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and Everton Fernando Zanoelo*,†
†

Department of Chemical Engineering, Federal University of Paraná, Curitiba 81531-970, PR Brazil
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ABSTRACT: A set of chemical kinetic and phase-transition experiments was performed
to investigate the competing conversions of fumaric acid into maleic and malic acids by
isomerization and hydration, respectively. The reactions were carried out in sealed stainless
steel batch reactors operated up to ∼1600 kPa and jacketed with glycerol at 398, 423, 448,
and 473 K. The catalyst used was 0.97 M hydrochloric acid. To avoid excessive data near
equilibrium, the reaction time was reduced from 720000 to 12600 s as the temperature of
the heating ﬂuid was increased. To ensure a homogeneous reaction, the solubility of
fumaric acid in water was determined in the temperature range from 293 to 473 K using a
high-pressure variable-volume sapphire view cell. The variation in the species
concentration with time was determined by HPLC analysis of 12 reaction mixture
samples per reaction run conducted twice under identical conditions. The parameters of
the Arrhenius equation for the isomerization and hydration reactions were tuned on the
kinetic experimental data by applying the Simplex method of optimization (k20 = 1.27 ×
10−7 s−1, k30 = 1.29 × 107 s−1, Ea2/R = −2815 K, Ea3/R = 11260 K).

1. INTRODUCTION
Malic acid is the second most important organic acid used as a
food additive in the world, behind only citric acid.1,2 In the past
two decades, its overall production and demand have steadily
increased at an amazing annual rate of 4−8%, the highest
growth rate among all organic acids.3 The production of
approximately 33000 tons in 1992 increased to 55000 tons in
2005, and it is expected to be 88700 tons in 2020.2,4−7
Malic acid is manufactured industrially by the bio- and
chemical conversions of fumaric acid (F) and maleic anhydride
(MA), respectively.8 However, the enzymatic route is applied to
produce L-malic used only for special purposes, and it does not
compete with the chemical synthesis of DL- or racemic malic
acid (M) widely applied as an acidulant and ﬂavor in the food
industry.3 In fact, only 15% of the malic acid available for
market is from biological production.7
The three chief reactions for the acid- or base-catalyzed
commercial synthesis of DL-malic acid are the hydration
reaction of maleic anhydride to form maleic acid (Mx)
(reaction R1), the isomerization of maleic acid to fumaric
acid (reaction R2) and the conversion of fumaric acid to malic
acid by a reaction with H2O (reaction R3).2,9−11 These
reactions are usually carried out at high temperatures (≥423 K)
and pressures (1400 kPa) for long reaction times (3−5 h).2
The reaction product at the exit of the reactor consists of 40−
60% malic acid, 40−60% fumaric acid, and residual amounts of
maleic acid (2−3%) on a dry basis. Puriﬁcation is by multiple
© 2017 American Chemical Society

stages of precipitation/ﬁltration of fumaric acid at low
temperatures (a condition where the solubility of F in water
is negligible), followed by crystallization of DL-malic acid that
results in a white powder containing less than 1% fumaric acid
and 0.05% maleic acid.2,9,10
C4 H 2O3 (MA) + H 2O ⇄ C4 H4O4 (Mx)

(R1)

C4 H4O4 (F) ⇄ C4 H4O4 (Mx)

(R2)

C4 H4O4 (F) + H 2O ⇄ C4 H6O5 (M)

(R3)

The starting reactant of the chemical mechanism presented
above is maleic anhydride, which is an abundantly available
petroleum-derived commodity whose toxicity can cause serious
health risks to workers who manipulate it in the malic acid
industry.12,13 An interesting substitute for maleic anhydride as a
raw material for the chemical production of malic acid is
fumaric acid. It is not only a nontoxic compound when
ingested,13 but its use can have important positive impacts on
the operating costs that essentially depend on reducing the time
of reaction R3. For instance, it is known that the time to reach
99% of the equilibrium conversion of fumaric acid with 0.97 M
hydrochloric acid as the catalyst is just approximately 1 h at 473
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K and ∼1600 kPa.14 This means a decrease of 2−4 h in the
reaction time when compared with that found in typical
industrial plants that convert maleic anhydride into malic acid
according to reactions R1−R3.
In this framework, the main aim of this study was to
investigate the kinetics of reactions R2 and R3 as a chemical
mechanism for producing malic acid from fumaric acid using
hydrochloric acid (HCl) as the catalyst. It is interesting to
highlight that the same suggested mechanism is involved in the
production of the same product from maleic acid, but this type
of approach to determine the kinetic parameters of reactions R2
and R3 is not currently considered. The kinetics of reaction R3
in the presence of HCl was examined many years ago,14 but it
was based only on experimental data for the conversion of
fumaric acid from spectrophotometric analysis and neglected
reaction R2. In the current investigation, a more detailed
mechanism that involves two simultaneous competing reactions
taking place in nonisothermal reactors is considered, as well as
the solubility of fumaric acid in water under the same
conditions as used for the reaction (to ensure homogeneity
of the reaction medium). Moreover, the kinetic parameters
were calculated from data on the variations in concentration of
three diﬀerent species with time at four diﬀerent temperatures
emerging from accurate high-performance liquid chromatography (HPLC) analyses.

