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The kinetics of dibenzylether (DBE) hydrothermolysis in hot compressed water has
been investigated in a continuous tubular reactor system at a pressure from 225 to 362
bar, temperature from 325 to 390°C, and a constant water load of ®y, = 100 mol,,,,,,/
molpgg. Thermal scission of DBE yielded equimolar amounts of benzaldehyde and
toluene; the rate constant in supercritical water decreased with water density showing
that the volume of activation was positive, as expected for an unimolecular scission
reaction. Benzyl alcohol was produced by DBE reversible hydrolysis catalyzed by free
protons from water dissociation. Density and dielectric constant of water decreased the
rates of hydrolysis and DBE formation, which means that the transition state complex has
a positive volume of activation, and a lower dipolar moment than the reactants. As the
dielectric constant raises the reaction rates are lowered, but the equilibrium shifts toward
the formation of benzyl alcohol, which is more polar than DBE. The low dipole moment
of the transition state complex was further supported by the negative effect of the ionic
strength on the rate constant for DBE hydrolysis. © 2005 American Institute of Chemical

Engineers AIChE J, 51: 971-981, 2005
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Introduction

Lignocellulosic biomass is a renewable resource that offers
a high potential for the production of energy carriers and
chemicals, and multiple applications are currently under study
in these fields. Lignin is the second most important polymer
among the constituents of lignocellulosic biomass. In its native
state it is a random three-dimensional (3-D) polymer formed by
phenyl-propane monomers. Lignin is obtained as a byproduct
in the chemical pulp industry, and it is mainly used as fuel to
provide steam for the pulping plant, but the production of
derivatives from lignin is envisaged as a key factor for devel-
oping chemicals from renewables industrially. The use of sub-
and supercritical water (SCW) as a reaction medium offers a
variety of possibilities for chemistry because of the strong
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variations in density, the dielectric constant and the ionic
product of water around the critical point.!-3> Biomass process-
ing in supercritical water has attracted considerable attention as
a method for obtaining liquid and gaseous fuels and energy
carriers.*!! Homogeneous and heterogeneous catalysts have
also been added to promote the gasification of cellulose and
lignocellulosic biomass in SCW at lower reaction tempera-
tures. Nickel-based catalysts'> and activated carbon'? have
been tested as heterogeneous catalysts, while KOH and K,CO,
have been shown to act as homogeneous catalysts for gasifying
glucose and lignin model compounds.!# Reactions of lignin
model compounds in supercritical water have been studied in
several articles.!'>-!7 Studies on the hydrothermal reactions of
aromatic dimers that contain ether linkages representatives of
lignin structure like diphenylether*'8 and dibenzylether!'®-2°
have shown the coexistence of the hydrolysis and pyrolysis
pathways, and the influence of water density on the dominance
of one reaction path or the other. These studies covered a
narrow range of temperature and were performed at constant
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Figure 1. Tubular reactor unit.

density. Furthermore, the effect of the concentration of free
protons from water dissociation was not accounted for in the
analysis of the data, but this is a key aspect for the correct
interpretation of reactions, such as the hydrolysis of ethers#2!-23
and esters?* in supercritical water, or the dehydration of alco-
hols25:2¢ at subcritical conditions. In this article, we have se-
lected dibenzylether (DBE) as a model compound representa-
tive of the ether linkages in lignin. We have studied the
hydrothermal conversion of DBE in high- temperature water
and the selectivity toward the main reaction products system-
atically. The experimental study has been performed in a
continuous flow reactor at a pressure from 225 to 362 bar,
temperature from 325 to 390°C, and at short residence time to
minimize secondary reactions of the primary products. A ki-
netic model that accounts for the effect of water dissociation
and the influence of the concentration of protons on the reac-
tion rates has been developed, and the rate constants have been
estimated from the experimental data.

