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a b s t r a c t

Production of liquid alkanes in the range of C8–C15 from renewable sources, such as xylose and fruc-
tose (C5 and C6), requires the formation of C C bonds between the carbon chains. We have investigated
aldol condensation as a catalytic route for this conversion in a biphasic system between various furfurals
(furaldehyde (FUR), methyl furfural, and 5-hydroxylmethyl furfural (HMF)) and ketones (acetone, acetol,
dihydroxyacetone, 2-hexanone, and 3-hexanone) derived from biomass. This system employs a reactive
aqueous phase containing a basic NaOH catalyst, an organic extracting phase to remove the aldol-adducts
from the homogeneous catalyst, with the addition of salt (NaCl) to the aqueous phase employed to expand
the miscibility gap between the aqueous and organic phases. The effect of reagent ratios and reaction
conditions on the final product distribution, such as ketone to furfural and base to furfural ratio, was
investigated and a simple first order model was used to gain insight into the reaction network. High yields
enewable fuels to single and double condensation products can be achieved for acetone condensation with furfural com-
pounds by proper choice of reagent ratios. Degradation of HMF appears to be catalyzed by base, leading
to the formation of organic acids that subsequently neutralize the base catalyst. This degradation process
limits the recycling of the aqueous phase and also decreases the condensation yield of species such as hex-
anones that do not readily dissolve in the aqueous phase. FUR, which does not readily degrade, is more
completely condensed to form products; however, because FUR is less soluble in the reactive aqueous
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. Introduction

The amount of biomass that can be grown globally on a sustain-
ble basis could provide approximately 100 EJ of energy per year
1], a value comparable to the annual worldwide use of energy
y the transportation sector [2]. While it is currently possible to
onvert a hexose to n-hexane with high yields [3], this molecule
s at the lower limit of molecular weight for use in liquid alkane
ransportation fuels [4,5]. In a recent paper, it was shown that
he targeted synthesis of specific alkanes with molecular weights
igher than hexane can be achieved from fructose by first dehydrat-

ng the sugar to produce furfurals, followed by the formation of C C
onds via aldol condensation with ketones, and completed by sub-
equent removal of oxygen atoms to form alkanes by a combination

f hydrogenation and dehydration reactions [6]. The first step in this
rocess, the formation of furfurals such as 2-furaldehyde (FUR) and
ydroxymethylfurfural (HMF), can be accomplished using chemi-
al catalysts by acid-catalyzed dehydration of xylose and fructose

∗ Corresponding author. Tel.: +1 608 262 1095; fax: +1 608 262 5434.
E-mail address: dumesic@engr.wisc.edu (J.A. Dumesic).
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oncentrations of base must be used to increase the rate of reaction.
© 2008 Elsevier B.V. All rights reserved.

n high yields [6–9]. In addition, the final two steps in this alkane
roduction process, hydrogenation and dehydration, are readily
erformed in flow reactors over solid catalysts with high yields [6].

n the present paper, we focus on the critical intermediate process
nvolving C C coupling reactions via aldol condensation.

The formation of C C bonds by aldol condensation occurs
etween two carbonyl groups with reactive �-hydrogens on at

east one of the carbonyls, catalyzed under acid or basic conditions,
lthough the present paper focuses on the latter. Scheme 1 shows
eactions between the aldehyde group of furfural compounds (F)
nd the �-hydrogen of ketone molecules (K). A single conden-
ation occurs when the enolate form of the ketone created via
ase-catalyzed �-hydrogen abstraction attacks the aldehyde of the
urfural compound. These C C coupling reactions are accompanied
y dehydration, leading to the formation of conjugated systems of

C and C O double bonds, as shown in Scheme 1, (I). For ketones
ith a reactive �-hydrogen on either side of the carbonyl group,

second condensation with the furfural is possible producing an

–K–F compound (Scheme 1, (II)). This formation of F–K and F–K–F
ompounds can be carried out with high selectivity versus the for-
ation of F–F and K–K adducts. In particular, F–F bonds are not

ormed because furfural compounds do not possess a hydrogen

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:dumesic@engr.wisc.edu
dx.doi.org/10.1016/j.molcata.2008.09.001
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cheme 1. Single and double condensation of a furfural and ketone model. (I) Form
olecule.

tom that is alpha to the carbonyl group, and reactions between two
etone molecules to form K–K compounds are slower compared to
eactions of an aldehyde with a ketone [10].

Aldol condensation of acetone with 2-furaldehyde has been
tudied in homogenously catalyzed mono-phasic systems, using
ater, methanol/water or ethanol/water solution as solvent

11–13]. Mono-phasic homogenously catalyzed systems have sev-
ral drawbacks, including the eventual need to neutralize the
atalyst and remove high volumes of water. Accordingly, in the
resent study we have employed a biphasic catalytic system con-
isting of a reactive aqueous phase and an organic extracting phase.
he aqueous phase contains the basic catalyst (e.g. sodium hydrox-
de, NaOH), while the organic phase consists of a low boiling
oint organic solvent (e.g., tetrahydrofuran, THF) that continuously
xtracts the hydrophobic condensation products. Salt is added to
he aqueous phase (e.g. sodium chloride, NaCl) to improve the

iscibility gap between the two phases by salting-out organic com-
onents from the aqueous phase. The use of an organic solvent
ith a low boiling point and latent heat improves the energetics for

emoving and recycling the solvent from the aldol-adduct products.
ompared to water, THF as a solvent has a lower boiling point (339 K
ompared to 373 K at atmospheric pressure) and lower latent heat
f vaporization (30 kJ/mol compared to 41 kJ/mol at their normal
oiling point temperatures).