2.1.3. Reaction Experiments. The reaction experiments
were carried out in stainless steel batch reactors that were
internally coated with Teﬂon because of the use of 0.97 M
hydrochloric acid as the catalyst. The reaction vessels were
vertical cylinders with an internal diameter and height of
approximately (1.6 ± 0.1) × 10−2 and (6.8 ± 0.3) × 10−2 m,
respectively, whose walls thickness was approximately (1.4 ±
0.2) × 10−2 m. The reactants (H2O + F) were premixed at
ambient temperature, and ∼10−14 mL of the prepared solution
with an initial concentration of fumaric acid equal to 0.036 ±
0.003 M was charged into each reactor before the reactors were
sealed. The reactor contents were not continuously stirred, as a
magnetic stirrer could not be used and mechanical agitation
cannot be easily applied under high pressure. To have a
constant concentration of HCl of 0.97 M, between 0.81 and
1.13 mL of 37% (w/w) HCl was added to the reaction solution.
Energy was supplied to the reaction by a nonstirred glycerol
bath with proportional−integral−derivative (PID) control of
temperature operated at 398, 423, 448, and 473 K (T∞). The
concentrations of F, M, and Mx were determined by collecting
aliquots from the reactors at 12 diﬀerent reaction times for each
temperature of the heating ﬂuid presented earlier. The aliquots
were immediately refrigerated and stored at 263 K to be
examined by high-performance liquid chromatography
(HPLC). The reaction experiments were replicated twice.
Because there was heat transfer from glycerol to the liquid
reaction mixture, preliminary heating tests were performed
under the same conditions as used for the reaction, but with
pure water loaded in the reactor kept at atmospheric pressure.
The increase of the water temperature was monitored with a
calibrated thermocouple (273−623 K, IKA, Cologne, Germany). The purpose of these experiments was to obtain a set of
data necessary to determine the overall heat-transfer coeﬃcient
that was independent of those used to tune the kinetic
parameters of the investigated reactions.
2.1.4. HPLC Analysis. All samples from the reactor,
previously ﬁltered through a 33-mm-diameter and 0.22-μmpore-size high-density polyethylene (HDPE) Durapore membrane, were examined by HPLC in a Shimadzu chromatograph
(Prominence LC-20AD, Shimadzu, Kyoto, Japan). It was
basically equipped with a degasser (Prominence DGU-20A5),
a high-pressure pump that forced the mobile phase (consisting
of ultrapure water at pH 2) to ﬂow at 1 mL min−1 and 6500
kPa through an adsorption column, an oven to maintain the
temperature of the column at 315 ± 0.5 K (Prominence CTO20A), and a UV detector to monitor the eluted components at
wavelengths close to 210 nm (SPD-10AV, Shimadzu, Kyoto,
Japan). A 5-μm Allure organic acid packing column (300 × 4.6
mm, Restek, Bellefonte, PA) was used to separate M, F, Mx,
and HCl eluted at 3, 6, 12, and 18 min, respectively. These
retention times and the concentrations of M, F, and Mx in the
reaction mixtures were previously determined by injection of 10
μL of aqueous standard solutions with known concentrations of
the species of interest into the column. From these preliminary
tests, individual calibration curves for the concentrations of M,
F, and Mx as functions of the absorbance of the standard
solutions at 210 nm were obtained. The chromatographic
conditions were according to the AOAC standard method,17 as
employed in many other investigations reported in the
literature to determine organic acids in liquid samples.18
2.2. Reaction Kinetic Model. A set of four ordinary
diﬀerential equations (ODEs) was written from the F, M, and
Mx mole balances and from an energy balance on the batch