Materials and Method
Reactor system

The hydrothermolysis experiments were developed in the
continuous tubular reactor system seen in Figure 1, which has
been described in detail elsewhere.?’ Dibenzylether (DBE) and
water were pumped separately with two HPLC pumps (0.1-10
mL/min). Water was deoxygenated by bubbling nitrogen into
the bottle and then it was degassed in an ultrasound bath. Water
was kept under a nitrogen atmosphere along the experiment by
purging the gas inside the bottle with a small flow of nitrogen
to prevent air to enter. The bottles containing the feeds were
placed on balances (£ 0.01 g) that were connected to a data
acquisition system. The instantaneous mass flow rates fed to
the reactor were calculated online to monitor their stability
along the experiment. The use of balances provided an efficient
way for determining the amount of water and DBE feed to the
reactor over a certain period of time with the highest accuracy,
thus lowering the uncertainties on the mass and carbon bal-
ances. The flow of water was preheated in a coil, and the flow
of DBE was fed through a short capillary tube to minimize
thermal degradation and mixed with the preheated water to
obtain the desired concentration of dibenzylether at the reactor
inlet. Two reactors 1 and 4 m long were used, depending on the
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range of residence times of interest. The temperatures at the
inlet and outlet of the reactor were measured with type K
thermocouples. The water preheater and the reactor were made
of Hastelloy C-276, and the system was mounted inside an
electrical furnace to achieve isothermal operation. The reactor
effluent was cooled to room- temperature in a coil submerged
in a water bath, and the pressure inside the reactor was adjusted
and maintained with a back pressure regulator. The experi-
ments were performed by setting the water flow rate, pressur-
izing the reactor and heating the system to the desired temper-
ature. When temperature and pressure were stable, the feed of
DBE was initiated with the other HPLC pump and the reactor
was operated for 15 min before the first sample of the product
was collected. This time was at least six times higher than the
total residence time of the mixture in the system (reactor +
cooling tube), and it was established that it was enough to
ensure that the reactor had reached steady state by analyzing
several samples of the product. Normally, four samples of the
reactor effluent were then collected along 1 h, and their were
analyzed separately to calculate the average molar flows of the
products and their confidence interval at the 95% probability.
The mixture of water, nonreacted DBE and reaction products
formed two partially miscible phases at room-temperature and
a specific procedure was developed to obtain representative
samples. Samples of the reactor effluent were collected for 2 to
5 min (depending on the total flow rate) in a volumetric flask
and the sample was weighted to check the total mass balance of
the system. Acetonitrile was then added to adjust the total
volume. The amount of acetonitrile was large enough for the
mixture to form a single liquid phase. The samples were then
filtered in a 20 wm syringe filter and analyzed by isocratic
HPLC as described later.

Analytical methods

HPLC analysis was carried out in an Agilent series 1,100
chromatograph equipped with an UV-visible diode array de-
tector. Separation was performed in a Supelco LC-8 58220-U
octylsilyl column using 1.0 mL/min of water:acetonitrile (60:
40). Standards of DBE (>98%, Fluka), benzyl alcohol (>99%,
Aldrich), toluene (>99%, Fluka), benzaldehyde (>99%, Al-
drich) and benzene (>99.9%, Aldrich) were analyzed and their
UV-spectra recorded. The peaks observed during the analysis
of the reaction products were identified by the retention time
and the match between the their UV-spectra and those of the
standards.

Results and Discussion
Hydrothermolysis of dibenzylether and reaction products

The products from the hydrothermolysis of dibenzylether
(DBE) were benzyl alcohol, toluene and benzaldehyde. Very
minor amounts of benzene were also detected at high temper-
ature and long residence time. Figures 2 and 3 show the yields
of the reaction products for the experiments performed at
subcritical temperature and pressures of 250, 275 and 300 bar,
using a water to DBE molar ration (®,) of 100 mol,.,/

molpgg,. Yield was defined as the ratio F/Fpggq, where F; is
the molar flow for the j species and F 5 is the molar flow of
DBE at the reactor inlet. Error bars are the confidence intervals

of the average values at the 95% probability level. Reactions
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Figure 2. Hydrothermolysis of DBE at ®,,, = 100 mol,, ...,/
molpge-

Fractional yields of reaction products at 325°C and 250, 275
and 300 bar (DBE O; BAL V; BZA [J; TOL ¢; DEG A).

involved in the hydrothermolysis of DBE were fast at those
conditions. For example, a conversion of DBE close to 38%
was obtained at 325°C and 250 bar in only 16 s of residence
time. The main reaction product was benzyl alcohol with a
yield of 0.54 mol/molpggg, While toluene (0.064 mol/molygg),
and benzaldehyde (0.066 mol/molygg,) were also identified as
minor products. Conversion to unidentified degradation and
condensation products was 4.3% of the DBE (molar basis).
When pressure was augmented to 300 bar conversion of DBE
grew, and the yield of benzyl alcohol was slightly higher. After
16 s of residence time the DBE conversion was around 45%
and the yields of benzyl alcohol, benzaldehyde and toluene
were 0.65, 0.065 and 0.063 mol/molygg,, with 5.8% of the
DBE converted to unidentified products. Analysis of the data in
Figure 3 for the isothermal series at 350°C shows the same
trends for the influence of pressure. At 250 bar and a residence
time of 15s DBE conversion was 54% and the yields of benzyl
alcohol, benzaldehyde and toluene were 0.79, 0.090 and 0.086
mol/molpgge. At 300 bar conversion raised to 59%, and the
yields were 0.83, 0.102 and 0.105 mol/molygg, for benzyl
alcohol, benzaldehyde and toluene. The unidentified products
accounted for 5.9% at 250 bar and 7.2% at 300 bar. In con-

AIChE Journal March 2005

clusion, rising the pressure at constant temperature intensifies
the rate of benzyl alcohol formation, but has only a slight effect
on selectivity since the rates of toluene and benzaldehyde
formation also increase.