. Experimental

.1. Reactive compounds

Acetone was chosen as a model compound for ketones, while
UR and HMF were chosen as furfural compounds. Acetone and FUR
ere purchased from Sigma–Aldrich, while HMF was produced by

ructose dehydration in a biphasic system, as described in an ear-
ier work [6]. The resulting solution of 6 wt% HMF in THF was used
irectly, or it was concentrated using a rotary evaporator. In addi-
ion to the aforementioned model compounds, we studied aldol
ondensation of 5-methyl-furfural (MeFur), which is formed from
ehydration of methyl-pentoses that are present in varying con-
entrations with pentoses in biomass feedstocks used to make FUR
9]. In addition, we studied condensation of 2-hexanone and 3-
exanone, which can be made via the dehydration/hydrogenation
f sorbitol [14]. We also investigated condensation of dihydroxy-
cetone, and glyceraldehyde, which can be formed by retro-aldol
eactions of glucose [15]; and, we studied the condensation of ace-
ol, which can be made from the dehydration of glycerol [16].
.2. Experimental setup

Typical experiments for aldol condensation were carried out by
ixing an organic feed solution and an aqueous feed solution in
25 mL batch reactor. The organic phase was created by adding

p
t
d
T
a

f single condensation, F–K molecule. (II) Formation of double condensation, F–K–F

he desired reactants (furfurals and ketones) to THF, or by adding
he desired ketones to the solution of HMF in THF produced from
he dehydration of fructose. The aqueous phase contained 6–27 wt%
aOH, and it was saturated with NaCl. The mass ratio of the organic
nd aqueous phase was kept at 2:1, except for several runs where
ratio of 20:1 was used. The stirring speed during reaction was

et at 1180 rotations per minute (rpm), which was sufficient to
chieve good mixing of the two phases, such that the results were
ot significantly affected by stirring speed.

Scaled-up reactions were performed in a 500-mL flask, employ-
ng 300 mL of solution. These experiments produced yields similar
o those obtained using 25-mL reactors. These larger volumes
f condensation products were then concentrated in a rotary
vaporator, and subsequently hydrogenated over a Pd-based
atalyst, and finally deoxygenated to produce alkanes by dehy-
ration/hydrogenation over a bifunctional Pt/NbOPO4 catalyst in
ubular flow reactors. The alkane products were quantified by GC-
ID detection, using standards obtained from Sigma. Because most
f the condensation products were unavailable commercially for
aking standards, the composition of the final alkane products was

sed to back-calculate the relative amounts of single-step/double-
tep aldol condensation products [6].

.3. Analysis method

The compositions of the aqueous and organic phases were ana-
yzed using HPLC (Waters 2690 system equipped with PDA 960 UV
320 nm) detector) and GC (Shimadzu GC-2010 with an FID detec-
or and a DB-5 column from Alltech). To monitor the progress of
he reaction versus time, samples were taken more frequently at
he beginning when the rate was most rapid and less frequently
owards the end when the rate was slower. For other runs, only
he feed and final solutions were analyzed. Hydrochloric acid was
dded immediately after sampling to neutralize the small amount
f base catalyst and quench the reaction in all cases, except for
tudies of the change in pH with reaction for which the pH was
easured before the sample was neutralized.

. Results

.1. Reactive system properties

.1.1. Biphasic system/salting out effect
The addition of a salt to the aqueous phase improves the sep-

ration of the two phases via the salting out effect. Without salt,
HF and water are fully miscible. With concentrated salt, the two

hases that form are not fully immiscible and contain small quan-
ities of the other phase. Using water saturated with NaCl, it was
etermined that the THF layer contained 0.079 ± 0.009 g water/g
HF, while the water layer contained 0.053 ± 0.007 g THF/g water
t room temperature and pressure.



20 R.M. West et al. / Journal of Molecular Catalysis A: Chemical 296 (2008) 18–27

F
F

3

(
t
b
a
v
p
p
e
c
c
t
H
t
b

i
F
t
w
p
v
i
f
t
b
i
t
f
h
T
s

Table 1
Partition coefficients for species at different conditions

Species Partition coefficient

Saturated NaCl Post-reaction

Furfurals
HMF 14.3 5.8–8.1
FUR 30.6 26.7
MeFur 25.0 19.7

Ketones

Acetone 4.0 4.0
2-Hexanone >180a >180a

3-Hexanone >80a >80a

Acetol 0.06 0.06

Condensation products

F–A (HMF) – 59
F–A–F (HMF) – 44
F–A (FUR) – >100a
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excess relative to HMF, more catalyst (a higher NaOH:HMF molar
ig. 1. Partition coefficients in THF/water. (A) T = 298 K; (�) HMF; ( ) MeFur; (♦)
UR. (B) 30 wt% NaCl; (�) HMF; ( ) acetone.

.1.2. Partition coefficients
The partition coefficient, R, is defined as the concentration

g/mL) of the species in organic layer divided by the concentra-
ion (g/mL) in aqueous layer at reaction conditions. Because the
ase catalyst is present in the aqueous phase, a compound with
higher R value would be expected to react at a slower rate. The

alue of R can be increased by the addition of salt to the aqueous
hase, which helps to expel less soluble species into the organic
hase by “salting out” these species [7]. Fig. 1A demonstrates the
ffect of salt concentration in the aqueous phase on the partition
oefficients of HMF, MeFur and FUR in THF and water. As the con-
entration of salt increases to the saturation point of 36 wt% NaCl,
he value of R increases to a maximum around 14, 25 and 31 for
MF, MeFur and FUR, respectively. As shown in Fig. 1B, tempera-

ure did not significantly affect the partitioning of HMF and acetone
etween phases.

