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Abstract The effect of chain length on the enzymatic hydrolysis of various p-nitrophenyl
esters was investigated. Specifically, the hydrolysis of various esters p-nitrophenyl butyrate
(PNPB), p-nitrophenyl caprylate (PNPC), p-nitrophenyl laurate (PNPL), p-nitrophenyl
myristate (PNPM) and p-nitrophenyl palmitate (PNPP) was studied in supercritical carbon
dioxide (ScCO2) with lipase (Novozym 435). This indicates that the conversion of nitrophenyl
esters decreases with increasing chain length. The effect of various parameters such as amount
of water added, temperature, and enzyme loading was studied. The optimum temperature for
the hydrolysis of PNPB and PNPC was 50°C but was 55°C for PNPL, PNPM, and PNPP in
ScCO2. The reactions were also conducted in acetonitrile as the solvent, and it was found that
the reactions reach equilibrium much faster in ScCO2 than in acetonitrile. The kinetics of the
hydrolysis reactions were modeled using a Ping Pong Bi Bi model.
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Introduction

Several enzymatic reactions have been studied in organic solvents [1–12], supercritical
fluids [12–19], and in gas phase [20–21]. In most of enzymatic reactions such as
esterification, transesterification, and hydrolysis, lipases (triacyl glycerol hydrolase’s, EC
3.1.1.3) are used. These enzymes are hydrophobic in nature, and reactions are
heterogeneous. Thus, reactions occur at the interfacial area between enzyme and solvent
and are diffusion-controlled. Supercritical fluids are fluids above the critical temperature
and pressure with liquid-like density and solubility and gas-like diffusivity. These
properties of supercritical fluids favor heterogeneous enzymatic reactions and thus can be
used as an alternative for organic solvents. Lipases are found to be active and stable in
supercritical fluids [18], whereas some enzymes are even reported to increase in stability
with an increase in pressure [22]. As the solubility is significantly influenced by pressure and
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temperature, separation can be achieved in a single step during downstream processing. Among
all supercritical fluids, supercritical carbon dioxide (ScCO2) is cheap, non-flammable, non-
toxic, with a near-ambient critical temperature (31.1 C), and a moderate critical pressure
(73.8 bar). The hydrolysis of PNPE has been studied [23–27] extensively primarily to
measure the activity of lipase [28–29]. Hui et al. [7] studied the hydrolysis of esters of
p-nitrophenol bound by amylase in the Me2SO–H2O (dimethyl sulfoxide and water) system.
Kodaka [24] investigated the hydrolysis of p-nitrophenyl acetate, p-nitrophenyl hexanoate,
and p-nitrophenyl laurate (PNPL) with various catalysts. Tsutomu and Janos [25] described
the rate enhancement of the base hydrolysis of PNPL in presence of surfactant and
polymerized surfactant.

However, there are no studies on the effect of chain length on the hydrolysis of PNPE in
organic media or ScCO2 using Novozym 435. Further, studies on the kinetics of the
hydrolysis of PNPE are lacking. Therefore, the objective of this work was to study the
effect of chain length of PNPE and the influence of various parameters such as temperature,
time, and water content for the enzymatic hydrolysis with Novozym 435 lipase in organic
solvent (acetonitrile) and in ScCO2. The kinetics of the reactions were also determined and
modeled using Ping Pong Bi Bi mechanism.

Experimental

Materials All p-nitrophenyl esters (PNPE), p-nitrophenyl butyrate [C10] (PNPB; 99%), p-
nitrophenyl caprylate [C14] (PNPC; 97%), p-nitrophenyl laurate [C18] (PNPL; 98%),
p-nitrophenyl myristate [C20] (PNPM; 97%), p-nitrophenyl palmitate [C22] (PNPP; 98%),
were purchased from Fluka Chemie AG, Switzerland. Novo Nordisk A/S, Denmark
generously donated Novozym 435. Acetonitrile (99%, S.D. Fine chemicals, Mumbai),
hydrochloric acid (35%), hydroxymethyl (Tris) amino methane (99.8%), and silica gel
(Merck, India), CO2 (99%, Vinayaka Gases) were used.