The influence of pressure on DBE conversion and reaction
rates was more important above the critical temperature of
water. Figure 4 shows the results obtained for the isothermal
series performed at 375°C and pressures of 225, 250, 275, 300
and 325 bar. These experiments show higher dispersion be-
cause they were performed close to the critical temperature of
water, where small fluctuations in temperature and pressure
have a large impact on the properties of water. Pressure de-
creases the rate of DBE hydrothermolysis and the yields of
benzaldehyde, toluene and degradation products, but increases
the yield of benzyl alcohol. Selectivity toward the formation of
benzyl alcohol (BAL) is shown in Figure 5 for selected pres-
sures. It was calculated as the ratio between the molar flow of
benzyl alcohol and that of benzaldehyde, toluene and degrada-
tion products, Fpy /A Frop + Fgza + Fpp). The 95% confidence
intervals (error bars) were calculated by error propagation from
the errors determined previously for the molar flow rates.
Increasing pressure alters the selectivity toward the formation
of benzyl alcohol over secondary products. The experiments at
275 and 300 bar were extended to longer residence times to
reach higher conversions of DBE. It is observed that at 275 bar
the fractional yield of DBE tends to stabilize at 0.02 mol/

F/Fogeo (250 bar)

Fy/Fpggo (275 bar)

F./F paco (300 bar)
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Figure 3. Hydrothermolysis of DBE at ®,,, = 100 mol,, ..,/
molpge.

Fractional yields of reaction products at 350°C and 250, 275 and
300 bar (DBE &CIR;; BAL V; BZA [0; TOL ¢ ; DEG A).
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Figure 4. Hydrothermolysis of DBE at ®,,, = 100 mol,,, ..,/
molpge-

Fractional yields of reaction products at 375°C and 225, 250,
275, 300 and 325 bar (DBE O; BAL V; BZA [J; TOL <;
DEG A).

molpg, Without achieving complete conversion. This suggests
an equilibrium for DBE hydrolysis to benzyl alcohol, in agree-
ment with previous works.?0 Analysis of the data also shows
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Figure 5. Selectivity towards benzyl alcohol formation at
375°C (225 bar @ 275 bar V; 325 bar H) and 390°C
(225 bar O; 250 bar V; 275 bar [1; 325 bar <).
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Figure 6. Hydrothermolysis of DBE at ®,,, = 100 mol,,, ..,/
molpge-

Fractional yields of reaction products at 390°C and 225, 250,
275, 300, 325 and 362 bar (DBE O; BAL V; BZA [J; TOL <
DEG A).

that toluene and benzaldehyde are always present in equimolar
amounts, even at the longer reaction time, and that their con-
centration levels off at a nearly constant value when DBE has
been extensively converted. This indicates that they are formed
directly by the cleavage of the ether bond in DBE and do not
react significantly further, at least for the interval of reaction
time covered in this study. This experiment also shows that the
amount of unidentified products grows at the same rate as
benzyl alcohol disappearance. Further evidence of the equilib-
rium between DBE and benzyl alcohol is obtained from the
isothermal series performed at 390°C and pressures from 225
to 362 bar (Figure 6). At 225 bar a maximum yield of benzyl
alcohol of 0.5 mol/molygg, was rapidly obtained in less than
2 s, while DBE conversion was around 40%. At a longer
reaction time the concentrations of DBE and benzyl alcohol
decreased steadily, while the concentration of toluene, benzal-
dehyde and the amount of degradation products raised contin-
uously. Lower reaction rates were observed at 250 bar, al-
though the yield of benzyl alcohol was higher than at 225 bar
and those of toluene, benzaldehyde, and degradation products
lower. The same trend of higher yields of benzyl alcohol and
lower yields of toluene, benzaldehyde and degradation prod-
ucts was observed at pressures up to 362 bar. Figure 5 shows
the selectivity toward benzyl alcohol at 225, 250, 300 and 325
bar. Selectivity increases with reaction pressure and a poor
selectivity is obtained at the lower pressures since they favor
the formation of benzaldehyde and toluene over benzyl alco-
hol.