2. MATERIALS AND METHODS
2.1. Experiments. 2.1.1. Chemicals. Fumaric, DL-malic, and
maleic acids for HPLC analysis were from Sigma-Aldrich
(analytical grade, St. Louis, MO). Fumaric and hydrochloric
acids used as the starting reactant and catalyst, respectively, in
the reaction experiments were purchased from Neon (purity
≥99%, São Paulo, Brazil) and Sigma-Aldrich (37 wt % in H2O,
St. Louis, MO), respectively. Standard and reaction aqueous
solutions were prepared with Milli-Q water (Millipore, Bedford,
MA). Carbon dioxide necessary to pressurize the apparatus
used to determine the solubility of fumaric acid in water above
∼373 K was from White Martins (Ponta Grossa, Brazil).
2.1.2. Solubility Experiments. The solubility of fumaric acid
in water was measured at temperatures between 293 and 473 K
with a phase-equilibrium cell designed to operate at high
pressures and temperatures. A CO2 syringe pump and a hightemperature bath were independently used to reach the desired
pressure and temperature, respectively, inside the cell. These
variables were also monitored with a pressure transducer and a
thermocouple, respectively. A more detailed description of the
apparatus is available in the literature.15
The applied procedure for the determination of the solubility
of F was essentially the same as described in the literature.16 To
summarize, the cell was loaded with a well-known concentration of fumaric acid at ambient temperature, sealed, and kept
under agitation with a magnetic stirrer at 500 rpm. The
transition from a heterogeneous to a homogeneous phase was
visually detected through two sapphire windows as the
temperature of the solution was increased. The lowest
temperature that allowed for the formation of a transparent
aqueous solution was the temperature at which fumaric acid
was soluble at the examined concentration. At T ≥ 373 K, the
internal pressure was kept at 2000 kPa by moving a piston that
was internally equipped in the view cell. This was done using
CO2 from the syringe pump, which was never in contact with
the aqueous solution of fumaric acid.
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upper limit of temperature, which is approximately the boiling
point of water at atmospheric pressure, was always much lower
than the temperatures of the heating ﬂuid because the heating
vessel was not sealed.

nonisothermal reactors (eqs 1−4). This system of ODEs was
solved numerically with the implicit backward diﬀerentiation
formula (BDF) method by applying the DASSL routine.19
Because the kinetic model involves six parameters to be tuned
on the experimental results of species concentrations, it was
modiﬁed to run with the Simplex method of optimization.20
The objective function to be minimized is given by eq 5.
k
dC F
k
= −k 2C F + 2 CMx − k 3C F + 3 CM
dt
K2
K3

(1)

dCMx
k
= k 2C F + 2 CMx
dt
K2

(2)

k
dC M
= k 3C F − 3 CM
dt
K3

(3)

dT
= Um(T∞ − T )
dt

(4)

3. RESULTS AND DISCUSSION
A ﬁrst notable issue considered in this study was the solubility
of fumaric acid in water. The results at temperatures below the
boiling point of this solvent at atmospheric pressure when
compared to those available in the literature16,22,23 in the same
temperature range promptly validate the experimental
procedure currently applied to determine this property (Figure
1). They also conﬁrm that the low solubility of this organic acid

n

f=

i
i
i
)2 (CMx,exp
− C Mx,calc
)2 ]
∑ [(CFi ,exp − CF,calc
i=1

(5)

It is worthwhile to remember that water was present in very
large excess in the reactors, so the consumption of fumaric acid
in reaction R3 is pseudo-ﬁrst-order (i.e., k3 = k3′ CW). As a result,
the energy balance does not account for the heat added to
reaction mixture due to the reactions, but it accounts only for
the heat added through the reactor walls.
The forward rate constants k2 and k3 in eqs R1−R3 were
from the Arrhenius expressions involving the preexponential
factors (k20 and k30) and the activation energies (Ea2 and Ea3) of
the isomerization and hydration reactions (reactions R2 and
R3, respectively) as tuned parameters. The dependence of the
equilibrium constants (Kj for j = 2, 3) on temperature was
determined by the van’t Hoﬀ equation in its simpliﬁed
integrated form
⎡ ΔHj ,298 ⎛ 1
1 ⎞⎤
⎜
⎟⎥
−
Kj = Kj ,298 exp⎢ −
R ⎝T
298 ⎠⎦
⎣