The measured values of R for chemical species relevant to this
nvestigation at typical reaction conditions are listed in Table 1.
or reagents, the values were measured at initial reaction condi-
ions without base (i.e. a NaCl saturated aqueous phase in contact
ith extracting solvent, THF at room temperature and pressure). For
roducts, these values are given for post reaction conditions. The
alues of R for post reaction conditions are slightly lower than the
nitial R values due to the decrease in salt concentration from the
ormation of water, a byproduct of condensation. It is apparent that
he additional hydrophilic hydroxyl group of HMF increases its solu-
ility in the aqueous layer relative to both FUR and MeFur, resulting

n a lower R value. The R value of acetol is lower than acetone due
o its additional hydroxyl group. In a similar manner, values of R

or the hexanones are larger than that of acetone, due to the longer
ydrophobic alkane chains that increase their organic solubility.
he aldol products undergo dehydration to form long conjugated
pecies. Accordingly, these conjugated products are more soluble

r
(
3
2

F–A–F (FUR) – >100a

a Aqueous phase concentration below detection limit and thus estimated at the
etection limit.

n the organic phase than their corresponding reactants. The HMF
erived products are more soluble in the aqueous phase than the
orresponding FUR products due to the additional hydroxyl group.
he FUR derived products partitioned so strongly into the organic
hase that their concentration in the aqueous phase was below the
etection limits for both HPLC and GC analyses.

.2. HMF-based reactions

HMF prepared from the biphasic dehydration of fructose with
HF [6] was used for all HMF-based experiments. A typical dehy-
ration run yielded a product solution containing 6.0 ± 0.6 wt%
420 ± 40 �mol/mL) HMF in THF. For studies using more con-
entrated HMF, this 6 wt% solution was concentrated in a rotary
vaporator to the desired concentration. The results for all runs
re included in Table 2, along with the varied parameters for each
un. The values given in Table 2 were taken after either HMF could
o longer be detected in the sample, or after the concentration of
roducts and reactants remained constant with time as determined
y HPLC. The distribution of single (F–K) and double condensation
roducts (F–K–F) in Table 2 is given as the molar ratio of single prod-
cts to double condensation products. The condensate yield is the
elative amount of initial HMF that is converted into single and dou-
le condensation products. Total carbon balance is the condensate
ield plus any unreacted HMF.

.2.1. HMF to acetone ratio
Fig. 2 shows the change in product distribution, given as the

atio of single to double condensation products, for a range of reac-
ant molar ratios. All other reaction conditions were kept constant
or the two data sets at different amounts of base. As the amount
f acetone is increased relative to the amount of HMF, more single
roducts are formed for both cases. As shown in Fig. 2, at lower ace-
one:HMF ratios, the final product distribution contained unreacted
MF, while at higher ratios, the total recovered carbon decreased.
he maximum yield to products therefore occurred at moderate
cetone:HMF levels for the given base levels (1.6 and 2.0) and a
emperature of 298 K.

.2.2. HMF to base ratio
Results in Table 2 and Fig. 3 show the influence of the amount

f catalyst on the final yield and composition. When acetone is in
atio) results in a lower single:double product ratio as shown Fig. 3
�). The same effect can also be seen by comparing Table 2 entries

and 11 (acetone:HMF = 1.63), single:double equal to 4.31 and
.23 at NaOH:HMF of 1.63 and 2.27, respectively, and for entries
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Table 2
Final composition, yield and carbon balance of HMF and condensation products in a biphasic THF/saltwater reactor with organic:aqueous mass ratio = 2.0

# Batch
size (mL)

Ketone Initial HMF concentration
(�mol/mL)

Ketone:HMF NaOH:HMF Temperature
(K)

Steps Single:double
molar ratio

Condensate
yield (%)

Total carbon
balance (%)

1 300 Acetone 401 0.50 1.00 298 6 0.72 87.1 89.0
2 300 Acetone 296 0.52 1.56 298 1 1.23 48.1 76.0
3 300 Acetone 429 1.63 1.63 298 1 4.31 62.1 64.8
4 300 Acetone 452 8.02 1.61 298 1 9.20 68.6 68.6
5 300 Acetone 450 24.13 1.61 298 1 21.67 41.7 41.7
6 300 Acetone 319 0.67 1.98 298 1 1.19 85.0 93.6
7 300 Acetone 321 1.00 1.99 298 1 2.45 83.4 90.3
8 300 Acetone 398 2.00 1.96 298 1 4.24 87.0 87.0
9 300 Acetone 418 2.00 2.48 298 1 3.33 74.7 75.4

10 300 Acetone 322 0.67 0.97 298 1 1.17 86.7 95.9
11 300 Acetone 517 1.63 2.27 298 1 2.23 59.7 60.1
12 25 Acetone 423 2.00 0.50 298 1 4.72 73.8 73.8
13 25 Acetone 396 2.00 0.10 333 1 15.52 27.7 77.0
14 25 Acetone 420 2.00 0.25 333 1 13.96 30.5 74.4
15 25 Acetone 396 2.00 0.50 333 1 5.63 65.4 69.6
16 25 Acetone 396 2.00 0.75 333 1 5.58 70.3 70.3
17 25 Acetone 424 2.00 1.00 333 1 4.84 66.3 66.3
18 25 Acetone 424 2.00 0.25 353 1 7.35 62.5 87.9
19 25 Acetone 445 1.00 0.75 298 6 1.28 78.9 78.9
20 25 Acetone 414 0.50 1.00 298 6 0.64 81.9 81.9
21 25 Acetone 406 0.50 2.00 298 6 0.53 75.5 75.5
22 25 Acetone 422 0.50 1.00 298 1 0.82 79.1 79.1
23 25 Acetone 437 0.50 1.00 298 12 0.50 74.9 74.9
24 25 – 440 – 0.25 298 – – – 87.1
25 25 – 456 – 0.25 333 – – – 84.0
26 25 – 437 – 0.35 298 – – – 89.4
27 25 – 403 – 0.50 333 – – – 78.3
28 25 – 434 – 0.71 298 – – – 82.8
29 25 – 296 – 1.41 298 – – – 41.9
30 25 – 434 – 2.00 298 – – – 14.0
31 25 Acetone 424 2.00 0.50 313 1 5.43 71.5 71.5
32 25 Acetone 424 2.00 0.50 353 1 5.26 70.5 70.5
33 25 Acetone 406 0.50 1.00 333 1 0.94 66.6 68.7
34 25 Acetone 440 2.00 2.00 298 1 3.17 71.9 71.9
35a 25 Acetone 446 2.00 0.50 298 1 2.61 83.1 83.1
36a 25 Acetone 446 0.50 1.00 298 6 0.44 63.0 63.0
37a 25 Acetone 446 0.50 0.50 298 6 0.84 65.5 83.6
38 25 Acetone 2280 2.00 0.10 333 1 ∞ 17.5 58.8
39 25 Acetone 1143 2.00 0.50 298 1 4.07 76.6 76.6
40 25 Acetone 2322 2.00 0.50 333 1 15.33 26.1 26.1
41 25 Acetone 1161 2.00 0.50 333 1 3.76 56.6 56.6
42 25 Acetone 2280 2.00 0.10 298 1 2.07 27.8 43.0
43 25 Acetone 1143 2.00 0.25 298 1 4.85 63.4 69.1
44 300 2-hexanone 426 2.00 2.00 298 1 – 22.0 22.0
45 25 2-hexanone 445 2.00 2.00 298 1 – 31.4 31.4
46 25 2-hexanone 434 2.00 2.00 313 1 – 28.1 28.1
47 25 3-hexanone 434 2.00 2.00 298 1 – 12.3 15.8
48 25 Acetol 434 2.00 2.00 298 1 – 21.0 21.0
49 25 Acetol 421 0.50 1.00 298 6 – 4.6 8.7
5 2.
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0 25 Dihydroxyacetone 421 2.00
51 25 Glyceraldehyde 421 2.00