The qualitative interpretation of the experimental data indi-
cates that DBE hydrothermolysis proceeds through two com-
petitive parallel reactions: thermal cleavage of the ether bond to
form toluene and benzaldehyde and hydrolysis to form benzyl
alcohol, which is further converted to unidentified degradation
and/or condensation products as in Figure 7. This is basically a
simplified of the reaction pathway proposed by Funazukuri et
al.?? In our case we have assumed that toluene and benzalde-
hyde are stable at the short reaction times that we have studied
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Figure 7. Reaction pathways for DBE conversion under
hydrothermal conditions.

since they are always detected in equimolar amounts regardless
of the reaction conditions and time. Hence, reactions like the
formation of benzene, toluene and benzyl alcohol from benz-
aldehyde, and the degradation of toluene and benzaldehyde to
other products have been not included in the model. It was
observed that the closure in the balance of aromatic rings
decreased at the same rate as benzyl alcohol disappearance,
although it was not possible to identify these products nor
quantify them. We assumed that the degradation products were
formed exclusively from benzyl alcohol, and the amount of
degradation products was calculated by difference from a bal-
ance of aromatic rings. This means that differences in the mass
balance caused by random errors in the feeds flow rate, and the
analysis of the reaction products are accounted as degradation
of benzyl alcohol. The use of balances to measure the mass
flow rates of DBE and water ensured reproducibility and pre-
cision in the reactor feed. Experiments conducted at low-
temperature demonstrated mass balance closures between 98
and 102% for DBE. Thermal degradation of DBE in the cap-
illary tubing of the feed line is another factor that may con-
tribute to imprecision in the mass balance. Thermal degrada-
tion of DBE produces toluene and benzaldehyde as main
primary products, together with small amounts of benzene,
aromatic dimmers formed from toluene, gases and a char
residue.?*-28 Extended thermal degradation of DBE in the cap-
illary line will generate high concentrations of toluene and
benzaldehyde in the reactor feed, but the trends observed in the
experimental data suggest that their concentration was practi-
cally zero at the reactor inlet (7 = 0). The residence time for
DBE in the high-temperature section of the capillary line was
calculated to be around 10% of the residence time in the reactor
tube, which minimized the possibility of a high degree of
thermal degradation. Some char formation was observed only
for the experiments at 390°C, although the amount was too
small to be measured. It was detected because it accumulated in
the back pressure regulator and caused malfunction after a
several hours of continuous operation of the reactor. We think
that it is more likely that this solid product was formed by
condensation reactions inside the reactor rather than by thermal
degradation of DBE in the feed line. The appropriateness of
these assumptions are supported by the good concordance
between the experimental data and the kinetic model developed
from this reaction scheme in all the experiments we performed.

Kinetics of dibenzylether conversion
Individual mass balances for dibenzylether (DBE), benzyl
alcohol (BAL), benzaldehyde (BZA), toluene (TOL), and deg-
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radation products (DP) were developed for the tubular reactor
assuming isothermal and isobaric operation. A plug flow be-
havior for the reactor and instantaneous mixing and homoge-
nization of water and DBE in the mixing point were also
assumed to model the system. The validity of the plug flow
hypothesis for our tubular reactor system was analyzed by
checking for axial dispersion and a laminar-flow velocity pro-
file following the criteria recommended by Cutler et al.>® Axial
dispersion was negligible for all the combinations of temper-
ature, pressure and residence time we studied, but the criteria
for negligible Poiseuille flow were not completely satisfied for
the experiments at 390°C. Cutler et al.? determined that ran-
dom errors from experimental measurement have a larger in-
fluence on the errors of the kinetic data than the idealization of
tubular reactors to a plug flow behavior. Consequently, we
considered that approximation to a plug-flow was also adequate
for our experimental system at 390°C. Mixing of the reactant
streams has been shown to be a significant factor when the
characteristic reaction time tends to be of the same order than
the mixing time. Phenix et al.>® shown in a laboratory-scale
tubular reactor constructed with tubing and accessories of the
same size we are using that constraining the sectional area of
the mixing cross reduced the mixing time from 3.2 to around
0.7 s during the oxidation of methanol in supercritical water at
500°C and 246 bar. Restriction of the sectional area produced
higher velocities and Reynolds numbers in the mixing point,
thus favoring homogenization of the mixture. This was
achieved either by using a specially designed cross with re-
duced inner diameters, or by inserting the thermocouple deeper
into the intersection of a standard cross. The latter was the
option we followed in our system. However, data from the
experiments at the shortest residence time have larger uncer-
tainty since mixing time and residence time are of the same
magnitude. This means that complete mixing is achieved only
when DBE has been significantly converted under conditions
that clearly deviate from the plug flow hypothesis.