Experiments All reactions are carried out at a substrate (PNPE) concentration of 2×10−4 mol l−1.
Reactions in acetonitrile solution were performed in 4 cm3 capped glass vials. About 3.5 cm3

reacting mixture of PNPE with required concentration were taken in vials and incubated at
desired temperature for 2 min. The required amount of enzyme was then added to vials, and the
mixture was then incubated for a desired interval of time. The reacted mixture was then
quenched in an ice bath.

The reactions in ScCO2 were performed in 7 cm3 tubular batch reactors. The reactors
were loaded with reactants and enzymes. The same substrate (PNPE) concentration (as that
in case of reaction in acetonitrile) of 2×10−4 mol l−1 was used. As it was very difficult to
load the reactants in such small quantity, a 25 μl of PNPE solution in acetonitrile [26] with
required concentration was loaded in reactor. The reactor was pressurized to an initial
pressure of 70 kg cm−2 at room temperature as that in gas cylinder, where in the density of
carbon dioxide is 790 kg m−3 at the initial condition. The pressurized reactor was then
immersed in water bath maintained at the desired constant temperature (±0.5 °C) and
constant pressure (±1 kg cm-2). Depending on the temperature, the pressure of reactor
increased to 75–100 kg cm−2, but the density is constant.

Sample Analysis In case of reactions in acetonitrile, 0.25 ml of clear supernatant liquid
from the vials was added to 3.0 ml of 0.1 mol l−1 HCl–Tris buffer solution of 9.0 pH. In
case of reactions in ScCO2, the reactor was quenched and depressurized, and the mixture in
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reactor was eluted with the buffer solution. The enzyme was settled by centrifugation at
4,000 rpm for 2 min. The absorbance of the resulting solution was measured against buffer
at 410 nm in a UV-Vis spectrophotometer (Shimadzu UV 2100), and the concentration of
PNP was determined from the calibration curves. Some experiments were repeated to check
the reproducibility of the results, and conversions were found to be within 2%.

Result and Discussion

Effect of Water Content Whereas water is essential for hydrolysis and for maintaining
enzyme activity, excess water may reduce the reaction rate by forming an aqueous layer
around the enzyme and contributing to mass transfer resistance. The water content of
acetonitrile used is 0.11 mol l−1, which is higher than the stoichiometric water requirement
(2×10−4 mol l−1). Because the solvent is in liquid phase, no significant change in mass
transfer resistance will occur with addition of water. Therefore, the effect of water addition
was not studied for reactions in acetonitrile. For ScCO2, the effect of water addition was
investigated at 50°C and 3 mg of enzyme loading for 5 h. Figure 1 shows the effect of water
addition during the hydrolysis of PNPE. Whereas a conversion of only about 5% is
obtained in dry CO2, a sharp increase in conversion is obtained with water addition up to
8 μl, which remains constant until 90 μl, but decreases with addition of more water before
attaining an equilibrium value. Although the stoichiometric requirement of water for the
reaction is very low (2×10−4 mol l−1), the water present in the enzyme is either very low for
reaction or total water in enzyme cannot be used for reaction. Therefore, there is a sharp
increase in conversion with an initial addition of water. However, excess water does not influence
conversion, and the plot of conversion with water attains a plateau. The solubility of water in
ScCO2 is very low [30–31] (0.35 mol % at temperature 50°C and pressure 78 kg cm−2) and
corresponds to about 7 μl for this system. The conversion of PNPE decreases when the water
added is in excess of solubility leading to formation of a layer around enzyme and reduction of
rate. For low water addition, the conversions of the all nitrophenyl esters are similar. At a
higher water concentration, however, the conversion of PNPB is the highest, and the
conversion decreases with increases in chain length leading to the lowest conversion for PNPP.
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Fig. 1 Effect of water addition on
conversion during hydrolysis of
PNPE in ScCO2 for 5 h at 50 °C
and 3 mg enzyme. PNPB (filled
square), PNPC (open square),
PNPL (filled circle), PMPM (open
circle), PNPP (open triangle)
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Thus, it is clear that water plays an important role on the rate of reaction. Whereas a dry
enzyme exhibits no activity, an excess of water adsorbed on the enzyme can lead to
irreversible denaturation [32]. The dependence of enzyme activity on water content in
supercritical CO2 can be represented as a bell-shaped curve with a plateau corresponding to
the optimummoisture. The optimumwater content in Lipozyme was between 8 and 12% (g g−1