a Organic:aqueous mass ratio = 20.

and 9 (acetone:HMF = 2.0), single:double equal to 4.24 and 3.33
t NaOH:HMF of 1.96 and 2.48, respectively. When HMF is in
xcess relative to acetone, use of more catalyst has little effect
s shown by comparing entries 10 and 6 (acetone:HMF = 0.67),
ingle:double equal to 1.17 and 1.19 at NaOH:HMF of 0.97 and
.98, respectively, and entries 20 and 21 (acetone:HMF = 0.5), sin-
le:double equal to 0.64 and 0.53 at NaOH:HMF of 1.00 and 2.00,
espectively.

The total carbon balance in all cases decreases as the NaOH:HMF
atio increases as shown in Fig. 3 (♦) and Table 2 for all above listed
ases. When acetone is in excess to HMF, the yield of single and

ouble condensation products reaches a maximum at intermedi-
te values of the base ratio, while at lower base ratios unreacted
MF is present in the final solution as shown by comparing (♦) and
�) in Fig. 3. At a NaOH:HMF ratio of 0.1–0.5, a significant difference
etween the total carbon (HMF plus products) and the product car-

w

3

y

00 298 1 – 0.0 0.0
00 298 1 – 7.8 7.8

on can be seen. Above a ratio of 0.5, however, all the HMF is reacted
o products.

.2.3. HMF temperature effects
Increasing the temperature only slightly impacted the final

istributions. When acetone was in excess (acetone:HMF = 2.0,
aOH:HMF = 0.5), Fig. 4 shows a slight decrease in total carbon with

ncreasing temperature and little variation in the distribution of sin-
le and double condensation products. When HMF was in excess,
ntries 22 and 33 in Table 2 show that increasing temperature from
98 to 333 K had a mild impact on the single/double ratio 0.82–0.94,

hile also decreasing the total carbon recovered from 79.1 to 68.7%.

.2.4. Stepwise addition
From stoichiometry, an Acetone:HMF ratio of 0.5 is expected to

ield the most double condensation product. Using less acetone
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Fig. 2. Product distribution and carbon balance for different acetone:HMF molar
ratios. (A) NaOH:HMF = 1.6, 300-mL batch; (�) single:double condensation ratio;
(
H
c

w
r
o
a
l
o
a
t
s
a
i
T
s

F
r
d
s
a

Fig. 4. Product distribution and carbon balance with changes in temperature. Ace-
tone:HMF = 2.0, NaOH:HMF = 0.5, 1 step addition; (�) single:double condensation
ratio; ( ) carbon balance of single and double; (♦) carbon balance of single, double
and HMF.
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) carbon balance of single and double; (�) carbon balance of single, double and
MF. (B) NaOH:HMF = 2.0, 300-mL batch; (�) single:double condensation ratio; ( )
arbon balance of single and double; (�) carbon balance of single, double and HMF.

ould result in unreacted HMF, and using more acetone would
esult in more single condensation product. Since the formation
f double condensation products results from a series of reactions,
dding the acetone in steps to keep the acetone concentration
ow throughout the experiment might help maximize the yield
f double condensation products. To test this idea, acetone was
dded either all at once (one step), in six equal additions, or in
welve equal additions over the course of 1 h to the stirred HMF
olution (NaOH:HMF ratio = 1 at 298 K). The final molar ratio of

cetone/HMF was 0.5. As shown in Fig. 5, the single:double ratio
s approximately constant as acetone is added with more steps.
he total carbon yield decreases, however, as acetone is added in
teps.

ig. 3. Product distribution and carbon balance for different NaOH:HMF molar
atios. Acetone:HMF = 2.0, temperature 333 K, 25-mL batch; (�) single:double con-
ensation ratio; ( ) carbon balance of single and double; (♦) carbon balance of
ingle, double and HMF; (——) modeled ratio; (– –) modeled carbon balance of single
nd double; (· ·) carbon balance of single, double and HMF.

i
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r
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n

ig. 5. Product distribution and carbon balance for the stepwise addition of acetone
o HMF mixture at Acetone:HMF = 0.5, Base:HMF = 1.0, Temperature = 298 K; (�) sin-
le:double condensation ratio; ( ) carbon balance of single and double; (�) carbon
alance of single, double and HMF.