Another simplification we included in the model was that the
density of the mixture was considered independent of compo-
sition, and was assumed to be that of pure water at the tem-
perature and pressure of reaction. This is a reasonable assump-
tion since a large excess of water was used (0, = 100
moly,/molpsg)- In the resulting Eqs 1 to 5, it was also assumed
that the thermal scission of the DBE molecule is first-order on
DBE concentration, the hydrolysis reaction is first-order on
DBE, DBE formation is second-order on BAL concentration
and that the degradation of BAL is first-order. Furthermore, the
reversible hydrolysis reaction and the benzyl alcohol secondary
reactions are assumed to be catalyzed by protons, which are
formed from water by dissociation. Equations 6 to 8 express
the dependence of their rate constants with the concentration of
protons, C;;. If pure water is used, the concentration of protons
is given by Eq. 9 and the ion product of water Ky,*(mol*/kg?)
is calculated from Eq. 10.3! Water density in Eqs 9 and 10 py,
is expressed in kg/L, and it was taken from published data.3>

dCpp , ,
dr = =k Cppr — k3Cpp + k3C123AL (D
dCpy; , ,
dr = 2k3Cppp — 2k3CiAL — kiCpa 2)
Vol. 51, No. 3 975



d C BZA

dr = K1CpBe 3)
dCrop,
dT = KiCppe 4
Cgap + Cppu + C
Cpec = Cpppo — (CDBE + = ;ZA TOL) )
k5
ky = Co (6)
k;
= )
ki
ky = C 3)
H+
Cy- = pW(Kﬂ\jV)U'S &)

32452 2.2362-10° 3.984-10’
T * T T
12623 8.5461 - 10°

T * T

log(K%) = —4.098 —

+ (13.957 - )log pw (10)

The values of the rate constants k,, k, k; and k, were obtained
for each combination of T and P by minimizing the least
squares function in Eq. 11

noom
OF — Z z (ﬁtperimcnm[ _ fvi;m(lel)Z

i=1 j=1

Y

where n is the number of data points for the experiment
(constant P, T, Cpgr and O,), and m is the number of
chemical species f;; = C;;/Cppro
Figures 2 to 6 compare the experimental concentrations and
those calculated from the model using the best-fit values for the
rate constants, and Figure 5 shows the experimental selectivity
toward benzyl alcohol conversion at selected pressures with
that calculated from the model. A good agreement is observed
for all the experiments, supporting the validity of the reaction
model. Figure 8 shows a sensitivity analysis for the influence of
the rate constants on the least squares objective function OF for
the series at 375°C and 225 bar. This analysis shows that all
rate constants were evaluated accurately because the error
function OF is very sensitive to their values, except for the rate
constant for benzyl alcohol conversion to DBE k;, which has
the larger uncertainty. This was because reaction 3 was hin-
dered by the displacement of the equilibrium toward benzyl
alcohol due to the extremely high concentration of water that
we used in our experiments. The same was observed for the
sensitivity analyses developed for experiments at other temper-
atures and pressures.

Figure 9 shows the Arrhenius plot for the rate constant of the
acid-catalyzed hydrolysis of DBE, k,. The apparent activation
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energy in the subcritical region was around 160 kJ/mol. The
rate constant decreased with water density and it shows an
exponential decay with the reduced water density (p, = p/p¢)
at p, > 1, although the net rate of hydrolysis increased with
density since more free protons were available to catalyze the
reaction due to water dissociation. According to the transition
state theory, this means that the volume of activation of the
transition state complex is positive, which suggests that the
bond cleavage may proceed trough a Sy1-type mechanism. A
solvated proton, previously originated by water dissociation,
and a DBE molecule form an activated complex (DBEH™") by
attachment of the proton to the oxygen atom in ether bond.
Then the activated complex undergoes an unimolecular scis-
sion to form benzyl alcohol and a CHs-CH5 cation, which is
the rate-limiting step,?*3* and the latter reacts fast with a water
molecule to form benzyl alcohol and a solvated proton. This
mechanism is also in agreement with the Sy1 mechanism
reported for the hydrolysis of diphenylether in supercritical
water.* The Kirkwood analysis of the influence of the solvent
dielectric constant on the rate of hydrolysis shows that there is
a linear relationship between RTIn(k,) and (e—1)/e (Figure 9).
The hydrolysis rate constant decreases with the dielectric con-
stant of water, which is characteristic of systems where the
transition state complex is less polar than the reactants. Figure
10 shows the values of the rate constant for the acid catalyzed
formation of DBE from benzyl alcohol k;. For the experiments
performed at 325°C, the best-fit values of k; were 0.0, since the
reaction was practically irreversible at this temperature due to
the high excess of water (see Figure 4). However, the values of
k; that we obtained have to be considered only as an indication
of its order of magnitude due to the low sensitivity of the least
squares function to k;. Since most of the experiments were
performed at short reaction time the conversion of DBE did not
approach equilibrium sufficiently to obtain precise values of k.
However, some conclusions can be inferred from the analysis
of this rate constant. Water density also lowers k;, and the
Kirkwood analysis of the dependence of k; with water dielec-
tric constant shows that the rate of DBE formation decreases
with the dielectric constant of the media, with a linear relation-
ship between RTIn(k;) and (e-1)/e. The concentration equilib-
rium constant for the hydrolysis reaction (Ko = k./(Cyk;)),
also shown in Figure 10, increases with the water density and
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Figure 9. Dependence of the reaction rate constant k,
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constant of water.

