyze their dependence on the
temperature and acid properties.

In a previous work [25] we discussed the participation of
Brønsted and Lewis acid sites on ethyl lactate and other oxygenate
formation and postulated a mechanism for EL and PADA forma-
tion on ZSnAl catalysts. It is generally accepted that PA formation is
promoted by mild Brønsted acid sites but some authors claim the
participation of Lewis acid sites [1,13]. From PA, formation of the
terminal products EL and PADA involves sites with different acid
nature; whereas the former occurs on Lewis sites the latter takes
place on Brønsted sites.

Furthermore, we discussed that the two parallel pathways (step
3 or step 6 of Scheme 1) leading to EL are promoted by Lewis
acid sites. Scheme 2 summarizes the surface reactions for these
two steps. Step 3 is in fact a reaction sequence in which PA and
ethanol are first activated on the surface followed by the nucle-
ophilic addition of the ethoxide intermediate to the adsorbed PA
molecule and formation of an anionic cyclic intermediate. Then,
ethyl lactate is released after intramolecular rearrangement with a
1,2-hydride shift. Step 6, on the other hand, is the isomerization of
PAHA and involves a bidentate PAHA coordination on a Sn atom and
the O H bond breaking, followed by formation of an intermediate
similar to that of the pathway from PA, and intramolecular rear-
rangement with a shift of the hydride. Thus, another objective of
the kinetic study was  to identify which of the two pathways toward
 ethyl lactate synthesis from triose sugars on Sn/Al2O3 catalysts,

The kinetic study was carried out using a pseudohomogeneous
model to interpret the catalytic data. Firstly, we assumed that the
main products of the triose (DHA and GLA) conversion were PA, EL,

dx.doi.org/10.1016/j.cattod.2016.10.002
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Fig. 5. DHA conversion and product yields as a function of time on 7.6SnAl at different reaction temperatures. (A) 343 K; (B) 353 K; (C) 363 K; (D) 373 K. Symbols: experimental
data;  Lines: model [ethanol/DHA = 43 (molar); 0.5 g of catalyst].

Scheme 2. Simplified Sn-promoted formation of EL from PA (step 3) and from PAHA (step 6). Step numbers as in Scheme 1.
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Table 2
Activation energies (Ea) resulting from modeling the results of Fig. 5.

Reaction step Ea (Kcal/mol)

2 10.5
4 0.0
−4 0.0
5 24.2
6 22.9
7 16.6
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AHA, PADA and GLADA; minor products present in low concen-
ration were grouped as OTHERS.

First order rate equations respect to DHA and products were
sed. The reaction order respect to ethanol was taken as zero since
thanol is in excess in the reaction mixture and therefore its con-
entration (C0

EtOH) remains constant during the typical 7h-run.
Initially, the modeling was carried out using a large number of

arameters because all the steps of Scheme 1 were considered as
eversible reactions. As a result of those assumptions, small values
f the kinetic constants for the reverse reactions of steps 2, 3, 5
nd 6 were obtained. Thus, calculations were repeated assuming
hat these kinetic constants were equal to zero whereas the steps
orming PAHA, GLADA and OTHERS (steps 4, 7 and 8, respectively,
n Scheme 1) were considered as reversible transformations.

In a further step of the modeling process, we attempted to
lucidate which of the two Lewis acid promoted-pathways to EL
ormation depicted in Scheme 2, either the direct synthesis from
A (step 3) or from PAHA (step 6) was kinetically favored under
ur reaction conditions. Thus, two cases were postulated in which
3 or k6 were taken as zero and the kinetic and statistical parame-
ers obtained in both cases were compared. The results obtained by

odeling the experimental data with these two  different restric-
ions show that the best fit was obtained with k3 = 0. In addition, the
SE and MSC  values were similar for both models (≈3) but the con-
dence intervals (CI) obtained with calculation considering k6 = 0

ook values that could make negative some of the ki parameters. On
he other hand, for the calculations with k3 = 0 the CI values were
tatistically consistent. Therefore, the calculation results that will
e discussed below were obtained assuming k3 = 0.

Then, it was concluded that formation of EL mainly proceeds
hrough the PAHA intermediate in agreement with the results of
i et al. on Sn-MCM-41 [15] and of van der Graaff et al. on Sn-BEA
23]. Thus, the thickness of the arrow lines in Scheme 2 indicates
he relative importance of the two mechanisms toward EL on ZSnAl
atalysts, emphasizing that EL mainly arises from PAHA and to a
esser extent directly from PA.

With the assumptions discussed above, the mass balances
or the different components of the reaction mixture (before
eparametrization of Cj to dimensionless relative concentrations
∗
j) are given by the differential Eqs. (6)–(12):

n0
DHA

W

dC∗
DHA

dt
= −r2 − r7 − r8 (6)

n0
DHA

W

dC∗
PA

dt
= r2 − r4 (7)

n0
DHA

W

dC∗
EL

dt
=  r6 (8)

n0
DHA

W

dC∗
PAHA

dt
= r4 − r5 − r6 (9)

n0
DHA

W

dC∗
PADA

dt
= r5 (10)

n0
DHA

W

dC∗
GLADA

dt
= r7 (11)

n0
DHA

W

dC∗
OTHERS

dt
= r8 (12)

here r2, r4, r5, r6, r7 and r8 stand for the reaction rates of steps 2,
, 5, 6, 7 and 8, respectively, according to Scheme 1 and expressed

n mol/h kg. The kinetic rate expressions for the proposed model
Please cite this article in press as: E. Pighin, et al., Kinetic study of the
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re given in Eqs. (13)–(18):