.2.5. HMF degradation without ketones
HMF can react to form other chemicals such as levulinic and

ormic acids via reaction with water, or it can degrade to form
umins [17]. To test the influence of the amount of base on the
egradation of HMF, biphasic systems at different NaOH:HMF ratios
ere studied without ketones. The concentration of HMF decreased

nitially with time and reached a constant level, from which the
xtent of HMF degradation was calculated, and these values are

eported in Fig. 6 for various base levels. The pH of the feed and sam-
les was also measured to monitor the disappearance of NaOH. In
ll samples, a high initial pH (12–13.8) was recorded, but a relatively
eutral final pH of 8–10 was seen. In Fig. 6, it can be seen that more

Fig. 6. Disappearance of HMF at different NaOH:HMF ratios without ketones.
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Fig. 7. Influence of initial HMF concentration on final carbon distribution at con-
stant NaOH:HMF ratio. NaOH:HMF = 0.1, acetone:HMF = 2.0, Temperature 333 K; (�)
carbon balance of single and double; (♦) carbon balance of single, double and HMF.
N
g
A
(

H
1
s
t
t
l

3

s
4
2
2
t

o
s
t
u
c
b

3

m
d

F
t
o

i
b
N
m
t
e
H
f
(
h
6

3

a
u
n
t
e
o
H
o
s

T
F

#

5
5
5
5
5
5
5
5
6
6
6
6

aOH:HMF = 0.5, Acetone:HMF = 2.0, Temperature 333 K; (�) carbon balance of sin-
le and double; (�) carbon balance of single, double and HMF. NaOH:HMF = 0.5,
cetone:HMF = 2.0, Temperature 298 K; (�) carbon balance of single and double;
©) carbon balance of single, double and HMF.

MF is degraded at higher concentrations of base. Approximately
mole of HMF degrades for every 2.4 moles of base. These trends

uggest that HMF degradation into organic acids is catalyzed by
he NaOH. The organic acids are in-turn neutralizing the NaOH such
hat eventually, HMF degradation stops leaving unreacted HMF and
ow concentrations of NaOH.

.2.6. Initial concentration
Fig. 7 shows the influence of initial HMF concentration at con-

tant NaOH:HMF ratios. Increasing the HMF concentration from
20 to 1120 �mol/mL had little effect for NaOH:HMF = 0.5 at both
98 and 333 K. However, increasing the concentration further to
280 �mol/mL decreased the carbon collected as both condensa-
ion products and HMF.

Increasing the concentration of HMF at a constant total amount
f base in the aqueous phase was also investigated. Fig. 8 demon-
trates that as the HMF concentration is increased, with constant
otal amount of NaOH, the carbon recovered both as products and as
nreacted HMF decreases. More HMF remains unreacted at higher
oncentrations, and this behavior is likely due to neutralization of
ase.
.2.7. Mass ratio (changing aqueous concentration)
Experiments were carried out to study the effect of changing the

ass ratio of organic to aqueous layers, while keeping all other con-
itions constant. The organic feed contained 446 �mol/mL, and by

t
s
w
i
7

able 3
inal composition, yield and carbon balance of other furfurals and condensation products

Batch
size (mL)

Ketone Initial furfural
concentration

Ketone:furfural NaOH:furfu

2a 300 Acetone 1536 3.99 3.04
3a 300 Acetone 2458 2.50 1.97
4a 300 Acetone 2216 1.50 1.91
5a 300 Acetone 1979 1.00 1.97
6a 300 Acetone 1512 0.50 2.27
7a 25 Acetone 2031 2.00 0.50
8a 25 Acetone 1108 2.01 0.52
9a 25 Acetone 1170 2.00 1.99
0a 25 Acetone 1223 0.51 2.31
1a 25 Acetone 2538 0.51 1.02
2a 25 – 1100 – 2.00
3b 300 Acetone 1419 1.50 1.97

a FUR.
b MeFur.
ig. 8. Influence of initial HMF concentration on final carbon distribution at constant
otal base at 600 �mol NaOH/mL (Aqueous), Temperature 298 K; (�) carbon balance
f single and double; (©) carbon balance of single, double and HMF.

ncreasing the organic to aqueous mass ratio, the concentration of
ase in the aqueous phase was increased to maintain a constant
aOH:HMF ratio. In both cases, increasing the organic:aqueous
ass ratio from 2 to 20 decreased the molar ratio of the single

o double condensation product. In the case of excess acetone,
ntries 12 and 35, (acetone:HMF = 2.0, NaOH:HMF = 0.5), all of the
MF was reacted and the yield of condensation products improved

rom 73.8 to 83.1%. In the case of excess HMF, entries 20 and 36,
acetone:HMF = 0.5, NaOH:HMF = 1.0), all of the HMF was reacted;
owever, the yield of condensation products dropped from 81.9 to
3.0% at the higher mass ratio.

.2.8. HMF other ketones
Results for aldol condensation of HMF with 2- and 3-hexanone

re shown in Table 2 entries 44–47. Yields of condensation prod-
cts were from 22.0 to 31.4% for 2-hexanone, whereas lower yields
ear 15.8% were observed for 3 hexanone, which does not con-
ain a primary �-hydrogen. Aldol condensation of HMF with acetol,
ntries 48–49, formed a single condensation product, with a yield
f 21.0% with excess acetol and very little product with excess
MF, 4.6%. In this case, the presence of a hydroxyl group on one
f the primary carbon atoms inhibited the second condensation
tep. Consistent with this behavior, dihydroxyacetone, containing

wo primary hydroxyl groups, did not show evidence of conden-
ation products with HMF, entry 50. Glyceraldehyde condensation
ith HMF, entry 51, formed a compound with a UV signature sim-

lar to a condensation product. However, the yield was quite low,
.8%, and the exact nature of the product was not determined.

in a biphasic THF/saltwater reactor with organic/aqueous mass ratio = 2.0

ral Temperature
(K)

Steps Single:double
molar ratio

Condensate
yield (%)

Total carbon
balance (%)

298 1 3.99 90.9 96.3
298 1 2.50 94.0 96.0
298 1 1.37 – –
298 1 0.81 – –
298 1 0.21 67.2 76.2
298 1 6.26 82.2 82.7
298 1 8.72 87.6 87.9
298 1 4.57 94.6 96.4
298 1 0.07 98.6 98.9
298 1 0.11 89.9 90.3
298 1 – – 59.3
298 1 1.46 91.9 96.3
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.3. Other furfural-based reactions

In addition to hexose sugars, pentose and methyl pentose sugars
re present in biomass-derived feed stocks. Accordingly, we have
tudied aldol condensation of furfurals derived from these sug-
rs, namely 2-furaldehyde from xylose, and 5-methyl-2-furfural
MeFur) from methyl pentoses. As the production of FUR from
ylose (and with it small amounts of MeFur) is already commer-
ialized [9], these furfural compounds were purchased rather than
ade from the corresponding sugar. Results from studies of these

ompounds are included in Table 3.