the dielectric constant. As the solvent density and polarity raise
the reaction rates are lowered, but the equilibrium shifts toward
the formation of benzyl alcohol, which is more polar than DBE
(1.71 and 1.39 debye, respectively). The dependence of the rate
constant for benzyl alcohol decomposition k,, with temperature
and pressure is shown in Figure 11. At subcritical temperature
the activation energy was close to 170 kJ/mol. Water density
and dielectric constant lowered the rate of reaction 4. Kirk-
wood analysis shows a linear relationship between RTIn(k,)
and (e—1)/e, which indicates that the reaction may be cata-
lyzed by free protons as we have assumed in our model.
However, it has to be considered that this reaction lumps all
processes that are involved in possible ring-opening reactions
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and the formation of condensation products. None of those
products was identified nor quantified, therefore, reaction 4
lacks mechanistic meaning. Finally, Figure 12 plots the values
of the rate constant for the thermal cleavage of DBE, In(k;), in
front of the inverse of the absolute temperature; the apparent
activation energy in the subcritical region was 80 kJ/mol. The
effect of water density and dielectric constant on the rate of
thermal scission were different than for the acid-catalyzed
hydrolysis reactions. At p, < 1 and p, > 1.5 density reduces the
rate of thermal scission, but in the interval (1 < p, < 1.5) k;
appears to be independent of the change on water density. The
influence of density points to a positive volume of activation
for DBE decomposition to benzaldehyde and toluene, which is
qualitatively consistent with an unimolecular scission,? and
agrees with the free-radical reaction pathway proposed by
Townsend et al.283% In our model k;, is the overall rate constant
of thermal scission and lumps the rates of the individual reac-
tion steps involved in the free-radical mechanism. The depen-
dence of k, on water density evolves from the combined
influence of density on each reaction step. Kirkwood analysis
shows that there is not a straight relationship between RTIn(k;)
and (e-1)/e, which supports the nonionic character of this
reaction.

Effect of NaCl addition

The addition of inorganic salts such as NaCl to supercritical
water increases the ionic strength of the system with little
variation in density, and this has been used to gather more
evidence on the nature of the transition state complex for
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Figure 10. Dependence of the reaction rate constant k;
on temperature, reduced density and dielec-
tric constant of water, and variation of the
concentration equilibrium constant K. with
reduced density and dielectric constant.
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Figure 11. Dependence of the reaction rate constant k,
on temperature, reduced density and dielec-
tric constant of water.

several hydrothermolysis reactions conducted in supercritical
water.'>1837 We conducted experiments at 375°C, 225 bar and
a water load, Oy, of 100 mol,,.,/molpgE, With the addition of
increasing amounts of NaCl (from 3.420 10~2 to 5.128 10!
mol/kg) in order to confirm the mechanism that we have
proposed for DBE hydrolysis. The critical point for the water -
NaCl system at 375.5°C is 223.5 bar, and 0.09% of NaCl
(~2.25 102 mol/kg).3® Our experiments were performed at a
slightly higher pressure and NaCl concentrations above the
critical, therefore, we may assume that we were operating in
the supercritical region, and that no phase separation did occur
during the experiments. This assumption is further supported
by the tendency of organic solutes in supercritical water to
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lower the critical point of the system. The ionic strength of the
solvent was calculated with Eq. 12. The concentrations of
dissociated sodium and chloride ions were determined from the
equilibrium concentrations for the water/NaCl system using the
equations for the equilibrium constants given by Lvov et al.?®
and the equation proposed by Marshall and Franck?3! for the ion
product of water. The equilibrium concentrations and the ionic
strength are reported in Table 1. Figure 13 shows the fractional
yields obtained at the different salt concentrations. The addi-
tion of 3.420 10~ mol/kg of NaCl reduced the yield of benzyl
alcohol to extremely low values and nearly suppressed the
formation of degradation products, while the yields of benzal-
dehyde and toluene doubled with respect to the experiment
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Figure 12. Dependence of the reaction rate constant k,
on temperature, reduced density and dielec-
tric constant of water.
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Table 1. Equilibrium Concentrations for NaCl Dissociation Products and Ionic Strength for the Supercritical Water
Hydrothermolysis of DBE at 375°C, 225 Bar and 0O, = 100 mol,,,,../mol,gg,