Figure 1. Comparison between the aqueous solubility of fumaric acid
determined in this study (solid diamonds) and values reported in the
literature below the boiling point of water at atmospheric pressure
(open symbols: squares,16 diamonds,22 triangles23).

in water at ambient temperature is a key limiting factor for its
application as an additive in water-based foods, cosmetics, and
pharmaceutical products. This is an interesting practical aspect
that represents the main reason for converting fumaric acid into
malic acid, whose high solubility in water at ∼20 °C (>50% w/
w) favors its use as an additive in products that use water as the
solvent.2
At any rate, for the current purpose, the most relevant data
on the solubility of fumaric acid in water are reported in Table
1, which includes the results on solubility from 293 to ∼473 K,
Table 1. Experimental Water Solubility of Fumaric Acid
from Ambient Temperature to Approximately the Highest
Reaction Temperature Currently Examined (i.e., 473 K)

(6)

where K2,298 and ΔH2,298 were additional model parameters to
be tuned on the kinetic experimental results of species
concentrations. The same parameters of the van’t Hoﬀ equation
for reaction R3 were independently tuned on the data for the
equilibrium constants for that reaction available in the literature
at four diﬀerent temperatures by the method of Levenberg−
Marquardt (K3,298 = 53.8, ΔH3,298/R = −2407 K).14,21
The modiﬁed overall heat-transfer coeﬃcient in the
conservation energy equation was computed from a large set
of data on the temperature of water (74 results) during heating
tests performed in the same vessels used as reactors in the
reaction experiments. Glycerol at 398, 423, 448, and 473 K was
again the heating ﬂuid. The heating of water was described by
the algebraic equation that represents the analytical solution of
eq 4
⎛T −T ⎞
−ln⎜ ∞
⎟ = Umt
⎝ T∞ − Tin ⎠

T (K)

S (%, w/w)

Sa (M)

300
317
334
356
376
400b
428
462

0.5
1.1
2.3
5.0
9.8
20.4
44.6
97.3

0.04
0.09
0.19
0.40
0.76
1.47
2.81
4.84

a

Upper limit of initial concentration of fumaric acid in the reaction
mixture was 0.04 M. bApproximately equal to the lowest temperature
of reaction (398 K).

that is, the temperature range within which the currently
examined reactions were performed. Because the solubility of
fumaric acid increases almost exponentially with temperature,
the solubilities were higher than approximately 20% (mass of
FA/mass of H2O) at the considered reaction temperatures
(398−473 K). This means that any aqueous solution of fumaric
with a concentration of this reactant lower than approximately

(7)

where T∞ is the temperature of the surrounding heating ﬂuid
and Tin is the initial temperature of water (∼295 K). The
method of Levenberg−Marquardt was again used to adjust Um
in the water temperature range from ∼295 K to ∼363 K. This
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1.45 M is a homogeneous solution. In the current case, the
initial concentrations of fumaric acid in the reactors were never
higher than 0.04 M, so at least in terms of the solubility of
fumaric acid, the examined reaction took place under
homogeneous conditions.
To reach the desired reaction temperatures, the reactors were
externally heated with glycerol at 398, 423, 448, and 473 K.
Because the starting reactant was highly diluted in water, the
kinetics of heating was exclusively governed by the rate of heat
transfer from glycerol to the bulk reaction mixture. Such a rate
of heating is dependent on an overall heat-transfer coeﬃcient
that was tuned on an independent set of experimental results
for the temperature of water using eq 7. Figure 2 makes clear

Figure 4. Experimental (symbols) and calculated (solid lines)
variations in the concentrations of (a) fumaric acid (triangles) and
malic acid (squares) and (b) maleic acid (diamonds) with reaction
time in sealed nonisothermal reactors heated from ∼298 to 423 K.

Figure 2. Experimental and calculated (eq 7 based on Um = 0.00125
s−1) temperatures of water in nonisothermal batch reactors heated
with glycerol at 398, 423, 448, and 473 K (T∞) and operated at
atmospheric pressure.

that this model (i.e., eq 4 or 7) with a value of Um = 0.00125 ±
0.00006 s−1 is able to describe properly the variation in the
reactor temperature with reaction time (R2 ≈ 0.98).
The changes in the experimental and calculated concentrations of F, M, and Mx with time from the parallel reactions
R2 and R3 are shown in Figures 3−6 at the four diﬀerent

Figure 5. Experimental (symbols) and calculated (solid lines)
variations in the concentrations of (a) fumaric acid (triangles) and
malic acid (squares) and (b) maleic acid (diamonds) with reaction
time in sealed nonisothermal reactors heated from ∼298 to 448 K.