.3.1. 2-Furaldehyde
The biphasic condensation of FUR with acetone demonstrates

imilarities to the condensation of HMF with acetone, with sev-
ral notable differences. First, degradation experiments conducted
ithout ketones, show that FUR neither degrades as rapidly, nor
oes it degrade to the extent of HMF. For this reason, yields of FUR
ondensation products are higher than from HMF under the same
onditions. Second, FUR does not contain a carbon atom attached
o the 5 position of the furan ring, which allows FUR to undergo
dditional reactions at these and other sites [6,13,18]. The prod-
cts resulting from additional condensation at this position were
ot detectable with our HPLC method, and are not included in
able 3. However, the presence of these species can be detected by
ubjecting the solution to subsequent hydrogenation followed by
ydrodeoxygenation, leading to the formation of the corresponding
16–C23 alkanes [6].

.3.1.1. Acetone to FUR ratio. Fig. 9 demonstrates the effects on the
roduct distribution and yields of changing the acetone:FUR ratio.
s with HMF, an increase in this ratio increases the single to double
roduct ratio in a nearly linear fashion.

.3.1.2. Base to FUR ratio. Increasing the NaOH:FUR ratio from 0.52
o 1.99 decreases the single to double product ratio in a simi-
ar manner to HMF, as shown by comparing entries 58 and 59 in
able 3 (single:double equal to 8.72 and 4.57). However, unlike HMF,
ncreasing the NaOH:FUR ratio increased the amount of single and
ouble products collected (from 87.6 to 94.6%).
.3.2. 5-Methyl-2-furfural (MeFur)
Aldol condensation of methyl furfural (MeFur) with acetone pro-

uced a carbon balance that was among the highest of any furfurals,
ith 91.9% of the carbon being present as products, and 96.3%

ig. 9. Product distribution and carbon balance for different acetone:FUR molar
atios; NaOH:HMF = 2.0, Temperature 298 K; (�) single:double condensation ratio;

) carbon balance of single and double; (♦) carbon balance of single, double and
UR; (——) modeled ratio; (– –) modeled carbon balance of single and double; (· ·)
arbon balance of single, double and HMF.
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resent including MeFur. With a carbon at the 5 position of the
uran ring, MeFur does not react to form larger chain species like
UR. In addition, MeFur does not rehydrate to form organic acids
ike HMF.

. Discussion

.1. Reaction model

The coupled effects of different variables on the final yield and
istribution of the biphasic system make it difficult to develop a
horough understanding of the reaction kinetics. In this respect,
nalysis of the data using a simple reaction model helps to eluci-
ate some of these effects. Accordingly, we employed the following
imple nine-step model to explain the trends observed in our exper-
mental studies:

1) Fo ↔ Faq

2) Ao ↔ Aaq

3) F–Ao ↔ F–Aaq

4) F–A–Fo ↔ F–A–Faq

5) Faq + Aaq → F–Aaq

6) F–Aaq + Faq → F–A–Faq

7) Faq + NaOH → Fdegrade
8) F–A–Faq + F–A–Faq → polymer
9) F–A–Faq + F–Aaq → polymer

he symbols Fo, Ao, F–Ao and F–A–Fo represent HMF (or FUR),
cetone, single condensation product, and double condensation
roducts, respectively, in the organic layer. Quantities with aq sub-
cripts are the corresponding species in the aqueous layer.

The first four reactions in the model are the partitioning of fur-
ural, ketone, single and double condensation products between the
queous and organic phases. These reactions are reversible, and
heir rates are combinations of the forward and reverse reaction
ates in the form of

r1 = k1 ∗ [Fo] − k1/K1 ∗ [Faq]
r2 = k2 ∗ [Ao] − k2/K2 ∗ [Aaq]
...

here k1 through k4 are the forwards rate constants and K1 through
4 are the equilibrium constants. The equilibrium values for these

our reactions are taken to be the measured partition coefficients
R) for the reacting species at the reaction conditions (Table 1, for
MF this value was taken as 7.3, the average for all runs). The for-
ard rate constants for these steps were chosen to insure that these

teps are quasi-equilibrated.
Steps (5) and (6) are the condensation reactions between a fur-

ural and ketone or a single condensation product and ketone,
espectively. Both of these condensation reactions are assumed
o occur in the aqueous phase, because this phase contains the
ase catalyst. The rate of aldol condensation depends upon the
oncentrations of catalyst, furfural and ketone (or single conden-
ation product) in the aqueous layer. After condensation, the aldol
dduct eliminates a water molecule to form an extended conjuga-
ion system, which lowers the energy of the molecule. Accordingly,
eactions (5) and (6) are modeled as irreversible steps that are first
rder in catalyst, ketone (or single condensation product) and fur-
ural.
r5 = k5 ∗ [NaOH] ∗ [Aaq] ∗ [Faq], k5[=](L2/mol2/s)
r6 = k6 ∗ [NaOH] ∗ [F − Aaq] ∗ [Faq], k6[=](L2/mol2/s)

Results from our experiments indicate that HMF undergoes
egradation reactions in the absence of ketones, accompanied by a
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ig. 10. Concentration versus time model fits for HMF; (©) experimental HMF; (�)
cts; (– –) Model HMF; (——) model single condensation; (· ·) model double condensa
emperature = 298 K, NaOH:HMF = 0.50. (C) Acetone:HMF = 2.0, Temperature = 333 K

orresponding decrease in pH such that for every one mole of HMF
egraded, 2.4 moles of base are neutralized, as shown in Fig. 6. The
ate of degradation increased at higher concentrations of base sug-
esting, that the base was catalyzing the degradation of HMF to
cids. Step (7) models the degradation of HMF as a first order reac-
ion with respect to HMF and NaOH, and the resulting organic acids
re then assumed to neutralize 2.4 moles of base.