of supported enzyme) [33], whereas it was less in other studies. The effect of water content is
a crucial parameter in determining the conversion and has been widely investigated [34–38].
Thus, the comparison with literature indicates that our experiments were performed within the
range of optimum water content in carbon dioxide. This is consistent with an earlier
observation of an optimum of 44 mM for an immobilized enzyme [39]. Thus, the decrease of
conversions on the addition of water may be attributed to the hydrophilic hindrance for the
hydrophobic substrate to react with the enzyme [40] or deactivation of the enzyme by water.

Effect of Temperature

The effect of temperature was investigated with 3 mg enzyme loading, 5 h in ScCO2 and
24 h for acetonitrile. The conversion initially increases and then decreases, similar to that
observed in previous studies [15, 19]. Figure 2a and b shows the optimum temperature is
50°C for all reactions in acetonitrile. However, the optimum temperature was 50°C for the
synthesis of PNPB and PNPC and 55°C for the synthesis of PNPL, PNPM, and PNPP in
ScCO2. The yield decreased at temperatures below and above to this value. Temperature
influences the three dimensional conformation and hence the stability of the enzyme. On
the other hand, it affects the partition of substrates between the ScCO2 phase and enzyme
phase. In ScCO2, increase in temperature leads to the increase in substrate solubility [41]
and decrease in density and viscosity of ScCO2 system and, apparently, is favorable for the
mass transfer rate of substrates and products in the reaction system. However, increase in
reaction temperature adversely affects enzyme stability. It has been pointed out [42] that
high temperature might lead to changes in enzyme conformation and free energy of the
reaction system and, thus, might affect enzyme-substrate binding capacity and the yield of
product. In addition, temperature also affects the partition of substrates between the ScCO2

phase and the enzyme phase [41]. The optimum temperature observed in this study is
similar to optimum temperature of 40–60 °C for synthesis of isoamyl acetate [42], isoamyl
butyrate [19], ethyl palmitate [17], lavandulyl acetate [43], ethyl myristate [34], and geranyl
acetate [10] in ScCO2. The conversion of PNPB was similar in both ScCO2 and acetonitrile.
However, the conversion of PNPC was considerably higher in ScCO2, whereas the
conversion of PNPL, PNPM, and PNPP was higher in acetonitrile.

Effect of Enzyme Loading

From the economical point of view, achieving high reaction rates utilizing low enzyme
concentration is important. Therefore, the impact of enzyme loading on initial reaction rate
was studied. The effect of enzyme loading was investigated at 50 °C for 5 and 24 h in
ScCO2 and acetonitrile, respectively. Figure 3 shows that the conversion increases with
enzyme loading up to 3 mg. At a loading of 3 mg enzyme or less, the conversion of PNPB
and PNPL are the same in acetonitrile (Fig. 3a). However, with increasing enzyme loading,
PNPB gives higher conversion when compared to PNPL. In acetonitrile, the conversion
decreases with increasing chain length expect for PNPC. In ScCO2 (Fig. 3b), the conversion
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decreases with increasing chain length for all nitrophenyl esters. A further increase in
enzyme loading than 3 mg does not affect the overall conversion, similar to the results
obtained in previous work for the synthesis of flavors in ScCO2 [19]. This quantity was
slightly lower than that reported by Gubicza et al. [44] in organic media and similar to the
value reported for the synthesis of isoamyl acetate in free-solvent media [45] in supercritical
carbon dioxide [42]. The optimum amount of enzyme is also similar to that observed for
esterification and transesterification synthesis of tetrahydrofurfuryl butyrate [4] in heptane,
esterification n-butyl acetoacetate [46] in toluene, and for the synthesis of isoamyl acetate
[19], isoamyl butyrate [19], and ethyl palmitate [17] in supercritical carbon dioxide.