[NaCl], [NaCl] [HCI] [NaOH] [H*] [OH] [Na™] [C1]

(mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg) Tonic Strength
0 0 0 0 1.74510°8 1.74510°% 0.0 0.0 ~0.0
3.420 107 3.035 107 3.29210°°¢ 3.38210°¢ 1.298 10°# 2.34610°% 3.847 1073 3.847 1073 3.847 1073
1.026 107! 9.573 102 6.02110°° 6.010 10°° 1.297 1078 23481078 6.83210°3 6.83210°° 6.832107°
2.39310°" 2287107 9.304 10°°¢ 9.29410°° 1.297107% 2.34910°% 1.056 1072 1.056 10~ 1.056 10~
5.128 107! 497210°! 1.372107° 1.370 103 1.296 108 23491078 1.557 107 1.557 1072 1.557 1072

without salt addition. The addition of NaCl lowered the con-
centration of dissociated protons from 1.75 10~ ® to 1.30 10~ ®
mol/kg and reduced the rate of DBE hydrolysis and the yield of
benzyl alcohol. The decrease in hydrolysis rate upon addition
of small amounts of NaCl was also observed for the hydrolysis
of diphenylether (DPE) in SCW at 430°C, and a reduced water
density of 1.45 when NaCl concentration was below 0.1 mol/
kg.'® This was attributed to the reduction in the concentration
of dissociated protons due to the formation of HCI ion pairs,
according to the ionic equilibrium for the water/NaCl system

1
l= 3" (Cno* Zygr + Cor* Z21) (12)

When the salt concentration was 1.026 10~ mol/kg the con-
version of DBE and the yield of benzyl alcohol increased
again, although they were still below the values obtained with
pure water. The yields of benzaldehyde, toluene and degrada-
tion products were close to those of the previous salt concen-
tration. The concentration of free protons remained constant
and the ionic strength of the media almost doubled. Conversion
of DBE and yield of benzyl alcohol and other products in-
creased again when the ionic strength was augmented by the
use of higher concentrations of added NaCl; when the salt
concentration was 5.128 107! mol/kg, the conversion of DBE
and the yield of products recovered the values obtained with
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{pure water)
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o o
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Figure 13. Hydrothermolysis of DBE at 275°C, 225 bar
and O, = 100 mol,, ,..,/mol,ge With NaCl ad-
dition.

Fractional yields of reaction products at 0.0, 3.42 1072,

1.026 107", 2393 10", 5.128 10" moly,c/kg (DBE O;
BAL V; BZA [J; TOL ¢; DEG A).
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pure water. The concentration of free protons remained con-
stant at around 1.30 107® mol/kg in all the range of salt
concentrations that we studied. The rate constants of the kinetic
model were estimated from the experimental data for each salt
concentration. The rate of DBE hydrolysis k, is shown in
Figure 14 as the relationship between In(k/k,,) and I°°, where
k>, is the hydrolysis rate constant in pure water, &, is the rate
constant at a certain salt concentration, and / is the ionic
strength of the solution calculated with Eq. 12 from the equi-
librium concentrations reported in Table 1. The hydrolysis rate
constant decreases with the ionic strength of the solution below
a salt concentration of around 0.1 moly,c/kg, but then it
increases again denoting a positive effect of the ionic strength
on the hydrolysis rate. This behavior does not agree with the
Bronsted-Bjerrum theorem for ionic reactions in solution, from
which a linear relationship should be expected. It is worth
noticing that this relationship is based on the Debye-Hiickel
theory that relates the activity coefficients of the reactants and
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Figure 14. Hydrothermolysis of DBE at 275°C, 225 bar
and O, = 100 mol,, ,.,/mol,ge With NaCl ad-
dition.