7 = k7 ∗ [NaOH] ∗ [Faq]

Our experiments also showed that FUR undergoes degradation,
ut at a slower rate compared to HMF. It was assumed that this
egradation is similarly catalyzed by NaOH, and the degradation of
UR was then modeled separately. Steps (8) and (9) were included
o model two possible polymerization reactions for FUR. These
teps were not included for HMF runs, because polymer products
ere not observed from HMF. Polymerization is assumed to be

rreversible and catalyzed by NaOH. Two possible polymerization
eactions were considered, one between two double condensa-
ion products (to make a 26 carbon species) and one between a
ingle and double condensation products (to form a 21 carbon
pecies).

8 = k8 ∗ [NaOH] ∗ [F–A–Faq]2

9 = k9 ∗ [NaOH] ∗ [F–A–Faq] ∗ [F–Aaq]
The reaction model was fit using the experimental data col-
ected versus time in 25 mL reactors (see Tables 2 and 3), and
mploying the lsqnonlin function in Matlab. The results from
egradation runs conducted in the absence of ketones were used
rst to fit the independent value of k7 for degradation of HMF

p
t
t
i
c

mental single condensation product; (�) experimental double condensation prod-
) Acetone:HMF = 2.0, Temperature = 298 K, NaOH:HMF = 2.0. (B) Acetone:HMF = 2.0,

H:HMF = 0.25. (D) Acetone:HMF = 2.0, Temperature = 333 K, NaOH:HMF = 1.0.

nd FUR. These degradation parameters were then assumed to
e the same for runs involving ketones and hence condensation
eactions.

Typical examples of the trends with respect to time for the
xperimental data and the model fit for aldol condensation of HMF
nd FUR are given in Figs. 10 and 11, respectively. When model-
ng HMF, only small differences were seen between the data at 298
nd 333 K, and the HMF data at 298 and 333 K were thus modeled
ogether. Fig. 10 shows that the model describes the experimental
ata reasonable well over a large number of NaOH:HMF ratios at
oth temperatures. A possible explanation for this trend can found

n Fig. 1B. The partition coefficients of HMF and acetone change only
lightly with a change in temperature from 298 to 333 K, suggesting
hat the available reactants in the aqueous phase might limit the
eactivity. It is also possible that the variance in the data is too great
o detect the differences between these two temperatures. Fig. 11
hows the experimental and model points for typical FUR runs at
arious NaOH:FUR and acetone:FUR ratios. Again, the model cap-
ures the essential trends exhibited by the experimental data for
UR.

The model parameters are listed in Table 4. The equilibrium
nd forward rate constants for the partitioning reactions, 1–4 are
iven but were not varied in the fitting of the model. The adjusted
arameters, k5–k9, are also given along with their sensitivities. The
ensitivities are defined as the change in the sum of the concen-
rations of reactants and products (i.e., furfural, single and double

roducts) due to the change in ki, divided by the change in ki, with
his numerical derivative then divided by the sum of the concen-
rations and multiplied by the value of ki, such that the sensitivity
s dimensionless. The values of k5 and k6, which control the rates of
ondensation, have large impacts in the reaction model. The con-
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ig. 11. Concentration versus time with model fits for FUR; (©) experimental FUR; (�
cts; (– –) Model FUR; (——) model single condensation; (· ·) model double condens
emperature = 298 K, NaOH:FUR = 1.0.

tant which controls the rate of degradation of HMF into acids, k7,
ad a smaller impact.

For reactions involving FUR, the parameters that most affected
he final distributions are the forward rate constants of con-
ensation, k5, and k6. The degradation constant k7, and second
olymerization constant, k9, have only a slight impact, while the
rst polymerization constant, k8 has a moderate influence on the
odel.
The results from the reaction model allow us to compare and

ontrast the reactivity of HMF versus FUR. HMF is known to degrade
n aqueous medium to form organic acids. FUR can degrade to form
ther products other than acids [9]; however, an aqueous medium
oes not promote these degradations. Consequently, in the bipha-
ic system, HMF degrades more rapidly than FUR, and the value of
7 is thus significantly higher for HMF than for FUR, equal to 3.8
nd 0.026, respectively. FUR also polymerizes, leading to addition
egradation processes in the aqueous phase, modeled with con-
tants k8 and k9. Because the concentration of FUR condensation
roducts in the aqueous phase is low (K3 = K4 = 1/100) these rates

re relatively low. In spite of these differences between HMF and
UR, the aldol condensation rate constants are similar. The forward
ingle condensation rates for FUR and HMF are 0.054 and 0.078,
espectively, while the rate constants for the second condensation
tep are 1.82 and 2.28, respectively.

b
fi
d
b
p

able 4
ummary of the parameters used in the model

Rate expressions Units 2-Furaldehy

Values

1 r1 = k1*[Fo] − k1/K1*[Faq] 1/s 2.78
1 (unitless) 0.037
2 r2 = k2*[Ao] − k2/K2*[Aaq] 1/s 2.78
2 (unitless) 0.25
3 r3 = k3*[F–Ao] − k3/K3*[F–Aaq] 1/s 2.78
3 (unitless) 1.00 × 10−2

4 r4 = k4*[F–A–Fo] − k4/K4*[F–A–Faq] 1/s 2.78
4 (unitless) 1.00 × 10−2

5 r5 = k5*[NaOH]*[Aaq]*[Faq] L2/mol2/s (5.4 ± 1.1) ×
6 r6 = k6*[NaOH]*[F–Aaq]*[Faq] L2/mol2/s 1.82 ± 0.55
7 r7 = k7*[NaOH]*[Faq] L/mol/s 2.5 × 10−2