Kinetics of Reactions

The kinetics of reaction was studied with 3 mg enzyme at 50 °C. Figure 4a shows the
variation of conversion with time for reactions in acetonitrile. The conversions of all
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nitrophenyl esters were similar for the first 3 h, but the conversions were different at longer
times. As in the previous cases, the conversion of nitrophenyl esters decrease with
increasing chain length except for PNPC, whereas in ScCO2, the conversion decreases with
increasing chain length for all nitrophenyl esters. All the reactions took around 24 h to
achieve equilibrium with a maximum of 60% conversion for PNPB. The initial rate of
reaction is high with a sharp increase in conversion to about 50% of the equilibrium in the
first 4 h, and the reaction rate slows to reach the equilibrium conversion in around 24 h in
acetonitrile. An equilibrium conversion of 58.5% is obtained for PNPL, which is much
higher than that obtained in aqueous medium [17]. This indicates that the liquid plays an
important role in deciding film resistance around enzyme. As this liquid layer is not present
in case of ScCO2, the reaction in ScCO2 is faster (Fig. 4b), and thus equilibrium is reached
in less than 3 h. Thus, the kinetics of the reaction is much faster in ScCO2 compared to
that in acetonitrile. The equilibrium conversion of PNPL is 52% with this enzyme, which is
greater than those obtained with hog pancreas lipase (22.5%) and Penicillium roqueforti
lipase (15.3%) in ScCO2 [15] indicating the efficacy of Novozym 435 for this reaction.
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Chulalaksananukul et al. [47] first proposed a model based on the Ping Pong Bi Bi
mechanism for the kinetics of esterification of oleic acid with ethanol using immobilized
Rhizomucor miehei lipase as biocatalyst. In this type of reaction, involving two substrates
and two products (Bi Bi reaction), the enzyme reacts with the first substrate to give a
covalently modified enzyme intermediate and then releases the second product (Ping Pong
mechanism). Several other studies confirmed that experimental data for hydrolysis,
esterification, alcoholysis, and ester exchange reactions catalyzed by lipases in various
organic solvents were well fitted by this model [48–54]. In most cases, competitive
inhibition by the alcohol was reported. Several studies in supercritical carbon dioxide also
showed that experimental data were in good agreement with this model [55–57]. Some
authors have demonstrated in both conventional and in supercritical media that the kinetic
mechanism for these reactions was a Ping Pong Bi–Bi with competitive alcohol inhibition
[58–60]. The Ping pong bi bi mechanism has thus been extensively used for lipase
catalyzed esterification [61] and transesterification [62] in organic solvents and in ScCO2

[61, 63].
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In this mechanism, the equation for the initial velocity of reaction, Vi, in terms of the
maximum velocity, Vmax, is

Vi ¼ VmaxCeCw

CeCw þ KwCe 1þ Ce
Kie

h i
þ KeCw 1þ Cw

Kiw

h i ð1Þ

In Eq. 1, Ce and Cw represent the initial molar concentration of ester and water; Ke and Kw

represent the apparent Michaelis constant and Kie, Kiw the apparent inhibition constant for
corresponding ester and water, respectively.
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Fig. 5 Lineweaver and Burk representation of the variation of the initial velocity of the reaction, Vi, with the
initial molar concentration of ester, [S], for the hydrolysis of a PNPB, b PNPC, c PNPL, d PNPM, e PNPP
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The kinetic parameters were determined by regressing the experimental data with the
model prediction. The Lineweaver and Burk plot shows the comparison of the experimental
data and the model (Figs. 5a–e). The kinetic parameters (Table 1) indicate that the ester
does not show any inhibition, whereas water has inhibitory effect on the reaction. The
initial velocity is fastest for the hydrolysis of lower chain length ester (PNPB) and decreases
with increasing chain length.