Figure 3. Experimental (symbols) and calculated (solid lines)
variations in the concentrations of (a) fumaric acid (triangles) and
malic acid (squares) and (b) maleic acid (diamonds) with reaction
time in sealed nonisothermal reactors heated from ∼298 to 398 K.

investigated temperatures. In a general way, the system of
ODEs represented by eqs 1−4 was able to describe the kinetics
of consumption of F, as well as the production of M and Mx.
The set of tuned model parameters is presented in Table 2. The
reliability of k30 and Ea3 was conﬁrmed by a comparison
between the forward rate constants for this reaction computed
with the Arrhenius expression and those reported in the

Figure 6. Experimental (symbols) and calculated (solid lines)
variations in the concentrations of (a) fumaric acid (triangles) and
malic acid (squares) and (b) maleic acid (diamonds) with reaction
time in sealed nonisothermal reactors heated from ∼298 to 473 K.
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Table 2. Tuned Model Parameters
parameter
k20 (s−1)
Ea2/R (K)
k30 (s−1)
Ea3/R (K)
K2,298
ΔH2,298 (J kmol−1)

value
1.27 ×
−2815
1.29 ×
11260
3.50 ×
2.83 ×

10−7
107
10−4
107

literature at the same temperatures and concentration of
hydrochloric acid currently considered (see Figure 7a).14 An

Figure 8. (a) Conversions of fumaric acid calculated with the currently
suggested detailed kinetic model (eqs 1−4 with kinetic parameters
from Table 2) (solid line) and a simpliﬁed kinetic model represented
by eq 8 with kinetic parameters from Rozelle and Alberty14 at T∞ =
398 K (dashed line). (b) Selectivity of malic acid computed as a
function of the dimensionless reaction time at the four diﬀerent
investigated T∞ values (tmax = 720000 s at T∞ = 398 K, tmax = 109800 s
at T∞ = 423 K, tmax = 21600 s at T∞ = 448 K, and tmax = 12600 s at T∞
= 473 K).

when T∞ = 398 K and tmax = 720000 s), so the nonisothermal
behavior plays a minor role in the deviations between the
computed conversions obtained by considering the detailed
(eqs 1−4) and simpliﬁed (eq 8) models. This means that the
main reason for the observed deviations is that eq 8 does not
account for reaction R2. However, as one can clearly infer from
the inverted S curve that represent the decay of CF with time at
T∞ = 473 K (see Figure 6a), the eﬀect of the transient thermal
behavior of the examined reactors on the conversion of F is
expected to be more prominent at T∞ > 398 K.
For practical purposes, the kinetics of the conversion of
fumaric acid and the selectivity of malic acid are the most
important responses to be explored. The reason for this is that a
rapid conversion of F into products and a high selectivity of M
(SM) can contribute to the reduction of the running costs of the
reaction and puriﬁcation, respectively, of M. In particular, it is
interesting to notice that the reaction time to approach
equilibrium was sharply reduced from approximately 720000 to
12600 s when the temperature was increased from 293 to 473
K (see Figures 3−6). This suggests that the reactor be operated
at high temperatures, but the results for the selectivity of malic
acid shown in Figure 8b, obtained by using the equation

Figure 7. (a) Comparison between the forward rate constants for
reaction R3 available in the literature14 (symbols) and computed with
the Arrhenius expression using the tuned values of k30 and Ea3 reported
in Table 2 (solid line). (b) Comparison between the primary
thermodynamic parameters (Gibbs free energy and enthalpy change at
298 K) for reaction R2 available in the literature24 (white bars) and
those calculated in the current work (dark bars).

analogous analysis was made to validate the tuned value of the
heat of reaction R2 (ΔH2,298) and the standard Gibbs free
energy change (ΔG2,298) on which K2,298 depends (see Figure
7b).24 In all of these cases, the results from the literature and
those currently adjusted from the experimental kinetic data
reported in Figures 3−6 are almost the same. However, the
tuning procedure was necessary because of the notable
sensitivity of species concentrations to uncertainties in these
kinetic and thermodynamic parameters.
The residual diﬀerence between the calculated conversions of
fumaric acid in the current nonisothermal reactors (eqs 1−4
with kinetic parameters from Table 2 at T∞ = 398 K) and those
computed with a simpliﬁed model (eq 8 with k3 = 9.5 × 10−6
s−1 and K3 = 7.31 from Rozelle and Alberty14) that neglects
reaction R2 and variations in temperature with time (i.e., T =
398 K) further corroborates the reliability of the experimental
and numerical procedures involved in the current kinetic
investigation (see Figure 8a). Equation 8 is the analytical
solution of the separable ﬁrst-order ODE given by eq 1 with k2
equal to zero
xF =