Variation of the relative rate of hydrolysis In(k,/k,,) and the

concentration equilibrium constant In/(k,/k,o)/(ks/ks,)] with
ionic strength.
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the activated complex with the ionic strength of dilute solu-
tions, typically below 0.01 M. Although we are using salt
concentrations well above this limit, we have to consider that
the degree of dissociation of NaCl in supercritical water is
small. According to the equilibrium calculations in Table 1, the
higher concentration of dissociated ions was only 1.557 10>
mol/kg (~5.11 1073 mol/L; py = 328.19 kg/m?), which falls
in the zone of validity of the theory. The decrease in the rate
constant for DBE hydrolysis with ionic strength at low con-
centrations of NaCl points to a transition state complex that is
less polar than the reactants, in concordance with the negative
effect of the dielectric constant on the hydrolysis rate constant.
A previous study on the effect of NaCl on the hydrolysis of
DBE at 380°C and a reduced water density of 0.5 reported at
increase on the rate of hydrolysis at salt concentrations above
0.1 M (~0.09 mol/kg), up to around 1.0 M (~0.91 mol/kg).3”
Although we have performed our experiments at a reduced
water density of 1.04, the influence of salt addition at a con-
centration higher than 0.1 mol/kg follows the same trend and
raises the rate of DBE hydrolysis. The positive effect of salt
addition at a concentration above 0.1 M on the rate of hydro-
lysis, was also reported for DPE and it was rationalized by a
new reaction mechanism that was based on the Lewis acid
behavior of the Na™ ion, which generated free protons in the
hydration shell of the water clusters surrounding the Na™ ions
by charge transfer.'® Our results confirm that benzyl alcohol is
formed from DBE by acid-catalyzed hydrolysis. This reaction
is catalyzed by protons in pure supercritical water and also by
solvated Na™ ions. The ionic strength of the system also has a
strong influence on the concentration equilibrium constant (k,/
k;) for the hydrolysis of DBE. Figure 14 shows that the
addition of small amounts of NaCl decreases the relative con-
centration equilibrium constant (k,/k,,)/(ks/ks,), but it grows
exponentially with I°° when the concentration of NaCl is
augmented due to the change in the activity coefficients of the
reactants and products with the ionic strength of the system.
The change in activity coefficients caused by the variation in
the solvent-solute interactions that arise from salt addition to
the system also affects the rate constant of thermal scission of
DBE k;, which is shown in Figure 15 as a function of the molal
concentration of NaCl. The addition of salt increases the rate of
thermal scission of DBE to toluene and benzaldehyde.

Conclusions

Dibenzyl ether preferentially undergoes acid-catalyzed hy-
drolysis in supercritical water to yield benzyl alcohol as reac-
tion product, although this path competes with thermal scission
of the ether bond to yield toluene and benzaldehyde. Water
density lowers the rate constant for the thermal scission reac-
tion, except for the interval of reduced density from 1.0 to 1.5,
where it has little influence. Therefore, conditions that favor an
increase in water density reduce the rate of the pyrolysis
pathway. The isothermal rate constant for the hydrolysis reac-
tion also decreases with water density showing that the volume
of activation for the transition state complex is positive. This is
explained by assuming a Sy1 mechanism that is rate-limited by
the dissociation of the protonated dibenzylether (DBEH™) to
form benzyl alcohol and a C¢Hs-CHJ ion, which further reacts
with water to form a second molecule of benzyl alcohol.
Kirkwood analysis shows a linear relationship between the

980 March 2005
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0.00
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Figure 15. Hydrothermolysis of DBE at 275°C, 225 bar
and O,, = 100 mol,,,;.,/molge With NaCl ad-
dition.

Variation of the rate constant of thermal decomposition of

DBE In(k,/k,,) with the concentration of added salt, NaCl,
(mol/kg).

RTIn(k,) and (e-1)/e. The dielectric constant lowers the hydro-
lysis rate constant showing that the transition state complex has
a lower dipole moment than the reactants (DBE and H™). This
is also in agreement with the reduction in k, that is observed
when the ionic strength of the medium is increased by the
addition of a small concentration of NaCl. Although the reac-
tion rate constants for pyrolysis and hydrolysis are both low-
ered by water density, selectivity toward benzyl alcohol for-
mation is improved because the rate of the hydrolysis pathway
is dramatically accelerated due to the increase in the water ion
product with water density, which means that more free pro-
tons are available to catalyze the reaction. Finally, it appears
that the Na™ ions may act as Lewis acids by charge transfer to
the water molecules in their hydration shell and can, thus,
catalyze the hydrolysis of DBE, as previously proposed by
Penninger et al.'8 for DPE hydrolysis.
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