In summary, this study has investigated the effect of various parameters like temperature,
enzyme loading, and water addition on the enzymatic hydrolysis of various PNPEs in
supercritical carbon dioxide and in acetonitrile. The kinetics of the reactions were also
determined. The key determination of the study that the equilibrium conversion decreased
with increasing chain length of the ester. Thus, the highest conversion was obtained for
PNPB, whereas the lowest conversion was obtained for PNPP. It is interesting, however,
that the conversions of PNPB were the same (60%) in acetonitrile and supercritical carbon
dioxide; the conversion of PNPL was higher in supercritical carbon dioxide (55%) than in
acetonitrile (48%). The conversion of PNPP was, however, lower in supercritical carbon
dioxide (38%) than in acetonitrile (48%). It should, however, be noted that the conversions
in ScCO2 and acetonitrile are significantly higher than observed for PNPL to PNP in
aqueous media (less than 1%) [15]. There are several studies that show that enzyme
catalyzed reactions in supercritical carbon dioxide yields higher yields than that obtained in
conventional organic solvents or solvent-free systems. The faster synthesis of ethyl oleate in
supercritical carbon dioxide as compared to that in organic solvents has been reported [64].
Similarly, higher conversions has been reported for the synthesis of oleyl oleate [65, 66],
isoamyl acetate [19], isoamyl butyrate [19], ethyl palmitate [17], transesterification of
benzyl alcohol, and butyl acetate [67] than in conventional solvents like acetonitrile,
hexane, or toluene or under solvent-free conditions. However, there have been a few studies
that indicate that some enzyme-catalyzed reactions show better yields in organic solvents
compared to that obtained in supercritical fluid systems [68–71]. Alternatively, few studies
show that the enzyme activities are comparable/similar in supercritical carbon dioxide and
in organic solvents. For example, reaction rates for the esterification of ibuprofen with
n-propanol [72] and lipase-catalyzed hydrolysis of p-nitrophenol butyrate [73] were similar
in supercritical carbon dioxide and in n-hexane. In this, all the three cases have been
observed, i.e., when the conversions are similar, higher, and lower in supercritical carbon
dioxide than that obtained in acetonitrile.

Conclusions

The optimum temperature, reaction kinetics, enzyme loading, and effect of water addition
on the hydrolysis of various PNPE in ScCO2 and in acetonitrile were determined using

Table 1 Kinetic parameters of the Ping Pong bi bi mechanism for the hydrolysis of various p-nitrophenyl
esters.

Vmax (mol l−1 h−1) Kw (mol l−1) Ke (mol l−1) Kiw (mol l−1) Kie (mol l−1)

PNPB 0.005222 1.2049 0.001671 0.42214 >10
PNPC 0.003982 1.4103 0.001924 0.43846 >10
PNPL 0.001653 1.1601 0.001486 0.4036 >10
PNPM 0.001132 1.1278 0.001476 0.41077 >10
PNPP 0.00067 1.1724 0.001513 0.39594 >10
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Novozym 435. The highest conversion was obtained for PNPB, and the lowest conversion was
obtained for PNPP in both acetonitrile and ScCO2 at optimum temperature and enzyme loading.
This indicates that the conversion of nitrophenyl esters decreases with increasing chain length.
The effect of water addition was significant at lower concentration, but at high water
concentration, the equilibrium value was unaffected. An enzyme loading of 3 mg was found to
be adequate, and further increase in enzyme loading did not influence conversion significantly.
The equilibrium conversion for PNPB, PNPC, PNPL, PNPM, and PNPP were 60, 55, 47, 42,
and 38% in ScCO2 and were 60, 48, 58, 53, and 48% in acetonitrile, respectively. The kinetics
of the reactions was determined, and the initial velocity for the enzymatic hydrolysis in ScCO2

was modeled successfully using the Ping Pong bi bi mechanism.
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