8 r8 = k8*[NaOH]*[F–A–Faq]2 L2/mol2/s 2.7 × 10−2

9 r9 = k9*[NaOH]*[F–A–Faq]*[F–Aaq] L2/mol2/s 8.2 × 10−4

quilibrium constants, Ki = 1/Ri where Ri is the partition coefficient given in Table 1. Sensi

i = ki

˙ε
× ıε,i

ık,i

here ki is the value of the parameter, �ε is the sum of all furfural, single and double co
hange in ε when ki is changed by ık,I with ık,i = 10% ki .
rimental single condensation product; (�) experimental double condensation prod-
(A) Acetone:FUR = 2.0, Temperature = 298 K, NaOH:FUR = 0.5. (B) Acetone:FUR = 0.5,

.2. Acetone to furfural

Changes in the acetone:furfural ratio at constant NaOH:furfural
atio for both HMF and FUR showed similar trends, as seen in
igs. 2 and 9. In both cases, the distribution of single and double
roducts increased as the acetone:furfural ratio increased, and this
rend is captured by the reaction model for both compounds and is
hown in Fig. 9 for the FUR system.

.3. Base level effects

Because HMF degrades and neutralizes the base catalyst, the
aOH:HMF ratio influences the final distribution. Fig. 3 demon-

trates that the model displays similar trends to those seen in
xperiments. At low NaOH:HMF ratios, the degradation of HMF
ompletely neutralizes the base, which halts the condensation reac-
ion, leaving unreacted HMF. The condensation follows a series
ath; the single condensation product is created first, followed
y the double condensation product. Accordingly, neutralizing the

ase decreases the rate of the second condensation relative to the
rst. At low NaOH:HMF ratios, this effect increases the single to
ouble condensation ratio. At higher NaOH:HMF ratios, sufficient
ase is present that all the HMF reacts, and the single to double
roduct ratio decreases.

de HMF

Sensitivity (%) Values Sensitivity (%)

– 2.78 –
– 0.14 –
– 2.78 –
– 0.25 –
– 2.78 –
– 1.69 × 10−2 –
– 2.78 –
– 2.27 × 10−2 –

10−2 26.0 (7.8 ± 1.2) × 10−2 24.6
32.9 2.28 ± 0.50 31.0

0.1 3.8 ± 1.4 9.5
7.6 (Not in model)
1.8 (Not in model)

tivity of each parameter (Si) is calculated at time = 50 h by the following formula:

ndensation concentrations for a representative set of model conditions, ıε,i is the
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The degradation of FUR is slower than that of HMF, and FUR thus
eutralizes less base (if any) than does HMF; therefore, only slight
ariations with changes in NaOH:FUR ratio are observed, as seen in
y comparing entries 58 and 59. The reaction model shows these
ame trends. Additionally, because FUR does not readily partition to
he reactive aqueous phase, relatively high NaOH:FUR ratios, 2–3,

ust be used to fully condense FUR at the same rate as HMF.

.4. Stepwise addition

The stepwise addition of acetone to HMF, as shown in Fig. 5,
aused a decrease in the overall yield, with a slight variation in
ingle to double product ratio. These trends were observed with
he model as well and can be explained as follows. With stepwise
ddition of acetone, the concentration of acetone is lower initially,
hereby decreasing the rate of aldol condensation. Because the rate
f HMF degradation is not directly related to the acetone concen-
ration, degradation proceeds faster than condensation when the
cetone concentration is low. While the total amount of acetone
dded is the same, the step-wise addition of acetone leads to larger
xtents of HMF degradation, such that less HMF is available to form
he second condensation product. At the same time, lower concen-
rations of acetone favor the formation of the second condensation
roduct. These opposing trends keep the single to double conden-
ation ratio approximately constant.

.5. Other ketone reactants

The condensation of HMF with ketones other than acetone was
ostly unsuccessful, with low yields to the condensation products.

he reason for these low yields is ultimately due to the degrada-
ion of HMF. For the hexanones, the measured partition coefficients
ere 180 and 80, for 2 and 3-hexanone, respectively, compared to
value of 4 for acetone. Because the hexanones did not readily dis-

olve in the reactive aqueous phase, the rate of aldol condensation
ith HMF was low, leading to high extents of HMF degradation. By

hanging the value of the partition coefficient in the model from 4
o 80 and 180, the modeled yield to condensation products drops
rom around 80% to 25% and 15% respectively.

Dihydroxyacetone did not condense at a measureable rate. The
teric hindrance and electron donating properties of the attached
ydroxyl groups prevent the formation of reactive enolate form of
his species. The same behavior appears to be true for acetol and
lyceraldehyde as no double condensation and only slight single
ondensation products were detected.

. Conclusions
The condensation of HMF and FUR with various ketones was
nvestigated in a biphasic system. The final distribution and yield
f products can be controlled by adjusting the molar ratio of the
etone to furfural reactants and by changing the amount of the

[
[
[
[
[
[
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asic NaOH catalyst relative to the furfural reactant. A simple
rst order model was used to gain insight into the reaction net-
ork. Increased ratios of ketones to furfurals yield more single

ondensation products, while lower ratios yield more double con-
ensation products. HMF degradation appears to be catalyzed by
ase, leading to the formation of acidic byproducts which neu-
ralize the base, thereby limiting the formation of condensation
roducts. This neutralization process limits the recycling of the
queous phase, and it also decreases the yields of aldol product
pecies from such reactants as hexanones that do not readily dis-
olve in the aqueous phases. FUR, which does not readily degrade,
s more completely condensed to form products; however, because
UR is less soluble in the reactive aqueous phase compared to HMF,
igh concentrations of base must be used to increase the rate of
eaction.

Optimal yields of double condensation products are produced
t the stoichiometric value of two furfurals to one ketone, while
ptimal single condensation products are made at high ketone to
urfural ratios. In both cases, sufficient base must be employed to
ither offset its neutralization by HMF degradation or to overcome
he low partitioning of FUR into the reactive aqueous phase.
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