⎡ −k (K + 1)t ⎤⎫
K3 ⎧
⎨1 − exp⎢ 3 3
⎥⎬
K3 + 1 ⎩
K3
⎣
⎦⎭
⎪

⎪

⎪

⎪

SM =

CM
CMx

(9)

and in Table 3 at the end of reaction, demonstrate that such a
factor (temperature) has an opposite negative eﬀect on SM.
Table 3. Final Computed Selectivities of Malic Acid As
Deﬁned by Eq 9 at Diﬀerent Reaction Temperatures

(8)

In the nonisothermal reactors, T approaches T∞ as t/tmax
approaches 0.005 (see the temperature proﬁle in Figure 3b
3877

T∞ (K)

tmax (s)

SM

398
423
448
473

720000
109800
21600
12600

1114
458
205
114
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In summary, the optimal temperature of reaction depends on
a more complex analysis that involves calculating the running
costs based on the results of selectivity as well. This is an aspect
that depends on the availability of a more detailed kinetic
mechanism for the conversion of fumaric acid into products
that accounts for the kinetics of reaction R2, a matter that was
completely neglected by the only analogous kinetic model
available the literature.14

4. CONCLUSIONS
The kinetics of the isomerization and hydration of fumaric acid
to form maleic and malic acids was experimentally investigated
at four diﬀerent temperatures. The parameters of the Arrhenius
expression necessary to calculate the forward rate constants of
these diﬀerent reactions were determined from the experimentally obtained kinetic data (k20 = 1.27 × 10−7 s−1, k30 =
1.29 × 107 s−1, Ea2/R = −2815 K, Ea3/R = 11260 K). From the
same applied procedure of tuning the parameters of the van’t
Hoﬀ equation, the equilibrium constants of the isomerization
reaction were obtained (K2,298 = 3.50 × 10−4, ΔH2,298 = 2.83 ×
107 J kmol−1). As far as the authors know, for the reaction that
converts fumaric acid into maleic acid, these data are presented
in the literature for the ﬁrst time. For the hydration reaction,
the calculated kinetic parameters are important because they
conﬁrm the reliability of the only set of forward rate constants
for this reaction reported so far.14
From a practical point of view, the most useful result is the
need to pay attention to the reduction of the selectivity of malic
acid when the temperature is increased. This is very important
for the purpose of process optimization in terms of running
costs, because the same factor has an opposite inﬂuence on the
reaction time to approach the equilibrium.
A ﬁnal notable aspect of this study is that it recalls the need
for process intensiﬁcation during the production of malic acid
by chemical synthesis. It is motivated by the many reasons that
support the commercial importance of this product.

■

■

K2,298 = equilibrium constant for the isomerization reaction
at 298 K
k20 = tuned preexponential factor of the isomerization
reaction (reaction R2) (s−1)
k3 = forward rate constant of the hydration reaction (reaction
R3
) (s−1)
k3′ = true forward rate constant of the hydration reaction
(reaction R3) (l s−1 mol−1)
K3 = equilibrium constant for the hydration reaction at
temperature T
K3,298 = equilibrium constant for the hydration reaction at
298 K
k30 = tuned preexponential factor of the hydration reaction
(reaction R3) (s−1)
P = reaction pressure (kPa)
R = gas constant (J kmol−1 K−1)
S = solubility of fumaric acid (%, 100 × kg of F/kg of water)
SM = selectivity of malic acid
t = reaction time (s)
T = reaction temperature (°C)
T∞ = temperature of the surrounding heating ﬂuid (°C)
Um = modiﬁed overall heat-transfer coeﬃcient (s−1)
xF = conversion of fumaric acid into products
ΔG2,298 = Gibbs free energy change for the isomerization
reaction at 298 K (J kmol−1)
ΔH2,298 = enthalpy change for the isomerization reaction at
298 K (J kmol−1)
ΔH3,298 = enthalpy change for hydration reaction at 298 K (J
kmol−1)
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