2 = k2CDHA (13)

4 = k∗
4CPA − k−4CPAHA (14)
−7 7.4
8 6.6
−8 10.3

r5 = k∗
5CPAHA (15)

r6 = k6CPAHA (16)

r7 = k∗
7CDHA − k−7CGLADA (17)

r8 = k8CDHA − k−8COTHERS (18)

where ki and k−i represent the kinetic constant of the forward and
the reverse reaction, respectively, and k∗

4 , k∗
5 and k∗

7 are parameters
involving the kinetic constant and the ethanol concentration:

k∗
4 = C0

EtOH k4 (19)

k∗
5 = C0

EtOH k5 (20)

k∗
7 = C0

EtOH k7 (21)

The postulated kinetic model was  contrasted with the experi-
mental data of Fig. 5. Eqs (6)–(18) were numerically integrated via
a Runge-Kutta method and the nine kinetic parameters (ki) were
calculated. The lines in Fig. 5 indicate that the experimental data
obtained at different reaction temperatures with sample 7.6SnAl
are well fitted by the postulated model.

With the ki values predicted by the model the corresponding
activation energies (Ea) were calculated using the Arrhenius equa-
tion. Table 2 summarizes the results. Clearly, the highest Ea values
were obtained for step 6 leading to EL and the competing forma-
tion of PADA through step 5. Thus, these are the kinetically relevant
steps and show similar Ea values. On the other hand, the reversible
formation of the intermediate PAHA is insensitive to the reaction
temperature.

In a similar fashion, Eqs. (6)–(18) were numerically integrated
for the experiments at 353 K carried out with ZSnAl catalysts con-
taining different Sn contents. A set of nine kinetic parameters (ki)
were obtained for each catalyst.

The most relevant kinetic parameters k5 and k6 are plotted in
Fig. 6A as a function of the number of acid sites (na) of each cata-
lyst. As discussed in Section 3.1, na essentially reflects the number
of Lewis acid sites because no band indicative of the presence of
Brønsted acid sites was detected by FTIR of pyridine. In addition,
as shown in Fig. 3, na increases linearly with the catalyst Sn con-
tent. Thus, the fact that the kinetic constant of the main route to
EL formation (k6) is strongly dependent on the Lewis acid site con-
tent confirms the participation of Sn species in the isomerization of
PAHA, as postulated in Scheme 2. On the other hand, k5, the kinetic
constant for PADA formation, shows almost no dependence on na.
This result seems to suggest that another site promotes step 5. As
discussed above, PADA can be obtained in high yields on Brønsted
acid solids. Isolated OH groups remaining on the surface of the Sn-
promoted oxides after calcination might behave as Brønsted acid
sites that promote step 5; these sites are fairly weak since they do
not protonate pyridine [25]. Another possibility is the generation of
 ethyl lactate synthesis from triose sugars on Sn/Al2O3 catalysts,

weak OH groups during reaction due to water formation through
step 2. However, the amount of the OH species generated in situ
should be low since ethanol competes favorably with water for the
adsorption sites and probably displaces it from the surface [44].

dx.doi.org/10.1016/j.cattod.2016.10.002
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Fig. 6. Kinetic constants as a function of the acid site number (na) of ZSnAl catalysts. (A)
numbers as in Scheme 1 [353 K; ethanol/DHA = 43 (molar)].
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Besides k5 and k6, the other kinetic constants for direct reaction
teps are presented in Fig. 6B. The largest ki value was  calculated
or PAHA formation (k4) whereas the other kinetic constants were
omparable to k5.

A parity plot of the experimental (C∗
j  obs

=
(
Cj/C

0
DHA

)
obs

) and

alculated (C∗
j  calc

=
(
Cj/C

0
DHA

)
calc

). relative concentrations of the
eaction mixture components is given in Fig. 7. Although the mod-
ling involved 750 experimental observations and was  carried out
ith four catalysts and at four different reaction conditions, Fig. 7

hows that the pseudohomogeneous model well represents the
xperimental data. The SSE parameter calculated with Eq. (1) was
n all the regressions in the range of 0.06–0.09, whereas the value of
he correlation coefficient (R2) was always higher than 0.98. More-
ver, from Eq. (3) a value of Fcalc = 754 was obtained whereas the
orresponding Ftab was ≈1.3, indicating that the model is suitable
or predicting the DHA conversion reactions.

. Conclusions
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Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.10.002

Upgrading of triose sugars into valuable chemicals can be per-
ormed on alumina-supported Sn catalysts easily prepared by
mpregnation. In particular, ethyl lactate yields of up to 68% can be

[

[

 for steps 5 (k5) and 6 (k6); (B) for steps 2 (k2), 3 (k3), 4 (k4), 7 (k7) and 8 (k8). Step

obtained from dihydroxyacetone and ethanol on a 7.6 wt.%Sn/Al2O3
catalyst at 353 K.

On the Sn-alumina oxides both, the number of Lewis acid sites
and the ethyl lactate yield increase linearly with the catalyst Sn
loading. The increase of the reaction temperature favors ethyl lac-
tate formation at the expense of the intermediate pyruvic aldehyde.

The reaction proceeds through a complex reaction network
with formation of ethyl lactate and other intermediate and final
products. The reaction kinetics can be well described by a pseu-
dohomogeneous mechanism and first order rate expressions. The
kinetic parameter associated to ethyl lactate formation increases
with the number of Lewis acid sites confirming that surface Sn
species are responsible for the catalytic activity of these materials.
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